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Preface to ”Detrital Mineral U/Pb Age Dating and

Geochemistry of Magmatic Products in Basin

Sequences: State of the Art and Progress”

Our motivation to edit this Special Issue came from our conviction that various methods of

dating detrital minerals have set a milestone in the study of basins, their formation and development

as controlled by tectonic processes. Detrital grains in sandstones reflect the rocks that were on the

surface of the basin margins. Direct dating of the age of grains by various methods reveal the age of

the rocks and their exhumation. In addition, geochemical signatures provide information about the

genesis of these grains. This type of provenance analysis has a high potential to support field research

with the development of further technologies. However, in our opinion, it cannot not replace it.

Our thanks go to the numerous authors who have made their very valuable research results

available.

Wilfried Winkler and Albrecht von Quadt

Editors
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Editorial for Special Issue “Detrital Mineral U/Pb Age Dating
and Geochemistry of magmatic Products in Basin Sequences:
State of the Art and Progress”

Wilfried Winkler * and Albrecht von Quadt

Department of Earth Sciences, ETH Zurich, 8092 Zurich, Switzerland; albrecht.vonquadt@erdw.ethz.ch
* Correspondence: wilfried.winkler@erdw.ethz.ch

In general, provenance analysis has developed over the past 70 years into an enor-
mously important tool in sediment investigations, both enabling solving earth science
questions in basic research and practically applying it to mineral exploration. The mineral
content of mainly siliciclastic sandstones reflects the geological situation of the basin-
fringing supply areas. Likewise, associated conglomerates and pelites are used as sup-
porting evidence. In modern times, thanks to methodological and technical advances, we
have a variety of methods available to infer paleogeographic, orogenic and plate tectonic
processes from the composition of sandstones and selected minerals. It is therefore both
timely and interesting to briefly highlight these historical developments.

The first effort was to develop a useful classification scheme for sandstones according
to their mineral content and rock fragments. Pioneers in this field were, e.g., Krynine [1]
and Folk [2]. These sandstone classifications proved successful for that time but had
the disadvantage of the measured mineral and grain content being influenced by the
granulometry of the sandstone. A proliferation of classification schemes was the result [3].
However, with the restriction of the statistically point-counted grains to the sand size
and the considered rock fragments with exclusively aphanitic texture (coarsely textured
rock fragments are included in the classification with their individual mineral grains), the
grain-size bias could be limited. This method, developed by Dickinson [4], also allowed an
interpretation of the plate tectonic position of the supply areas with the restriction that the
age of the volcanic/abyssal rock fragments remained unclear, especially in fossil sandstones.
Research tools involving heavy minerals to describe delivery areas go back even further;
however, they were definitely established as a recognized analytical method from the
1950s onwards [5]. The high input of the combined use of different analytical methods is
emphasized, e.g., by Weltje and von Eynatten [6]. This is impressively manifested in the
paper collection by Mange and Wright [7]. In the same volume, the concept of lag-time (in
exhumation evaluation) was possibly applied for the first time in the northern Andes of
Ecuador using fission-track analysis on detrital zircons [8].

Radiometric dating of detrital minerals represented something of a quantum jump
in provenance analysis. Because of its abundance and robustness, zircon was the first
choice. In an early study, detrital zircons were dated using the revolutionary SHRIMP
(sensitive high resolution ion microprobe) method [9]. Soon thereafter, other researchers,
e.g., Jackson [10], were able to prove the suitability of laser ablation ICP-MS (inductively
coupled plasma mass spectrometry) techniques, which yielded comparably accurate U-Pb
ages and carried the advantage of being far less time-consuming. In addition, geochemical
signatures of detrital zircons, and especially the Lu-Hf isotope ratios, allow interpretation
of the formation of magma zircons from melts in the Earth’s crust, depleted mantle and
mixtures thereof [11]. Thus, detrital zircons also provide arguments for the maximum age
of the sandstone series, the chronostratigraphic and petrographic variability in the sourcing
hinterlands, as well as the formation of magmas in the crust, the depleted mantle and the
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mixtures thereof, providing arguments for plate tectonic environment [11]. In the following,
we present the articles in order of geological age, starting with the youngest.

Interesting evaluations of methods are provided by analyzing modern clastic systems
because the relationships between source rocks and sediments are preserved. Three of the
papers deal with these topics. Sun et al. [12] compare published muscovite Ar/Ar ages
and detrital zircon age populations in modern sediments of the Yangtze River. Pooled
age distributions show discrepancies in occurrence in the upper and lower reaches of the
river with expected hinterland petrographic/age characteristics. They may be explained
by combined effects of, e.g., lower reaches dilution and durability between muscovite and
zircon. A very rich set of detrital zircons U-Pb age data from East China Sea, Yellow Sea
and Bohai Sea surface samples is presented by Huang et al. [13]. Distinct detrital zircon age
populations and mixing modeling support the supply from the framing orogenic belts and
strong modification by tidal and ocean currents, which should also be considered in the
analysis of fossil sediment series. Kanouo et al. [14] present a detailed study of Archean to
Neoproterozoic zircons found in gold-bearing placers from the southern Meiganga area,
Cameroon. Analysis of zircon cores by the laser ablation split stream technique (LASS)
reveals their trace element composition and U-Pb ages within a single shot. Trace element
data suggest that the majority of the zircons are derived from different magmatic sources,
but very few mantle sourced or metamorphism-sourced examples are recognized. Supply
from the Congo Craton, local Pan-African intrusions and the Cameroon Mobile Belt is
interpreted. The latter could be used for tracking gold.

Based on their own original data and a reevaluation of published detrital zircon
U-Pb ages and Hf-isotope ratios in early Miocene fine- to medium-grained sediments,
Wang et al. [15] successfully reconstruct the sources of detritus in the northwestern South
China Sea. The dominant contributor was the Red River system, with minor supply from
central Vietnam and the Hainan uplift. This study again underscores the power of combined
methods, U/Pb zircon ages and zircon Hf-isotopes, applied to provenance analysis which
should be used more often in future. The Silante Formation of the western Cordillera of
the North Andes has experienced very different interpretations over the course of more
than 40 years of investigation, so that, e.g., its interpreted stratigraphic age was modified
from Paleocene to Oligocene. The latest study by Vallejo et al. [16] combines stratigraphic
bedding relationships, facies analysis, sandstone petrography, geochemistry of detrital
clinopyroxenes, heavy minerals and detrital zircon U-Pb and muscovite Ar/Ar ages. A
derivation of clastics from a continental margin arc, presumably the San Juan de Lachas
unit, is concluded. The paper of Yin and Wu [17] contributes to understanding the complex
sediment supply of the Paleogene Quaidam Basin in the Tibetan Plateau. Heavy minerals,
detrital zircon U-Pb chronostratigraphy combined with detailed sediment distribution
patterns recognize the Qilian Mountains as the main source area that formed a coeval large
catchment area under the control of intensive tectonic activity.

Going backward in time, Di Giulio et al. [18] present a comparative study of the
mid-Cretaceous transition from extensional to compressional tectonic settings in two very
different plate tectonic settings: the Southern Andes (back-arc system) and the Western
Alps (passive European continental margin). A rich data set of detrital zircons U-Pb
geochronology, sandstone modal composition and apatite double-dating (in the Andes)
supports the paleotectonic discrepancies and the related sediments. The first study of zircon
from the Early Cretaceous Verkhneurmiysky granitoids in the Amur Badhzal tin ore district
is reported by Machevariani et al. [19]. Raman spectroscopy, morphotype and internal
impurities/alterations analysis of zircons allow the reconstruction of distinct stages during
their evolution. According to the authors, zircons in Zinnwaldite granites show close
affinities with such in Russia, Australia, Germany and the Czech Republic. Lee et al. [20]
provide a combined study of the non-marine Late Cretaceous Neungju Basin (southwest
Korea) formed in an active continental margin environment. The geochronological story
of the basin fill is carried out by detrital zircon U-Pb dating from ash layers. However,
the geochemistry and weathering of basin fill mudstones show a quite intriguing picture.

2



Minerals 2022, 12, 580

The authors warn that continental basin fill may show strong spatial contrasts in sediment
supply because of limited mixing between the sources. The tectonic setting of the Anisian
Gejiun alkaline basalts, part of the Eneishan Large Igneous Province, is controversially
interpreted. Shang and Chen [21] present new laser ablation zircon U-Pb ages, whole-rock
major, trace element and Sr-Nd-Pb isotopic data from outcrops and drill holes. The results
imply that the basalts erupted in an extensional environment during the Gejiu-Napo rifting
event in the southwestern margin of the South China Block.

Li et al. [22] investigated the Permian series of the west Bogda Shan range between the
Junggar and Tarim blocks, the latter representing the southwestern margin of the Central
Asian Orogenic Belt. Detrital zircon geochemistry and modal analysis of sandstone allow
individualizing a middle Permian basin inversion from Carboniferous early Permian rift
and post-rift to a continental arc environment supply. Hadimi et al. [23] analyze the Tiddas
Souk Es-Sebt des Ait Ikko Basin, a continental trough in the Central Moroccan Meseta.
Based on whole-rock geochemistry, pyroxene and biotite major and trace element data from
the volcanic and sub-volcanic rocks calc-alkaline-series characteristics are derived from
parental mafic magmas. Moreover, a four-stage basin evolution is recognized, showing, at
first, an extension, followed by transpression and compression, respectively, and a final
extensional event. The SHRIMP U-Pb dated zircons from a rhyolite dome (ca. 287 Ma)
presumably formed during the third stage. Andesites and dacites show similarities with
calc-alkaline series rocks, which are unrelated to active subduction. Miao et al. [24] present
new research from the Central Asian Orogenic Belt (CAOB) in Mongolia. By means of
detrital zircon U-Pb geochronology on Neoproterozoic early Paleozoic sandstones in the
Ereendavaa terrane (the later southern margin of the Mongol-Okhotzk ocean), the authors
define the earlier Kherlen ocean suture, which is an important new element for understand-
ing the evolution of the CAOB. The existence of the new element is also reflected by Winkler
et al. ([25], this volume). The authors investigate the plate tectonic history of the CAOB
from Cambrian to Early Jurassic in central and southeastern Mongolia (Gobi). Detrital
zircon U-Pb geochronology, Hf-isotope systematics and detrital mode of sandstones are
applied. Including earlier results from the Mongoli-Okhotzk belt [26], a paleogeographi-
cal varying tectonic system of rifting, drifting and basin inversions (subduction) during
the long timespan is reconstructed. For the plate tectonic reconstruction, integration of
Hf-isotope systematics proved very efficient. The paper of Kim and Choi [27] deals with
Pennsylvanian strata in the Sino-Korean Block. The work is mainly based on detrital zircon
U-Pb age data that appear to be distinct from the coeval sediment series in China. A
contemporaneous active continental margin setting to the east of the Sino Korean Block is
inferred that relates to the westward subduction of the Paleo-Pacific plate.

Our present Special Issue contains a collection of articles that are exemplary for their
application and combination of diverse diagnostic techniques. It is also pleasing to note
that the case studies come from different parts of our globe, namely South America, Central
Asia, Southeast Asia, Africa and Europe. We hope that our Special Issue will serve as a
resource for knowledge and as a stimulus for further research and development in this field.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Detrital zircon U-Pb and muscovite 40Ar/39Ar dating are useful tools for investigating
sediment provenance and regional tectonic histories. However, the two types of data from same
sample do not necessarily give consistent results. Here, we compare published detrital muscovite
40Ar/39Ar and zircon U-Pb ages of modern sands from the Yangtze River to reveal potential factors
controlling differences in their provenance age signals. Detrital muscovite 40Ar/39Ar ages of the Major
tributaries and Main trunk suggest that the Dadu River is a dominant sediment contributor to the
lower Yangtze. However, detrital zircon data suggest that the Yalong, Dadu, and Min rivers are the
most important sediment suppliers. This difference could be caused by combined effects of lower
reaches dilution, laser spot location on zircons and difference in closure temperature and durability
between muscovite and zircon. The bias caused by sediment laser spot targeting a core or rim of
zircon and zircon reworking should be considered in provenance studies.

Keywords: zircon U-Pb ages; muscovite 40Ar/39Ar ages; sediment provenance; Yangtze River

1. Introduction

Detrital zircon U-Pb dating is a much used sediment provenance tool, which is commonly used
to constrain Maximum sediment depositional ages [1–4], erosion patterns of a river system [5–7],
and orogen development of the catchment area [7–9]. Zircon is formed in Magmatic (plutonic or
volcanic) or high-temperature metamorphic rocks. The zircon U-Pb ages are generally crystallization
or high-grade metamorphism ages, but age signals can be complicated by multiple age zoning [7,10,11].
Muscovite 40Ar/39Ar dating is also widely used for isotope provenance studies and is attractive because
muscovite provenance data more-readily can be linked to the more recent processes in the hinterland
due to its lower closure temperature and lower resistance to weathering. Muscovite is typically derived
from low–medium-grade metamorphic rocks or S-type granites and commonly is present in muddy
and sandy sediments. Muscovite 40Ar/39Ar ages are cooling ages that record cooling of muscovite
grains below the closure temperature (350–425 ◦C [12]). Because zircon’s high closure temperature
(>900 ◦C [13]) and resistance to physical and chemical weathering, it can survive multiple cycles of
metamorphic overprinting, weathering, erosion and deposition. In contrast, muscovite is less likely
to survive multiple orogenic events because of isotopic resetting or destruction. Detrital zircon ages
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record old Magmatic or high-grade metamorphic events of source area and often fail to record the most
recent metamorphic or Magmatic event [10,14,15]. Detrital muscovite 40Ar/39Ar age distributions are
commonly simpler and contain the records of the more-recent parts of the tectonic history of a source
area. Detrital zircon and muscovite ages of the same sample always give significantly different age
distributions and therefore complicate interpretations of sediment provenance [10,16]. The possible
factors (difference in closure temperature and durability) have been assessed in previous studies [10,16],
but do not fully explain observed differences in sediment provenance based on either of these methods.

The Yangtze River, as the longest river in Asia (Figure 1), is a suitable candidate for assessing
factors that control the differences in sediment provenance age signals between zircon and muscovite.
Its sediment provenances have been studied intensively by numerous methods, including zircon
U-Pb, monazite U-Th-Pb, Pb isotopes of K-feldspar, Nd isotopes, clay mineral composition, and heavy
minerals composition [17–24]. Further, previous studies have also reported a large amount of detrital
zircon U-Pb and muscovite 40Ar/39Ar ages [16,21,24–26] from its trunk and Major tributaries.

 

 

Figure 1. A schematic Map showing the drainage basin, sampling locations and Main distributaries
of the Yangtze River. Sample locations of Major tributaries are shown as open circles. Samples from
the Main trunk are shown as filled blue circles. The yellow shadow areas represent the Danba dome
(DD) and Gongga shan (GS).

In this study, we combine previously reported detrital zircon U-Pb and muscovite 40Ar/39Ar
data derived from equivalent sampling points along the Yangtze River with the objective to take
interpretation beyond the outcome of the individual samples. The comparison of detrital ages from the
Yangtze River between muscovite and zircon shows different aspects of the provenance information.
We focus on assessing the factors that control differences between data types. These factors should be
considered in future sediment provenance studies using the two provenance tools.

2. Geological Setting

The Yangtze River is primarily situated in the Yangtze Block, surrounded by the Yidun Arc to
the southwest, the Songpan-Garze Block to the west, the Qinling-Dabie orogen to the northwest and
north and the Cathaysia Block to the east (Figure 2). The catchment drains a variety of rocks, including
Archean and Proterozoic metamorphic and igneous rocks, Paleozoic carbonate, Mesozoic-Cenozoic
igneous and siliciclastic rocks, and Quaternary sediments [27].
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Figure 2. Generalized geological Map (a) (Modified from Saito et al. [28]) and the mean annual
precipitation distribution of the Yangtze River (b). The mean annual precipitation distribution Map
modified from Sun et al. [24].

The Major tributaries of the Yangtze River are characterized by different tectonic settings and
bedrocks in their respective hinterlands (Figure 2a). From upstream to downstream the Main
tributaries and their catchment areas include: (1) The Jinsha River basin, comprising Triassic low-grade
metamorphic rocks, Paleozoic carbonate, and clastic and volcanic rocks [29,30]. (2) The Yalong, Min,
and Dadu rivers draining the Songpan-Garze Block, which is composed of deformed and locally
metamorphosed Triassic turbiditic sedimentary rocks [31,32]. (3) The upper Jialing River drainage
area belongs to the South Qinling orogenic belt (Figure 2a), consisting of weakly metamorphosed
Meso–Neoproterozoic basement. The central to southeastern Sichuan Basin is drained by the mid-lower
Jialing River, where Jurassic-Cretaceous sandstone and mudstone is exposed. (4) The Han River basin in
the Qinling orogenic belt is characterized by Neoproterozoic basement and Neoproterozoic—Devonian
sediments, and early Paleozoic metamorphic rocks [33]. (5) The Xiang River belong to the Yangtze
Block, containing mostly Proterozoic medium-low grade metamorphic and Cambrian and Ordovician
carbonate rocks, and Jurassic—Quaternary terrestrial sediments [34]. (6) The Gan River is located in the
Cathaysia Block, which is composed of Neoproterozoic conglomerate and sandstone, Jurassic granite,
and Quaternary clastic sediments (Figure 2a).
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3. Data Sets

We compiled and published data sets of zircon U-Pb ages from He et al. [21] and Yang et al. [26]
and of muscovite 40Ar/39Ar ages from Sun et al. [16,24,35] and Hoang et al. [25]. Available data cover
the Main tributaries of the Yangtze River, including Yalong, Dadu, Min, Jialing, Xiang, Han, and Gan
rivers (Figure 1). Six samples are from the trunk of the Yangtze River near Nanjing, Wuhan, Yibin,
Panzhihua, and Shanghai cities. More than 91 zircon ages are available for each sample, ensuring with
95% certainty that no fraction greater than 6% was missed from the underlying detrital population [36].
For muscovite, 30–62 analyses per sample ensure a 95% certainty that no fraction greater than 15% was
missed [36]. In total, 2557 zircon and 581 muscovite ages were compiled for discussion. All samples
were collected from channel deposits. Samples are riverbed sand at least from two locations at
each sample site to avoid bias on age distributions caused by hydraulic sorting [16,21,24]. Details of
muscovite 40Ar/39Ar age determinations are given in Sun et al. [16,24,35] and Hoang et al. [25].
Details of zircon U-Pb age determinations are described in He et al. [21] and Yang et al. [26].

4. Results

4.1. Detrital Zircon

The detrital zircon U-Pb ages of 13 samples are presented in Figures 3b and 4a. Detrital zircon
ages define a wide spectrum ranging from ~30 to 3200 Ma. Samples (C1, C3, and C6) from the
Jinsha River have five Major age populations, i.e., 2.2–2.6 Ga, 1.5–2.0 Ga, 600–1000 Ma, 300–450 Ma,
and 160–300 Ma(Figure 4a-1,-3,-4). For the Major tributaries (Yalong, Dadu and Min) in the upper
Yangtze River, two age peaks (100–300 Maand 600–1000 Ma) are displayed (Figure 4a-2,-5,-6).
Four Major age peaks are present in the Jialing River (100-400 Ma, 700-1200 Ma, 1.5–2.0 Ga and
2.2–2.6 Ga) (Figure 4a-7). For the midstream segment, five age peaks are displayed in the Mainstream
(2.2–2.6 Ga, 1.5–2.0 Ga, 700–1000 Ma, 300–600 Ma, and 200–300 Ma), which is similar to ranges of ages
seen in the upper Yangtze.

4.2. Detrital Muscovite

In the upper Yangtze, three samples from the Jinsha River show a dominant muscovite age peak at
~250 Ma(Figure 4b-1,-3,-4). Forty muscovite grains from the Yalong River show a dominant age peak at
~810 Maand a minor peak at ~230 Ma(Figure 4b-2). All dated muscovite grains of the Dadu River are
younger than 160 Ma, with a Major muscovite age peak younger than 60 Ma(Figure 4b-5). Muscovite
grains from the Min River are dominated by muscovite ages between 80–200 Ma, with a Major peak
around 180 Ma(Figure 4b-6). The muscovite grains from the Jialing River show a range from 190
to 300 Ma, with a prominent peak at ~208 Ma(Figure 4b-7). In the mid-lower Yangtze tributaries
(Han, Xiang and Gan), most of muscovite ages fall into an age range of 100–300 Ma(Figure 4b-8,-9,-11).
None of these grains are younger than 60 Ma. The three modern Yangtze trunk sediments (C10, C12,
and C13) yield similar muscovite age distributions (Figure 4b-10,-12,-13). Most of the muscovite grains
in samples C10, C12, and C13 are younger than 100 Ma, accounting for ~71%, ~67%, and ~53% of
the total dated grains of each sample. These young muscovite ages overlap with the Dadu River
provenance pattern (Figure 4b-5,-10,-12,-13).
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Figure 3. Probability density diagrams for pooled detrital muscovite 40Ar/39Ar (a) and zircon U-Pb
(b) ages of the Yangtze River basin. Detrital zircon data from He et al. [21] and Yang et al. [26]. Detrital
muscovite data from Sun et al. [16,24,35] and Hoang et al. [25].
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Figure 4. Comparison of age distributions between detrital zircons (a) and muscovites (b) of modern
sands of the Yangtze. (c) Schematic river course of the Yangtze. Note the difference in age scale between
muscovite (0–1000 Ma) and zircon (0–2800 Ma). The dashed vertical red and black lines Mark 400
and 800 Ma, respectively. The histogram diagrams in blue and green are samples from the Main
stream and Major tributaries, respectively. Detrital zircon data from He et al. [21] and Yang et al. [26].
Detrital muscovite data from Sun et al. [16,24] and Hoang et al. [25].

5. Discussion

5.1. Comparison of Detrital Muscovite and Zircon Ages

5.1.1. Comparison of Pooled Age Distributions

In order to assess the general differences in age distribution between detrital muscovites and
zircons of the Yangtze River, the muscovite and zircon ages of modern Yangtze sands are pooled
and presented in Figure 3. The Major five zircon age peaks (2.2–2.6 Ga, 1.6–2.0 Ga, 600–1000 Ma,
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300–450 Ma, and 160–300 Ma) correspond to Major granitoid Magmatic events within the Yangtze River
basin [21]. The age distributions of muscovite and zircon are different in the following two aspects:
(1) Muscovite grains are lacking in age populations at 1600–2000 Maand 2200–2600 Marecorded by
detrital zircons. (2) The height of muscovite age peaks at 0–60 Ma, 160–300 Ma, and 600–1000 Maare
different from zircon age peaks in relative probability and number.

5.1.2. Comparison of Major Tributaries with Main Trunk of the Yangtze

The variation in muscovite and zircon age distributions from upstream to downstream in
the Yangtze River systems allow us to better understand the Major sediment contributors to the
lower Yangtze. The comparison of age distributions between detrital muscovite and zircon grains
(Figure 4) shows the following two differences: (1) The Major zircon age peaks (2.2–2.6 Ga, 1.6–2.0 Ga,
600–1000 Ma, 300–450 Ma, and 160–300 Ma, Figures 3b and 4a) can be observed in all trunk samples,
but the three Major muscovite age peaks (600–1000 Ma, 160–250 Ma, and 0–60 Ma, Figures 3a and 4b) are
not always identified in the trunk samples. (2) The concentration of Cenozoic muscovite grains (>40%)
is pronouncedly increased for trunk samples in the mid-lower reaches (C10, C12, and C13), but the
detrital zircon age distributions of trunk samples do not significantly change toward lower reaches.

Cenozoic muscovite grains in the mid-lower reaches (JC10, CJ12, and C13) probably were derived
from the Dadu River in the upper reaches because Cenozoic muscovites are only present in the Dadu
River among all sampled tributaries. This suggests that the Dadu River in the upper reaches is
an important muscovite contributor to the sediment of the lower reaches. The reported Cenozoic
muscovite 40Ar/39Ar ages in the Dadu River basin are from the Gongga shan (3.5–12.1 Ma, [37]) and
Danba dome (35.1–104.3 Ma, [38]) (see Figure 1 for location). Therefore, most of the Cenozoic muscovite
grains in the lower Yangtze were derived from only these two regions. In contrast, the zircon age
distributions show a different picture. Using multiple detrital zircon U-Pb age distribution comparison
techniques and a distribution-mixing model, Wissink et al. [6] suggest that the Yalong, Dadu, and Min
rivers are the Major sediment contributors to the lower Yangtze.

Main trunk samples (C10, CJ12, and C13) from the mid-lower reaches contain more than 40%
Cenozoic muscovite grains which were derived from the Dadu River. It could be argued that the Dadu
River cannot supply more than 40% muscovite grains to mid-lower Yangtze because this river is not a
dominant water supplier to mid-lower Yangtze. However, the Dadu River drains the Xianshui He
Fault area that has already been tectonically active since the Miocene (Figure 2b) [37]. This region
experiences strong precipitation and is expected to facilitate more landslides and intense erosion
(Figure 2b) and thus water and sediment budgets May be decoupled. Moreover, the exhumation rates
of the Xianshui He Fault area inferred from the thermochronometry data are higher than other areas of
the upper Yangtze River [39–41]. In addition, Cook et al. [42] report millennial erosion rates based on
detrital 10Be data in the Gongga shan of >5 mm/year. Erosion rates increase from west to east more
than one hundred-fold from 0.013–0.04 mm/year in the upper Jinsha River to >5 mm/year in the Dadu
River basin [42,43].

5.2. Factors Related to the Difference in Zircon and Muscovite Signals

To correctly interpret provenance data, we need to understand, which geochronometer or
provenance tools best reflects sediment provenance and under what circumstances (e.g., in complex
orogens). We argue that the differences in provenance signal between muscovite and zircon could be
caused by the following six factors: (1) lithological effect; (2) mineral abundance; (3) dilution of the
mid-lower reaches; (4) differences in closure temperature; (5) differences in resistance to weathering;
and (6) laser spot location on zircons.

(1) In Figure 4, in some rivers we note remarkable differences in age distributions: For example in the
Dadu River we note high abundance of young muscovite ages without an equivalent population
of young zircon ages, whereas, in the Jinsha River we see the reverse, young zircon ages that
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do not have a complement of young muscovite 40Ar/39Ar ages. Such discrepancies point to a
lithological effect: Young volcanics and young I-type granites will add a zircon signal to the
sediment [44], but because these rock types are generally free of white mica, an equivalent signal
in the muscovite population is lacking. Conversely, when we see a young muscovite age signal in
the sediment without an equivalent zircon age population, the source rock of the sediment is
likely to be more consistent with low to medium grade metamorphic basement where muscovite
is abundant, but as the metamorphic grade is too low for zircon crystallization an equivalent age
signal in the zircon data will be lacking. This implies that the choice of used provenance tools
should depend on the geological composition of the hinterland.

(2) To assess if mineral abundance in the Major tributaries of the Yangtze River causes the
dominance of the Dadu River muscovites in the lower Yangtze, we compiled mineral fertility
data (mica and zircon) from Vezzoli et al. [45]. Figure 5 shows that the concentration of mica in
modern sediment of the Dadu River is much lower than that of the Han River and higher than the
Jialing and Jinsha rivers. However, comparison of muscovite age distribution between the Han
River and delta (Figure 4b-9,-13) suggests that the Han River is not Major muscovite supplier to
the lower Yangtze. The zircon concentration of the Gan and Xiang rivers in the middle reaches
are higher than other tributaries. These two rivers are not the Major zircon contributors to the
lower reaches. Therefore, we can rule out large concentration variation in mica in the sediment as
being a Major control on the dominance of the Dadu River muscovites in the lower reaches.

 

 

 

Figure 5. Zircon and mica fertility of Major tributaries. Concentration of zircon grains in the heavy
mineral fraction. Mica and zircon data from Vezzoli et al. [45].

(3) The sediment from the upper Yangtze is potentially diluted by sediment from the tributaries
in the mid-lower reaches. The effect of this dilution on differences between muscovite and
zircon age distributions should be considered. The concentration of Cenozoic muscovite grains
(>40%) in trunk samples pronouncedly increased in the mid-lower reaches (C10, C12, and C13),
but the detrital zircon age distributions of trunk samples do not significantly change toward
lower reaches. The detrital muscovite ages of the Major tributaries in the mid-lower reaches fall
into two age peaks at 100–160 Maand 180–260 Ma. The two Major age populations are minor
in samples near Wuhan (C10), Nanjing (C12), and delta (C13). This suggests that the Cenozoic
muscovite signals of the Dadu River, that is relatively far upstream (Figure 4c), is not significantly
affected by the dilution of the mid-lower reaches (Han, Xiang, and Gan rivers). Moreover,
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the 1500–2000 Mazircon age peak of the Main trunk (samples C10, C12, and C13) in the mid-lower
reaches is much higher than the tributaries (samples C8, C9, and C11) (Figure 4a-10,-12,-13),
implying that the effect of dilution of zircons from the mid-lower reaches is also limited. We
therefore suggest that the dilution of mid-lower reaches is limited in terms of the muscovite and
zircon age signals.

(4) The closure temperature is the temperature at which muscovite 40Ar/39Ar or zircon U-Pb systems
have cooled so that there is no longer any significant diffusion of the parent and daughter
isotopes out of system. The closure temperature of muscovite (350–425 ◦C, [12,46]) is much
lower than zircon (>900 ◦C, [13]). The zircon U-Pb age gives the crystallization or high-grade
metamorphism and the muscovite 40Ar/39Ar age is age imparted as terrain cooled through closure
temperature. Figure 3a shows that the detrital muscovite grains from the Yangtze are absent of
older (>1000 Ma) age peaks, which could be caused by muscovite’s lower closure temperature.
Potentially older (>1000 Ma) muscovite grains in the Yangtze River could have been reset by
younger tectonic events.

(5) The absence of older (>1000 Ma) muscovite grains in the Yangtze River also could be caused
by abrasion and chemical dissolution during weathering and transport in multiple phases of
sediment recycling. Muscovites in the Triassic Songpan-Garze flysch deposits in the upper
Yangtze River have experienced multiple recycling. Previous studies suggest that the detritus in
these areas is derived from Paleozoic and pre-Cambrian crystalline and sedimentary rocks of the
Qinling-Dabie orogen and South China Block [47–50]. Detrital zircon U-Pb and Hf isotopic data of
the Mesozoic sediment in basins of the South China Block (Pingle, Jianghan, and Sichuan basins)
also suggest derivation of sediments from the Cathaysia Block [51]. Therefore, current Yangtze
sands have experienced complex multiple erosion, transport and deposition processes that May
have led to a reduction in size and abundance of the older grains. Detrital muscovite grains from
the Yangtze River only record age populations of 600–1000 Ma, 160–300 Ma, and 0–60 Maand lack
older populations (2000–2500 Maand 1600–2000 Ma) (Figure 3a). The absence of the two older
age components probably results from muscovite’s lower resistance to physical and chemical
weathering when compared with zircon. The weathering has either completely destroyed the
grain or reduced the grains size down to less than 200 µm, which are not selected for age analyses
in this study.

(6) The differences in age distribution between zircon and muscovite also could be caused by laser
spot location targeted for U-Pb analysis. Owing to the low solubility of zircon in hydrous granitoid
melt, zircons can survive anatectic event [11]. Many zircon crystals are zoned with cores reflecting
the ages of much older protoliths, which are universally referred to as the inherited component in
the zircon population. However, 40Ar/39Ar in muscovite in general record only the later, post-peak
cooling history. The apparent age of muscovite 40Ar/39Ar age system is generally younger than
zircon U-Pb system for metamorphic or Magmatic rocks. Muscovite detrital data of trunk samples
from the mid-lower reaches suggest that the Gongga shan and Danba dome in the Dadu River
basin are two important sediment suppliers to the mid-lower reaches. Unsurprisingly, zircons
in the Gongga shan and Danba dome show complex core rim texture (Figure 6c,d). Figure 6c
shows that almost all Cenozoic ages are recorded by rims of dated zircons from the Gongga
shan. This suggests that the narrow rims grew around the older core during Cenozoic intrusion
((1), (2), and (3) in Figure 6a). The Cenozoic ages recorded by rims of zircons also recorded by the
bedrock muscovite 40Ar/39Ar ages [37] (Figure 6a). The Danba dome has undergone Barrovian
type metamorphism at 200–180 Ma. Zircon growth at low metamorphic grades is minimal ((4) in
Figure 6a). In the kyanite and sillimanite zones, narrow zircon growth has been observed in the
Danba dome [52]. Therefore, rims of zircons from the Danba dome and Gongga shan are unlikely
to be detected in the detrital record, due to laser spot location targeting on core and also the
high likelihood that abrasion during transport will remove thin rims. Figure 4a-5 shows that the
Cenozoic ages are not detected by the detrital zircons from the Dadu River near the Gongga shan
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(sample C4). Figure 6b presents that the cores of detrital zircons from the modern Yangtze sands
are always chosen as laser spot position instead of the narrow rims. Combination with dilution of
sediment from the tributaries in the mid-lower reaches, the Cenozoic ages of the Gongga shan and
Danba dome are not detected by detrital zircon in the mid-lower Yangtze River like muscovites.

 

 

: 

Figure 6. A cartoon showing the possible reasons for lack Cenozoic zircon in the lower
reaches of the Yangtze (a). (1) Indicates detrital zircons experienced two phases of overgrowth.
(2) Indicates overgrowth of detrital zircons in the Cenozoic. Magmatic zircon overgrowth in
the Cenozoic (3). (4) Indicates no wide overgrowth of detrital zircon in the low-degrade
metamorphism. Note that muscovite Ar system cannot survive Magmatic or metamorphic events.
(b) Cathodoluminescence images of detrital zircons from the Yangtze River. Images are from
He et al. [21]. (c,d) Cathodoluminescence images of dated zircons from the Gongga shan and Danba
dome, respectively. Zircon images of the Gongga shan are from Robert et al. [53]. Zircon images of the
Danba dome are from Jolivet et al. [52].

5.3. Implications

The lithological effect on provenance study using detrital mineral ages (e.g., muscovite or zircon)
could be reduced by the following two approaches: (1) Carrying out high-resolution petrographic and
heavy-mineral analyses. Petrographic and mineralogical data of sediment could provide information
for selecting provenance tool (e.g., fertility of target mineral). (2) Applying multi-proxy provenance
approach. Multiple chemical and isotopic indicators of single mineral grains can extract more robust
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information about sediment provenance. Sediment signals missed in one mineral could be detected by
other minerals. As we have shown in this study, the Cenozoic signal detected by muscovite grains is
missing in zircon ages in the Dadu River. Similarly, the Cenozoic zircon ages in the Jinsha River is
not detected by muscovite 40Ar/39Ar ages. By combining multiple-proxies approaches, an increased
understanding can be obtained of sediment provenance.

The comparison of muscovite and zircon ages suggests that detrital zircons in the Yangtze sediment
experienced multiple cycles of deposition and erosion due to its high closure temperature and resistance
to weathering. Possibility of zircon reworking should be considered for provenance interpretation.
The following four approaches have been used to identify zircon reworking: (1) Direct field observation
(e.g., appearance of sandstone gravels) [35]. (2) Time-transgressive similarities in detrital zircon age
distribution, especially in old age populations [54]. (3) Supplementary information from other detrital
minerals (e.g., apatite fission track ages [55]). (4) He-Pb double dating of detrital zircons [56].

In the case of Magmatic zircons in the Gongga shan, rim overgrowths are typically autocrysts
linked to last-stage growth corresponding to crystallization from the final pulses of Magma [53]
(Figure 6a). U-Pb rim ages of detrital zircons record the last zircon-forming tectonothermal event
in the original source rock, while core ages record inheritance from the local country rocks or
co-genetic Magmatic ages derived from earlier melt pulses in the Magma plumbing system [57]. In the
Yangtze River, detrital zircon U-Pb dating is widely used to reconstruct evolution of this river in the
previous studies [17,18,58–67]. However, no consensus exists on when and how the present drainage
pattern formed based on detrital zircon data from various basins. The laser spot positions on rims
or cores of zircons are often randomly selected for U-Pb dating. The most important evidence for
reconstruction the development of the Yangtze River is the presence of sediment signal from present
upper Yangtze River in the ancient Yangtze sediment. Just like the case of modern Yangtze sands in
this study, the characteristic Cenozoic signal of the upper Yangtze is difficult to be detected in the
ancient sediment in the mid-lower Yangtze using the randomly selecting strategy. By increasing the
number of analyses, the chance of detecting Cenozoic signal of the upper Yangtze could be increased.
Alternatively, by increasing the number of laser spot on rims of detrital zircons, the characteristic
Cenozoic signal of the upper Yangtze could be enhanced. Additionally, multiple isotopic indicators
(e.g., detrital mineral 40Ar/39Ar dating and apatite and rutile U-Pb) of single mineral grains could
provide complementary information.

6. Conclusions

In order to reveal factors controlling the difference in age distributions between muscovite and
zircon of same sample, we compared published datasets of detrital muscovite 40Ar/39Ar and zircon U-Pb
ages of modern sands from the Yangtze River. The comparison of pooled age distributions between
muscovite and zircon presents that muscovite grains are absent of age populations of 2000–2500 Maand
1600–2000 Ma, suggesting that zircons in the Yangtze River experienced multiple cycles of erosion and
deposition. The detrital muscovite ages of each sample were also compared with corresponding detrital
zircon ages. Detrital muscovite ages imply that the Dadu River in the upper Yangtze is an important
sediment supplier to the lower Yangtze. However, detrital zircon data suggest that the Yalong, Dadu,
and Min rivers are the Major sediment contributors to the lower reaches. These differences could be
caused by discrepancies in closure temperature and durability and potentially differences in source rock
contributing to the sediment in each of these river branches. In order to reconstruct the development of
the Yangtze using detrital U-Pb analysis, increasing the number of analyzed zircon rims is potentially a
way to enhance the characteristic sediment signal of the upper Yangtze.
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Abstract: Linking marine sinks to potential terrestrial sources is one of most intriguing but challenging
aspects of sediment source-to-sink studies. In this study, we analyzed 23 zircon samples (3271 filtered
best ages) from surface sediments of the east China seas (ECSs) that cover a large portion of the Bohai
Sea, Yellow Sea, East China Sea to part of the northeastern South China Sea. The results of U-Pb age
distributions exhibit variable signatures in different seas. The Bohai Sea is characterized by 4 age
populations at 203–286 Ma, 383–481 Ma, 1830–1940 Ma and 2480–2548 Ma, whereas the southern
Yellow Sea and the East China Sea are featured by 5 age populations at 176–223 Ma, 383–481 Ma,
732–830 Ma, 1830–1940 Ma and 2480–2548 Ma. We propose that the presence or absence of the
population of 732–830 Ma in the Yangtze Craton (YC) and the North China Craton (NCC) is a
possible geochronological signature to distinguish zircon grains derived from the two source regions.
Furthermore, on the basis of multidimensional scaling (MDS), U-Pb ages in the sediments of the
Bohai Sea, East China Sea and the Taiwan Strait could be correspondently linked to those of the
Yellow River, the Yangtze River and Taiwan rivers. The good linkages support the view that U-Pb age
distributions of detrital zircons in the margin seas are mainly controlled by fluvial discharges, and
ultimately, by the tectonic history of the corresponding source regions. Using a sediment forward
mixing model, we obtained the relative sediment contributions and spatial variations of five most
important river discharges in the region. The mixing results suggest that the major rivers in the region,
i.e., the Yangtze and the Yellow Rivers, are the dominant sediment contributors to the continental
margin, and their mixing coefficients could be used to infer relative sediment budgeting. In addition,
spatial variations in mixing coefficient in the East China Sea indicate that sediment mixing and
partitioning processes in the marine depositional environment have played a part role in propagating
the provenance signals as a result of interaction of oceanic currents and tides. The combined method
between provenance analysis and mixing modeling provides a feasible way to appreciate sediment
budgeting in the geological past.

Keywords: U-Pb geochronology; detrital zircon; source-to-sink; provenance analysis; mixing model;
sediment budgeting; east China seas
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1. Introduction

Continental margin sea is the most important sink for terrestrial sediments due to large
accommodation space and rapid sediment accumulation rates [1]. Linking marine sinks to terrestrial
sources using sedimentological or geochemical methods is one of the most intriguing but challenging
aspects of sediment routing system studies [2]. From a perspective of source-to-sink systems, it is
very important to know where sediments have been derived from and how associated environmental
signals, such as provenance and sediment fluxes related to tectonics and climate change, are propagated
and modified within the systems [3]. To estimate sediment budgeting influenced by natural forcing or
by human activities is therefore fundamental to understand source-to-sink processes in sedimentary
systems [4,5]. With the rapid development of in situ micro-analytical techniques in Earth science since
the last two decades, the detrital zircon U-Pb geochronology has been widely applied to examine
various sedimentary questions, such as sediment provenance, ages and rock characteristics of source
terranes, stratigraphic correlation and determination of maximum depositional ages [6–9]. It has
been regarded as a real progress in provenance analysis by providing a time dimension to assist the
interpretation of detrital modes [10]. However, many previous studies were focused on long-term
provenance analysis and based on an untested premise that detrital zircon ages are mainly controlled
by tectonic factors and are less susceptible to hydrological sorting and other factors. Some recent
studies argued that detrital zircon ages could be applied to investigate sedimentary mixing processes
on short-term scales [11,12], and the age distributions may be influenced by factors other than tectonics,
such as fertility [13], grain-size sorting [14] and the number of analyses [15]. Due to the on-going
debate on the factors that control detrital zircon U-Pb ages in sediments, it is necessary to examine it
from continental margin seas, which are the important sinks for terrestrial sediment.

The east China seas (hereafter referred to as ECSs) are favored in this contribution for several
reasons. First, the ECSs contain the broadest continental shelf in the world. Annually, there are large
amounts of sediments discharged into them by large rivers like the Yangtze and Yellow River that are
originated from the Tibetan Plateau and numerous moderate and small mountainous rivers draining
in tectonically stable areas like SE China and active one like Taiwan [16–19]. Due to the remarkable
contrasts in tectonic setting and lithology, fluvial sediments with distinguished terrestrial U-Pb age
signatures could be preserved in marine sediments. Second, a substantial of detrital zircon U-Pb ages
have been published from many modern fluvial sediments in East Asia [20–25], making it possible
to link terrestrial sources to marine sinks by U-Pb geochronological methods. Lastly, despite that
the sandy deposits in the ECSs cover a larger extent in the region (Figure 1), less attention has been
paid to them when compared with the muddy deposits [26–28]. As a result, the sources of marine
sediments and to which extent ocean hydrodynamics, such as currents, tides or waves, can play a role
in the dispersion of terrestrial sediments and propagation of provenance signals in the seas are still
not clear. Accordingly, there are three primary objectives of this study: (1) link marine sediments in
the ECSs to the present-day fluvial sediments using detrital zircon U-Pb geochronology; (2) examine
how marine hydrological processes may modify provenance signatures of sediments in different seas;
(3) estimate the sediment budgeting in the seas quantitatively or semi-quantitatively using sediment
mixing models developed in the community [8,29].
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Figure 1. Map showing surface sediment types, ocean currents and sampling sites in the east China
seas. The surface sediment distribution and ocean currents are from the literature [30,31], respectively.
Ocean currents are denoted by solid lines with different colors (red: Kuroshio Current; light blue:
Taiwan Warm Current (TWWC); black: China Coast Current (CCC); green: Yangtze Diluted Water
(YDW); dark blue: Yellow Sea Warm Current (YSWC)). Circles filled by yellow are sites analyzed in
this study; the ones filled by white are from the literature [32].

2. Sedimentary and Tectonic Setting

2.1. Sediment Fluxes and Oceanic Hydrodynamics

The ECSs in this study are defined as an area consisting of the Bohai Sea, Yellow Sea, East China
Sea and a part of the northern South China Sea (Figure 1). This extensive area is surrounded by
mainland China to the west and the north, by the Korean Peninsula and Kyushu and Ryukyu Islands
to the east and by Taiwan Island to the south. There are large but variable discharges of sediment into
the seas.

The highest sediment discharge was from the Yellow River with annual suspended sediments
reaching to 1086 Mt in the history [33], but it has reduced to less than 100 Mt since the last decade possibly
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due to human activities. The second highest sediment discharge is from the Yangtze River, which
had a pre-dam annual discharge of about 500 Mt but has dropped to less than 130 Mt nowadays [34].
Although mountainous rivers in Taiwan Island are smaller in terms of catchment area and river length,
the annual sediment discharge could be as high as 300 Mt [35]. A number of Zhe-Min (Zhejiang and
Fujian provinces) rivers draining in SE China (Figure 1) have a total annual sediment discharge of
23 Mt [16], which is relatively less important compared with Taiwan. The annual sediment discharge of
rivers in the Korean Peninsula is around 20 Mt [36], which is equivalent to that of the Zhe-Min rivers.

The sediment distribution in the ECSs is mainly controlled by the dynamic climate and ocean
settings in the region [30,37]. According to the result of oceanographic observations, the surface and
bottom current systems in the ECSs are strongly influenced by a large-scale anti-clockwise circulation
in the western Pacific [38] (Figure 1). As a result, there are several persistent currents in the region,
including the Kuroshio Current, Taiwan Warm Current (TWWC), Tsushima Warm Current, Yellow
Sea Warm Current (YSWC) and the China Coastal Current (CCC). In contrast, the Yangtze Diluted
Water Current (DWC) is stronger in summer than in winter. In addition to the ocean currents, there are
very strong tidal currents and waves with the great axis of the tidal ellipse-oriented NW to SE in the
East China Sea [39]. It is believed that sand ridges are formed in the areas with strong rectilinear tidal
currents, sand sheets in areas are dominated by strong rotatory tidal currents, and clay sediments are
deposited mainly in the areas of weak tidal currents [40].

2.2. Tectonic Setting

Geologically, the rivers flowing into the ECSs drain different first-order tectonic units, containing
the North China Craton (NCC) in the north, the Yangtze Craton (YC) and the Cathaysia Fold Belt
(CF) in the south and the Songpan–Ganzi Fold Belt (SPGF) in the west (Figure 2). Each of the tectonic
units has a different geological history in terms of the basement, sedimentary cover and igneous rocks
(Figure 2).
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Figure 2. Schematic map illustrating ancient orogenic belts, first-order tectonic units and the distribution
of igneous rocks in East Asia (modified after [41,42]).

The NCC has a widespread Neoarchean basement formed around 2.7–2.5 Ga, which covers 85% of
the total exposed basement [43,44]. The cratonization of the NCC started during the Paleoproterozoic
(1.9–1.8 Ga), and there were no significant tectonic activities until the Paleozoic Era. According to a
compilation in [45], there were six stages of magmatism in the NCC from the Paleozoic to the Cenozoic,
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with age populations around the Carboniferous to Early Permian (324–270 Ma), Late Permian to Middle
Triassic (262–236 Ma), Late Triassic (231–199 Ma), Jurassic (189–146 Ma), Early Cretaceous (141–108 Ma)
and the Cenozoic (65 Ma–present).

The YC is separated from the NCC by the Qinling–Dabie Orogen, which was formed during
the period from the late Paleozoic to middle Mesozoic (Figure 2). In contrast to the NCC, rocks of
the Archean and Paleoproterozoic are sporadically outcropped in the YC, and most of the exposed
basements were formed during the Neoproterozoic. This is supported by abundant 790–900 Ma
granitoids observed in the Jiangnan Orogenic Belt in the southern margin of the YC and 740–830 Ma
felsic plutonic and volcanic rocks at the western margin [46]. The tectonic activity in the YC became
reactivated during the Paleozoic and the Mesozoic, which is characterized by the presence of late
Paleozoic Emeishan basalts (260 Ma) in the upper YC [47] and Early Cretaceous igneous rocks
(134–125 Ma) in the lower YC [48].

The CF is located southeast to the YC (Figure 2). The two blocks were assembled together
during the Neoproterozoic (1.00–0.85 Ga). Unlike to the YC, which has a widespread exposure of the
Neoproterozoic rocks, the CF is characterized by voluminous outcrops of the Paleozoic to Mesozoic
igneous rocks [44,49]. The more distinct age populations are related to the Paleozoic Kwangsian
granites (420–442 Ma) and Yanshanian granitoids and volcanic rocks (80–190 Ma).

The SPGF is located at eastern edge of the Qinghai–Tibetan Plateau (Figure 2), which is the
headwater region of the present Yellow and Yangtze rivers. The block is mainly covered by a thick
Triassic flysch sequence and was a part of Permo–Triassic orogenic belts situated at the northeast
Tibetan Plateau and southwest China [50]. The detrital zircons in this region are explained to have
been derived from two different sources [51]. The first one is the YC, which is characterized by
a Neoproterozoic U-Pb age population at 720–900 Ma, while the second is the Qinling Mountains
(Figure 2), which contribute older U-Pb ages at 2.2–1.4 Ga.

Although Taiwan Island is relatively small in area, it has a very complicated geological history. It
is marked by a Mesozoic basement and a mélange assembly in the Tananao Complex, slate formations
of the Eocene-early Oligocene in the Hsuehsan Range and the late Oligocene to Pleistocene at the West
Foothills [52]. Similarly, the Korean fluvial sediments may be derived mainly from the Precambrian
igneous and metamorphic rocks [53] and Jurassic–Cretaceous granites and schists [54].

3. Samples and Methods

3.1. Samples

We carried out a detrital zircon U-Pb analysis on 23 samples in this study, including 22 surface
samples taken from the ECSs and one early Holocene sample from a borehole at the Yangtze Delta
(Figure 1). Most samples are mainly composed of silty sands except for those obtained from the Bohai
Sea and the Yellow Sea, which are silty muds. A detailed information on water depths and the numbers
of U-Pb best age are given in Table 1.

Using standard mineral separation techniques, which included heavy liquids, magnetic separation
and handy picking concentrates, zircon grains were first separated from the sediments. Afterwards,
about 300 grains for each sample were randomly chosen and mounted in the epoxy within 1-inch
mounting cups. After drying in an oven, the mounts were sanded down and polished to expose
interiors of most zircon grains. Images of transmitted and reflected light of the zircon grains were
taken using an optical microscope. A field emission scanning electron microscope (TESCAN, MIRA
3LMH, Nanjing Hongchuang Geological Exploration Technology Service Co., Ltd., Nanjing, China)
was used to obtain the cathodoluminescence (CL) images. With help of these images, spots for the
laser ablation were chosen by avoiding inclusions, fractures and inherited cores in zircons.
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Table 1. Detrital U-Pb sample locations, water depths and the number of best U-Pb ages in the east
China seas (ECSs).

Sample ID Latitude Longitude
Water

Depth (m)
Area

Best Age
Number

Sources

JY268 40◦9′47′′ 121◦44′57′′ 8 Bohai Sea 106 This study
TJ80 38◦39′29′′ 119◦54′6′′ 26 Bohai Sea 115 This study
TJ87 37◦46′39′′ 119◦54′6′′ 26 Bohai Sea 80 This study

SY198 33◦5′40′′ 123◦44′2′′ 46 Southern Yellow Sea 112 This study
SY86 33◦5′40′′ 123◦24′17′′ 39 Southern Yellow Sea 110 This study
S1456 32◦0′3′′ 124◦29′60′′ 47 Southern Yellow Sea 241 This study

YEN-1-11 31◦59′52′′ 122◦59′60′′ 32 East China Sea/Yellow Sea 109 This study
YE-16 30◦39′17′′ 123◦15′1′′ 53 East China Sea 109 This study
YE-20 29◦6′47′′ 124◦56′23′′ 87 East China Sea 112 This study
YE-4 31◦30′20′′ 121◦25′50′′ 10 Yangtze Estuary 194 This study
YE-7 31◦13′36′′ 121◦48′14′′ 9 Yangtze Estuary 108 This study

CM-97 31◦37′0′′ 121◦22′60′′ −60 Yangtze Estuary 112 This study
S05–4 26◦27′0′′ 121◦49′12′′ 89 East China Sea 106 This study
S06-4 25◦48′12′′ 121◦3′36′′ 82 East China Sea 105 This study
S1481 28◦17′20′′ 122◦26′2′′ 70 East China Sea 111 This study
S1485 26◦47′29′′ 122◦10′0′′ 90 East China Sea 231 This study
S2582 23◦56′27′′ 120◦2′58′′ 33 Taiwan Straight 267 This study

SHDB33 30◦28′29′′ 127◦20′41′′ 117 East China Sea 227 This study
SHDB39 29◦27′43′′ 126◦54′40′′ 120 East China Sea 113 This study

A10 22◦24′37′′ 119◦3′54′′ 124 Northern South China Sea 119 This study
B0 23◦17′33′′ 117◦12′21′′ 30 Northern South China Sea 117 This study
C4 22◦24′34′′ 117◦9′43′′ 41 Northern South China Sea 249 This study
C7 21◦58′55′′ 117◦35′59′′ 127 Northern South China Sea 118 This study
G3 33◦35′5′′ 127◦45′5′′ 109 Southeastern Yellow Sea 61 [32]
G7 33◦15′7′′ 127◦39′51′′ 128.2 Southeastern Yellow Sea 61 [32]

G15 32◦45′3′′ 127◦0′1′′ 115.3 Southeastern Yellow Sea 67 [32]
G20 32◦45′3′′ 125◦20′6′′ 115.3 Southeastern Yellow Sea 60 [32]
G30 32◦34′57′′ 126◦19′51′′ 105.4 Southeastern Yellow Sea 67 [32]
G40 32◦14′59′′ 124◦39′56′′ 45 Southeastern Yellow Sea 74 [32]
G62 31◦44′55′′ 125◦5′5′′ 45.7 Southeastern Yellow Sea 62 [32]

3.2. LA-ICP-MS

Mounted zircon grains were ablated at Tongji University using a Resonetics RESOlution M50
193 nm excimer laser system connected to a quadrupole inductively coupled plasma mass spectrometry
(LA-ICP-MS, Agilent 7900, Santa Clara, CA, USA). Before data acquisition, a standard reference
material glass (SRM 612) produced by the National Institute of Standards and Technology (NIST) was
used to tune the ICP-MS. The glass was ablated in a routine condition with a beam spot size of 40 µm
and a laser repletion of 6 Hz at fluence of 4 J·cm−2. After tuning, the sensitivity of mass 238U reached to
40,000 counts or 10,000 cps/ppm with a fractionation between 232Th and 238U less than 2% and oxide
production rate (ThO/Th) less than 0.3%. Data were obtained for masses 204, 206, 207, 208, 232, 235
and 238 using the ion counting modes of the detector and the integration time for each mass was set to
20 ms. The data acquisition sequence for each unknown or reference material consisted of 15 s blank,
40 s ablation and 15 s washout. Reference zircon materials 91500 [55] and Plešovice [56] were measured
periodically in a sample sequence to perform external U-Pb age calibration and monitor the quality of
measurements. Except for very fine grain-size samples, which were ablated at a spot size of 18 µm,
most of the samples were ablated at a spot size of 26 µm. The spot size differences between samples
and the tuning were due to the size limitation of zircon sizes in samples. Despite of the differences,
this did not cause significant age deviations in the measurements as supported by the consistent age
results from the reference zircon materials.

Data reduction was conducted using the method of mean of isotopic ratios [57], which consisted
of the blank subtraction, isotopic ratio calculation, normalization by primary zircon isotopic ratios and
the instrumental drift correction in a sequence. The data reduction, age calculation and uncertainty
propagation were performed on an in-house Shiny server website software developed by the first
author (Huang X.T.), which is accessible at http://60.205.227.89:3838/LaUPb. The weighted mean
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concordia ages of zircon 91500 (n = 754) and Plešovice (n = 374) are 1061.5 ± 0.25 and 334.9 ± 1.6 Ma
(2 se, standard error), respectively, which are consistent with the published U-Pb ages (1062 Ma [55],
337 Ma [56]) within the uncertainty.

In total we obtained 3664 zircon U-Pb ages and filtered out 3271 so-called best ages used in
the following discussion. The filtering was mainly based on a 10% cutoff of the discordance of a
given 206Pb/238U age [9]. The discordance of 206Pb/238U age less than 1.4 Ga is defined as 100 ×
(1 – 206Pb/238 U/207Pb/235U) and the discordance of 206Pb/238U age greater than 1.4 Ga is defined as
100 × (1 – 206Pb/238U/207Pb/206Pb). Additionally, when a 206Pb/238 U age is less than 300 Ma, the
206Pb/U238 age is set as the best age due to the low precision of 207Pb [14]. The dataset of this study is
provided in the Supplementary Table S1.

3.3. Multidimensional Scaling (MDS)

In order to trace the sediment sources in the East China Sea, a robust statistical method known
as multidimensional scaling (MDS) was applied to evaluate the similarity between different U-Pb
age distributions [58]. Compared to the other visual or statistical methods, such as cross correlation
coefficient, Kolmogorov-Smirnov test (K-S) and Kuiper test [59], the advantage of the MDS lies in its
effectiveness to remove redundant features of age distributions while preserving and amplifying the
significant differences between them [60]. This is particularly efficient for the pairwise comparison
between a large number of samples. Using the DZmds, a MATLAB graphical user interface developed
by [59], we chose the kernel density estimates (KDEs) at a bandwidth of 25 M yrs to perform a metric
cross-correlation comparison mainly due to the differences of the best ages among the samples and
potential sources. We produced a MDS plot for a group of marine and fluvial samples produced
in this study and cited from the literature (the Yellow River [23,61], the Yangtze River [20], Korean
rivers [24], the Choshui River in western Taiwan [25], Ou Jiang [21] (Jiang means river in Chinese), Min
Jiang [22], Jiulong Jiang [21] and Pearl River [62]). The goodness of fit is suggested by a Shepard stress
of 0.16, which is a fair result according to rules of thumb [60]. When the wide range of our samples
and the potential sources is considered, the results are believed to be good enough to distinguish the
dissimilarity among these distributions and more details will be discussed in Section 5.1.

3.4. Mixing Model of Detrital Zircon U-Pb Age Distribution

To quantitatively estimate the relative contribution of sediments or zircon grains from
different fluvial systems, we applied a sediment linear mixing model for detrital zircon U-Pb age
distributions [29]:

Dm =

n
∑

i=1

MiPi (1)

where Pi is the ith parent or fluvial source age distribution and Mi is the corresponding mixing
coefficient or relative contribution and Dm is the modeled mixed daughter distribution, which is the
best fit for a measured sample distribution.

To the best of our knowledge, there are generally two ways to solve mixing models [4,8,11,29].
The first are forward models in which the number and distributions of sources are known or specified
through geological interpretation and assumption. The second are reverse models in which both
the number and distributions are unknown, but they can be solved through optimization methods.
In this study, we favor the former one because: (1) the age distributions of fluvial sources can be
readily achieved in the literature and (2) they are intimately associated with the geological settings and
(3) the source signals are relatively homogeneous spatially and temporally. For example, the U-Pb
age distributions become homogenized in the lower reaches of modern Yangtze [20,63] and Yellow
rivers [23]. The uniform distributions have been also observed on glacial-interglacial and tectonic time
scales. For instance, zircon U-Pb age distributions of the Mangshan loess-palaeosol profile [64], which
have been deposited in the flood plain of the Yellow River since the late Pleistocene, are similar to
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those of the modern Yellow River [23]. In addition, the present Yangtze-like age distributions have
been reported from the Pleistocene to Miocene sedimentary records in the Yangtze delta [65] and
catchment [63]. As a result, we treated the age distributions in lower reaches of modern rivers as
source signals for marine sediments (Figure 3) and applied the forward mixing model (AnalySize)
developed by [66] to obtain the mixing coefficients from different sources. We did no use the default
non-parametric approach in the mixing model [66] to obtain the parent distributions because it is
difficult for the model to get geologically meaningful results due to the uncertainty on the determination
of the number of the endmembers and a very large variability in the KDE distributions. Instead, we
performed the mixing modeling by using the KDEs shown in Figure 3 as the defined endmembers
and the KDEs of our samples as the mixed daughter distributions (Equation (1)). The mixing results
are given in Table 2, in which we combined the mixing coefficients of the Zhe-Min Rivers together.
The coefficients of determination (R2) of this forward mixing modeling are generally higher than 0.75
(Table 2), indicating a goodness-of-fit of the modeling. More confidently, most of the mixing results are
consistent with the regional sedimentary and oceanic setting. Please see more details in Sections 4.2
and 5.4.

 

Figure 3. Normalized kernel density estimates (KDEs) of U-Pb age distribution in sediments of
seven rivers flowing into the ECSs. The age numbers (n) are shown along the KDE distributions.
Abbreviations: YR (Yellow River), YZR (Yangtze River), OuJ (Ou Jiang), MJ (Min Jiang), WTW (rivers in
western Taiwan) and KR (Rivers in South Korea).
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Table 2. Mixing coefficients of five important river sources in the east China seas.

Sample ID R2 * YR YZR ZMR * WTW KR

JY268 0.65 87.7 0.0 12.3 0.0 0.0
TJ80 0.58 90.9 0.0 1.8 7.4 0.0
TJ87 0.47 82.8 3.7 13.5 0.0 0.0

SY198 0.63 7.2 58.7 23.6 0.0 10.5
SY86 0.76 38.2 45.0 3.9 0.0 13.0
S1456 0.85 8.3 67.8 0.0 12.1 11.8

YEN-1-11 0.69 0.0 72.8 5.9 0.0 21.3
CM97 0.70 11.5 79.0 0.0 2.0 7.5
YE-4 0.75 26.2 60.7 0.0 13.2 0.0
YE-7 0.79 0.0 97.6 2.4 0.0 0.0
YE-16 0.74 18.9 81.1 0.0 0.0 0.0

SHDB33-M 0.91 9.2 66.8 0.1 0.0 23.9
SHDB39-M 0.95 0.0 43.2 0.0 0.0 56.8

YE-20 0.75 0.0 77.0 0.0 0.0 23.0
S1481 0.85 0.0 88.9 11.1 0.0 0.0
S1485 0.76 27.8 60.6 0.0 11.6 0.0
S05-4 0.75 6.6 65.2 28.1 0.0 0.0
S06-4 0.88 27.0 39.7 21.2 0.0 12.2
S2582 0.79 0.0 8.0 0.0 81.6 10.4

B0 0.85 0.0 0.0 100.0 0.0 0.0
A10 0.71 25.0 63.6 6.7 4.7 0.0
C4 0.94 0.0 0.0 89.9 0.0 10.1
C7 0.77 0.0 0.0 77.2 14.8 8.0

G20 0.72 0.0 86.0 2.9 0.0 11.1
G3 0.81 0.0 0.0 4.0 11.5 84.5
G30 0.63 0.0 67.1 4.6 0.0 28.3
G40 0.53 0.0 89.9 2.6 0.0 7.5
G62 0.63 4.8 73.1 22.1 0.0 0.0
G7 0.96 0.0 0.0 4.7 0.0 95.3
G15 0.83 0.0 16.8 0.0 15.4 67.7

* R2 is the linear determination coefficient to indicate the goodness-of-fit of the mixing modeling; ZMR represents
rivers of Ou Jiang, Min Jiang and Jiulong Jiang.

4. Results

4.1. U-Pb Age Distribution

Because the numbers of best age are variable among different samples (Table 1) and the standard
technique kernel density estimation (KDE) is a more robust alternative to conventional age probability
distribution [67], we used a KDE plot (Figure 4) to visualize the U-Pb age distributions in this
contribution. There are four primary age populations for samples in the Bohai Sea, which are at
203–286 Ma with a peak around 252 Ma, 383–481 Ma with peaks around 420 Ma and 460 Ma, 1830–1940
Ma with a peak around 1860 Ma and 2480–2548 Ma with a peak around 2500 Ma (Figure 4a–c). The
most abundant age population is the Mesozoic to Paleozoic one at 203–286 Ma, accounting for a
detrital zircon population of 25–40%. Despite that the basement of the NCC formed mainly during
the Neoarchean and Paleoproterozoic [45,68,69], there is a minor grain contribution (<10%) from the
populations at 1830–1940 and 2480–2548 Ma. The signature of the dominant Mesozoic to Paleozoic age
populations in the Bohai Sea samples is similar to that observed from Chinese loess sediments [64],
fluvial and desert sediments in the Yellow River catchment [23]. This provides strong evidence from
detrital zircon to argue that sediments in the Bohai Sea were derived probably from the Yellow River
catchment, and this is true—at least in recent geological history, like the late Pleistocene.
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Figure 4. KDEs of detrital zircon U-Pb ages of in the ECSs. Different colors are used to represent the
samples taken from different seas, with brown for the Bohai Sea (a–c), green-yellow for the Yellow Sea
(d–g), blue for the East China Sea (h–s) and green for the northern South China Sea (t–w). The visually
distinctive age populations are highlighted by the vertical dashed bars.

In contrast to samples in the Bohai Sea, the age distributions in the Yellow Sea are obviously
different (Figure 4d–g). First, the most abundant age population is at 176–223 Ma with a peak around
200 Ma, which is obviously younger than the age population at 203–286 Ma in the Bohai Sea. Second,
there are no Neoproterozoic ages in samples of the Bohai Sea but a very remarkable population at
732–830 Ma in samples of the Yellow Sea occurs. Because that the Yellow River flowed into the Yellow
Sea during some periods in the history, the differences of zircon signatures between the Bohai Sea
and the Yellow Sea may imply that their sources were different and there existed alternative sediment
sources for the sediments in the Yellow Sea other than the Yellow River.

Similar to those of the Yellow Sea sediments, the primary age populations in the East China Sea
sediments contain the one at 176–223 Ma with peaks around 200 Ma, 383–481 Ma with peaks around
420 Ma and 440 Ma, 732–830 Ma with a peak around 780 Ma, 1830–1940 Ma with peaks around 1850 Ma
and 1900 Ma and 2480–2548 Ma with a primary peak about 2500 Ma (Figure 4h–s). In addition to these
five most pronounced populations, for samples in the southern East China Sea there is noticeable one
at 81–152 Ma peaking around 130 Ma (Figure 4o–s).

With the exception of sample A10, samples in the northern South China Sea have relatively
simple age distributions compared with the other seas. Up to 50% of zircon grains are in the range of
81–152 Ma that peaks around 130 Ma (Figure 4u–w).

4.2. Spatial Variability of Mixing Coefficient

The results of mixing coefficients are shown in Figure 5, which indicate relative variations in
sediment contribution from different fluvial sources. Samples in the Bohai Sea are dominated by the
contribution of the Yellow River, with mixing coefficients in the range of 80–90%. Except for sample
TJ87, there seems to be no contribution from the Yangtze River. However, it seems that there are 7–14%
contributions of small rivers in Taiwan and Zhe-Min provinces, SE China (Figure 4). We think that this
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is an artifact either due to that we input irrelevant endmembers in the mixing model for samples in
the Bohai Sea, or due to the uncertainty of the mixing model to distinguish age overlapping between
different samples.

–
–
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–
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Figure 5. Spatial distribution of the mixing coefficients illustrating the relative contributions of zircons
in the ECSs from five major river sources. The relative contributions from different sources at sampling
sites are shown in the pie plots.

In contrast, samples in the Yellow Sea present increased contributions from the Yangtze River and
Korean rivers (Figure 5). The mixing coefficients of the Yangtze river are in the range of 40–70%, while
a minor 10–20% for Korean rivers. In contrast, the contributions of the Yellow River in the Yellow Sea
reduce to 10–40%. Samples in the East China Sea are dominated by the Yangtze source signal with
mixing coefficients in the range of 40–98% except for Sample S2582, which has a mixing coefficient of
8% for the Yangtze River. This exception can be explained by enhanced contributions from Taiwan
rivers, such as the Choshui River [25]. The contributions from the Yellow River to the East China Sea
are generally lower than 30%, indicating a dominant Yangtze contribution in the sea. In addition, the
contributions of Zhe-Min rivers can only be observed in the southern part of the East China Sea in the
range of 10–30%. In contrast, their contributions in the northern South China Sea increase greatly up to
50–90%.

5. Discussion

5.1. Provenance Linkage between Fluvial and Marine Surface Sediments

The analyses of detrital zircons U-Pb ages in the ECSs provide us a way to link various fluvial
age signals to the those in the continental margin seas. The MDS plot in Figure 6 produced a ‘map’ of
points on which similar samples cluster closely together, and dissimilar samples stay far apart, which
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provides a straightforward way to distinguish provenance similarity and linkage. As shown in the
plot of MDS (Figure 6), samples in the Bohai Sea are very close to those in the lower Yellow River
reaches [23,61]. This agrees with the fact that modern sediments in the Bohai Sea are mainly derived
from the Yellow River catchment.

The MDS plot in Figure 6 produced a ‘map’ of 

 

Figure 6. Multidimensional scaling (MDS) configuration of samples in the ECSs. There are three
distinct groups in the MDS configuration, which could be linked to the potential sources. The solid
(red) and dash (blue) lines denote the first and second closest neighbors, which indicate more similar
age distributions and closer provenance linkages.

Similarly, samples in the northern South China Sea are clustered around the fluvial endmembers,
including Ou Jiang [21], Min Jiang [22], Jiulong Jiang [21] and the Pearl River [62] (Figure 6). This
implies that the rivers draining the CF (Figure 1) have contributed most of sediments deposited in the
northern South China Sea. This is at least correct for sediments in the shallow sea. On the other hand,
the contribution from Taiwan Island would be significant when samples taken from slope and deep
sea are examined (e.g., sample A10).

Samples S2582 and S06-4 exhibit a short distance to the Choshui River in western Taiwan,
suggesting a source-to-sink connection (Figure 5). In contrast, samples A10 and S05-4 have closest
neighbors of samples in the Yangtze delta (YE-4) and the Yellow Sea (SY198). This is difficult to explain
on current geographic context and we propose two contrasting explanations. The first is that it could
be caused by the recycling processes of zircon grains in which some zircon grains in Taiwan Strait may
have been derived from the YC and NCC in geological past [25]. The recycling processes have made
the signal less distinguished. If this is true, the discrimination between Taiwan and Yangtze sources
by the method of zircon U-Pb geochronology alone would be difficult. Another explanation is that
it could have been caused by sediment mixing between those derived from Taiwan Island and the
Cathaysia. This is more likely because the U-Pb age distributions of the Yangtze River and Choshui
River can be slightly distinguished by the presence or absence of a ~130 Ma population [20,25], which
is the most distinct age population in fluvial sediments from the CF [21,22]. As shown in Figure 4, our
results are in agreement with the latter explanation.

In contrast to samples taken from the other seas, which show clear source-to-sink connections,
there exists a more complicated pattern for sediments in the East China Sea and the Yellow Sea
(Figure 5). Despite of that, most samples exhibit good correlations with the Yangtze fluvial sediments
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as indicated by the first and second closest neighbor lines in Figure 5, which evidently suggest that
sediments derived from the Yangtze Catchment have played a very important role in determining
detrital zircon signatures over this very broad continental shelf. On the other hand, the very scattered
points on the MDS plot for samples in the East China Sea also imply that the fluvial source signals have
been modified in the shallow sea environment relative to the Yangtze fluvial source [20]. We consider
that this pattern is related to the hydrodynamical system in the region, which will be discussed in
detail in Section 5.3.

5.2. Provenance Discrimination from A Tectonic Perspective

In order to discuss our results from a geological perspective, we classified the age distributions in
Figure 6 based on the most pronounced tectonic events in the geological history of China and East
Asia [71]. The samples from the Bohai Sea are characterized by high proportions of zircon grains of the
Paleozoic and Paleoproterozoic-Neoarchean eras. Originally, the Paleozoic grains were associated with
four tectonic events, such as Indianian (200–260 Ma), Tianshanian (260–397 Ma), Qilianian (397–513 Ma)
and Sinian (513–680 Ma). The Paleoproterozoic-Neoarchean grains may be related to the tectonic
events of Lvliang (1800–2500 Ma) and Wutai (2500–2800 Ma) which are related to the formation of
the NCC. By taking the U-Pb ages in the Yellow River catchment [23,61] into account, we argue that
there are two potential sources of the zircon grains for the modern sediments of interest. The first is
the Neoarchean basement of the NCC, which is characterized by the presences of 1.8 Ga and 2.5 Ga
zircons. The second is the northeastern Tibetan Plateau, which is marked by a dominant Paleozoic
zircon U-Pb at populations of 200–350 Ma and 350–550 Ma (Figure 7).

 

–

— —

–

Figure 7. Spatial variation in the relative abundances of different zircon age populations in the east
China seas. Zircon age populations are classified according to tectonic events that happened in the
geological history of East Asia [70]. The yellow dashed lines are used to mark samples taken from
different seas.

Different to the Bohai zircon ages, the presence of Neoproterozoic zircons is very typical in the
Yellow and East China Sea. We think the Neoproterozoic zircons can be related to the formation of
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the basement of Yangtze Craton in the Jinning Orogeny during 700–900 Ma [70]. Although the high
proportions of Paleozoic zircons in the Yellow and East China Seas appear to be similar to those in the
Bohai Sea (Figure 7), the sporadic distribution of Mesozoic igneous rocks in the lower Yangtze due to
the subduction of Paleo–Pacific plate to the Eurasian plate may have provided extra grains [48].

The provenance of zircon in Taiwan Island is a matter of controversy. Potential sources include
the YC [71], CF [22], NCC [25] and a subducted unknown microcontinent [52]. As shown in Figure 6,
the zircon U-Pb age proportions of samples close to Taiwan Island in our study looks similar to those
from the Yangtze source. In contrast, they have relatively low content of zircons of the Indosinian and
Jinning periods but relatively high of the Wutai period (2500–2800 Ma). Moreover, in samples of S05-4
and S06-4, there are distinctive contributions from the Yanshanian period (135–200 Ma). This suggests
that the zircon grains of these sites have multiple sources, which is possibly due to sediment mixing
between Taiwan Island and the CF. According to the present-day configuration of ocean currents
(Figure 1), it is less likely for zircons from the Yangtze River to be transported to the Taiwan Strait or
further southward to the South China Sea.

The U-Pb age compositions in the northern South China Sea are featured by a dominance of
Mesozoic Yanshanian zircon grains and a paucity of Neoproterozoic grains. This allows us to speculate
that their source area may consist of relatively young rocks and are very proximal to the place of
deposition. The widely exposed Mesozoic Yanshanian igneous rocks in the CF are therefore the most
likely sources [21,22].

5.3. Hydrodynamic Influence on Zircon U-Pb Age Distribution

Because zircon is generally believed to be resistant to chemical and physical weathering during
sediment transport, it has been regarded one of the most reliable approach for provenance analysis [9].
However, this view has been challenged because an age distribution may be biased by factors like
fertility [13], grain size [14] or sampling and analytical procedures [72]. To discuss these factors is far
beyond the scope of this study, however, we would expect less grain-size sorting on our samples as we
just focused on the very fine fraction of the zircons (60–125 µm) and there is no statistically significant
correlation between zircon sizes and U-Pb ages on this fraction [14]. As the result, we would like to
just focus on the question of spatial variability of the Yangtze mixing coefficients in the East China Sea.

As shown in Figure 8, there is a gradual decreasing trend of the Yangtze mixing coefficients from
the estuary to the continental shelf along directions of 60◦ NE and 200◦ SW. The decreasing trend
implies the fluvial provenance signal has changed in the marine environment. It seems contradictory
to our argument above that the provenance or fluvial source is the dominant factor controlling U-Pb
age distribution of the sediments in the seas. This can be attributed to the influences of oceanic
hydrodynamics on zircon age populations. Spatial variations in mixing coefficients of the Yangtze
River are generally consistent with seasonal current change in the East China Sea (Figure 8). The
surface and deep currents of the East China Sea are mainly driven by the Asian summer/winter
monsoons. During summer as the result of the northeastward movements of surface and bottom
currents (Figures 1 and 8), the surface and bottom sediments are transported in the primary directions.
The coastal currents—driven by the northeast winter monsoon—become strengthened in winter, which
may cause part of sediments transporting southward. Moreover, a recent study using the regional
ocean circulation model (ROMS) also suggested that the sediments derived from the Yangtze River are
not only deposited in the East China Sea but also in the Yellow Sea [73]. In addition, a tide–current
model suggested that a very pronounced trend of erosion/deposition of sediments along the direction
from the Yangtze Estuary to the Cheju Island due to the influence of tides [40]. Therefore, we argue
that the gradual decreasing trends of mixing coefficients of the Yangtze River in the East China Sea are
resulted from the combined effects of currents and tides (Figures 1 and 8).
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Figure 8. Spatial distribution of mixing coefficients of the Yangtze River in the East China Sea and the
relationship with regional ocean currents. The color-filled area are contours of mixing coefficient of the
Yangtze River while the red dashed denote the bathymetric contours. The arrows are ocean currents
denoted in Figure 1.

5.4. Sediment Budgeting

Mixing coefficients modeled from U-Pb age distributions have been used in some studies as
proxies for relative erosion rates in various fluvial catchments [4,8,11,74]. From a perspective of mass
balance, when a long-term equilibrium between sediment erosion and deposition is reached, the
mixing coefficients in sink area can be used to infer relative depositional fluxes/rates and sediment
budgeting [8]. To test whether this is true in the marine environment, we compared the mixing
coefficients of our study with sediment budgets estimated from nuclides methods such as 210Pb and
137Cs from short-cores in the ECSs [75,76].

According to the sediment budgeting model in [75], the historical annual sediment flux of the
Yellow River can reach to 1086 Mt per year and ~70% of the sediments are deposited in the Bohai Sea
while ~30% are transported into the Yellow Sea. This means that most sediments derived from the
Yellow River are deposited in the Bohai Sea and only 30% of them, equivalent to 376 Mt sediments
per year, are transported into the Yellow Sea. This accounts for 57% of total input sediments of the
Yellow Sea [75]. Despite it is still not clear which are the sources of the rest of input (~40%), there are
414 Mt sediments deposited in the Yellow Sea per year [75]. This means that the relative sediment
contribution from the Yellow River in the Yellow Sea could reduce to around 22%, which coincides
broadly with the mixing coefficients of samples SY198 and SY86 that are in the range of 7–38% (Table 2).
The decreasing trend of the mixing coefficients of the Yellow River from Bohai Sea to the Yellow Sea
helps us to catch a glimpse of provenance signal modification along different sedimentary systems as
the result of sediment mixing.

A similar decreasing trend of mixing coefficients of the Yangtze River is also observed in the East
China Sea. The mean sediment contribution from the Yangtze River in the East China Sea is estimated
to be about 72% [75], which is strikingly consistent with the averaged mixing coefficient (72.8%) in
the East China Sea (Table 2). According to the study [76], the annual sediment contribution from the
Zhe-Min rivers in the East China Sea is about 17–20 Mt, the contribution from the Taiwan rivers is in
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the range 70–150 Mt and the rest 55 Mt may be from the Yangtze River or the northern East China Sea.
If this is correct, this means that 33–67% of sediments are derived from the Taiwan rivers. However,
it is different with our results that give a very high mixing coefficient value (81.6%) in the sample of
S2582 but very low coefficients (0–11%) in the other samples close to the Taiwan Island in the East
China Sea (Figure 5). This could be partly attributed to the scale differences between the two studies.

According to the above discussion, we argue that the mixing coefficients of a specific source
obtained from zircon U-Pb age mixing models could be applied to infer relative sediment budgeting
when the present source signal is well defined. From the mixing coefficients of the Yangtze River
distributed in the East China Sea, we can observe that most of surface sandy sediments in the East
China Sea are primarily derived from the Yangtze River and the contributions from the Yellow River
are limited to the region of the Bohai and Yellow seas. This argument seems different if compared
with a recent provenance study in the Okinawa Trench [28], in which the authors suggested that
the main source of terrestrial sediments in the Okinawa Trench was the Yellow River during the
period of the last deglaciation. It is difficult to compare results of the two studies directly due to the
differences in methods, sediment grain-sizes and time scales. It needs to be studied further in the
future, especially when the technique of small-volume U-Pb zircon geochronology by laser ablation
multi-collector ICP-MS [77] and the large-n analysis [15,72] become routinely feasible, which will
minimize the uncertainties in terms of source and sink signals of the mixing model and disentangle
provenance signature from signals of hydrodynamics [78].

6. Conclusions

In this study, we obtained over three thousand detrital zircon U-Pb ages from 23 samples in the
ECSs and a number of conclusions can be drawn as follows:

(1) Sediments in Bohai Sea, East China Sea and Taiwan Strait can be readily linked to fluvial inputs
from the Yellow River, Yangtze River and Taiwan rivers, respectively. The presence or absence of
the population of 732–830 Ma in the YC and NCC is the most reliable age signature to distinguish
zircon grains derived from the two source regions. Detrital zircon U-Pb geochronology is very
robust approach to perform provenance analysis for surface sediments in the ECSs. The age
distributions of detrital zircon in the margin seas are mainly controlled by tectonic settings of
the continent.

(2) Due to the combined effects of currents and tides, the sediments derived from the Yangtze River
could be distributed over a very wide area in the East China Sea, resulting in two dominant
transport trends as viewed from the mixing coefficient pattern. The ocean hydrodynamics
play an important role in partitioning sediments and modifying associated provenance signals
in the marine source-to-sink system. The spatial variations of mixing coefficient of a special
source endmember could provide a quantitative or semi-quantitative way to understand how the
provenance signal change in the seas due to the influence of hydrodynamics.

(3) Lastly, the mixing modeling results of the Yangtze River are generally comparative to the
sedimentation rate pattern of the sea. This enables us to argue that the sediment discharge from
large rivers (e.g., the Yangtze and Yellow River) have contributed more sediments in the continental
margin. As a result, we conclude that the combination of the U-Pb zircon geochronology with
mixing models could provide us a feasible way to infer relative changes of sediment budgets
in the geological past when the U-Pb distributions of present rivers are well defined and their
distinctive signatures have been preserved in sediment records.
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Abstract: The core of detrital zircons from the southern Meiganga gold-bearing placers were analyzed
by Laser Ablation Split Stream analytical techniques to determine their trace element abundances and
U-Pb ages. The obtained data were used to characterize each grain, determine its formation condition,
and try to trace the provenance. The Hf (5980 to 12,010 ppm), Y (27–1650 ppm), U (25–954 ppm),
Th (8–674 ppm), Ti (2–256 ppm), Ta, Nb, and Sr (mainly <5 ppm), Th/U (0.06–2.35), Ti zircon
temperature (617–1180 ◦C), ∑REE (total rare earth element) (98–1030 ppm), and Eu/Eu* (0.03 to <1.35)
are predominant values for igneous crustal-derived zircons, with very few from mantle sources
and of metamorphic origin. Crustal igneous zircons are mainly inherited grains crystallized in
granitic magmas (with some charnockitic and tonalitic affinities) and a few from syenitic melts.
Mantle zircons were crystallized in trace element depleted mantle source magmatic intrusion during
crustal opening. Metamorphic zircons grown in sub-solidus solution in equilibrium with garnet
“syn-metamorphic zircons” and in equilibrium with anatectic melts “anatectic zircons” during crustal
tectono-metamorphic events. The U-Pb (3671 ± 23–612 ± 11 Ma) ages distinguish: Eoarchean to
Neoproterozoic igneous zircons; Neoarchean to Mid Paleoproterozoic anatectic zircons; and Late
Neoproterozoic syn-metamorphic grains. The Mesoarchean to Middle Paleoproterozoic igneous
zircons are probably inherited from pyroxene-amphibole-bearing gneiss (TTGs composition) and
amphibole-biotite gneiss, whose features are similar to those of the granites, granodiorites, TTG,
and charnockites found in the Congo Craton, south Cameroon. The youngest igneous zircons could
be grains eroded from Pan-African intrusion(s) found locally. Anatectic and syn-metamorphic zircons
could have originated from amphibole-biotite gneiss underlying the zircon-gold bearing placers and
from locally found migmatized rocks that are from the Cameroon mobile belt, which could be used
as proxies for tracking gold.

Keywords: Cameroon; Meiganga; gold placer; detrital zircon; trace element; geochronology; Archean-
Proterozoic origins

1. Introduction

Meiganga is one of the key areas for small scale gold mining activities in Cameroon.
As in many areas in this country, gold is extracted from supergene assemblages and
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terrigenous sediments (alluvium, eluvium, colluvium, and terrace) of mostly unknown
primary sources (Figure 1). The clastic gold particles (very fine to coarse grained) are
generally associated with some heavy minerals (e.g., zircon, magnetite, kyanite, ilmenite,
and tourmaline) [1,2]. These weathering-resistant minerals are very useful in provenance
studies, as they can register important information on their source rock petrogenesis,
paleoenvironment, and tectonic reconstitution [3–9]. Some of these heavy minerals often
fingerprint information on the chemistry of their environment of crystallization, the nature
of their source rocks, and on the pre-existing tectonic settings [4,5,8–11]. Zircon in particular
is an important mineral in fingerprinting source parameters [5,12–15]. One of the key tools
to determine zircon source parameters is the combination of zircon geochemistry and
U-Pb dating [4,8–10]. Each zircon has a characteristic age reflecting its genesis, and the
population of detrital zircons in a sediment is a function of the age signature of source
rocks in the proto-source terranes [12].

–

–
–

–

 

Figure 1. Geological sketch map of regional and local settings; (a) Cameroon in Africa,
(b) geologic map of Adamawa, North and Far North Cameroon with the location of
the south of Meiganga and (c) geological map of the south of Meiganga with the
sample location.
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Meiganga is in the Central part of the Cameroon mobile belt [16], a mega-tectonic
structure that formed during the Neoproterozoic, from a collision between the Saharan
meta-craton and Congo Craton [17,18]. Recent research works carried out on rocks found
in the west of Meiganga have revealed the existence of Archean and Paleoproterozoic
inheritance [19–21]. Trace element geochemistry and U-Pb ages of detrital zircon from
gold-bearing placers in the west of Meiganga show that they were mainly crystallized and
sourced from Archean to Precambrian granitoids [9].

Gold-bearing sediments were found in some streams in the southern part of Meiganga.
The gold particles are associated with zircon, tourmaline, magnetite, kyanite, and il-
menite [1]. The source rocks and crystallization processes of most of these heavy minerals
are poorly constrained. Djou [1] suggested a gneissic origin for a part of the deposited
clasts, based on the presence of kyanite within the heavy mineral suites. Detailed analyses
have not yet been carried on those minerals to help understand their source history and
constrain their provenance. In this paper, we present trace element abundance and U-Pb
core age for zircons from this gold placer. These data are used to characterize each grain,
understand its formation history, and try to locate its proto-source and source rock within
the local and regional settings.

2. Overview on the Regional and Local Geologic Settings

2.1. Brief Review of the Regional Geology

Basement formations in Cameroon (Figure 2) comprise Archean, Paleoproterozoic
(Eburnean), and Pan-African rocks (Table 1). Archean units (>2500 Ma) constitute the
Congo Craton, while the Paleoproterozoic ones (2400–1800 Ma) include the West Central
African Belt and Pan-African/Cambrian units that constitute the Oubanguide Belt in the
Mobile Zone [22,23].

2.1.1. The Ntem Complex

The Archean Craton or Ntem Complex (Figure 2) located in the northwestern end
of the Congo Craton [24] is mainly composed of Archean rocks (Table 1) with some
reworked Paleoproterozoic material that formed in early Proterozoic times [25]. It is
structurally made up of two main units: the Ntem (at the center and south) and the Nyong
(in the northwestern) [24]. The Ntem unit is essentially made up of tonalite, trondhjemite,
and granodioritic suites (TTGs) and charnockites with TTGs cutting across charnockites
and greenstone belts [26]. TTGs and charnockites enclose xenolithic remnants (3.1 Ga) of
greenstone belts (banded iron formations and sillimanite-bearing paragneisses) [27,28].
Bounded Iron Formations found in the Ntem unit are locally intercalated with meta-
siltstones and meta-sandstones [29]. The TTGs and charnockites were intruded by K-rich
granitoids (monzogranite and syenogranite) during the Archean [30,31] and cross-cut by
metadoleritic dykes during the Eburnean [32,33] or Late Archean time [34]. The Nyong
unit, ranging in age from Archean to Paleoproterozoic [32,35–37], and part of the West
Central African Fold Belt [23], is composed of migmatitic orthogneisses (TTGs), meta-
gabbro, amphibolite, garnetite, eclogite, felsic gneiss of volcanic to volcano-sedimentary
origin, quartzite, charnockite, meta-syenite, and BIF [22,23,37]. Migmatites, charnockites,
and meta-sedimentary rocks are Archean in age [32,35].
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Figure 2. Sketch geological map of Cameroon (adapted from [38]). Oubanguide Complex: NCSG: Northern Cameroon SGp
(PG: Poli Group, AG: Adamawa Group, WCG: West Cameroon Group); SCSG: Southern Cameroon SGp (YG: Yaoundé

Group, LG: Lom Group, SG: Sanaga Group); SECSGp: Southeastern Cameroon SGp (DG: Dja, YoGroup: Yokadouma,
S.O.Group: Sembe Ouesso Group); CCSZ: Centre Cameroon shear zone; SSZ: Sanaga shear zone; Sedimentary cover: (CLG:
Chad Lake Group; BG: Benue Group; MG: Manfe Group; DG: Douala Group); B: Cameroon main litho-structural units.
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2.1.2. The Cameroon Mobile Belt

The Cameroon mobile zone or Central African Fold belt is a mega-tectonic struc-
ture underlying Cameroon, Chad, and the Central African Republic between the Congo
Craton to the south and the Nigerian shield to the north [52]. It was formed during the
Neoproterozoic, from the collision between the Saharan meta-craton and the Congo cra-
ton [17,18]. In the Cameroonian territory, the Central African Fold belt is made up of three
main structural units: the Poli Group in its northern part, the Adamawa at the center,
and the Yaoundé Group in the south [18]. Within the central African fold belt, several
domains are recognized on the basis of field, petrographic, structural, and isotopic studies.
These include the Paleoproterozoic gneissic basement, Mesoproterozic to Neoproterozoic
schists, and gneisses of Poli, Yaoundé, and Lom, and Pan-African granitoids whose ages
range from the early stage of the deformation (orthogneisses) to the late uplit stages of the
belts [36]. Examples of geochronological data of some of these rocks are summarized in
Table 1.

2.2. Local Geology

The Meiganga part of the Adamawa-Yadé domain (AYD) (Figure 2) is situated be-
tween the Congo Craton and the Sahara Metacratron [20]. Basement rocks in Meiganga are
composed of paragneisses, orthogneisses, amphibolites, granulites, migmatites, quartzites,
metadiorites, schists, and granites [1,2,16,21]. Some gneisses and amphibolites underwent
retrograde metamorphism that led to the formation of greenschist facies overprints [16].
Partial melting of gneiss led to the crystallization of leucogranites found in the northern
part of Meiganga [16]. Magmatism, cataclastic deformation, rock fracturing, and partial
melting of some basement rocks led to the formation of mafic dykes and dykelets, syenitic,
micro-granitic, quartzo-feldspathic and quartz-rich veins, brecciated shear zones, and my-
lonites [1,2,16]. The basement rocks are locally overlain by basaltic flows, lithified clastic
sediments (sandstones and conglomerates), unconsolidated detritus (e.g., colluvium, elu-
vium, alluvium), or red soil [1,2,53]. Skarnoids (hornfels) are visible at the contact between
some intrusions and overlying sedimentary rocks.

The western part of Meiganga is made up of pyroxene-amphibole orthogneiss, am-
phibole gneiss, biotite gneiss, amphibole-biotite gneiss, amphibolite, calc-alkaline and two
mica-granites, and amphibole-biotite granite [16,19–21,44,47,53]. Pyroxene-amphibole or-
thogneiss locally enclose mafic xenoliths [44]. The geochemical features of the orthogneiss
and U-Pb zircon ages are similar to those of many TTGs and charnockites outcropping
within the Archean Ntem complex in the south of Cameroon [20,44]. The ages of some
rocks in the west of Meiganga presented in Table 1 range from Archean to Neoproterozoic.
Zircons occurring in a gold-bearing placer in the west of Meiganga are inherited grains
crystallized from Archean to Precambrian magmatic crustal evens with part of their source
rocks being granitoids, TTG, and charnockites [9].

The southern part of Meiganga (Figure 1c) from where the studied zircon were sam-
pled are composed of mainly undated graphite schists, amphibolites, mica-rich quartzites,
amphibole-biotite gneisses, orthogneisses, migmatites, calc-alkaline granitic rocks, biotite-
amphibole, and biotite-chlorite granites whose formation periods are assumed to be Pre-
cambrian as they also belong to the central part of the Cameroon mobile belt [53]. Hornfels
are found at the contact between calc-alkaline biotite-chlorite granite and biotite-chlorite
granite at the south eastern part of the locality (Figure 1c). Rocks found in valleys are
locally covered by alluvial flats and terraces with part of the alluvium hosting gold.

3. Materials and Methods

In total, 111 zircons from gold-bearing alluviums in two areas (Gankoumbol and
Yende: Figure 1) were analyzed to determine the trace elements composition and U-Pb core
age at the University of California, Santa Barbara, CA, USA. The results from each zircon
core were acquired by Laser Ablation Split Stream analytical techniques. The analyzed
zircons were sampled upstream and in small size streams to be close to the source area.
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They were separated from pre-concentrated heavy and light minerals mixtures obtained
from 50 L of mainly very coarse-grained alluvium, at the bottom of the gold-bearing pits.
Heavy mineral fractions were separated from light minerals using bromoform (Density:
2.7 g/cm−3) at the Department of Earth Sciences of the University of Yaoundé I, Cameroon.
The separation procedure is similar to the one described in [54,55].

The gold-bearing heavy mineral fractions were sent for zircon separation, trace ele-
ment analysis, and U-Pb dating at the Department of Earth Sciences of the University of
California. The analytical procedures used to obtain the zircon trace element and U-Pb
age data are the same as those presented in [9]. Each mounted grain is polished and ana-
lyzed following standard procedures using a laser ablation “split stream” setup consisting
of a Photon Machines Excimer 193 nm laser ablation unit coupled to a Nu Instruments,
“Nu Plasma” multi-collector inductively coupled a plasma-mass spectrometer and an
Agilent 7700S quadrupole inductively coupled plasma-mass spectrometer (for detailed
methodology see [56–58]. Samples were abraded for 20 s using a fluence of 1.5 J/cm2,
a frequency of 4 Hz, and a spot size of 20 µm diameter, resulting in crater depths of ~9 µm.
Utilizing a standard-sample bracketing technique, analyses of reference materials with
known isotopic compositions were measured before and after each set of the seven un-
known analyses. Data reduction, including corrections for baseline, instrumental drift,
mass bias, down-hole fractionation, and age and trace element concentration calculations
were carried out using Iolite v. 2.1.2 [59]. “91500” zircon (1065.4 ± 0.3 Ma 207Pb/206Pb
ID-TIMS age and 1062.4 ± 0.4 Ma 206Pb/238U ID-TIMS age: [60]) served as the primary
reference material to monitor and correct for mass bias, as well as Pb/U down-hole fraction-
ation and to calibrate concentration data, while “GJ-1” zircon (608.5 ± 0.4 Ma 207Pb/206Pb
and 601.7 ± 1.3 Ma 206Pb/238U ID-TIMS ages: [61]) was treated as an unknown in order
to assess accuracy and precision. Twenty-three analyses of GJ-1 zircon throughout the
analytical session yield a weighted mean 207Pb/206Pb date of 593 ± 5 Ma, MSWD = 0.8
and a weighted mean 206Pb/238U date of 603 ± 2 Ma, MSWD = 1.0. Concordia and Kernal
Density Estimate (KDE) plots were calculated in Isoplot version 2.4 [62] and Density Plot-
ter [63], respectively, using the 238U and 235U decay constants of [64]. All uncertainties are
quoted at 95% confidence levels or 2 s level and include contributions from the external
reproducibility of the primary reference material for the 207Pb/206Pb and 206Pb/238U ratios.
For plotting and age interpretation purposes, the 207Pb/206Pb dates are used for analyses
older than 1000 Ma, whereas the 206Pb/238U dates are used for analyses younger than
1000 Ma.

4. Results

4.1. Zircon Geochemistry

4.1.1. Minor Elements

The relatively high Y and Hf contents in part of the studied zircons can reflect a
crystallization in Hf-Y-rich melts with favorable conditions for Hf and Y to substitute Zr.
The Hf/Y ratios (5.0−293.0) are mainly less than 30, with the highest values exclusively
being those of zircons with very low Y contents.

4.1.2. Trace Elements

The trace element (U, Th, Ti, Ta, Nb, Pb, and Sr) abundances (<1000 ppm) and Th/U
ratios are heterogeneous with similar values found in some grains (Tables 2 and 3). Within U
and Th elemental suites, U contents (25−954 ppm) mainly exceed 219 ppm, and Th contents
(8–674 ppm) are mostly greater than 100 ppm. The Th/U ratios (0.06 to >2.0) are larger than
0.4. Four groups can be distinguished (Figure 3): (1) zircons with Th/U ratios (<0.2) (lowest
proportion); (2) zircons with Th/U ratios (≥0.2 to ≤0.5) (highest proportion); (3) zircons
with Th/U ratios (>0.5 to ≤1.0); and (4) zircons with Th/U ratios >1.0. The plotted
data in Th versus U binary diagram (Figure 4a) show a pronounced positive correlation
(the increase in U content when Th content increases) for group 2–4 zircons; however,
no correlation is found for group 1 zircons, as their plots are scattered. This correlation
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is less pronounced (as part of the plots are scattered) in the Th/U versus U(Figure 4b)
and Th/U versus Th (Figure 4c) plot diagrams. The Th/U ratios for group 2 to group 4
are within the range of igneous zircons as presented in [4,5,11,65,66]. Those of group 1
(e.g., MSDZ015, MSDZ040, MSDZ045, MSDZ067, MSDZ082, and MSDZ093) characterize
metamorphic zircons if based on the criteria of [5], [67], and [68].

Table 2. Minor and trace element concentrations (ppm) in the southern Meiganga detrital zircons.

Sample
Spot-Name

Hf Th Ti Ta Nb Sr Hf/Y Nb/Ta
Ti-in-Zircon T

(◦C) ± 2σ

MSDZ001 10,750 154 8.7 1.16 1 0.11 38.256 0.842 733 50
MSDZ002 7820 79 30 1.56 2.2 0.27 5.6259 1.421 861 88
MSDZ003 7210 48 7.3 0.46 0.6 0.18 7.2755 1.202 717 79
MSDZ004 9860 341 10 3.46 3.3 0.18 10.956 0.966 746 40
MSDZ005 10,260 177 20.9 1.75 2.1 7.22 18.127 1.222 820 76
MSDZ006 8930 165 8.9 1.92 1.8 0.22 13.696 0.961 735 66
MSDZ007 6750 16 6 0.35 0.6 0.15 12.546 1.848 700 60
MSDZ008 11,440 268 47 1.78 2.3 0.31 21.749 1.283 915 135
MSDZ009 7090 70 9.8 0.16 0.5 0.11 10.381 3.315 744 87
MSDZ010 8910 230 8.1 1.06 1.4 0.15 35.217 1.303 726 71
MSDZ011 8310 217 14.8 1.23 1.5 0.23 13.317 1.18 784 102
MSDZ012 7600 42 2.5 0.59 0.9 0.14 15.05 1.58 630 84
MSDZ013 11,390 299 16.3 1.54 1.1 0.03 54.76 0.7 794 44
MSDZ014 11,520 116 11 0.35 0.4 1.86 44.24 1.213 755 61
MSDZ015 10,380 123 10.9 2.19 1.8 0.31 18.703 0.831 754 39
MSDZ016 5960 12 10.7 0.37 0.3 0.08 21.06 0.885 752 60
MSDZ017 9630 217 7.1 3.53 3.8 0.16 14.038 1.085 715 54
MSDZ018 7030 44 5 0.75 1.1 0.16 7.8547 1.53 685 98
MSDZ019 7500 22 6.1 0.65 0.9 0.17 13.915 1.316 701 63
MSDZ020 7040 38 10.1 0.27 0.4 0.09 22.564 1.603 747 51
MSDZ021 9110 87 5.4 1.33 1.5 0.16 14.717 1.155 691 65
MSDZ022 9110 264 6.5 3.91 4.6 0.2 11.016 1.169 707 74
MSDZ023 9190 253 11.6 1.58 2.2 0.07 22.36 1.397 760 50
MSDZ024 9630 161 7 3.44 3.6 0.16 14.658 1.041 713 68
MSDZ025 10,340 269 35.7 0.76 0.9 1.36 26.649 1.24 881 48
MSDZ026 9570 263 8.1 3.17 4.4 0.19 9.071 1.394 726 76
MSDZ027 10,520 155 8 2.25 2.8 0.14 23.223 1.259 725 79
MSDZ028 10,470 155 10.1 3.11 3.9 0.11 21.904 1.25 747 69
MSDZ029 7480 22 3.6 0.32 0.4 0.07 19.947 1.187 658 122
MSDZ030 7790 70 7.9 1.44 0.8 0.03 292.857 0.58 724 70
MSDZ031 7760 9 5.4 0.14 0.3 0.08 26.667 2.385 691 75
MSDZ032 7470 78 10 1.12 1 0.13 14.792 0.868 746 61
MSDZ033 9030 71 6.7 2.33 2.2 0.21 16.329 0.958 710 40
MSDZ034 9020 19 5.2 0.63 0.9 0.11 21.683 1.355 688 56
MSDZ035 9080 466 25.8 2.25 1.6 0.14 10.425 0.703 843 42
MSDZ036 8360 160 7.2 0.75 0.5 0.16 23.158 0.726 716 77
MSDZ037 10,630 298 8.6 1.6 2.1 0.14 15.842 1.311 732 46
MSDZ038 8700 16 5.2 0.46 0.8 0.09 30.742 1.659 688 50
MSDZ039 8090 266 11.8 1.14 1.5 0.07 16.116 1.338 762 72
MSDZ040 8910 13 3.5 0.16 0.3 0.09 26.053 2.056 656 60
MSDZ041 10,120 334 19 1.32 2.2 0.14 10.87 1.681 810 40
MSDZ042 9560 334 8.2 2.09 3.5 0.15 14.914 1.669 728 49
MSDZ043 8790 97 15.8 0.51 1 0.18 10.68 1.883 791 61
MSDZ044 9150 91 35.9 0.26 0.4 0.05 48.93 1.53 882 66
MSDZ045 7100 45 2.5 0.77 0.8 0.12 9.9162 1.089 630 84
MSDZ046 9790 26 5.3 1.76 1.1 0.04 63.161 0.637 690 59
MSDZ047 9680 180 9.9 1.24 1.6 0.08 40.844 1.295 745 54
MSDZ048 9630 203 6.2 2.66 3.5 0.19 10.201 1.327 703 62
MSDZ049 9960 145 20.9 1.8 1.7 0.1 39.059 0.965 820 97
MSDZ050 7980 36 2.7 0.46 0.8 0.16 12.587 1.702 636 73
MSDZ051 11,750 100 5.6 1.67 1.8 0.18 11.75 1.064 694 73
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Table 2. Cont.

Sample
Spot-Name

Hf Th Ti Ta Nb Sr Hf/Y Nb/Ta
Ti-in-Zircon T

(◦C) ± 2σ

MSDZ052 9930 347 7.1 4.43 4.4 0.23 14.56 0.982 715 78
MSDZ053 10,450 122 11.5 0.68 1 0.07 51.225 1.412 759 56
MSDZ054 8030 91 6.7 0.46 1.5 0.28 6.323 3.213 710 67
MSDZ055 9810 153 256 1.23 2.9 15.99 15.046 2.393 1180 47
MSDZ056 10,190 363 4.4 1.93 2 0.2 8.291 1.032 674 48
MSDZ057 8230 20 6.4 0.38 0.5 0.07 32.789 1.38 706 49
MSDZ058 9990 208 6 2.66 4.1 0.2 8.339 1.534 700 60
MSDZ059 10,110 138 7.5 0.71 1.3 0.02 273.984 1.842 720 57
MSDZ060 8710 19 3 0.44 0.4 0.12 16.75 0.913 644 60
MSDZ061 10,540 17 2.1 0.6 0.4 0.09 57.127 0.747 618 81
MSDZ062 8080 17 4.3 0.35 0.3 0.09 33.115 0.777 672 52
MSDZ063 9890 67 28.7 0.67 1.1 0.14 32.426 1.695 856 70
MSDZ064 12,010 186 10.9 1.8 1.8 0.06 29.728 0.974 754 60
MSDZ065 9780 245 13.3 1.29 1.6 0.16 18.178 1.198 773 68
MSDZ066 10,220 304 36 1.26 1.6 0.15 14.898 1.245 882 234
MSDZ067 10,570 103 15.2 2.37 1.5 0.37 33.987 0.647 787 44
MSDZ068 7490 29 5.1 0.88 1.2 0.08 21.039 1.405 686 61
MSDZ069 10,130 399 4.2 1 1.6 0.16 8.393 1.59 670 61
MSDZ070 7850 31 2.4 0.84 1.4 0.17 12.189 1.672 627 73
MSDZ071 10,570 122 5.3 0.88 1.3 0.06 34.542 1.439 690 69
MSDZ072 8680 36 4 1.18 2.3 0.22 9.333 1.963 667 43
MSDZ073 8860 231 12.3 2.42 3 0.18 10.56 1.241 766 65
MSDZ074 7760 63 35.2 5.95 3.6 0.06 11.811 0.602 880 39
MSDZ075 10,260 209 4.7 2.48 4.4 0.21 8.472 1.755 680 72
MSDZ076 6510 51 5 0.5 0.9 0.2 5.54 1.711 685 58
MSDZ077 7590 25 3.5 0.29 0.4 0.14 16.013 1.495 656 65
MSDZ078 7600 21 2.1 0.63 0.7 0.07 22.823 1.116 617 76
MSDZ079 9740 238 5.3 2.67 4.5 0.14 11.513 1.672 690 56
MSDZ080 10,000 99 8.8 0.67 0.7 0.08 36.364 1.02 734 41
MSDZ081 10,430 213 8.1 2.21 2.6 0.14 15.072 1.181 726 68
MSDZ082 9290 38 7.6 1.44 1.3 0.15 5.63 0.869 721 40
MSDZ083 11,030 318 9.2 1.82 2 0.16 19.25 1.084 738 58
MSDZ084 9300 154 2.8 2.8 4.1 0.13 10.852 1.452 639 77
MSDZ085 9140 674 33.2 25.1 19.6 0.11 6.201 0.781 873 42
MSDZ086 9330 261 6 2.12 3.5 0.14 13.64 1.643 700 76
MSDZ087 9130 150 4.3 2.92 2.9 0.09 14.221 0.993 672 56
MSDZ088 8620 34 5.1 1.35 1.2 0.07 46.596 0.88 686 41
MSDZ089 10,930 110 4.8 1.6 1.4 0.11 51.801 0.899 681 40
MSDZ090 9070 100 7 0.52 0.7 0.09 35.43 1.377 713 76
MSDZ091 8460 485 7 2.78 2.8 0.16 7.05 0.99 713 49
MSDZ092 8300 182 5.5 2.44 3.9 0.16 7.431 1.608 693 54
MSDZ093 10,400 78 7.3 0.94 0.8 0.22 57.143 0.861 717 76
MSDZ094 9750 457 4.5 1.78 2.9 0.15 11.861 1.636 676 62
MSDZ095 5980 46 3.4 0.7 0.6 0.14 14.071 0.829 653 50
MSDZ096 7060 49 3.8 0.58 1.2 0.16 9.605 2.086 662 80
MSDZ097 10,890 275 10 2.21 1.5 0.31 18.272 0.656 746 90
MSDZ098 10,040 163 12.7 0.64 1 0.05 21.004 1.608 769 48
MSDZ099 8830 80 6.8 0.75 0.8 0.09 16.598 1.007 711 89
MSDZ100 9080 137 6.7 1.37 1.4 0.11 24.809 1.047 710 43
MSDZ101 9230 30 12 1.08 1.2 0.17 18.76 1.085 763 244
MSDZ102 11,620 132 8.4 0.54 0.8 0.07 45.214 1.549 730 44
MSDZ103 9550 149 10.9 1.06 1.9 0.12 17.884 1.785 754 60
MSDZ104 7330 26 4.2 0.39 0.9 0.15 9.338 2.234 670 78
MSDZ105 8990 230 10.6 0.93 1.5 0.07 19.168 1.627 751 61
MSDZ106 7980 8 3.5 0.33 0.3 0.07 29.446 1.01 656 90
MSDZ107 10,040 273 6.5 1.03 1.7 0.18 12.395 1.627 707 60
MSDZ108 9140 52 29.3 1.19 1.9 0.1 17.116 1.614 858 53
MSDZ109 7320 21 17 0.54 0.9 0.08 18.164 1.698 798 115
MSDZ110 9170 68 1.7 0.24 0.8 0.05 80.439 3.187 824 54
MSDZ111 9460 31 4.6 1.11 1.1 0.07 29.379 0.999 678 61
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Number of zircon grains in various classified Th/U ratio’s groups (group 1: Th
– –

Figure 3. Number of zircon grains in various classified Th/U ratio’s groups (group 1: Th/U < 0.2,
group 2: Th/U [0.2–0.5], group 3: Th/U [0.5–1.0], and group 4: Th/U > 1.0).

Number of zircon grains in various classified Th/U ratio’s groups (group 1: Th
– –

 

Figure 4. Geochemical correction of various elements/ratios within the southern Meiganga detrital zircons: (a) Th versus
U; (b) Th/U versus Th; (c) Th/U versus U; (d) Nb versus Ta (red triangles represent zircon with Th/U < 0.2; blue squares
represent zircon with Th/U ratios [0.2 to 0.5]; brown circles represent zircons with Th/U ratios [>0.5 to 0.956]; and yellow
stars represent zircons with Th/U > 1.0).

The Ti, Ta, Nb, and Sr contents (<48 ppm) are generally low. This indicates low de-
grees of substitution of these elements within the crystal structure of zircon. Within these
element suites, Ti contents (2 to 256 ppm) are globally less than 12 ppm; with the high-
est value (256 ppm) being that of MSDZ055. Low Ti-zircons generally have low Th and
U, which clearly differentiate them from others. The calculated Ti-zircon temperatures
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(617 to 1180 ◦C) (Table 2) are mainly more than 700 ◦C, with the predominance of zircons
whose temperatures ranging from 700–717 ◦C, 680–694 ◦C, and 720–728 ◦C. The high-
est temperatures are that of MSDZ008 and MSDZ055. The Ta and Nb abundances are
generally very close (Figure 4d), and vary from 0.2 to 25.1 ppm and 0.3 to 19.6 ppm, re-
spectively. The highest Ta (25.1 ppm) and Nb (19.6 ppm) values were found in MSDZ085,
which also has the highest Th (674 ppm) and relatively high Y (1474 ppm), U (461 ppm),
and Ti (33.2 ppm) contents. The Nb/Ta ratios vary from 0.6 to 3.4, with the highest values
generally being for zircons with Hf contents (<9000 ppm) and Y contents (>361 to 931 ppm).

4.1.3. Rare Earth Elements (REE)

The REE abundances (Table 4) are variable with the values of total light rare earth
elements (LREE: La-Pr) being generally less than those of middle rare earth elements
(MREE: Nd-Gd) and heavy rare earth elements (HREE: Tb-Lu). The total rare elements
(∑REE) range from 43 to 1030 ppm, with most values being less 400 ppm. Lowest ∑REE
contents are that of MSDZ030 (43 ppm), MSDZ046 (98 ppm), and MSDZ059 (79 ppm),
of which the normalized patterns (Figure 5a–g) are different from others.

 

– – –
–

J 

Figure 5. REE patterns for southern Meiganga zircons normalized to [69], chondrite values versus
element (La–Lu) diagrams ((a) zircon with Th/U < 0.2; (b–d) zircon with Th/U [0.2 to 0.5]; (e–g) zircon
with Th/U [>0.5 to 1.0]; (h–j) zircon with Th/U > 1.0).
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Within the LREE suites, the Ce content (2–187 ppm) is dominant. Significantly high
Ce content (187 ppm) was obtained in MSDZ055, which has the highest Pr (28.8 ppm),
Nd (41.3 ppm), Ti (256 ppm), and Sr (15.99 ppm) contents. The calculated Ce/Ce* anoma-
lies for a few zircons MSDZ003, MSDZ084, and MSDZ089, are 50, 524, and 436, respectively
(Table 4). MREE suites show the predominance of Gd contents (3–161 ppm) over those of
Nd (≤41.3 ppm), Sm (≤58.7 ppm), and Eu (≤23.50 ppm). The calculated Eu/Eu* (0.03 to
<1.33) (Table 4) and normalized plots (Figure 5), mainly show negative anomalies with
just a few slightly pronounced positive anomalies (Figure 5a,d,g). The calculated Sm/LaN
ratios range from 246 to 1569. Within the HREE suites, Yb contents (2–461 ppm) are
generally higher than the contents of Er (3–210 ppm), Dy (4–248 ppm), Lu (1–78 ppm),
Ho (1.0–54 ppm), Tm (≤46 ppm), and Tb (≤32.5 ppm). The HREE normalized patterns
(Figure 5) generally show an increase from Tb to Lu, except for a few grains (e.g., MSDZ074,
MSDZ090, and MSDZ102) whose plots are almost flat. The calculated Gd/Yb and Lu/Hf
ratios are <3.0 and <4.1, respectively, with the highest values in MSDZ059 also having the
highest Hf/Y ratio (≈274).

4.2. U-Pb Dating

The U-Pb zircon core ages (Table 3, Figures 6 and 7) show Eoarchean to Late Neopro-
terozoic 207Pb/206Pb (3671 ± 23 to 637 ± 24 Ma), 207Pb/235U (3428 ± 79 to 615 ± 13 Ma),
and 206Pb/238U (3038 ± 53 to 612 ± 11 Ma) ages. They are highly heterogeneous, with some
different grains having the same age. For plotting and age interpretation purposes,
the 207Pb/206Pb dates are used for analyses older than 1000 Ma, whereas the 206Pb/238U
dates are used for analyses younger than 1000 Ma. The 207Pb/206Pb data plots for ages
greater than 1000 Ma (Figure 7) show the predominance of Middle Paleoproterozoic
ages (2050–1993 Ma and 2232–2062 Ma) with the peak at 2130 Ma. Neoarchean age
zircons (2797–2531 Ma with the peak at 2700 Ma), in addition to Mesoarchean zircons
(3041–2805 Ma) are also abundant. Three grains have ages >3100 Ma (one of Paleo-archean,
3290 Ma, and two of Eo-archean, >3500 Ma). Two grains are of Middle Mesoproterozoic
age (>1200 Ma). The 206Pb/238U ages (less than 1000 Ma) for younger zircons show the
predominance of the Middle Neoproterozoic ages (Cryogenian) (740–643 Ma), with a few
Late Neoproterozoic ages (Ediacarian) (612 and 613 Ma).

 

– –
roups: (1) igneous affiliated zircons (Th/U ratios ≥

Figure 6. U-Pb discordia diagram for the southern Meiganga detrital zircons.
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– –
roups: (1) igneous affiliated zircons (Th/U ratios ≥

Figure 7. Plot showing the spatial distribution of 207Pb/206Pb ages (>1000 Ma) for the southern
Meiganga detrital zircons.

5. Discussion

5.1. Zircon Geochemistry, Characterization, Classification, and Environment of Crystallization

The Hf, Y, U, Th, Ti, Nb, Ta, Sr, and REE contents, Th/U ratios, and the Ti-in-
zircon temperature are variable, and mainly show a crystallization in different environ-
ments. The Th/U ratios distinguish four groups: (1) Th/U < 0.2; (2) Th/U [0.2–0.5];
(3) Th/U [0.5–1.0]; and (4) Th/U > 1.0. They were re-organized into two main groups:
(1) igneous affiliated zircons (Th/U ratios ≥ 0.2) and (2) metamorphic affiliated zircons
(Th/U ratios < 0.2).

5.1.1. Igneous Affiliated Zircons

The trace and rare earth element abundances in the studied igneous affiliated zircons
are generally less than those in some zircons found in Cameroon (e.g., [8,9,70]). For example,
zircon inclusions in Mayo Kila gem corundum found in the NW region of Cameroon are
composed of Hf (≤26,238 ppm), U (≤17,175 ppm), and Th (≤45,584 ppm) [70]. The ∑REE
contents obtained for detrital zircons occurring with gem corundum in the Mamfe Basin,
SW region of Cameroon are up to 1470 ppm [8]. These values are largely greater than
those of the studied igneous zircons (Tables 2–4). They can, therefore, be classified as
Hf-U-Th-REE-low zircons. Their Hf values are mainly close to those of magmatic zircons
found in the western Meiganga gold-bearing placers (cf. [9]), and might show closeness in
their crystallization history. The Hf contents in part of the studied zircons are compatible
with the values (<11,000 ppm) in zircons crystallized in alkaline magmas [4,71], suggesting
a crystallization in alkaline melts. Their plotted data in Figures 4 and 8 show some
correlations, as some zircons are plotted together, suggesting a cogenesis and crystallization
in the same/similar magma or in different magmas with similar features. This similarity is
supported by the closeness of the values of other trace elements, Th/U ratios, and Ti zircon
temperatures, and Eu/Eu*.
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(≤26,238 ppm), U (≤17,175 ppm), and Th (≤ ]. The ∑REE contents 

–

 

∑REE (ppm) versus Ti zircon temperature (

Figure 8. (a) Th/U ratio versus Ti-in-zircon temperature (◦C) with some grouping of plots, and (b)

∑REE (ppm) versus Ti zircon temperature (◦C) showing correlations within some zircons from the
southern Meiganga gold-bearing placers. Some plots are close while others scattered. Red triangles
represent zircon with Th/U < 0.2; blue squares represent zircon with Th/U ratios [0.2 to 0.5]; brown
circles represent zircons with Th/U ratios [>0.5 to 1.0]; and stars represent zircons with Th/U > 1.0.

The elemental abundances, Th/U ratios, and Ti-zircon temperatures (617–1180 ◦C)
in the igneous zircons distinguished those with relatively high and relatively low values.
Relatively high elemental abundance zircons were probably crystallized in trace elements
and REE-enriched melts, with favorable conditions for these elements to substitute Zr in
each forming crystal. They are probably crustal-derived zircons, as zircon from crustal
rocks generally have elevated contents of some trace elements (notably U, Th, and Y) and
REE [4,5]. The relatively high Th (674 ppm), Y (1474 ppm), U (461 ppm), Ti (33 ppm),
Nb (25 ppm), and Ta (20 ppm) in MSDZ085, for example, can relate its crystallization in
a Y-Th-U-Ti-Nb-Ta-rich magma. The Zr substitution by Nb and Ta during this zircon
crystallization was probably governed by Nb, Ta, and REE coupled mechanism (cf. [5]),
as this grain also has significant total REE (990 ppm). The relatively high Ti (256 ppm
in MSDZ055) may be due to crystallization in Ti-enriched environment with sufficient
temperature for Ti to substitute Zr; alternatively, it can be due to Ti-rich mineral inclusion.
Relating the high Ti content to a mineral inclusion is difficult, as no inclusion was visualized.
The relatively high-elemental zircons are generally from granitoids, as their plots fall
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essentially in granitoid fields in Figures 9–11. The granitoid origin of those zircons is
confirmed by the Y, U, Th, and Yb abundances, largely within the range limit in granitic
zircons [4,11,71].

–

–

’s

’

–
–

Figure 9. Y versus U plot for southern Meiganga detrital zircons (the lithounit fields are from [4,71]).
Red triangles represent zircon with Th/U < 0.2; blue squares represent zircon with Th/U ratios
[0.2 to 0.5]; brown circles represent zircons with Th/U ratios [>0.5 to 1.0]; and stars represent zircons
with Th/U > 1.0.

–

–

Figure 10. Y versus Nb/Ta plot for southern Meiganga detrital zircons (the lithounit fields are
from [4,71]). Red triangles represent zircon with Th/U < 0.2; blue squares represent zircon with
Th/U ratios [0.2 to 0.5]; brown circles represent zircons with Th/U ratios [>0.5 to 1.0]; and stars
represent zircons with Th/U > 1.0).

Interpretations for very low to low elemental contents in part of the studied zircons
can be approached in three ways: (1) elements in those zircon’s forming melts are present,
but good conditions to ensure that these elements go into their structure are lacking;
(2) the depletion or absence of some elements in those zircons’ environment of crystalliza-
tion; or (3) the presence of other accessory minerals (e.g., apatite, xenotime, monazites,
allanite, and titanite) [66,72,73] crystallizing in the same melt and competing for REE
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and other trace elements. The lowest Hf contents in relatively low elemental zircons are
within the range limit (4576–6500 ppm) in magmatic zircons found in the western Mamfe
corundum gem placers [6–8] and zircon mega-crysts found in alluvial gem corundum
deposits associated with alkali basalts (e.g., [74]). These values are also within the range
limit (Hf < 9000 ppm) in [10] magmatic zircons crystallized during tectonic rifting. Rift-
ing cannot yet be suggested, as Hf isotopic data are lacking for a detailed interpretation.
Zircons from basic and ultrabasic igneous rocks (mantle zircons) are generally depleted
in U, Th, Y, and REE [10,75,76]; it is possible that part of the southern Meiganga zircons
(e.g., MSDZ016, MSDZ031, MSDZ038, and MSDZ106) were crystallized in mantle source
magma(s) as their features, namely U < 30 ppm, Th < 10 ppm, and some plots falling in
the mafic rocks field (Figures 9–11), are within the range limit in mantle zircons. The Ti-
zircon-temperature (<850 ◦C) for part of the very low U and Th zircons is less than the
temperature (>1300 ◦C: [77]) for the primary mantle source magma. This temperature
difference can complicate the affiliation of part of the very low U and Th zircons to mantle
sources. They could be crystals that crystallized at the last stage of cooling mantle source
magmas or crystals formed in cooling magmas that originated from the partial fusion of
pre-existing mafic rocks. A mafic granulitic origin can be suggested, as part the tempera-
tures are within the range limit (816 ± 12 ◦C to 798 ± 13 ◦C) proposed by [78]. Based on
the plots of very low to low elemental contents zircons in Figures 9–11, three protosources
are distinguished: granitoids, syenites, and mafic rocks.

–

–

Figure 11. Y versus Yb/Sm plot for southern Meiganga detrital zircons (the lithounit fields are
from [4,71]). Red triangles represent zircon with Th/U < 0.2; blue squares represent zircon with
Th/U ratios [0.2 to 0.5]; brown circles represent zircons with Th/U ratios [>0.5 to 1.0]; and stars
represent zircons with Th/U > 1.0).

5.1.2. Metamorphic Affiliated Zircons

The geochemical features in part of the southern Meiganga detrital zircons are com-
patible with those of metamorphic zircons grown in equilibrium with garnet (Th/U < 0.07,
depletion in REE, Eu/Eu*: 0.24–0.63) (cf. [68]) and crystals grown in equilibrium with
an anatectic melt (Th/U < 0.2; relatively trace element-enriched, depleted in MREE,
steep REE patterns, positive Ce, and negative Eu anomalies) (cf. [5,9,11,67]). Only one
zircon (MSDZ046) with Hf: 9790 ppm, Y: 155 ppm, U: 396 ppm, Th: 26 ppm, Th/U: 0.065,
and ∑REE: 98.15 ppm, and Ti temperature: 690 ◦C, has features close to that of [68] meta-
morphic zircon grown in subsolidus solution in equilibrium with garnet. This zircon may
have crystallized during syn-metamorphic crustal even in low-Th-REE melt. The other
zircons (MSDZ015, MSDZ040, MSDZ067, and MSDZ093) have features of zircon grown
in equilibrium with anatectic melts, as presented above. The Ti-in-zircon temperatures
for these zircons range from 656 ± 60 ◦C to 778 ± 44 ◦C, with some values being close to
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experimental values for granulitic facies metamorphism presented in [78]. Relating their
sources to granulitic facies metamorphism is difficult, as some analyses are still needed.
MSDZ082, with its positive normalized Pr and Gd plots, is different from the other zircons,
as it also has the highest Y (1650 ppm). This grain was plotted in granitoid fields in Fig-
ures 9–11, and its other features are close to those of granitoid zircons. It was probably
crystallized in an anatectic melt of a granitic composition, as a geochemical feature of a
metamorphic zircon grown in equilibrium with anatectic melt does not differ from that of
igneous zircons (cf. [5]).

5.2. Detrital Zircon Geochronology and Fingerprinted Magmatic-Metamorphic Events

The recorded U-Pb ages (Table 3, Figures 6 and 7) are mainly heterogeneous with
some similarities. The heterogeneity of most of the ages show that they were crystallized at
different periods and probably sourced from different protosources and/or source rocks.
The crystallization periods of igneous crustal derived zircons, ranging from Eoarchean
to Late Neoproterozoic (Figure 7), is composed of three main periods with the following
peaks: (1) 1300 Ma of Late Mesoproterozoic; (2) 2130 Ma of Early to Middle Paleoprotero-
zoic; and (3) 2700 Ma of mainly Mesoarchean to Neoarchean. The other magmatic zircon
crystallization period is Middle to Late Neoproterozoic (740–612 Ma). This could date four
main magmatic episodes linked to crustal fusion; the Mesoarchean to Neoarchean, Early to
Middle Paleoproterozoic, Late Mesoproterozoic, and Middle to Late Neoproterozoic events.
The obtained group of ages for crustal igneous zircons from the southern Meiganga gold
placers show that different magmatic protosources and source rocks provided detritus
forming these gold placers. The closeness in ages of some zircons (e.g., MSDZ018: 2801 Ma
and MSDZ019: 2802 Ma; MSZD032: 2502 Ma; and MSDZ056: 2503 Ma) may show coge-
nesis and crystallization at the same time and in the same magma, as their plots overlap
(in Figure 12) and fall in the same rock type field (in Figures 9–11).

 
Figure 12. Ti-in-zircon temperature (◦C) versus 207Pb/206Pb ages (Ma) showing correlations within some zircons from the
southern Meiganga gold-bearing placers.

Mafic rock’s zircons (MSDZ016: 2999 Ma, MSDZ031: 2797 Ma, MSDZ038: 2795 Ma,
and MSDZ106: 2121 Ma), are Early Neoarchean, Late Mesoarchean, and Middle Paleo-
proterozoic (Rhyacian) mantle source crystals formed probably in magmatic intrusions
during crustal opening. The closeness in age between MSDZ031 and MSDZ038 can show
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that they crystallized at the same time, and probably in the same magma, as their data
are plotted together in Figures 2, 4, 7 and 12. Their trace element abundances, and their
calculated values are also very close (see Tables 2–4). The Hf contents in this group of
zircons (mantle zircons) are all bellow 9000 ppm, and therefore, within the limit proposed
by [10] for zircons crystallized during rifting. Rifting and mantle magmatic intrusion
cannot be demonstrated easily, as Hf isotopic data are lacking.

The metamorphic zircons 207Pb/206Pb ages (2796 Ma, 2559 Ma, 2504 Ma, 2215 Ma,
and 2169 Ma) and 206Pb/238U age (671 Ma) date three main events: the Neoarchean, Middle
Paleoproterozoic, and Middle Neoproterozoic. The Neoarchean and Middle Paleoprotero-
zoic zircons with anatectic melt zircon characteristics, could be grains whose proto-sources
underwent metamorphism and partial melting (migmatization). They could be syngenetic
zircon crystallized in migrating melts during the Neoarchean and Middle Paleoproterozoic
periods. The 671 ± 12 Ma age of MSDZ015 and its geochemical features are similar to
those of zircons grown in equilibrium with garnet, which shows that this syngenetic zircon
was crystallized in a garnet-rich rock during Middle Neoproterozoic event, probably the
Pan-African orogeny, which affected the Cameroon Mobile Belt. This age is close to those
of some Pan-African rocks within the Cameroon Mobile Belt presented in Table 1.

5.3. Age Correlation, Potential Sources Rocks, and Deposition

The southern part of Meiganga from where the studied zircons were sampled is mostly
made up of undated biotite-amphibole granites; biotite-amphibole gneisses; biotite granites;
biotite-chlorite granitic rocks; and few amphibolites and hornfels (see [53]). With a lack of
available data dating those rocks, it is difficult to do a local correlation to locate nearby proto-
source(s) and source rocks for the southern detrital zircon Meiganga. However, at local
and regional scales, the obtained ages are partly similar to those of zircons occurring
in the western Meiganga gold-bearing placer presented in [9] and to the ages of some
rocks outcropping in the southwest, northeast, and west of Meiganga, and Congo Craton
(see Table 1).

Crustal-derived igneous zircons with ages ranging from 3671 to 612 Ma have some
age similarities with those of zircons from some igneous and meta-magmatic rocks found
in other parts of Meiganga and in the Congo Craton in South Region of Cameroon (Table 5).
For these examples, 207Pb/206Pb ages (2605 ± 14 Ma: MSDZ004, 2988 ± 16 Ma: MSDZ009,
and 2877 ± 17 Ma: MSDZ077) are close to zircon inherited ages (2602.2 Ma, 2987 Ma,
and 2884 Ma) for pyroxene-amphibole-bearing gneiss (TTGs composition: [20,32]) found
in the SW of Meiganga. The 206Pb/238U ages (612 ± 11 Ma: MSDZ085 and 619 ± 11 Ma:
MSDZ074) are similar to zircon ages (614.1 ± 3.9 and 619.8 ± 9.8 Ma: [37]) for meta-diorite
outcropping in the NE of Meiganga. The age of MSDZ043 (643 ± 11 Ma) is close to that of
two micas granite (647 ± 46 Ma: [21]) outcropping in Doua, west of Meiganga. It is not easy
in the current geologic setting to consider these rocks to be source rocks of the southern
Meiganga crustal-derived magmatic zircons, as those rocks are often found very far from
the sampling points of the studied zircons and their host gold bearing placer. They could
be detritus from a nearby undated proto-source and source rock or could be polycyclic
detritus from the above rocks.

Mesoarchean, as well as Neoarchean ages of crustal derived igneous zircons are often
similar to those from rocks (e.g., charnockite, tonalite, granodiorite, syenite, and gran-
ite) found in the Ntem complex (Northern Congo Craton), with just a few links with
those from rocks (e.g., garnet-bearing gneiss, meta-quartzite, clinopyroxene syenite, and
orthopyroxene-garnet gneiss) of the Nyong Unit (Tables 1 and 5). Early and Middle Paleo-
proterozoic aged zircons are mainly similar to those from rocks (e.g., amphibolite, charnock-
ite, meta-granodiorite, meta-syenite, and orthopyroxene-garnet gneiss) found within the
Nyong Unit (Tables 1 and 5). Their presence in the studied area (within the Cameroon
Mobile Belt) shows Archean to Paleoproterozoic inheritance, and post-Archean reworking.
The Archean to Paleoproterozic igneous zircons inheritance in some metamorphic rocks
found at the west of Meiganga was proven by [20] (see Table 1). Plotted in granitoid field
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(Figures 9–11), they could be inherited grains from granite and granodiorite proto-sources
with features similar to those of granitoids in the Congo Craton. Those zircons whose
plots fall out the various discriminating fields could be inherited grains crystallized in
charnockitic and tonalitic magmas, as their ages are close to that of charnockite and tonalite
found in the Congo Craton. Those old Archean and Paleoproterozoic rocks were probably
reworked with the conservation of some inherited zircons, during the two main tectono-
magmatic and metamorphic events (the Eburnean and Pan-African) registered within the
Cameroon Mobile Belt.

Table 5. Age correlations between the southern Meiganga detrital zircons and other lithounits in the Congo Craton and in
Meiganga.

Age of the Southern Meiganga
Detrital Zircons

Age Inheritance and Possible
Proto-Source(s) within Rocks in the

Congo Craton

Age and Possible Source Rocks
in Meiganga

Crustal derived igneous zircons - -

Mesoarchean (3041–2805 Ma)

3010–2880 Ma (charnockites, tonalities,
clinopyroxene syenites, granodiorites,

pyroxene bearing gneiss, and
orthopyroxene-garnet gneiss)

2984–2884 Ma: Pyroxene-amphibole-bearing
gneiss (TTG composition)

Neoarchean (2796–2531 Ma)

2790–2671 Ma (charnockites, tonalities,
granodiorites, High-K granites,

garnet-bearing gneiss, and
magnetite-bearing quartzites)

≤2602 Ma: pyroxene-amphibole-bearing
gneiss (TTG composition)

Early Paleoproterozoic
(2486–2302 Ma)

2349 and 2300 Ma (orthopyroxene-garnet
gneiss and clinopyroxene syenite)

1999–2339 Ma: pyroxene-amphibole-bearing
gneiss (TTG composition) and

amphibole-biotite gneiss
Middle Paleoproterozoic (2050–1993

Ma and 2232–2062 Ma)

2126–2000 Ma (meta-syenite,
orthopyroxene-garnet gneiss, charnockite,

amphibolite, metagranodiorites, and
magnetite-bearing quartzite)

Middle to Late Neoproterozoic
(740–612 Ma)

-
614–647 Ma: meta-diorite and two

micas granite

Mantle derived zircons
1-Middle Mesoarchean (2999)

2-Early Neoarchean
(2797 and 2795 Ma)

3-Middle Paleoproterozoic (2121 Ma)

-
1999–2984 Ma: pyroxene-amphibole-bearing

gneiss (TTG composition) and
amphibole-biotite gneiss

Metamorphic zircons - -

1-Zircon grown in equilibrium with
garnet (671 Ma)

- 675 Ma: amphibole-biotite gneiss

2-Zircon grown in equilibrium with
an anatectic melt

*Neoarchean (2796–2504 Ma)
*Middle Paleoproterozoic (2215 and

2169 Ma)

-

≤2884 Ma: Pyroxene-amphibole-bearing
gneiss (TTG composition)

1999–2339 Ma: Pyroxene-amphibole-bearing
gneiss (TTG composition) and

amphibole-biotite gneiss

The age (671 ± 12 Ma) of a metamorphic zircon grown in equilibrium with garnet
(MSDZ015) is close to the youngest zircon age (675 Ma: [19]) for amphibole-biotite gneiss
found in the west of Meiganga. This rock also hosts Early Paleoproterozic age zircons with
some similarities to those of the studied zircons (Table 5). Undated amphibole-biotite gneiss
cropping in the south of Meiganga (Figure 1) is the bed-rock of the studied zircon-gold
bearing placers. If age extrapolation is possible, it can be suggested that amphibole-biotite
gneiss found in the south of Meiganga may be the source rock of part of the detritus forming
zircon-gold bearing placers. Indirect sources of the placers can also be pyroxene-amphibole-
bearing gneiss, meta-diorite, and two micas granites found within the local settings.
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The primary sources of host gold grains are difficult to be directly constrained as gold
crystals were not found in placer’s rock fragments or in the underlying and surrounding
rocks. The depositional periods of the studied zircons are also not easy to constrain.
The unconsolidated nature of their host-sediments and their location in streams may
suggest post-Neoproterozoic to recent deposition.

6. Conclusions

The southern Meiganga detrital zircon-gold bearing placers are composed of igneous
(crustal derived and mantle origin) and metamorphic zircons (grown in equilibrium with
garnet and those grown in equilibrium with an anatectic melt) with different histories of
crystallization and from mainly different sources.

Crustal derived igneous zircons were crystallized in granitic magmas with some
charnockitic and tonalitic affinities during Eoarchean to Late Neoproterozoic periods. Man-
tle igneous zircons were crystallized from mantle source magmas during Early Neoarchean
to Middle Paleoproterozoic times.

The inherited igneous zircons of Mesoarchean to Middle Paleoproterozoic were prob-
ably sorted from pyroxene-amphibole-bearing and amphibole-biotite gneiss, with their fea-
tures similar to those of rocks in the Congo Craton. Late Neoproterozoic zircons, with ages
close to those of meta-diorite and two mica granite found in the NE and west of Meiganga,
were probably eroded from unidentified nearby rocks formed in the same periods.

Metamorphic zircons grown in equilibrium with garnet were crystallized in low-Th-
REE subsolidus solution during the Pan-African syn-metamorphic crustal event. Metamor-
phic zircons grown in equilibrium with an anatectic melt were probably crystallized during
the Neoarchean and Middle Paleoproterozoic in migrated melts from partial fusion of meta-
morphic protoliths. These inherited zircons were probably sourced from amphibole-biotite
gneiss underlying the zircon-gold-bearing placers.
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Abstract: Sediment provenance studies have become a major theme for source-to-sink systems
and provide an important tool for assessing paleogeographic reconstruction, characterizing the
depositional system, and predicting reservoir quality. The lower Miocene is an important stratigraphic
unit for deciphering sediment evolution in the continental shelf of the northwestern South China Sea,
but the provenance characteristics of this strata remain unclear. In this study, detrital zircon U-Pb
geochronology and Lu-Hf isotopes from the lower Miocene Sanya Formation in the Yinggehai-Song
Hong Basin were examined to study the provenance and its variation in the early Miocene. U-Pb dating
of detrital zircons yielded ages ranging from Archean to Cenozoic (3313 to 39 Ma) and displayed
age distributions with multiple peaks and a wide range of εHf(t) values (from −27.2 to +8.5).
Multi-proxy sediment provenance analysis indicates that the Red River system was the major source
for the sediments in the northern basin, with additional contribution from central Vietnam, and the
Hainan played the most important role in contributing detritus to the eastern margin of the basin in
the middle Miocene. This paper highlights the provenance of early Miocene sediments and contributes
to paleogeographic reconstruction and reservoir evaluation.

Keywords: provenance; detrital zircon; Lu-Hf isotopes; early Miocene; Yinggehai-Song Hong Basin;
South China Sea

1. Introduction

Tracing sediment delivery from terrigenous sources to oceanic sinks is crucial for understanding
the sedimentary process at ocean margins. Clastic sedimentary rocks contain key information relating
to their provenance and the sedimentary process and can therefore be used to reveal source-to-sink
systems during deposition [1–3]. The provenance study of sediments provides an important tool for
assessing paleogeographic reconstruction, characterizing the depositional system, and predicting
reservoir quality [4,5]. Sediment provenance studies have become a major theme for source-to-sink
studies and have promoted efforts to link terrestrial and marine segments via the sediments produced,
transported, and deposited within systems [6–8]. Over the last decades, geochronology applied to
detrital minerals, such as zircon, apatite, monazite, rutile, and titanite, have received increased attention
for their ability to provide insight into provenance, erosion, and tectonic processes [9,10].
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Zircon has received considerable attention for its stability and has many uses within earth science
systems, as zircon can withstand the effects of weathering, erosion, and thermal alteration during
transportation, deposition, and diagenesis. U-Pb geochronology of detrital zircon is a robust tool
that has been widely used to evaluate sediment provenance, tectonics, climate, and source-to-sink
processes in margins [11]. In addition, studies of Lu-Hf isotopic compositions in detrital zircon are
another distinctive feature of zircon other than U-Pb age. Their use can make source identification
more robust [12].

The Yinggehai-Song Hong (Y-SH) Basin, which is located on the continental shelf of the
northwestern South China Sea (Figure 1) and was formed at the southeastern termination of the
Red River Fault in the Cenozoic era, is one of the most gas-rich sedimentary basins in this region.
The marine sediments in this region provide an important case for understanding the provenance and
transport processes from terrigenous source to oceanic sink. Over the last decade, diverse methods
have been used to study the provenance of sediments, ranging from detrital minerals, geochemistry,
seismic data, and isotopes to geochronology in the basin [13–18]. The provenance studies have been
conducted using an integrated approach, which allows us to quantitatively assess the contributions
of different potential source terranes of the Red River, central Vietnam, and Hainan Island (Figure 1).
Most provenance studies in the northwestern shelf of the South China Sea have been focused on the
middle Miocene to Quaternary sediments; by contrast, only a few studies have examined the lower
Miocene and underlying strata. The lower Miocene Sanya Formation is an important potential reservoir
in the Y-SH Basin [19]. The understanding of sediment provenance of Sanya Formation and its transport
pathway is a key point to reconstruct the paleogeography and establish the reservoir presence in clastic
petroleum systems of the basin. However, up to now, the provenance of this stratigraphic unit was
not well investigated, and a more effective method should be conducted to reveal the provenance
of sediments.

The amount of zircon U-Pb geochronological data around the northwestern margin of the South
China Sea has substantially increased over the last decades [17,20–22]. For instance, Hoang et al.
(2009) [23] used the U-Pb dating and Hf isotopic analysis of detrital zircons from Red River sands in
order to constrain the provenance of the modern river and to decipher drainage evolution through time.
U-Pb dating of detrital zircon along the main drainage systems in the western Hainan was carried
out by Wang et al. (2015) [24] with aims to reveal the provenance and tectonic evolution of Hainan
Island. Jonell et al. (2017) [25] used multiple geochemical datasets, including the detrital zircon U-Pb
geochronology from the Gianh River in the central Vietnam, to understand the sediment transport
and erosion patterns of the eastern Indochina Block. Wang et al. (2018) [20] and Fyhn et al. (2019) [17]
investigated the detrital zircon geochronology of each source terranes around the Y-SH Basin and
identified the differences in the age composition of detrital zircons. This abundance of comparative
data for each source terrane makes the detrital zircon method especially suitable for provenance
study in the region. Here, a new set of detrital zircon U-Pb dating and Lu-Hf isotopes from the lower
Miocene Sanyan Formation in the Y-SH Basin was used to study the sediment provenance of early
Miocene sediments, elucidate the spatial and temporal variation in provenance, and understand the
source-to-sink process in the northwestern margin of the South China Sea.
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Figure 1. Topographic map and major drainage systems around the Yinggehai-Song Hong Basin.
Yellow dots indicate the borehole locations in this study. Borehole locations of samples QSYA and L15
are from Yan et al. (2011) [13] and Wang et al. (2019) [26], respectively. Borehole locations of L20 and
H29 are from Wang et al. (2016) [27].

2. Materials and Methods

Two sedimentary samples (S1-1 and S2-1) of the Sanya Formation in this study were collected
from two boreholes that were drilled by the China National Offshore Oil Corporation in the Y-SH Basin
(Figure 1). The primary strata boundaries can be effectively marked from the analysis and correlation
of seismic sequences and nanofossil biostratigraphy. Samples S1-1 and S2-1 were obtained from the
boreholes at depths of 3400 m and 3618 m, respectively. One published sample (L15-1) with dated
zircon U-Pb ages by Wang et al. (2019) [26] was used only for Lu-Hf isotopic analyses. The selected
samples are core chips and are fine- to medium-grained sandstone.

The zircons were separated from these two samples using conventional heavy liquids and
magnetic separation techniques. After hand sorting using the binocular stereoscope, the zircon grains
were mounted in transparent epoxy and polished down to approximately half sections. The internal
structures of zircons were examined using cathodoluminescence (CL) images taken by a Mono CL3
detector attached to an electron microprobe (JXA-8100, JEOL, Tokyo, Japan) attached to an electron
microprobe. The analytical spots without inclusions and fractures were selected according to the CL
images. Zircon grains were randomly picked from the selected spots for laser ablation analyses.

The zircons were dated using laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
Sample mounts were placed in the two-volume sample cell flushed with Argon and Helium.
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Laser ablation was performed at a constant energy of 80 mJ and at 8 Hz, with a spot diameter
of 31 µm. The ablated ions were carried by Helium to the Agilent 7500a ICP-MS (Agilent Technologies,
Santa Clara, CA, USA). Isotopic ratios of U-Th-Pb were calculated by software of ICPMSDataCal
(Version 11.0) [28]. The details of precision, accuracy, and analytical procedure are described by
Zhang et al. (2018) [29]. Common Pb was corrected by ComPbCorr#3_151 using the method of
Andersen (2002) [30]. 206Pb/238U ages of less than 1000 Ma were used, and 207Pb/206Pb ages were
selected if the 206Pb/238U ages were more than 1000 Ma.

Zircon Lu-Hf isotopic analyses were carried out on a Neptune Plus multi-collector ICP-MS
(Thermo Scientific, Bremen, Germany) equipped with a RESOlution M-50 laser-ablation system
(Resonetics, Nashua, NH, USA) at the same institute. The Lu-Hf isotopic measurements were made
on the same spots previously analyzed for U-Pb isotopes. The laser parameters were as follows:
spot size, 45 µm; repetition rate, 8 Hz; energy, 80 mJ. Helium was used as a carrier gas and a small
flow of nitrogen was added to the gas line to enhance the sample signal. 173Yb and 175Lu were used
to correct the isobaric interference of 176Yb and 176Lu on 176Hf. The 176Hf/177Hf was normalized to
179Hf/177Hf = 0.7325 using an exponential law for mass bias correction. The initial Hf isotope ratios
were denoted as εHf(t) values that were calculated with the chondritic uniform reservoir (CHUR) at the
time of zircon crystallization, and the present-day 176Hf/177Hf and 176Lu/177Hf ratios of chondrite and
depleted mantle were at 0.28277 and 0.0332, 0.28325, and 0.0384, respectively [31]. Initial 176Hf/177Hf
values were calculated based on a 176Lu decay constant of 1.865 × 10−11 year-1 [32]. Two-stage model
Hf ages (TDM2) were computed using a 176Lu/177Hf value of 0.015 for the average continental crust [33].

3. Results

A total of 170 zircon analyses were performed using LA-ICP-MS. The U-Pb concordia diagrams
and CL images of the representative zircons are shown in Figure 2. Most of the zircon grains were
colorless to transparent, with a wide range of prismatic to oval-shaped crystals. The morphologies of
the zircon grains were distinctive for early Miocene sediments. Samples S1-1 and S2-1 were mostly
concentrated in the range of 70–150 µm, and most of them had sub-rounded or rounded corners,
which generally implied prolonged or multi-cycle transport. By contrast, most zircons from the
sediments near Hainan offshore (L15-1, Figure 1) were complete crystals without obvious rounded
corners [26], suggestive of proximal transport.

Figure 2. U-Pb concordia diagrams and representative CL images for zircons from the lower Miocene
sediments. IsoplotR was used for concordia diagrams [34]. The small and large circles denote the
analytical spots for U-Pb ages and Lu-Hf isotopes, respectively. Numbers near the circles are U-Pb ages
and the corresponding εHf (t) values.

The original U-Pb isotopic data of the zircon grains are shown in Table S1. Discordances smaller
than 10% were considered in this study. The samples varied greatly in Th/U values, ranging from 0.05
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to 3.77, and only four spots were less than 0.1 (Figure 3). Compared with the age probability model,
kernel density estimators (KDEs) were more robust for displaying age populations and peak ages [35].
KDEs were used for displaying age populations and the ages of peaks (Figure 4). The Lu-Hf isotopic
results for the detrital zircons are provided in Table S2 and are illustrated in Figure 5.

Figure 3. (A) Th versus U and (B) Th/U versus U-Pb diagrams for the concordant zircons from the S1-1
and S2-1 samples in the Yinggehai-Song Hong Basin.

Figure 4. Kernel density estimation plots of detrital zircon U-Pb ages from the lower Miocene
sediments in the Yinggehai-Song Hong Basin (A–C). The data of sample L15-1 was collected from
Wang et al. (2019) [26].

3.1. Sample S1

Most of the zircon grains in sample S1 showed obvious oscillatory growth zoning under CL
(Figure 2), along with Th/U values greater than 0.4 (Figure 3), suggesting that they have a magmatic
origin [36]. In addition, only four zircons had a Th/U ratio smaller than 0.1 (Figure 3), implying a
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potential metamorphic origin only for these few grains. A total of 80 zircon grains were analyzed,
and 69 concordant ages were obtained for the sample. Measured U-Pb ages ranged from 3313.3 Ma to
99.6 Ma (Table S1). The concordant zircons showed five major age peaks at ca. 143 Ma, 242 Ma, 408 Ma,
787 Ma, and 966 Ma (Figure 4A).

Figure 5. Diagrams showing the relationships between εHf(t) values and zircon U-Pb ages. The data
of Red River and rivers in central Vietnam are from Wang et al. (2018) [20] and references therein.
The data of bedrock in Hainan Uplift are from Wen (2013) [37], Wen et al. (2013) [38] and Sun et al.
(2018) [39]. CHUR: chondritic uniform reservoir.

Twenty-nine dated zircon grains from sample S1 were selected for Lu-Hf isotope analysis.
The analysis revealed a broad range of 176Hf/177Hf ratios from 0.280773 to 0.282527, with εHf(t) values
from –25.7 to +8.5 (Figure 5). The two-stage Hf isotopic model ages (TDM2) for these zircons ranged
from 3414 to 1184 Ma (Table S2).

3.2. Sample S2

The crystals were euhedral with partially round corners for most zircon grains (Figure 2).
These zircons showed oscillatory growth zoning under CL (Figure 2). A total of 90 zircon grains were
analyzed, and 77 concordant ages were obtained for the sample. The Th/U ratios of the zircons ranged
from 0.12 to 3.77 and were concentrated in the range of 0.5–0.7 (Table S1), indicating that these zircons
were magmatic in origin. Measured U-Pb ages showed a wide age span ranging from 2564.8 to 38.8 Ma
(Table S1). The concordant zircons displayed five major age peaks at ca. 148 Ma, 243 Ma, 432 Ma,
748 Ma, and 1859 Ma (Figure 4B).

Thirty-one dated zircon grains from the sample were selected for Lu-Hf isotope analysis.
The analysis revealed a range of 176Hf/177Hf ratios from 0.281269 to 0.282621, with εHf(t) values
from −24.1 to +4.3 (Figure 5). The two-stage Hf isotopic model ages (TDM2) for these zircons ranged
from 2988 to 1102 Ma (Table S2).

3.3. Sample L15-1

The detrital zircon U-Pb geochronological data of this sample were described in detail by
Wang et al. (2019) [26]. This sample had two major age peaks at ca. 96 and 234 Ma (Figure 4C).
Sixty dated zircon grains from the sample were selected for Lu-Hf isotope analysis. The analysis
revealed a range of 176Hf/177Hf ratios from 0.281872 to 0.282901, with εHf(t) values from −27.2 to +6.8
(Figure 5). The two-stage Hf isotopic model ages (TDM2) for these zircons ranged from 2338 to 596 Ma
(Table S2).
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4. Discussion

4.1. Potential Source Characteristics of the Sediments

Previous studies have suggested three potential source terranes for the Y-SH Basin fill, including
the Red River source (Southern Yangtze Block), central Vietnam (Eastern Indochina Block), and the
Hainan Uplift [13,14]. These sources have completely different tectonic-magmatic evolutions and have
produced zircons with distinct age spectra, which can be illustrated by the age distributions of the
bedrock and modern drainage systems (Figure 6).

Figure 6. Summary of zircon U-Pb ages of the potential sources (A–C) and drainage systems discharge
to the Yinggehai-Song Hong Basin (D–F). The original data of basement rocks of the potential sources
were compiled by Wang et al. (2018) [21] and references therein. The data for the Red River and drainage
systems in Central Vietnam are from Jonell et al., (2018) [25] and Wang et al. (2018) [20]. The data for
the drainage systems in Hainan Uplift are from Cao et al. (2015) [22] and Wang et al. (2015) [24].

The Yangtze Block is an important component of the South China Block, which is separated
from the Indochina Block by the Song Ma suture to the south and bounded by the Cathaysia Block
to the east (Figure 1). Compared with the Hainan and eastern Indochina Block, the bedrock of the
southern Yangtze Block displays a wide U-Pb age distribution, with multiple peaks from the Archean
to Cenozoic (Figure 6A). The Archean age population of 2600–2400 Ma accounts for a small portion of
the total, which was confirmed to be the basement of the Yangtze Block [40]. The Paleoproterozoic age
range from 1900 to 1600 Ma was consistent with the ages for the coeval granitoids and sedimentary
rocks in the Yangtze Block [41], such as the granites in the Kongling terrain, which yielded a U-Pb age
of ca. 1850 Ma [42]. Ages around 865 Ma are related to the middle Neoproterozoic magmatic rocks and
are widespread in the Yangtze Block [43]. Previous studies have shown that ca. 830–820 Ma granites
can be found in the southeastern Yangtze Block [44]. The age peaks of 442 and 263 Ma are associated
with the Late Paleozoic and Permian-Triassic tectonic-thermal events, respectively, which produced
large amounts of igneous and metamorphic rocks. Cenozoic zircon ages ranging from 60 to 20 Ma have
been reported from intrusions along the Red River Fault Zone [27,45]. The age peak of 35 Ma might
represent an important signature for igneous activity associated with the fault zone [14]. The modern
Red River system displays a similar age feature with the bedrock in the southern Yangtze Block but
also shows different age peaks, potentially suggesting that there is a small difference in provenance
(Figure 6A,D). The Red River system displays a wide range of εHf(t) values in different age populations
(Figure 5). The Phanerozoic zircons with significant positive εHf(t) values suggests that the protolith
was formed in part from the juvenile component. In addition, the Precambrian zircons generally had
negative εHf(t) values, indicating that they were formed mainly by remelting of truly ancient crust.
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The Hainan Uplift is located on the southern margin of the Cathaysia Block. Mesoproterozoic
granitic rocks have been discovered isolated in the island’s west with zircon U-Pb ages of
1460–1400 [46,47], which can also be found in modern rivers in western Hainan [24]. Hainan is
characterized by widespread Permian to Triassic granitoids with a range of dated zircon U-Pb ages
from 280 to 220 Ma [38], yielding a dominant age peak at ca. 242 Ma (Figure 6B). Cretaceous granitic and
volcanic rocks with age peaks of ca. 100 Ma are primarily distributed in southwestern Hainan [39,48].
Both bedrock and modern rivers in Hainan show relatively simple age structures and are characterized
by two age populations of 100–95 and 242–233 Ma (Figure 6B,E, respectively). Compared to the Red
River and central Vietnam, the Hainan source shows relatively narrow εHf(t) values for the Triassic to
Cretaceous zircons (Figure 5).

Central Vietnam, which is located in the eastern Indochina Block, is characterized by
Paleozoic to Mesozoic granitic and metamorphic rocks [49,50]. Recent studies have shown that
the Ordovician–Silurian and Permian-Late Triassic magmatic activities in the Truong Son Belt and
Kontum Massif have ages of 470–420 and 300–200 Ma, respectively [49,51–53]. The summarized
geochronological data of the bedrock showed two major age peaks at ca. 247 and 469 Ma (Figure 6C).
Compared with the bedrock, the drainage systems in central Vietnam show a relatively complicated
age structure, which was reflected by multiple peaks at ca. 2600–2410 Ma, 1847 Ma, 963 Ma, 423 Ma,
and 239 Ma (Figure 6F). Although the Hf isotopic composition of zircons in the central Vietnam is
overlapped by counterparts from the source of Red River, the Phanerozoic zircons with more negative
values (Figure 5) indicates that the protolith was formed primarily by an ancient crustal component.

4.2. Provenance of the Detrital Zircons

The detrital zircon age distributions of the two cored samples from the lower Miocene Sanya
Formation form multiple peaks, which may be characteristic of the age signatures of specific bedrock
and drainage systems around the basin.

Only one dated zircon was of Cenozoic age (38.8 Ma) in sample S2-1, with the εHf(t) value of −4.5.
Although Cenozoic zircons have been widely reported in the Red River Fault Zone, they are practically
absent from our sampling; however, this can be distinctively tied to that distal area. Zircon age was
consistent with the Cenozoic granitic and metamorphic rocks in the fault zone [45,54], suggesting that
these zircons may be derived from the southwestern margin of the Yangtze Block through the Red
River system [14].

Samples S1-1 and S2-1 had Late Jurassic age peaks at ca. 143 and 148 Ma, respectively,
ages consistent with the widespread Yanshanian granitoids in the South China Block [55], implying a
source from the hinterland of the Cathaysia Block or the Hainan Uplift. A recent study of detrital
zircons from the Cretaceous strata on Hainan Island yielded a major age at ca. 155 Ma, an age close to
the peak observed in the samples [56]. The Cretaceous zircons in sample L15-1 displayed little variation
in εHf(t) values (most in −10 to 0), suggesting that they were formed from the remelting of the ancient
crust, which was consistent with the εHf(t) values observed in Hainan Island work (Figure 5).

The Permian to Triassic zircon grains, which had age peaks around 243 Ma (Figure 4), match known
exposures of the Indosinian igneous (and metamorphic) activity in the different source terranes.
The Permian to Triassic granitic rocks is widely distributed in the Indochina Block and South China
Block [49,57], with dated zircon U-Pb ages mainly concentrated between 280 to 220 Ma (Figure 6),
making specific matching of these peaks difficult. The age peaks of 408 and 432 Ma in the samples
are indicative of sources in the Yangtze and Indochina blocks. The zircons had negative εHf(t) values,
suggesting that they originated from the ancient crust. These age ranges are rarely reported in the
Hainan Uplift (Figure 6B) and thus the sources may be the Red River region and central Vietnam.
Although the zircons with εHf(t) values ≤10 fell within the ranges of both the Red River system and
drainage systems in the central Vietnamese rivers, other zircons with εHf(t) values ≥5 were more
consistent with the Red River (Figure 5), implying that these grains might be derived mainly from the
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source of the Red River, although there is a lack of zircons with εHf(t) positive values (>10) sampled in
those terranes.

Neoproterozoic age groups with age peaks at ca. 748 Ma, 787 Ma, and 966 Ma were similar to those
observed in the Southern Yangtze Block and the Red River (Figure 6A,D). In addition, the drainage
systems in central Vietnam could have also provided a small amount of the Neoproterozoic-aged
zircon grains (963 Ma) (Figure 6F). The zircons with age population between 800 and 700 Ma in the
S1 and S2 samples displayed a wide range of εHf(t) values (Figure 5), which are consistent with the
modern Red River system. The Neoarchean to Paleoproterozoic ages can account for a small part of
the total ages, which can be regarded as the basement of the Yangtze and Indochina blocks and eroded
from the granitic rocks or recycled from the sedimentary rocks that had previously formed. A recent
study indicated that the Neoarchean and Paleoproterozoic K-rich granites in the Phan Si Pan Complex
of north Vietnam yielded zircon U-Pb ages of 2.85 to 1.86 Ga [58], which may also provide the detritus
to the basin through the Red River system. The Precambrian zircons had variable εHf(t) values, ranging
from negative to positive (Figure 5), indicating that they were formed by both a juvenile source and
the remelting of ancient crust. These zircons basically fall within the range of the Red River system,
representing the important influence of Red River on sediments.

To examine the degrees of similarity among zircon U-Pb ages, the newly developed
Multi-Dimensional Scaling (MDS) plots were used to compare the genetic relationships between
samples and source terranes. The MDS plot based on the Kolmogorov–Smirnov (K-S) statistical
method [59] is a dissimilarity matrix that constructs a map on which similar samples cluster closely
together and dissimilar samples plot far apart [60]. In the MDS plots (Figure 7), the early Miocene
samples showed a distinct affinity with the source terrane and also the drainage systems. The samples
close to Hainan (L15-1 and QSYA) generally showed a greater affinity with the bedrock and rivers
in Hainan, suggesting that the sediments were primarily derived from nearby sources (Figure 8).
By contrast, samples S1 and S2 in this study plot were relatively far from Hainan (Figure 7A) but close
to both rivers in central Vietnam and the Red River, indicating that they had an affinity with these
drainage systems. However, compared with the bedrock, the affinity of these two samples with the
southern Yangtze Block was greater than that of the Indochina Block, suggesting a major contribution
from the southern Yangtze Block and a small contribution from the eastern Indochina Block (Figure 8).

Figure 7. Multi-dimensional scaling plots using Kolmogorov–Smirnov (K-S) statistic for detrital zircon
U-Pb data [59,60]. The plots show the relationships between the core samples with regard to (A) the
major drainage systems as defined from river sands and (B) potential source terranes around the
Yinggehai-Song Hong Basin sampled from the outcrop. Axes are in dimensionless “K-S units” of
distance between samples. Samples QSYA and L15-1 are from Yan et al. (2011) [13] and Wang et al.
(2019) [26], respectively.
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Figure 8. Provenance and possible transport pathways of the early Miocene sediments in the
Yinggehai-Song Hong Basin. The arrows indicate the possible direction of the supplied sources.

In summary, detrital zircon U-Pb ages from the lower Miocene Sanya Formation suggest that the
sediments in this study were derived from multiple source terranes (Figure 8). The southern Yangtze
Block played an important role in contributing detritus to the northern Y-SH Basin, and the eastern
Indochina Block may also have a minor influence in this region. By contrast, the Hainan Uplift is a
proximal source, which apparently had limited influence on the northern Y-SH Basin; it dominates
eastern samples only.

4.3. Provenance Variations in the Miocene

Detrital zircon geochronological data presented here are suggestive of spatial variation in
provenance in the early Miocene, which was primarily controlled by the location and distance of the
source terranes. In order to characterize the variations in the provenance through time, from the early
to middle Miocene sediments, these data were compared with published data of the middle Miocene
sediments in the boreholes (L20 and H29, Figure 1) [27] at the northern basin, and were examined to
understand temporal changes in provenance (Figure 9). The zircon age distributions for the lower to
middle Miocene sediments were diverse, with some slight changes appearing in the proportions of the
different age groups (Figure 9).

Samples in the Lingao uplift of the Y-SH Basin showed a range of age populations (Figure 9A–C),
which may reflect the changing source terranes that supplied the sample location. The early Miocene
sample in this study was more diverse than the middle Miocene samples, especially for ages older
than 1800 Ma (Figure 9C). Thus, sediments contained more Paleoproterozoic sources, which might
be derived from the coeval magmatic rocks or recycled from the sedimentary rocks in the source
region. The older Neoproterozoic zircon grains in samples L20-3 and S1-1, which showed a similar
characteristic to the drainage systems in central Vietnam, suggested a possible contribution originating
from the eastern Indochina Block. By contrast, the middle Miocene (13.8–10.5 Ma) showed more
Silurian and less Early Triassic ages (Figure 9A), which was more similar to the Red River system,
and revealed that the sample was primarily derived from the southern Yangtze Block.
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Figure 9. Detrital zircon U-Pb age characteristics of the early-middle Miocene sediments in the
Yinggehai-Song Hong Basin (A–F). The borehole L20 is located in the Lingao area and H29 is located in
the Haikou area of the northern Y-SH Basin (Figure 1). Detailed sampling information of L20-1, L20-3,
H29-4, and H29-6 can be found in the reference by Wang et al. (2016) [27].

Samples in the Haikou area of the Y-SH Basin displayed a similar age spectrum from the early
to middle Miocene (Figure 9D–F), indicating that a relatively stable provenance was supplied in this
sedimentary period. In spite of this, there was still variation in provenance at different geological
periods. Compared with the early Miocene (23.0–15.5 Ma) (Figure 9F), samples of the middle Miocene
(15.5–10.5 Ma) (Figure 9D,E) showed similar age distributions, which differed from the early Miocene
sample by minor age peaks at ca. 29–34 Ma, and may thus represent an increased supply from the
Red River Fault Zone after the early Miocene. The Neoproterozoic grains in the middle Miocene
(>900 Ma) were older than those in the early Miocene (748 Ma), suggesting a different source for
the Neoproterozoic rocks. In addition, middle Miocene samples were absent in the Late Jurassic age
population as well as in the early Miocene sample (148 Ma), implying that there was no influence from
the Hainan or the hinterland Cathaysia Block in the middle Miocene.

Overall, the study of detrital zircon U-Pb ages revealed that there were no dramatic changes
during the early to middle Miocene in the northern Y-SH Basin, suggesting that this was a relatively
variational source supply at the time. Slight variation in detrital zircon and provenance was probably
related to the amount of detritus materials inputted from central Vietnam, and may also be influenced
by the evolution of the Red River system [23,61].

5. Conclusions

The following conclusions have been made based on the new dataset of U-Pb dating and Lu-Hf
isotopes for detrital zircons from the lower Miocene Sanya Formation in the Y-SH Basin in the
northwestern South China Sea.

(1) Detrital zircons analyzed in this study revealed several age clusters at ca. 148–143 Ma,
243–242 Ma, 432–408 Ma, 787–748 Ma, 966 Ma, and 1859 Ma. These zircon grains showed sub-rounded
or rounded corners, implying prolonged or multi-cycle transport.

(2) The zircons had a broad range of 176Hf/177Hf ratios from 0.280773 to 0.282901, with εHf(t) values
of −27.2 to +8.5, suggesting that there were multiple sources for the sediments. Most of the zircon
grains had negative εHf(t) values, implying that the ancient crustal component was involved in the
formation of zircon. Precambrian zircons were highly variable, with values ranging from negative to
positive, indicating that they were formed by both a juvenile source and the remelting of ancient crust.
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(3) Based on comprehensive analyses of the results and previously published data, we confirmed
that the Red River system was a dominant sediment contributor to the northern Yinggehai-Song
Hong Basin during the early Miocene and that central Vietnam may also be a minor source terrane.
The Hainan was the exclusive contributor controlling sediments in the eastern margin of the basin.

(4) This study showed that there was some variational source supply during the early to middle
Miocene in the northern basin. The slight provenance variation depended on the amount of detritus
materials inputted by central Vietnam, and may also be influenced by the evolution of the Red
River system.
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of zircon in this study.
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Abstract: The Silante Formation is a thick series of continental deposits, exposed along a trench-parallel
distance of approximately 300 km within the Western Cordillera of Ecuador. The origin, tectonic
setting, age and stratigraphic relationships are poorly known, although these are key to understand
the Cenozoic evolution of the Ecuadorian Andes. We present new sedimentological, stratigraphic,
petrographic, radiometric and provenance data from the Silante Formation and underlying rocks.
The detailed stratigraphic analysis shows that the Silante Formation unconformably overlies Paleocene
submarine fan deposits of the Pilalo Formation, which was coeval with submarine tholeiitic volcanism.
The lithofacies of the Silante Formation suggest that the sediments were deposited in a debris flow
dominated alluvial fan. Provenance analysis including heavy mineral assemblages and detrital
zircon U-Pb ages indicate that sediments of the Silante Formation were derived from the erosion of
a continental, calc-alkaline volcanic arc, pointing to the Oligocene to Miocene San Juan de Lachas
volcanic arc. Thermochronological data and regional correlations suggest that deposition of the Silante
Formation was coeval with regional rock and surface uplift of the Andean margin that deposited
alluvial fans in intermontane and back-arc domains.

Keywords: provenance analysis; Western Andes; Miocene; Silante Formation; Ecuador

1. Introduction

The Western Andes of Ecuador located between 1◦ N to 3◦ S along the active margin of South
America (Figure 1) are composed of allochthonous oceanic blocks, which accreted in the late Cretaceous
period [1,2]. The events of accretion are partly considered to influence orogenic processes, and the
chemical composition of arc volcanism in the Northern Andes [3,4]. Previous studies of the Western
Cordillera of Ecuador improved our understanding of the tectonic and stratigraphic evolution of
this accretionary complex [5–11]. However, the Cenozoic sedimentary and tectonic evolution of the
Western Andes of Ecuador remains poorly understood.
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Figure 1. Lithotectonic map of Ecuador (modified from Luzieux et al. [1]) and location of the study area.

The Paleocene to Miocene period is particularly significant because several ore deposits formed
over a large latitudinal range (0◦ to 3◦30′ S) within the Western Cordillera during the Cenozoic
(42–6 Ma; [12,13]). Thus, a reconstruction of the areal distribution and temporal framework of
magmatism and its volcanic products will improve our understanding of the spatial distribution of
mineral deposits.

The Silante Formation is a ~2000-m-thick series of red beds with intercalated conglomerates
and sandstones rich in volcanic material [14]. It occupies a large area within the Western Cordillera,
extending from 1◦ North to 1◦ South (Figure 2). The Silante Formation is intruded by mafic (diorite and
andesite) dikes and sills [7,15]. Several authors have proposed different stratigraphic and geodynamic
interpretations for the origin of these thick continental deposits [5–7,11–18]; however, the stratigraphic
relationships of the Silante Formation remain unsolved, mainly because of the discontinuous rock
exposures, and the absence of a coherent chronostratigraphic framework.

This study presents new sedimentological, stratigraphic, structural and geochronological data from
several exposures of the Silante Formation and the underlying rocks. These data are used to determine
the history of sedimentation and the tectonic regime. Radiometric dating and provenance studies
including heavy minerals and single grain geochemistry are used to constrain the age, mineralogical
composition and approximate location of the sediment source regions, which facilitates tectonic
reconstructions and stratigraphic correlations [2]. This study addresses the geological evolution of a
segment of the Western Cordillera of Ecuador and includes a detailed description of rock outcrops
exposed along east to west road sections that traverse the Western Cordillera (Figure 2). These
traverses are the Nono–Tandayapa, Calacalí–Nanegalito, Quito–Santo Domingo, Quito–Chiriboga and
Otavalo–Selva Alegre road sections.
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Figure 2. Geological map of the Western Cordillera from 1◦ North to 1◦ South, showing the main
geological units (modified after [18]) and radiometric ages from the literature [10,11,16,17] and this study.

2. Regional Geology

Ecuador can be subdivided into five morphotectonic regions (Figure 1). (1) The coastal forearc is
composed of mafic oceanic crust [1,3,19] and is covered by Paleogene to Neogene forearc deposits [2].
(2) The Western Cordillera (Figure 2) consists of mafic and intermediate extrusive and intrusive rocks
that are tectonically juxtaposed with sedimentary rocks of Late Cretaceous to Miocene age [2,9,11].
(3) The Interandean Valley or Interandean Depression is located between the Western and Eastern
cordilleras and is covered by thick Quaternary volcanic deposits [20], which are underlain by a
crystalline basement composed of metamorphic and mafic rocks [20–22]. On its western flank, the
Interandean Valley is bound by the Calacalí–Pujilí Fault [2,23]. This fault system (Figure 2) defines
a suture between the South American continental margin and the accreted oceanic rocks [2,23].
(4) The Eastern Cordillera is formed by Paleozoic to Jurassic metamorphic rocks, and Mesozoic
granitoids [10,24]. The Eastern Cordillera is separated from the Interandean Valley by the Peltetec
Fault, which is the southward continuation of the Silvia-Pijao Fault of Colombia [22,25]. The east
verging Cosanga Fault corresponds to the eastern limit of the Eastern Cordillera [24]. (5) The Oriente
Basin is a Late Cretaceous–Quaternary retroarc foreland basin that developed on the South American
plate margin in response to the weight of the adjacent Eastern Cordillera [26–28].
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2.1. The Western Cordillera

The Western Cordillera of Ecuador consists of oceanic mafic rocks interpreted to have accreted
to South America during the Late Cretaceous [2,19,29]. Sedimentary and volcano-sedimentary units
overlying the allochthonous basement have a complex structural organization (Figure 2) due to the
activity of NS striking faults [2,23]. The juxtaposition of turbidite successions and volcano-sedimentary
rocks of similar lithologies albeit contrasting depositional ages has complicated stratigraphic correlations
and tectonic reconstructions [2].

2.2. The Pallatanga Block and the Allochthonous Basement of Western Ecuador

The Pallatanga block corresponds to the allochthonous basement of the Western Cordillera of
Ecuador and includes sedimentary and volcanic formations, which can be grouped into: (1) Basement
rocks including basalts of the Pallatanga Formation and ultramafic rock of the San Juan complex (2)
Late Cretaceous submarine basaltic lavas and volcaniclastic rocks of the Rio Cala arc; (3) Volcanic and
subvolcanic rocks of the Tandapi unit of latest Maastrichtian to Paleocene age [2]; (4) Paleocene–Eocene
submarine deposits of the Angamarca Group [23]; and (5) Oligocene–Miocene subaerial volcanic
and volcaniclastic rocks of calc-alkaline affinity [2,18]. Oligocene–Miocene volcanism includes the
San Juan de Lachas Formation in northern Ecuador [18,30], and the Saraguro Formation in southern
Ecuador [31].

The Pallatanga Formation is the basement of the Western Cordillera and includes submarine
basaltic lavas and dolerites. The basalts display flat primitive mantle- and chondrite-normalized REE
patterns, very similar in chemical composition to basalts from the Caribbean Plateau [1,8], interpreted
to have formed in an intraoceanic setting. Oceanic plateaus have thicknesses that are usually more than
10 km, and can exceed 30 km [32], which renders them difficult to subduct due to excessive positive
buoyancy. Consequently, oceanic plateau fragments can be incorporated to the continental margin.

The San Juan ultramafic complex is exposed southwest of Quito and includes peridotites, dunites,
and layered gabbros. REE geochemistry and isotopic data suggest that the San Juan complex represents
the intrusive components of an oceanic plateau [2,33]. Radiometric ages obtained from gabbros of the
San Juan complex include a zircon U-Pb age of 87.1 ± 1.7 Ma [11], which is considered to be the most
accurate estimate of the crystallization age of the oceanic plateau basement of the Western Cordillera.

2.3. The Yunguilla Formation

The Yunguilla Formation [34], is exposed on the eastern flank of the Cordillera Occidental (Figure 2)
and lithologically includes relatively thin beds ranging from 10 to 20 cm in thickness, which display a
rhythmic stratification pattern of massive siltstones and fine-grained sandstones that alternate with
mudstones. The sandstones contain quartz and display Tbde turbidite subdivisions, interpreted as
intermediate to distal parts of a submarine fan [17]. Mapping of the Yunguilla Formation along the
Western Cordillera is sparse and is mostly based on lithological characteristics, therefore it can be
confused with Paleocene and Eocene turbidites of the Angamarca Group.

The presence of ammonites Phylloceras sp. and Exiteloceras sp. suggest a Late Campanian to
Early Maastrichtian age [9]. Heavy mineral assemblages in the Yunguilla Formation include zircon,
tourmaline, rutile, garnet and epidote with minor amounts of titanite, anatase and brookite, which
indicate significant input of granitic and metamorphic detritus, derived from the reworking of older
formations of the present-day Eastern Cordillera [2]. The Yunguilla Formation was deposited in a
north–south oriented forearc basin along the South American continental margin [2] and has a tectonic
contact with the underlying Pallatanga Formation [23].
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2.4. The Tandapi Unit

The Tandapi unit [5] includes a sequence of volcanic rocks, tuffs and conglomerates exposed along
the Alóag–Santo Domingo highway. Egüez [7] defined the Tandapi unit as a sequence of andesites and
volcanic breccias in transitional contact with the overlying red beds of the Silante Formation.

Lithologically, the Tandapi unit corresponds to andesites and breccias, which have a greenish-grey
stain, porphyritic texture and a fresh appearance [5]. The lavas are porphyritic andesites with plagioclase,
hornblende and pyroxene within a pilotaxic or hyalopilitic matrix, formed by microliths of plagioclase
and alteration minerals. Isotopic data obtained from andesites and basalts of the Tandapi unit in the
Alóag–Santo Domingo road indicate that the volcanic rocks erupted through isotopically juvenile
rocks [22,35].

Egüez [7] proposed a Paleocene to Eocene age for the Tandapi unit because it was considered to
overlie the Upper Cretaceous Pilaton Formation. Vallejo et al. [11] correlated the Tandapi unit with
igneous rocks in contact with red beds of the Silante Formation along the Nono–Tandayapa and
Calacalí–Nanegalito sections (Figure 4). These authors reported 40Ar/39Ar plateau ages of 58.1± 1.95 Ma
(groundmass), 61 ± 1.09 Ma (groundmass) and 63.96 ± 10.7 Ma (plagioclase), suggesting that the
volcanic rocks of the Tandapi unit were deposited during the late Maastrichtian to early Paleocene.

2.5. The Angamarca Group and the Pilalo Formation

The Angamarca Group is a basin fill sequence composed of siliciclastic sedimentary rocks that
include turbiditic sandstones, conglomerates and limestone intervals that were deposited from the
Paleocene to Oligocene [17]. From base to top the Angamarca Group is subdivided into the Pilalo,
Saquisilí, Apagua, Unacota and Rumi Cruz formations [17,22].

The Pilalo Formation was defined by Egüez and Bourgeois [36] as “Volcánicos Pilalo”. It contains
coarse-grained turbiditic sandstones, black shales, siltstones, reworked tuffs and matrix supported
breccias with andesitic fragments. Egüez and Bourgeois [36] reported a lower member of the Pilalo
Formation that includes volcanic rocks with green and red detritus, and intercalated lavas, whereas the
upper part includes calcareous siltstones. The Pilalo Formation is overlain by Eocene limestones of the
Unacota Fm., which is interpreted as a concordant contact [7,22]. Vallejo [22] reported the presence
of the Pilalo Formation to the northwest of Quito along the Nono–Tandayapa road section. At this
locality, Savoyat et al. [37] described the foraminiferal fauna Epigonal Rzehakina within two samples
collected near the Alambí River, which indicates a Paleocene age [22]. Vallejo [22] reported a 40Ar/39Ar
plateau ages of 34.81 ± 1.35 Ma from an andesitic dyke that crosscuts marine sedimentary rocks of
the Pilalo Formation, and 65.68 ± 4.36 Ma (groundmass) from lavas at the top of the Pilalo Formation
along the Nono–Tandayapa road section (Figure 2).

The Saquisilí Formation includes dark grey micaceous sandstones, siltstones and some calcareous
strata [9,17] that were deposited as turbidites. The Saquisilí Formation is limited by faults to the
East and West [17] and rests discordantly on pelagic chert of the Campanian-Maastrichtian Yunguilla
Formation. Hughes and Bermudez [17] proposed an early to middle Paleocene age based on the
presence of foraminifera microfossils collected close to the type locality.

The Apagua Formation overlies the Saquisili Formation consists of medium-grained sandstones,
siltstones and shales forming turbiditic beds. The sandstones contain quartz, mafic minerals, lithic
fragments and feldspar [2,22]. Foraminiferal fauna from this unit indicate a middle Paleocene to middle
Eocene age [17].

The Rumi Cruz unit is the youngest part of the Angamarca Group and includes quartz-rich
sandstones with cross-stratification, red mudstones and massive conglomerates, that were probably
deposited in a fan delta system [17]. The lithofacies association suggest that the Angamarca Group
represents an upward-shallowing progradational succession that records a shift from a submarine fan
to fan delta environment [2,22].
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2.6. The Oligocene to Miocene San Juan De Lachas Continental Arc

The San Juan de Lachas Formation integrates matrix supported breccias with intercalations of
andesitic lavas and volcanoclastic deposits. It unconformably overlies the volcanoclastic rocks of the
Late Cretaceous Pilatón Formation [18] and is exposed in the northern part of the Western Cordillera
(Figure 2). The San Juan de Lachas Formation was extensively analysed by Van Thournout [38] who
reported a K-Ar age (hornblende) of 32.6 Ma from an andesitic dike that crosscuts a sequence of
lava and agglomerates of similar composition. Boland [18] reported two K-Ar ages (hornblende) of
19.8 ± 3 Ma and 36.3 ± 2 Ma of andesites rich in hornblende and plagioclase. Samples collected in the
Guayllabamba River yield zircon fission track ages of 23.5 ± 1.5 Ma and 24.5 ± 3.1 Ma [18]. Vallejo [22]
obtained an 40Ar/39Ar plateau age (hornblende) of 32.9 ± 1.2 Ma, from an andesite collected east of
the towns of Jijón and Caamaño. Geochemical analysis of the andesitic lavas shows that they are
calc-alkaline in composition, and hence probably erupted in a continental arc setting [18,22].

3. The Silante Formation and Its Stratigraphic Problem

The Silante Formation is a continental sedimentary sequence, which includes volcanic-rich
sandstones, conglomerates and red mudstones [14]. The Silante Formation is exposed along the
Western Cordillera of Ecuador, from the Alóag–Santo Domingo road northward to the Colombian
border [2]. Most of the sedimentary rocks of the Silante Formation have experienced very little transport,
as revealed by high angularity and poor sorting of crystal grains and the clasts [2,17]. The volcanic-rich
sandstones have a purple color and contain crystalline fragments of plagioclase, pyroxene, hornblende,
zircon, quartz and abundant lithic fragments. Clasts in conglomerates of the Silante Formation are
lithologically similar to the Yunguilla, Rio Cala and Pallatanga formations, suggesting reworking
of older sedimentary and volcanic rocks [2]. A three-meter sequence of yellow laminated shales,
with the presence of well-preserved angiosperm leaves are reported by Boland et al. [18] in the
Calacalí–Nanegalito section. The laminated shales were deposited in a terrestrial environment [18].

There are significant differences in the stratigraphic position, age and depositional environment
attributed by different authors (Figure 3). Savoyat et al. [37] proposed a Paleocene age for the Silante
Formation based on the presence of foraminifera Gaudryina aff. laevigata Franke, Globotruncana sp. and
Cibicides sp., which were found in the Silante Formation and were presumably reworked from the
Paleocene Pilalo Formation. Henderson [6] indicated the presence of lavas at the top of the Silante
Formation and mentions that base and top criteria would indicate that the Silante Formation is covered
by the Yunguilla Formation along the Nono–Tandayapa road section (Figure 3). However, the base and
top criteria are not clearly described or shown with photographic or stratigraphic evidence. Kehrer and
Van der Kaaden [5] proposed a Paleocene to early Eocene age for the Silante Formation and correlated
it with Paleocene molasse type deposits of the Tiyuyacu Formation of eastern Ecuador.

Egüez [7] proposed that Silante Formation is transitionally overlying the Tandapi Unit along the
Quito–Santo Domingo road, and was contemporary with submarine deposits of the Eocene Apagua
Formation. This author also observed the presence of reworked detrital elements in the conglomerates
of the Silante Formation, whose lithologies correspond to calc-alkaline lavas similar to the Tandapi unit.
The transitional contact between the Tandapi unit and the Silante Formation proposed by Egüez [7]
was questioned by Van Thournout [38], who reinterpreted the sequence of lavas and breccias of the
Silante Formation and suggest they were deposited during the Oligocene.

The Silante Formation was redefined by Hughes and Bermudez [17] and Boland et al. [18]. These
authors included within the Silante Formation andesites, dacites and volcanic breccia intercalations
of calc-alkaline affinity, together with the continental red-bed sequence. The non-tectonic contact
between the Silante Formation and the mapped Yunguilla Formation along the Calacalí–Nanegalito
road was interpreted as a depositional hiatus (paraconformity), suggesting the Silante Formation is
post-Maastrichtian (Figure 3).
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Figure 3. Stratigraphic position of the Silante Formation according to different authors [5–7,18,22].
Time scale from Cohen et al. [39].

Wallrabe-Adams [16] reported a K-Ar age of 52.7 ± 2.9 Ma (whole rock) from a lava collected
along the Nono–Tandayapa road. The rock is interpreted to represent the top of the Silante Formation
by the author. Hughes and Bermudez [17] assigned a depositional age of 16.8 ± 0.8 Ma, in which is a
zircon fission track date obtained from sedimentary rocks collected along the Calacalí–Nanegalito road.

Vallejo [22] obtained 40Ar/39Ar plateau ages (groundmass and plagioclase) from igneous rocks
mapped by Boland et al. [18] within the Silante Formation. Based on the ~65.68 to 58.1 Ma obtained from
these rocks, this author proposed that the Silante Formation was deposited during the Maastrichtian to
early Paleocene times (Figure 3).

4. Methodology

Fifteen sandstone samples were used for the study of heavy minerals (Table 1). The sandstones
were treated following standard laboratory procedures, which included crushing, sieving and density
separation [40,41] using sodium politungstate (density= 2.89 g/cm3). The heavy minerals were mounted
on glass slides using piperine (refractive index = 1.68).

95



M
in

er
al

s
2

0
2

0
,1

0,
92

9

T
a

b
le

1
.

Sa
m

p
le

lo
ca

ti
on

s,
an

d
an

al
ys

is
p

er
fo

rm
ed

in
th

is
st

u
d

y.

S
a
m

p
le

L
a
ti

tu
d

e
L

o
n

g
it

u
d

e
A

re
a

F
o

rm
a
ti

o
n

L
it

h
o

lo
g

y
A

n
a
ly

si
s

H
e
a
v

y
M

in
e
ra

ls
C

li
n

o
p

y
ro

x
e
n

e
G

e
o

ch
e
m

is
tr

y
Q

F
L

A
n

a
ly

si
s

U
-P

b
D

a
ti

n
g

00
R

S2
6

0◦
25
′ 6

.9
4”

S
78
◦ 4

7′
27

.7
7”

W
A

lo
ag

–S
an

to
D

om
in

go
ro

ad
Si

la
nt

e
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

JL
17

00
3

0◦
26
′ 2

5.
22

”
S

78
◦ 4

4′
8.

25
”

W
A

lo
ag

–S
an

to
D

om
in

go
ro

ad
Si

la
nt

e
qu

ar
tz

d
io

ri
te

X

JL
17

00
2

0◦
26
′ 1

8.
81

”
S

78
◦ 4

2′
24

.1
9”

W
A

lo
ag

–S
an

to
D

om
in

go
ro

ad
Si

la
nt

e
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

01
SA

00
5

0◦
26
′ 1

9.
14

”
S

78
◦ 4

2′
23

.4
8”

W
A

lo
ag

–S
an

to
D

om
in

go
ro

ad
Si

la
nt

e
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

X

01
SA

00
8

0◦
26
′ 1

9.
14

”
S

78
◦ 4

2′
23

.4
8”

W
A

lo
ag

–S
an

to
D

om
in

go
ro

ad
Si

la
nt

e
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

02
C

V
13

5
0◦

26
′ 5

0.
16

”
S

78
◦ 4

2′
45

.5
8”

W
A

lo
ag

–S
an

to
D

om
in

go
ro

ad
Si

la
nt

e
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

00
R

S3
4

0◦
0′

22
.8

4”
N

78
◦ 3

4′
48

.2
9”

W
C

al
ac

al
i–

N
an

eg
al

it
o

ro
ad

P
ila

lo
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

X

00
R

S3
5

0◦
0′

22
.5

2”
N

78
◦ 3

5′
27

.4
4”

W
C

al
ac

al
i–

N
an

eg
al

it
o

ro
ad

P
ila

lo
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

02
C

V
56

0◦
1′

14
.7

2”
N

78
◦ 3

6′
44

.3
7”

W
C

al
ac

al
i–

N
an

eg
al

it
o

ro
ad

Si
la

nt
e

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X

04
SA

04
9

0◦
1′

19
.5

6”
N

78
◦ 3

6′
52

.7
1”

W
C

al
ac

al
i–

N
an

eg
al

it
o

ro
ad

Si
la

nt
e

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X
X

02
SA

02
8

0◦
1′

28
.4

5”
N

78
◦ 3

9′
1.

23
”

W
C

al
ac

al
i–

N
an

eg
al

it
o

ro
ad

Si
la

nt
e

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X

04
SA

04
2

0◦
0′

24
.2

1”
N

78
◦ 3

5′
28

.5
4”

W
C

al
ac

al
i–

N
an

eg
al

it
o

ro
ad

P
ila

lo
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

04
SA

05
3

0◦
0′

14
.1

6”
N

78
◦ 3

5′
22

.0
4”

W
C

al
ac

al
i–

N
an

eg
al

it
o

ro
ad

P
ila

lo
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

X

04
SA

03
4

0◦
2′

0.
05

”
N

78
◦ 4

0′
51

.3
6”

W
C

al
ac

al
i–

N
an

eg
al

it
o

ro
ad

Si
la

nt
e

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X

04
SA

05
1

0◦
1′

29
.3

9”
N

78
◦ 3

7′
5.

60
”

W
C

al
ac

al
i–

N
an

eg
al

it
o

ro
ad

Si
la

nt
e

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X

00
R

S4
2◦

39
′ 3

1.
22

”
S

79
◦ 2

6′
47

.3
0”

W
C

u
en

ca
–L

a
Tr

on
ca

lr
oa

d
Yu

ng
u

ill
a

ar
ko

se
sa

nd
st

on
e

X

00
R

S2
2◦

38
′ 5

9.
85

”
S

79
◦ 2

6′
55

.0
5”

W
C

u
en

ca
–L

a
Tr

on
ca

lr
oa

d
Yu

ng
u

ill
a

ar
ko

se
sa

nd
st

on
e

X

W
W

33
11

3◦
5′

7.
77

”
S

79
◦ 0
′ 2

9.
94

”
W

C
u

m
be

Yu
ng

u
ill

a
ar

ko
se

sa
nd

st
on

e
X

03
C

V
17

2
0◦

1′
49

.6
9”

S
78
◦ 3

3′
35

.4
7”

W
N

on
o

P
ila

lo
an

d
es

it
e

X

02
SA

02
7

0◦
1′

55
.2

0”
S

78
◦ 3

8′
30

.8
4”

W
N

on
o–

Ta
nd

ay
ap

a
ro

ad
Si

la
nt

e
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

X

05
SA

07
5

0◦
1′

25
.0

3”
S

78
◦ 3

8′
43

.4
2”

W
N

on
o–

Ta
nd

ay
ap

a
ro

ad
Si

la
nt

e
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

96



M
in

er
al

s
2

0
2

0
,1

0,
92

9

T
a

b
le

1
.

C
on

t.

S
a
m

p
le

L
a
ti

tu
d

e
L

o
n

g
it

u
d

e
A

re
a

F
o

rm
a
ti

o
n

L
it

h
o

lo
g

y
A

n
a
ly

si
s

H
e
a
v

y
M

in
e
ra

ls
C

li
n

o
p

y
ro

x
e
n

e
G

e
o

ch
e
m

is
tr

y
Q

F
L

A
n

a
ly

si
s

U
-P

b
D

a
ti

n
g

02
SA

01
6

0◦
3′

30
.1

2”
S

78
◦ 3

6′
41

.5
8”

W
N

on
o–

Ta
nd

ay
ap

a
ro

ad
P

ila
lo

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X

02
SA

01
9

0◦
3′

22
.0

2”
S

78
◦ 3

6′
56

.8
4”

W
N

on
o–

Ta
nd

ay
ap

a
ro

ad
P

ila
lo

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X

05
SA

06
6

0◦
3′

21
.6

9”
S

78
◦ 3

6′
55

.4
8”

W
N

on
o–

Ta
nd

ay
ap

a
ro

ad
P

ila
lo

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X

05
SA

07
2

0◦
1′

54
.9

1”
S

78
◦ 3

8′
30

.5
5”

W
N

on
o–

Ta
nd

ay
ap

a
ro

ad
Si

la
nt

e
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

05
SA

07
4

0◦
1′

25
.0

3”
S

78
◦ 3

8′
43

.4
2”

W
N

on
o–

Ta
nd

ay
ap

a
ro

ad
Si

la
nt

e
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

02
C

V
99

0◦
16
′ 3

7.
91

”
N

78
◦ 2

7′
40

.7
6”

W
O

ta
va

lo
–S

el
va

A
le

gr
e

ro
ad

Si
la

nt
e

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X
X

C
V

38
0

0◦
17
′ 6

.9
3”

N
78
◦ 2

9′
58

.3
2”

W
O

ta
va

lo
–S

el
va

A
le

gr
e

ro
ad

Si
la

nt
e

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X

02
SA

02
9

0◦
16
′ 4

2.
49

”
S

78
◦ 4

2′
31

.8
6”

W
Q

u
it

o–
C

hi
ri

bo
ga

ro
ad

Si
la

nt
e

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X
X

06
SA

08
1

0◦
16
′ 4

3.
63

”
S

78
◦ 4

2′
59

.2
8”

W
Q

u
it

o–
C

hi
ri

bo
ga

ro
ad

Si
la

nt
e

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X
X

02
C

V
33

0◦
17
′ 5

1.
60

”
S

78
◦ 3

8′
56

.4
6”

W
Q

u
it

o–
C

hi
ri

bo
ga

ro
ad

P
ila

lo
vo

lc
an

ic
la

st
ic

sa
nd

st
on

e
X

06
SA

07
8

0◦
16
′ 4

2.
49

”
S

78
◦ 4

2′
31

.8
6”

W
Q

u
it

o–
C

hi
ri

bo
ga

ro
ad

Si
la

nt
e

vo
lc

an
ic

la
st

ic
sa

nd
st

on
e

X

X
sy

m
bo

li
n

th
e

ta
bl

e
co

rr
es

p
on

d
s

to
th

e
an

al
ys

is
p

er
fo

rm
ed

to
ea

ch
sa

m
p

le
.

97



Minerals 2020, 10, 929

Heavy mineral identification was made based on the optical properties of individual minerals,
using a transmitted light Zeiss Primotech microscope. The mineral proportions were estimated by
counting 300 detrital grains, following the procedure described by Mange and Maurer [40].

The provenance analysis of this study included the petrographic modal analysis of 14 sandstones,
determining the relative proportions of detrital grains, which can be used to estimate the tectonics and
paleogeography of the source regions [42,43]. The detrital components have been divided into feldspar
(F), total quartz (Q), polycrystalline quartz (Qp), monocrystalline quartz (Qm), total lithic (Lt = L +Qp),
lithic fragments (L), metamorphic lithic fragments (Lm), sedimentary lithic fragments (Ls), and volcanic
lithic fragments (Lv). A total of 300 points were counted for each thin section using the Gazzi-Dickinson
point-counting method [44,45]. The detrital components were plotted in QmFLt, QFL and LvLmLs
ternary discrimination diagrams proposed by Dickinson et al. [46] and Dickinson [43]. Analyses were
performed at the Petrology Laboratory of the Escuela Politécnica Nacional, Quito, Ecuador.

Single grain clinopyroxenes geochemistry was used to define the volcanic affinity of the
volcaniclastic rocks of the Pilalo and Silante formations. Clinopyroxene grains were separated from
the heavy mineral concentrates using a Frantz magnetic separator. Individual grains were mounted
in an epoxy capsule and analyzed for major oxides and REE at ETH-Zürich [22]. Rock samples were
mechanically and chemically disaggregated and processed according to standard heavy mineral
separation techniques [28,40,41]. U-Pb ages of detrital zircons were obtained from four sandstones of
the Silante Formation and from an intrusion that crosscuts this formation. Zircons were picked up
from the non-magnetic fraction of the heavy minerals. Each sample was analyzed in a multi-selector
laser-coupled plasma-mass spectrometer (LA-ICP-MS) at the University College London (UCL).
All ages were obtained using a New Wave 193 nm aperture-imaged frequency-quintupled laser ablation
system coupled to an Agilent 7700 quadrupole-based ICP-MS (Agilent Technologies, Santa Clara,
CA, USA). Operating condition for zircon dating uses an energy density of ca 2.5 J/cm2 and a repetition
rate of 10 Hz. Repeated measurements of external zircon standard Plešovice [47]) and NIST 612
silicate glass [48] are used to correct for instrumental mass bias and depth-dependent inter-element
fractionation of Pb, Th and U. 91500 zircon [49] was used as secondary age standard. Data were
processed using GLITTER data reduction software (v. 4.4, Gemoc, Sydney, Australia). Final data
processing, statistical processing and graphs development were done using the software IsoplotR
(v. 3.3, UCL, London, UK) online mode [50].

Maximum depositional ages for the Silante Formation were calculated using the minimum
age model of Galbraith [51], included with the radial plot functionality of RadialPlotter [52] and
IsoplotR [50]. The radial plot is a graphical device that was also invented by Galbraith [53] with the
aim to simultaneously visualize measurements and their uncertainties. The minimum age calculation
algorithm of Galbraith [51] converges to a specific value with increasing sample size.

5. Results

5.1. Stratigraphy of the Nono–Tandayapa and Calacalí–Nanegalito Road Sections

The Nono–Tandayapa and Calacalí–Nanegalito road sections include almost continuous exposures
of the Silante Formation and underlying series. In these sections Boland et al. [18] assumed a non-tectonic
contact between the Yunguilla and Silante formations. This contact was interpreted as a possible
depositional hiatus (discordance). However, biostratigraphic studies based on foraminiferal fauna
collected in the Alambi River by Savoyat et al. [36] yielded a Paleocene age (Danian) for sedimentary
rocks mapped as the Yunguilla Formation. Therefore, Vallejo [22] discarded the presence of the
Yunguilla Formation and proposed that the Paleocene rocks exposed in this area are correlatable with
the Paleocene Pilalo Formation rather than the Yunguilla Formation. In this study, we follow the
stratigraphy proposed by Vallejo [22] and present new stratigraphic and sedimentological data from
the Nono–Tandayapa and Calacalí–Nanegalito road sections (Figure 4).
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Figure 4. (a) Geological map of the area of study, and (b) schematic cross sections of the Nono–Tandayapa
road section.

The western series along the Nono–Tandayapa road section corresponds to the Silante Formation
(Figure 4), while the central series is an igneous sequence (Tandapi unit) that intrudes a submarine
sedimentary sequence of ~1000 m in thickness, ascribed to the Pilalo Formation. In the analyzed
road sections, there is a tectonic contact between the Silante Formation and the Tandapi unit, which is
located between UTM 766182/2365 and 766106/2020 on the Calacalí–Nanegalito road (Figure 4). In the
Nono–Tandayapa section the tectonic contact between the Pilalo Formation and the Silante Formation
is located at los Cedros Creek (UTM 763032/9995645).

The Pilalo Formation is a coarsening-upwards submarine succession exposed at the eastern border
of the studied section (Figure 5). The sedimentary rocks are folded and intercalated with lavas at
the top. The intercalated andesitic to basaltic lavas yield a 39Ar/40Ar plateau age (groundmass) of
65.68 ± 4.36 Ma [2] that is coeval (within uncertainty) with the host sedimentary rocks.
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Figure 5. Composite stratigraphic column of the Nono–Tandayapa road section with lithofacies
described for the Pilalo and Silante formations (lithofacies codes are discussed in text). Radiometric
ages obtained by Vallejo [22] and this study are located with the proposed composite stratigraphic
column of the study area.

The rocks at the top of the sedimentary sequence of the Pilalo Formation have a reddish color
due to oxidation, and thus they were previously mapped as the Silante Formation [18]. However,
they resemble turbidite beds falling out from highly concentrated flows with Bouma Tade subdivisions.

Porphyry type high level intrusions mapped as part of the Tandapi unit crosscut the Pilalo
Formation close to the contact with the Silante Formation (Figure 4). Vallejo [22] reported 39Ar/40Ar
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plateau ages of two samples collected in the Calacalí–Nanegalito road (Figure 2) that yielded ages of
61 ± 1.09 Ma (groundmass) and 63.96 ± 10.74 Ma (plagioclase).

Our structural, biostratigraphic and radiometric ages obtained along the Calacalí–Nanegalito and
Nono–Tandayapa sections suggest that the previous stratigraphic contact between the Silante and
Yunguilla Formation, as proposed by Boland [18], does not exist. Sedimentary rocks of the Yunguilla
Formation were not identified in the present study area. Instead, the Pilalo Formation together with
the high-level intrusion of the coeval Tandapi unit were thrusted onto the Silante Formation.

5.2. Sedimentology of the Pilalo Formation

The Pilalo Formation exposed along the Calacalí–Nanegalito and Nono–Tandayapa road sections
is a thick sequence composed of sedimentary rocks deposited in a submarine environment. The bed-sets
show an upward-coarsening and thickening trend, suggesting a progradational sequence stratigraphic
pattern (Figure 5). In the Pilalo Formation, we identified four lithofacies, which are described
in the following section. The acronym indicates the dominant lithology and the most important
sedimentological features (Table 2).

Table 2. Lithofacies of the Pilalo and Silante formations.

Lithofacies Description Interpretation

Pilalo Formation

SMI
Intercalations of dark grey laminated

siltstones and mudstones

Silty-muddy turbidites (Bouma Tde subdivisions)
generated by low-density turbidity currents in the

distal part of a submarine fan

MS
Massive sandstones with load cast, and

volcanic clasts

Sandy turbidites generated by high-density turbidity
current infilling channels in the middle part of a

submarine fan

DMS
Massive sandstones with floating clasts

of volcanic origin
Sandy debrites deposited by plastic flows in channels

of the middle part of a submarine fan

MSC
Matrix-supported conglomerates with

volcanic clasts

Conglomerates generated by debris flows. The
common association with turbidites and sandy

debrites suggests the upper part of a submarine fan

Silante Formation

MM
Reddish unstructured mudstones and

siltstones with poorly developed
parallel lamination.

Reddish color in mudstones suggest floodplain
deposits deposited under oxidizing conditions

FMS
Reddish siltstones and fine-grained

sandstones
Distal facies of alluvial fan margins in semi-arid

continental environments

MSS Structureless fine-grained sandstones
Sandy lithofacies deposited by a hyper-concentrated

flow in the middle part of an alluvial fan

SPL
Reddish to yellowish sandstones with

parallel lamination
Channels or sheet flood deposits deposited in the

middle part of an alluvial fan

GMM1
Massive matrix-supported

conglomerates
Deposits produced by debris flows in the upper part

of an alluvial fan

GCM1 Massive clast-supported conglomerates
Deposits formed by debris flows in the upper part of

an alluvial fan system

GMM2
Matrix-supported conglomerates,

poorly sorted
Proximal facies of an alluvial fan depositional system,

close to the alluvial fan head

5.2.1. Lithofacies SMI: Siltstones with Mudstone Intercalations

The lithofacies consists of a sequence of rhythmically bedded dark grey mudstone with siltstones
(Figure 6a). The siltstones show parallel lamination and the beds range in thickness from 10 to 20 cm.
Sporadic calcareous cement is also observed in this lithofacies. Some of these beds are rich in marine
microfossil fauna, which are mostly foraminifera. This lithofacies dominates the lower part of the
succession (Figure 5).
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Figure 6. Photographs of representative lithofacies of the Pilalo Formation. (a) Lithofacies SMI, siltstone
with mud intercalations; (b) lithofacies MS, structureless sandstones; (c) lithofacies DMS, massive
sandstone with floating clasts; (d) lithofacies MSC, matrix supported conglomerates.

Parallel lamination could be a result of two main processes: (1) decelerating turbidity currents [54,55],
or (2) bottom-current reworking [56,57]. The presence of parallel laminated siltstones with mudstone
intercalations suggests silty-muddy turbidites (Bouma Tde subdivisions) that were generated by
low-density turbidity currents in the distal part of a submarine fan [57].

5.2.2. Lithofacies MS: Massive Sandstones with Load Cast

Lithofacies MS consists of medium to coarse-grained sandstones composed of plagioclase,
pyroxene and amphibole, which are accompanied by a few dark-colored siltstones, and green
mudstone intrabasinal lithic fragments (Figure 6b). The bed thickness of this lithofacies varies between
0.5 to 1 m. The base of the sandstone beds displays load cast, and ball-and-pillow structures.

The presence of load cast and ball-and-pillow structures suggest rapid deposition of water-rich
sediment by high-density turbidity currents (Bouma Ta subdivisions). Presumably, they represent fill
deposits in channels in a middle fan environment [55,57]. The presence of plagioclase, pyroxene and
amphibole suggests a volcanic source. The green color of the mudstones is a result of alteration of
volcanic glass to chlorite.
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5.2.3. Lithofacies DMS: Massive Sandstones with Floating Clasts

This lithofacies is characterized by medium to coarse-grained sandstone beds that are 0.3 to 0.8 m
thick, with a massive structure. The sandstones are green and include plagioclase, pyroxene, chlorite
and epidote crystals. It is common to find angular and sub-rounded volcanic and sedimentary floating
clasts. The main characteristic of this lithofacies are intrabasinal floating clasts occurring at the top of
the beds (Figure 6c).

Massive sands with floating clasts are either deposited by (1) high-density turbidity currents [58],
or (2) sandy debris flows where the transport mechanism is a plastic flow and deposition is caused
by mass freezing of sediments [59]. The abrupt freezing of the sediments impedes settling of the
clasts towards the bottom of the stratum. Floating clasts in sandstones interspersed with siltstones
and mudstones can be deposited by plastic flows defined as sandy debris flows [60]. This lithofacies
represents infilling deposits of channels in a middle fan environment. The presence of plagioclase and
pyroxene suggests a volcanic source. Epidote and chlorite formed via the alteration of mafic minerals
and volcanic glass, respectively.

5.2.4. Lithofacies MSC: Matrix-Supported Conglomerates

Lithofacies MSC is characterized by the presence of green, matrix-supported conglomerates with
subangular, partially oxidized andesitic clasts, with clast sizes that vary from pebbles to granules,
and bed thickness that span between 1 to 2 m. The base of these deposits is erosive, forming a scour
surface on top of the underlying beds (Figure 6d). The matrix of the conglomerates is composed of
coarse-grained sandstone carrying plagioclase, amphibole, chlorite and epidote crystals.

The angularity of the clasts and the poorly sorted nature of the deposit reveals that they have
not been transported over long distances. The structureless nature, together with the immaturity
of clasts suggest a deposit generated by debris flows [61]. These flows are erosive and channelized,
forming scoured lower contacts, and settled very rapidly, resulting in massive and ungraded beds [62].
The association with sandy debrites and turbidite beds (lithofacies DMS and MS) suggests that MSC
lithofacies was formed within a submarine upper fan environment [60]. The mineralogy of the matrix
and the clast lithology suggest a volcanic source.

5.3. Sedimentology of the Silante Formation

Alluvial fan sedimentary rocks of the Silante Formation are exposed along the Nono–Tandayapa
and Calacalí–Nanegalito sections. We recognized 7 lithofacies in the Silante Formation, which has a
thickness of approximately 900 m in this region (Figure 5).

5.3.1. Lithofacies MM: Mudstones

This lithofacies includes reddish couples of mudstones and siltstones (Figure 7a) with an
approximate thickness that range from 1 to 3 cm. The mudstones are unstructured, and the siltstones
include poorly developed parallel lamination. The beds have a tabular geometry and sharp basal
contacts. This lithofacies occurs intercalated with the FMS lithofacies (see below).

The reddish color of the mudstones suggests subaerial deposition in a terrestrial environment
under oxidizing conditions. Parallel lamination in the siltstones suggests they are floodplain deposits,
which can develop in an inactive part of the alluvial fan system that occasionally receives sediment
during flood events [63].
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Figure 7. Photographs of representative lithofacies of the Silante Formation. (a) Lithofacies MM,
mudstones and siltstone;s (b) lithofacies FMS, structureless sandstones; (c) lithofacies MSS, massive
sandstone; (d) lithofacies SH, matrix supported conglomerates; (e) lithofacies GMM1, massive matrix
supported conglomerates; (f) lithofacies GCM1, massive clast supported conglomerates; (g) lithofacies
GMM2, matrix supported conglomerates; (h) representative outcrop of the Silante Formation and the
spatial distribution of the lithofacies.

5.3.2. Lithofacies FMS: Massive Siltstones

The FMS lithofacies consists of reddish, unstructured beds that vary in grain size from silt to
fine-grained sandstones (Figure 7b), with bed thicknesses that range from 0.3 to 0.8 m. Individual beds
are tabular and associated with lithofacies MM.

The reddish siltstones and very fine-grained sandstones may represent distal facies of an alluvial
fan in a semi-arid continental environment [64–66]. The presence of thin beds of fine-grained lithofacies
suggests that they are distal facies of abandoned progradational lobes [64]. The association of silt and
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very fine sandstones (FMS) suggests deposition within quiet segments of alluvial fans, with sediments
supplied during occasional flood events [67,68].

5.3.3. Lithofacies MSS: Massive Sandstones

The MSS lithofacies contains poorly sorted, ungraded fine sandstone beds with thicknesses up
to 1 m and a tabular geometry (Figure 7c). The most abundant minerals within the sandstones are
plagioclase, magnetite and mafic minerals, including pyroxene and amphibole. This lithofacies is
usually associated with the FMS and MM lithofacies.

The unstructured sandstones were probably deposited from hyper-concentrated flows that were
characterized by very high sediment to water ratios [69]. The lack of internal sedimentary structure in
these poorly sorted sandstones suggest an abrupt deceleration and quick deposition of sediment with
insufficient time to create bedforms [64,70]. This lithofacies commonly occurs within middle alluvial
fans proximal to the mountain front, where the flow becomes unconfined, dewaters, and rapidly
settles [71].

5.3.4. Lithofacies SPL: Sandstones with Parallel Lamination

The lithofacies SPL consists of reddish to yellow stained sandstones (Figure 7d), with grain sizes
that vary from coarse to very coarse (0.5 to 2 mm). The sandstones have parallel lamination and are
composed of plagioclase, pyroxenes, amphiboles and magnetite crystals.

The reddish color is considered to be a consequence of deposition in an oxidizing environment [72,73].
The parallel lamination of the fine to coarse-grained sandstones indicates a common transition to an
upper-flow regime and deposition of planar bed flows in channels or sheet flood deposits [64,68].
The SPL Lithofacies was deposited in a middle alluvial fan area [68,70].

5.3.5. Lithofacies GMM1: Massive Matrix Supported Conglomerates

Lithofacies GMM1 comprises matrix supported conglomerates with thicknesses varying between
0.10 to 0.15 m. This lithofacies shows reddish and greyish colors with clast sizes ranging from granules to
pebbles (Figure 7e). The matrix supported fabric is mainly composed of medium to coarse sand, which
is rich in plagioclase and ferromagnesian minerals. Internally, the matrix-supported conglomerates are
unstructured, while the andesitic clasts are sub-rounded.

Matrix supported conglomerates are generally produced by debris flows [74]. Due to the difficulty
of transporting gravel clasts, these particles are concentrated at the base of a turbulent flow, forming a
dense inertial layer. Lithofacies GMM1 was deposited in a subaerial environment within the upper
part of an alluvial fan [68,73].

5.3.6. Lithofacies GCM1: Massive Clast Supported Conglomerates

The lithofacies GCM1 includes reddish, clast-supported conglomerate beds with thicknesses
ranging from 0.6 to 2 m. The layers show moderate sorting, sharp bases and rounded clasts that range
in size from granule to pebbles (2 to 32 mm), with high sphericity. The matrix is composed of fine to
very fine particles, without a preferential orientation (Figure 8f). The clasts are dominantly andesites,
with minor diorites.
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Figure 8. Depositional models for the Pilalo and Silante formations. (a) Submarine fan depositional
model of the Pilalo Formation, (b) debris flow dominated alluvial fan model of the Silante Formation.

Clast supported conglomerates within alluvial fans are formed when clast-rich debris flows
are deposited onto overlying beds that have a high permeability. The fine-grained fraction of the
debris flow percolates downwards through the pore spaces of the underlying strata, producing a
clast-supported conglomerate [68]. The GCM1 lithofacies infills channels in the upper part of an
alluvial fan system [68].

5.3.7. Lithofacies GMM2: Matrix Supported Conglomerates

Lithofacies GMM2 includes poorly sorted dark green conglomerates with clast sizes that vary
from granules to blocks, with edges varying from angular to sub-rounded. Most of the larger clasts
with sub-rounded to subangular edges are andesites and basaltic andesites (Figure 7g). The smaller
clasts with angular edges are similar to lithofacies FMS and MM. The matrix of this lithofacies is
composed of fairly well-preserved crystals, with sizes that range from coarse to very coarse sand (0.5 to
2 mm), which is rich in plagioclase, pyroxenes and amphiboles. Inverse grading was observed at the
base of the beds.

Poorly sorted and structureless conglomerates with angular clasts may represent the proximal
facies of an alluvial fan depositional system [68,75,76], close to the alluvial fan head.

5.4. Depositional Environment of the Pilalo and Silante Formations

The lithofacies association of the Pilalo Formation suggests that the sediments were deposited
within a submarine fan (Figure 8a). The distal fan deposits are intercalated with hemipelagic sediments,
which corresponds to the transition of a distal depositional lobe to the basin plain [54–57]. The middle
fan includes sandy channel deposits [68]. The coarse-grained sediments were deposited by debris flows
in channels, which probably formed within the upper part of the fan [61,68]. In addition, the presence
of andesitic clasts and abundant mafic minerals suggests a nearby volcanic arc.

Based on the observed lithofacies of the Silante Formation, we suggest that the sedimentary rocks
formed in a debris flow dominated alluvial fan (Figure 8b). The upper fan consists of conglomeratic
lithofacies deposited by debris flow process [67,68,74–76]. These deposits are mainly exposed in the
westernmost part of the Silante Formation. In the Calacalí–Nanegalito section, these coarse deposits
occur in greater proportions in the lower part of the stratigraphic column (Figure 5). The middle
fan includes reddish sandy channels or sheet flood sediments that were deposited by water-laid
processes [64,68–70,72]. The distal alluvial fan and flood plain deposits are represented by interfingering
of siltstones and mudstones [65,68,73,75]. These fine-grained deposits are commonly observed in the
eastern part of the Calacalí-Nanegalito and Nono-Tandayapa sections (Figure 4).
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5.5. Provenance Analysis of the Pilalo and Silante Formations

Provenance analyses of clastic deposits of the Pilalo and Silante formations is used to refine the
stratigraphic and tectonic interpretation by deciphering shifts in sediment source and source area
location. Provenance shifts are associated with the evolution of the sedimentary basins, and hence the
tectonic setting [2].

Here, we combine heavy mineral analyses, single grain geochemistry of clinopyroxenes and
U-Pb detrital zircon dates. The U-Pb ages of detrital zircons can be used to estimate the maximum
depositional age (MDA). Given that these units were deposited proximal to a magmatic arc, it is
reasonable to suggest that the zircon U-Pb dates are close approximations of the time of deposition of
the sedimentary rocks [77,78].

5.6. Heavy Mineral Data

The detrital assemblages of clastic sedimentary rocks reflect the mineralogical composition of
the source regions that fed the catchment basin and its depositional history [2,79–82]. In this study,
twelve sandstones of the Silante Formation and the underlying Pilalo Formation were selected for
heavy mineral analyses (Figure 9). For comparison, the heavy mineral assemblages of three samples
from the Campanian-Maastrichtian Yunguilla Formation are shown in Figure 9. Sample locations are
presented in Table 1.

 

 

Figure 9. Composite stratigraphic column of the Yunguilla, Pilalo and Silante formations and heavy
mineral frequencies (right). A clear change is observed in the composition of the Pilalo and Silante
formations, which were derived from volcanic sources, whereas Campanian–Maastrichtian sediments
of the Yunguilla Formation were shed from granitic and metamorphic sources that formed part of a
continental plate, and now constitute the Eastern Cordillera.
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All samples from the Pilalo Formation contain a high percentage of pyroxene (modal average of
26%), hornblende (average of 65%) and minerals of the epidote group (average ~4%). These samples
yield a null ZTR (zircon-tourmaline-rutile assemblages) index with the exception of rocks 02SA019 and
04SA053, which give a low ZTR index due to a higher percentage of zircons (~3%) and tourmaline.

Samples from the Silante Formation contain a high amount of pyroxene (~27%), hornblende
(~64%) and minerals of the epidote group (~3%). In general, samples of the Silante Formation have
a very low ZTR index, and no metamorphic accessory minerals have been found. Rocks 01SA005
and 02SA029 contain euhedral zircon crystals (~1%), which are interpreted to have a volcanic origin.
The high amounts of pyroxene, hornblende and apatite (~64%) suggests that the source area was
strongly dominated by intermediate volcanic rocks [40].

For the Yunguilla Formation, the heavy minerals assemblages of sample WW3311 host a significant
ZTR assemblage (82%), with minor amounts of brookite, anatase and titanite (~5%). Garnet and epidote
represent ~13%. The heavy mineral in sample 00RS2 include pyroxenes and brown hornblendes (50%)
that dominate over smaller amounts of garnet (42%) and zircon (6%). Sample 00RS4 of the Yunguilla
Formation contains abundant ZTR group minerals (55%), while pyroxene and hornblende account
for ~35%. The heavy minerals assemblages for the Yunguilla Formation suggest that sediments were
derived from the erosion of a mixed granitic, metamorphic, and volcanic source.

Overall, the heavy mineral assemblages (Figure 9) reveal a strong volcanic input into the Pilalo
and Silante formations, whereas the Yunguilla Formation was predominantly derived from the erosion
of granitic rocks and/or metamorphic rocks of the Eastern Cordillera.

5.7. Clinopyroxene Single Grain Geochemistry of the Pilalo and Silante Formations

The chemical composition of clinopyroxene is directly related to the chemistry of their host
lavas [81,82] and varies according to the magma type, and hence the tectonic setting [81–84].
Beccaluva et al. [84] proposed that the clinopyroxene compositional variability is mostly related
to differences in the bulk chemistry of the host magmas, and is only partially due to physical conditions
of crystallization, and magmatic fractionation.

We present major element compositions of clinopyroxenes from rocks of the Pilalo and the
Silante formations. Samples 00RS34 and 00RS35 of the Pilalo Formation were collected in the
Calacalí-Nanegalito road section, and andesite 03CV172 was collected to the north of the Nono locality
(Figure 4). Three reddish volcanoclastic sandstones of the Silante Formation were sampled along
the Alóag–Santo Domingo road (00RS26), the Otavalo–Selva Alegre road (02CV99), and from the
Calacalí–Nanegalito road (02CV56). The full data of major element composition of clinopyroxene is
available in the online supplementary material (Table S1).

All analysed clinopyroxenes lack zoning and were optically and chemically homogeneous. Major
oxides geochemical data from the analysed clinopyroxenes yields diopsidic to augitic compositions.

To determine the magmatic affinity of the source of the detrital clinopyroxenes we used the
discriminatory diagrams of Leterrier et al. [82] (Figure 11). The clinopyroxenes from sandstones of
the Silante Formation were derived from a subalkaline volcanic source, although the discriminatory
diagram of Al and Ti does not distinguish between a calc-alkaline or tholeiitic composition for these
samples (Figure 10). However, the low Al and magnesium numbers (0.62 to 0.65) suggest that the
source regions were composed of fractionated rocks, which generally supports a calc-alkaline affinity.

Detrital clinopyroxenes of the Silante Formation plot in the field of subalkaline basalts
(Ti < 0.025 apfu), which formed within a subduction zone setting (Figure 11). However, a comparison
of Al and Ti does not show a clear distinction between tholeiitic and calc-alkaline affinities. This can be
due to the presence of clasts of the Pallatanga Formation and Rio Cala Group, which have a tholeiitic
affinity [22].

Clinopyroxene from the Pilalo Formation gave a tholeiitic composition (Figure 11a,c) and probably
formed in a subduction zone setting (Figure 11b).
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In addition, we used clinopyroxene REE compositions to decipher the geochemical affinity of
the magmatic source. The analysed samples include a lava within the Pilalo Formation (03CV172),
and two sandstone samples of the Silante Formation (00RS26, and 02CV56).

LREE enrichments (relative to HREE) is regularly found in rocks formed in continental volcanic
arcs, whereas a depletion of LREE, and flat REE patterns are more indicative of a primitive island
arc, MORB and mantle-plume related, volcanic rocks [85]. In order to determine the composition of
the clinopyroxene parent magmas, REE compositions of melts in equilibrium with these minerals
were calculated using experimentally derived partition coefficients for clinopyroxenes crystallizing
in basaltic rocks [86]. REE values of the analyzed samples were normalized using chondrite values
published by Sun and McDonough [87]. The full data of REE composition of clinopyroxene is available
in the online supplementary material (Table S2).

 

 

Figure 10. Sandstone ternary diagrams for the Pilalo and Silante formations. (a) Ternary diagram
with discrimination fields using the terminology of Folk [88]. (b) Ternary discriminatory diagram
of monocrystalline quartz (Qm), feldspar (F) and total lithics (Lt) after Dickinson [43]. (c) Ternary
discriminatory diagram of quartz (Qt), feldspar (F) and lithics (L) after Dickinson [42]. (d) Ternary
discriminatory diagram of metamorphic lithics (Lm), sedimentary lithics (Ls) and volcanic lithics (Lv)
after Dickinson [43].
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Figure 11. Geochemistry of detrital clinopyroxenes from the Silante and Pilalo formations. (a) Ti vs.
Ca +Na discriminatory diagram from Leterrier et al. [82]. (b) Ti + Cr vs. Ca discriminatory diagram
from Leterrier et al. [82]. (c) Ti vs. Al discriminatory diagram from Leterrier et al. [82]. (d) Chondrite-
normalized REE plots of calculated melts in equilibrium with clinopyroxenes of a lava intercalated
within the Pilalo Formation (sample 03CV172). (e) Chondrite-normalized REE plots of calculated melts
in equilibrium with clinopyroxenes of the Silante Formation (sample 00RS26). (f) Chondrite-normalized
REE plots of calculated melts in equilibrium with clinopyroxenes of the Silante Formation (sample
02CV56). Chondrite normalizing values after Sun and McDonough [87].

For sample 03CV172, the calculated melt in equilibrium with the clinopyroxenes yields a REE
chondrite normalized profile that is generally flat (Figure 11), and the (La/Yb)N ratio is ~1, suggesting
a primitive nature of the magmas in which the clinopyroxene crystallized. The calculated melt in
equilibrium with clinopyroxenes extracted from sandstones of the Silante Fm. shows LREE enrichments
up to 100 times chondritic values (Figure 11e,f). The (La/Yb)N ratios vary between 5.32 (00RS26) and
2.58 (02CV56), which are typical for arc rocks [86].

Summarizing, clinopyroxenes of the Silante Formation are compositionally distinct from
clinopyroxenes extracted from the Pilalo Formation. The enrichment of LREE and low Ti values of
detrital clinopyroxenes of the Silante Formation (Figure 11e,f) are probably the result of dehydration
of subducted oceanic crust, which released fluids that have low concentrations of Ti [82] and high
concentrations of REE. The LREE enrichment, together with the low to medium concentrations of Al
suggests that the volcanic source rocks of the Silante Formation is more evolved than the volcanic
source of the Pilalo Formation.

5.8. QFL Analysis (Quartz-Feldspar-Lithic Fragments)

Fourteen petrographic thin sections of sandstones of the Pilalo and Silante formations were
analysed for modal sandstone composition. The relative proportions of detrital grains, including
feldspar (F), quartz (Q), and lithic fragments (L), combined with grain size, provide a formal name for
the sedimentary rock [41,88], and constrain the tectonic settings of the source regions [42]. According
to the QFL classification diagram of Folk [88], sandstones of the Silante Formation are classified as
arkoses to lithic arkoses, whereas samples of the Pilalo Formation are lithic arkoses (Figure 10a).

In the Qm-F-Lt discriminatory diagram (Figure 10b), samples of the Pilalo Formation plot in the
transitional arc field. Sedimentary rocks of the Silante Formation contain a greater amount of feldspar
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grains and volcanic lithic fragments, and these rocks cluster in the transitional arc and basement fields
(Figure 10b,c). The LmLvLs diagrams for both formations reveal high contents of volcanic lithics and
small amounts of sedimentary lithoclasts (Figure 10d).

The relative proportions of quartz, feldspar, and lithic fragments in the Pilalo and Silante
formations reveal provenance shifts that can be related to changes in their sediment source areas.
Overall, the results imply that clastic sedimentary rocks in the Silante and Pilalo basins were supplied
from the erosion of volcanic arcs.

5.9. U-Pb Ages of the Silante Formation

U-Pb zircon dates were obtained from detrital zircons from sedimentary rocks of the Silante
Formation, including rocks 02SA027, 02SA028, 02SA029 and JL17002 (Table 1, Figure 2). We also
present zircon U-Pb analyses of quartz diorite (JL17003), which intrudes sedimentary rocks of the
Silante Formation to the southwest of Quito, along the Quito–Santo Domingo road (Figure 4). The full
LA-ICP-MS U-Pb zircon age data is available in the online supplementary material (Table S3).

Sandstone 02SA027 shows a unimodal peak at ~25 Ma (Figure 12a), with an MDA age of 25.017
± 0.07 Ma (2σ) (Oligocene). A single detrital zircon with an age of 553.9 ± 6.46 Ma was measured.
This zircon can be derived from the Brazilian belt (500–700 Ma), formed during the assembly of
Gondwana [41,89]. Furthermore, it is a common population in detrital zircons obtained within the
Eocene Angamarca Group of western Ecuador [2]. In sample 02SA028 a unimodal peak (Figure 12b),
with an MDA age of 24.64 ± 0.17 Ma (2σ) was obtained.

 

σ

σ
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Figure 12. Frequency and probability density plots of detrital zircon U-Pb ages (left) and maximum
depositional ages (MDA, right) from samples of the Silante Formation (a) sample 02SA027; (b) 02SA028;
(c) 02SA029; (d) JL1702. The t/ơ ratio on X-axis indicates the precision.
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Sample 02SA029 also shows a unimodal peak at ~16 Ma (early Miocene). The MDA age obtained
(Figure 12c) is 16.51 ± 0.056 Ma (2σ). A single detrital zircon revealed an age of 42.6 ± 0.6 Ma which can
be correlated with the Macuchi volcanism of the Western Cordillera of Ecuador, dated at 42.62 ± 1.3 Ma
with the U-Pb zircon dating method [90].

Sample JL17002 revealed a unimodal peak at ~16 Ma (early Miocene), and an MDA of 15.68 ± 0.11
(Figure 12d). In addition, two detrital zircons with ages of 68.9± 1.7 Ma, and 67.8± 2.6 Ma were detected.
These Maastrichtian zircons are probably derived from the erosion of the Pilalo and Tandapi rocks.

Quartz diorite JL17003 intrudes sedimentary rocks of the Silante Formation and is exposed along
the Alóag–Santo Domingo road section (Figure 2). The sample yields a weighted mean zircon U-Pb
(LA-ICPMS) age of 10.31 ± 0.27 Ma (Figure 13), interpreted as crystallization age.

 

σ

 

ơ
Figure 13. U-Pb LA-ICPMS zircon age of a quartz diorite intruding the Silante Formation (sample
JL17003), plotted on a concordia diagram. Errors are given at the 2ơ level.

6. Discussion: Paleogeographic and Paleotectonic Model

Sedimentological information and provenance analysis in the study area of the Western Cordillera
of Ecuador show that turbidite sedimentation prevailed during the Paleocene, with the deposition of
the Pilalo Formation. The main sedimentary source was a tholeiitic volcanic arc that can be related to
the Tandapi arc reported by Vallejo et al. [2], which formed on top of an oceanic plateau basement.
Therefore, the Paleocene sedimentary rocks described in this study do not correlate with the Campanian
to Maastrichtian Yunguilla Formation. The Yunguilla Formation was also deposited in a submarine fan
system, although provenance analysis indicates the sediments were eroded from a continental crust
block, which is probably currently represented by the Eastern Cordillera.

The chronostratigraphic and sedimentological data suggest that the Silante Formation was
deposited during the late Oligocene to Miocene period (~25–16 Ma) within a debris flow dominated
alluvial fan system. The Silante Formation formed after a period of major rock uplift and erosion of
the Western Cordillera. The Paleocene to Eocene submarine fan deposits of the Angamarca Group
were probably partly eroded in the study area before deposition of the Silante Formation, and they are
exposed several kilometers to the north and south of the study area (Figure 2).

Single grain geochemistry and petrographic analysis show that the Silante Formation received
detrital material from a coeval calc-alkaline volcanic arc, which was presumably the San Juan de
Lachas continental arc located in the Western Cordillera, to the northwest of the current exposures of
the Silante Formation (Figure 2). A western location for the source of the Silante Formation is also
suggested by the abundance of coarse-grained deposits to the west of the studied sections (Figure 4).
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Petrographic analysis and detrital U-Pb zircon ages reveal a minor contribution of sediment to the
Silante Formation from basement rocks, along with material from the erosion of the underlying Pilalo
Formation, and the Eocene Macuchi submarine arc. Clinopyroxene compositions show that these were
derived from calc-alkaline rocks, with a minor contribution from a tholeiitic volcanic source. The latter
is consistent with the presence of clasts from the Pallatanga and Rio Cala volcanic rocks, suggesting
the that basement was unroofed during sedimentation.

The Miocene period in Ecuador is generally characterized by the formation of large alluvial
fan systems, including the Biblian alluvial fan in southern Ecuador in an intramontane setting [31].
The Arajuno Formation in the back-arc foreland basin also represents an alluvial fan system sourced
from the Andes [91] and has been dated at ~17–13 Ma using U-Pb ages of detrital zircons [28].

(U-Th)/He and 40Ar/39Ar, fission track data from the Andes of Ecuador [92] reveals rapid cooling
and exhumation during 25–18 Ma, which correlates with a change in the vector of the subducting plate
from ESE to E at 25 Ma, as a result of the breakup of the Farallon Plate [92–94], forming the Nazca
and Cocos plates. Compressional events have also been dated between 25 and 15 Ma in the Andes of
Bolivia and Peru [92–97]. Clearly, major plate rearrangements at 25 Ma affected the South American
Plate to the north and south of the Huancabamba Deflection [92]. In addition, middle to late Miocene
broadening of arc magmatism in the Eastern and Western Cordilleras [12,28] accounts for appearance
of syndepositional age signatures within the Western Cordillera and the back-arc region [27,28].

Palinspastic constraints based on the results of this study are presented in Figure 14. During
the Paleocene, the Pilalo Formation was deposited in a submarine fan depositional environment,
with sediments sourced from the erosion of the tholeiitic Tandapi volcanic arc (Figure 14a). Igneous
rocks associated with this volcanic arc include the Tandapi volcanic and subvolcanic rocks that are
exposed in the study area with crystallization ages of ~65 to 61 Ma [11].

 

 

Figure 14. Tectonic evolution of the Western Cordillera of Ecuador during the Cenozoic. The initial
uplift started at the end of the Cretaceous. (a) Paleocene paleogeography of the Pilalo Formation
submarine fan with the coeval Tandapi arc; (b) Eocene Macuchi submarine arc and sedimentation of
the Angamarca Group; (c) during the Oligocene to Middle Miocene there is a rapid uplift of the Eastern
and Western Cordilleras, and the deposition of the Silante Formation in an intramontane basin setting.
SL: sea level.
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Submarine sedimentation continued during most of the Eocene period with the submarine fan of
the Angamarca Group [22], depositing sediments that were mainly sourced from the Eastern Cordillera
(Figure 14b).

A change from submarine to subaerial sedimentation occurred in broad areas of the Western
Cordillera during the Oligocene [2], which coincides with a rapid rock uplift and exhumation of the
Eastern and Western cordilleras [2]. The San Juan de Lachas continental arc was active during this
period (Figure 14c) and extended into the Miocene [18], and supplied sediments to the Silante alluvial
fan, which was deposited in an intramontane basin setting (Figure 14c).

The last deformation event recorded in rocks of the Silante Formation postdates the intrusion
of the quartz diorite dated in this study, which yields a U-Pb crystallization age of 10.31 ± 0.27 Ma.
This deformation phase may coincide with a latest Miocene-Pliocene phase of deformation, prior to
the deposition of Quaternary volcanic ash of the Cangahua Formation [2,92,98].

7. Conclusions

Stratigraphic and sedimentological analyses of the Pilalo Formation, which is in fault contact with
the Silante Formation, indicate that the sediments were deposited in the distal parts of a submarine
fan. The Pilalo Formation was coeval with the latest Maastrichtian to Paleocene Tandapi volcanic arc,
which formed on top of the accreted terranes of western Ecuador.

Radiometric dating indicates the Silante Formation in the study region was deposited during the
late Oligocene to middle Miocene, subsequent to local erosion of the Eocene Angamarca Group.

Stratigraphic and sedimentologic analyses of the Silante Formation show that the sediments were
deposited in a continental alluvial fan system that was dominated by debris flow processes and formed
in an intramontane setting. Petrographic and provenance analyses of the same sediments suggest
they were derived from the erosion of an andesitic continental volcanic arc, which was probably the
Oligocene San Juan de Lachas arc.

Thermochronological data and regional correlations suggest that deposition of the Silante
Formation was coeval with regional rock uplift and exhumation of the Andean margin, which gave rise
to alluvial fans in intermontane and back-arc domains. This phase of regional deformation is temporally
correlated with a phase of major plate reorganization during the breakup of the Farallon Plate.
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Abstract: Using provenance analysis to build an accurate source-to-sink relationship is the key to
infer mountain building scenarios around the Qaidam Basin, and also important to understanding
the uplift and expansion of the Tibetan Plateau. However, some conflicting provenance inferences are
caused by different interpretations for the prevalent existence of the late Paleozoic to early Mesozoic
age group in detrital zircon U-Pb age spectra of the Paleogene strata at the northern Qaidam Basin,
and these need to be resolved. In this article, an integrated study of sediment distribution, heavy
mineral assemblages, and detrital zircon U-Pb geochronology is carried out to analyze provenance of
the Paleogene strata at the northern Qaidam Basin. The decreasing trends of the net sand to gross
thickness ratios and conglomerate percentages away from the Qilian Mountains and Altyn Tagh
range to basin interior clearly support they are the provenance areas. Sedimentation of materials
from the Altyn Tagh range is spatially confined to a small area in front of the mountains. A large
sandy body with a uniform distribution of detrital zircon ages (containing a lot of the late Paleozoic
to early Mesozoic zircon ages) and heavy mineral assemblages in the Xiaganchaigou Formation is
supplied by the Qilian Mountains.

Keywords: provenance analysis; stratigraphic thicknesses; net sand to gross thickness ratio; conglomerate
percentage; heavy mineral analysis; detrital zircon U-Pb geochronology; Intermontane basin

1. Introduction

Tectonic activities of the northwestern Tibetan Plateau provide significant evidence for
understanding the formation and evolution of the Tibetan Plateau. As the largest Cenozoic intermontane
basin in the northwestern Tibetan Plateau, the Qaidam Basin accumulates a thick and continuous
sedimentary succession and thus preserves important information to infer tectonic activities of its
surrounding orogenic belts. Using provenance analysis to construct a reasonable source-to-sink
relationship is the prerequisite to interpret the information of the sedimentary archive.

Numerous approaches have been applied to provenance analysis in the Qaidam Basin, including
clast composition of conglomerate [1–3], sandstone modal analysis [4–7], detrital mineral U-Pb
geochronology [8–13], paleocurrent analysis [3,4,10–13], heavy mineral analysis [4,5,14–16], and element
geochemistry [7,17], etc. However, some discrepancies still exist in previous results of provenance
analysis. Bush et al. (2016) [4] thought that a long E-directed drainage system transported materials
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eroded from the eastern Kunlun Mountains to the Dahonggou area (the Dhg in Figure 1c) and formed
the Lulehe Formation (Fm.) in this area. Wang et al. (2017) [13] also suggested that the eastern Kunlun
Mountains was the dominant provenance of the Lulehe and Xiaganchaigou Fms. in the Dahonggou
area. Song et al. (2019) [12] pointed out the Altyn Tagh range was the provenance of the upper Lulehe,
Xiganchaigou, and lower Shangganchaigou Fms. in the Dahonggou area. Lu et al. (2018) [11] and
Zhuang et al. (2011) [3] thought the Lulehe Fm. in the Dahonggou area had a proximal northerly source
area. The conflicting provenance inferences were mainly based on paleocurrent measurement and
detrital zircon U-Pb geochronology from outcrops. The former is easily influenced by the high sinuosity
of rivers, while the latter is easily influenced by the high complexity of rock types and ever-changing
catchment area in provenance. When the paleocurrent only represents flow direction of one specified
river reach but the entire drainage system, determining the provenance by comparisons of detrital
zircon U-Pb age spectra may be error-prone and need more caution. The proportion variation of the
late Paleozoic to early Mesozoic age group in detrital zircon U-Pb age spectra of the Paleogene strata in
the Dahonggou area is the important evidence applied to analyze provenance in the above-mentioned
articles and also the main factor to cause the conflicting provenance inferences. The controversy of
provenance analysis refers to different tectonic geomorphology and mountain building scenarios for
the orogenic belts surrounding the Qaidam Basin and need to be resolved.

The Qaidam Basin has been an endorheic intermontane basin in the Cenozoic [11]. The trunk
rivers formed by confluence of the tributaries in the mountainous catchment areas flow through apex or
intersection points and then become distributive drainage systems in the basin [18]. Without intensive
impaction of the axial rivers, the resulted sedimentary bodies commonly show downstream decrease in
channel proportion, channel scale and grain size [19], etc. Therefore, the regional sediment distribution
(e.g., stratigraphic thicknesses, net sand-to-gross thickness (NTG) ratios, and conglomerate percentages,
etc.) can be used to infer the delivery pathways of sediments. The sediment delivery pathways obtained
from the sediment distribution trends are more representive than paleocurrent data of sparse outcrops.
Although the stratigraphic information from sparse outcrops at the basin margin is not enough to
acquire the regional changes in trends, the decades-long petroleum exploration and exploitation
activities of the PetroChina Qinghai Oilfield Company have accumulated large amounts of drilled well
data and make regional analyses of sediment distribution possible.

In this study, we analyzed the regional changes in trends of stratigraphic thicknesses, NTG
ratios and conglomerate percentages in the northern Qaidam Basin. Heavy mineral analysis and
detrital zircon U-Pb geochronology of nine samples were also conducted to infer the provenance.
These results show that the provenance of the Paleogene strata in the northern Qaidam Basin is from
the neighbouring Altyn Tagh range and Qilian Mountains, and that materials from the Altyn Tagh
range are not southwardly transported to the Dahonggou area.

122



Minerals 2020, 10, 854

 

‒
‒

Figure 1. (a) Sketch map of the Tibetan Plateau and adjacent regions, showing the major faults.
(b) Regional tectonic map around the Qaidam Basin located at the northeastern margin of the Tibetan
Plateau (modified from Wang et al. 2015 [20]). (c) Detailed geological map of the study area in the
northern Qaidam Basin (modified from Cheng et al. 2019a [21]).

2. Geological Background

The Qaidam Basin, which is an intermontane basin surrounded geographically by the Altyn Tagh
Range to the northwest, the Qilian Mountains to the northeast, and the eastern Kunlun Mountains
to the south (Figure 1), is the largest petroliferous basin in the Tibetan Plateau and infilled by thick
Cenozoic strata atop the Jurassic, Cretaceous, or the basement.

2.1. Stratigraphy

These Cenozoic strata in the Qaidam Basin have been subdivided into seven stratigraphic units,
including the Lulehe, Xiaganchaigou, Shangganchaigou, Xiayoushashan, Shangyoushashan, Shizigou,
and Qigequan Fms. The forming ages of these strata have been previously delineated by ostracods,
fossil mammals, lithostratigraphic correlations, and magnetostratigraphy [22–27]. The stratigraphic
chronologies of the Cenozoic strata derived from the Dahonggou section by Wang et al. (2017) [13]
is in conflict with other regional chronologies in the Qaidam Basin [28] and not adopted in this
article. A more widely accepted division scheme of stratigraphic chronologies is that the Lulehe Fm. is
53.5–43.8 Ma [25,27,29], the Xiaganchaigou Fm. is 43.8–35.5 Ma [24,25,27], the Shanganchaigou Fm. is
35.5–22 Ma [22,24,25], the Xiayoushashan Fm. is 22–15.3 Ma [22–24], the Shangyoushashan Fm. is

123



Minerals 2020, 10, 854

15.3–8.1 Ma [23], the Shizigou Fm. is 8.1–2.5 Ma [23,24], and the Qigequan Fm. is 2.5–0 Ma [23].
The Paleogene strata, consisting of the Lulehe, Xiaganchaigou, and Shangganchaigou Fms., are easily
distinguished from each another by the lithology in the northern margin outcrops of the Qaidam
Basin [3,13]. This difference of lithology is the key foundation for tracing stratigraphic units from one
location to another by subsurface data. The stratigraphic correlation of subsurface data is successfully
built by the PetroChina Qinghai Oilfield Company.

2.2. Geochronological Characteristics of Potential Provenances of the Paleogene Strata in the Northern
Qaidam Basin

In this article, detrital zircon U-Pb ages are used to infer the provenance evolution of the Paleogene
strata in the northern Qaidam Basin. The zircon U-Pb age spectra of three potential provenances,
namely the Qilian Mountains, the Altyn Tagh Range, and the eastern Kunlun Mountains, can be
distinguished from one another is the prerequisite for applying this method. The characteristics of
zircons sourced from the three provenance candidates are presented in Figure 2 [9].

‒
‒

 

 

‒

‒ ‒

‒

‒

Figure 2. The relative probability plots of zircon U-Pb ages [9] from (a) basement rocks in the Qilian
Mountains, (b) basement rocks in the Altyn Tagh Range and (c) basement rocks in the Eastern Kunlun.

The Qilian Mountains, located between the North Qilian Suture Zone and the North Qaidam
ultrahigh-pressure metamorphic rocks (UHP Belt), mainly consists of a Precambrian crystalline
basement overlain by thick and large-area Paleozoic sedimentary strata [30–33]. Additionally,
forming-ages of granitoids outcropped in the Qilian Mountains adjacent to the northern Qaidam
Basin margin are dominantly early Paleozoic [30,34]. In addition, a few late Paleozoic–early Mesozoic
granitoids are exposed in the Saishiteng Mountains, northwestern part of the Qilian Mountains
(Figure 1c) [13]. Relative probability plots of zircon U-Pb ages from basement rocks and magmatic
intrusives of the Qilian Mountains are shown in Figure 2a [9] and indicate that zircons with early
Paleozoic and Neoproterozoic ages are dominant. In addition, the Permian-Jurassic sedimentary
rocks in the Qilian Mountains commonly have a major peak of late Paleozoic–early Mesozoic ages
(200–300 Ma) in detrital zircon age spectra [35–37]. The late Paleozoic–early Mesozoic-aged zircons in
the Permian- Jurassic sedimentary rocks are believed to originally be shed from the eastern Kunlun
Mountains [4,35,36].

The basement rocks of the Altyn Tagh Range consist of the Archean–late Paleozoic magmatic
rocks with zircon ages spanning from ~3.6 Ga to ~260 Ma [30,31]. In particular, the Early Paleozoic
felsic rocks are widely distributed in the Altyn Tagh Range (Figure 2b) [31,37,38]. Additionally, several
Permian plutonic terranes are exposed in the central part of the range (Figure 1c) [31] and make the late
Paleozoic age as a major peak in detrital zircon U-Pb age spectra of the Cenozoic strata in the adjacent
Eboliang outcop (Figure 7 in Cheng et al., 2016 [9]).

The late Paleozoic–early Mesozoic granitoids outcrop widely in the Eastern Kunlun Mountains,
making 200–300 Ma one of two major age groups in the zircon U-Pb age spectrum of the East Kunlun
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Shan (Figure 2c). The late Paleozoic–early Mesozoic granitoids record magmatic events related to
the Paleo-Tethyan tectonic regime [39–41]. The early Paleozoic age group is the other major age
group. The early Paleozoic tectono-magmatic events are comparable to the Qilian orogenic belt and
constituent part of the Qilian-Kunlun Caledonian orogenic system [32,41]. Compared to the late
Paleozoic–early Mesozoic and early Paleozoic ages, the Precambrian ages are rare [8,13] in the eastern
Kunlun Mountains, although the Proterozoic rocks are exposed in both the eastern Kunlun Mountains
and the Qilian Mountains [41].

3. Materials and Methods

In this study, well cuttings from 147 drilled wells were collected to calculate the stratigraphic
thicknesses, NTG ratios and conglomerate percentages of the Lulehe, Xiaganchaigou and Shangganchaigou
Fms. For each of these stratigraphic units, calculation only applies data from wells drilling through
the corresponding unit. The wells with missing stratigraphic units are abandoned, too. Accordingly,
96, 123 and 122 in the 147 wells are finally available for the calculation of the Lulehe, Xiaganchaigou
and Shangganchaigou Fms, respectively. The NTG ratio represents thickness ratio of conglomerates,
sandstones and siltstones to stratigraphic unit in an individual drilled well. The conglomerate
percentage represents ratio of the thickness of conglomerates, gravelly clastic rocks multiplied by a
factor of 0.4 and gravel-bearing clastic rocks multiplied by a factor of 0.1 to the stratigraphic unit.
According to the gravel contents in conglomerates (more than 30%), gravelly clastic rocks (between
5–30%) and gravel-bearing clastic rocks (less than 5%), the above two factors are chosen to transfer the
thickness of gravelly clastic rocks and gravel-bearing clastic rocks to conglomerates.

Additionally, eleven sandstone samples collected from 8 cored wells were prepared for heavy
mineral analysis and detrital zircon U-Pb dating (Table 1; Figure 1c). Separation, concentration,
and identification of heavy minerals were performed at the Institute of Regional Geological Survey of
Hebei Province, Langfang, Hebei Province, China by following the procedures outlined by Mange
and Maurer (1992) [42] and Liu et al. (2013) [43]. Zircons (ca. 300 grains) were mounted in epoxy
resin and then polished to obtain a smooth surface. Reflected and transmitted light as well as
cathodoluminescence (CL) images were obtained to pick suitable dating targets, avoiding inclusion and
cracks. Zircon U-Pb dating was carried out on Agilent 7200 ICP-MS combined with a Photon-machines
Analyte Exite 193 nm laser ablation system at Lanzhou University (Lanzhou, China). In addition, ca.
80–100 effective zircon ages should be acquired to achieve statistically reliable detrital zircon U-Pb
dating results. Zircon 91500, for which the preferred U-Pb isotopic ratios were found by Wiedenbeck
et al. (1995) [44], was used as the external standard for U-Pb dating and was analyzed once every five
analyses. The GLITTER 4.0 software was used to calculate the U-Pb isotope ratios and element contents.
The U-Pb ages of detrital zircons younger than ca. 1000 Ma were calculated from 206Pb/238U ratios,
whereas ages older than ca. 1000 Ma were calculated from 207Pb/206Pb ratios. Detrital zircon U-Pb ages
with discordance degree >10% were excluded from the results. The probability density functions and
histogram plots were plotted using the Isoplot 3.0 software [45]. A more detailed description of the
sample separation methods and analytical procedures was given by Yuan et al. (2004) [46].
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Table 1. Basic information of samples collected for heavy mineral analysis and detrital zircon
U-Pb dating.

Samples Depth (m) Stratigraphic Units
Heavy Mineral

Analysis
Zircon U-Pb

Dating
Wells

B2u-s 3275 Xiaganchaigou Fm.
√ √

Well B2B2d-s 3532 Xiaganchaigou Fm.
√ √

Mx3-s 1240 Lulehe Fm.
√ √

Well Mx3
Mx4-s 1317 Lulehe Fm.

√ √
Well Mx4

Mx5u-s 1940 Xiaganchaigou Fm.
√ √

Well Mx5Mx5d-s 2287 Lulehe Fm.
√ √

X4-s 1806 Shangganchaigou Fm.
√ √

Well X4
Xx1u-s 4115 Xiaganchaigou Fm.

√ √
Well Xx1Xx1d-s 4852 Lulehe Fm.

√ √

Mb13-s 1450 Xiaganchaigou Fm.
√

Well Mb13
Mb18-s 1553 Xiaganchaigou Fm.

√
Well Mb18

4. Results

4.1. Sediment Distribution

Data of the stratigraphic thickness, NTG ratios and conglomerate percentages from drilled wells
are listed in Supplementary Table S1. The drilled wells are presented in Supplementary Figure S1.

The thicknesses of the Lulehe Fm. are mainly less than 650 m (Figure 3a). A paleohigh is at
southeastern margin of the study area, and some local sub-depocenters are near basin margin and show
basinward thinning of thicknesses (Figure 3a). The NTG ratios of the Lulehe Fm. show basinward
decrease (Figure 3b). The lowest NTG ratios are in the northwestern study area and far away from basin
margin. The local sub-depocenters have relatively high NTG ratios and conglomerate percentages
(Figure 3b,c). The conglomerate percentages of the Lulehe Fm. present the same trend as the NTG
ratios (Figure 3c).

The thicknesses of the Xiaganchaigou Fm. are apparently increased and present basinward
increasing trend (Figure 3d). The paleohigh at southeastern margin of the study area is covered by
the Xiaganchaigou Fm., and a large depocenter is formed in the northwestern study area (Figure 3d).
This depocenter has lowest NTG ratios (Figure 3e). The NTG ratios present decreasing trend from basin
margin to the depocenter (Figure 3e). The conglomerate percentages of the Xiaganchaigou Fm. still
present basinward decrease (Figure 3f). Compared to the Lulehe Fm., the conglomerate percentages of
the Xiaganchaigou Fm. are lower, especially at eastern margin of the study area (Figure 3c,f). According
to the isopach map and NTG ratios distribution, a large-scale sandy body is believed to be formed in
southern study area (Figure 3d,e).

The thicknesses of the Shangganchaigou Fm. are obviously decreased and present basinward
increasing trend (Figure 3g). The white parts in the study area are areas where the Shangganchaigou
Fm. is completely removed after the later uplift (Figure 3g; Figure 11 in Cheng et al., 2016 [9]). There are
two sub-depocenters formed in northwestern and central areas (Figure 3g). The NTG ratios present
decreasing trend away from basin margin to the depocenters (Figure 3h). In the northern study area,
the conglomerate percentages of the Shanganchaigou Fm. are larger than that of the Shanganchaigou
Fm. (Figure 3f,i). Nevertheless, the former still maintains similar plane distribution characteristics of
the latter (Figure 3f,i).
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4.2. Heavy Mineral Analysis

The heavy mineral analysis data are listed in Supplementary Table S2. Except for heavy mineral
analysis data of wells B2, X4, Mx3, Mx4, Mx5, and Xx1, others are cited from Jian et al., 2013 [5].
Fe-oxide minerals (i.e., magnetite, hematite, and limonite) are excluded in heavy mineral analysis
due to their susceptibility to hydraulic-sorting [47], so heavy mineral analysis data from Jian et al.,
2013 [5] are renormalized and also listed in Supplementary Table S2. Drilled wells with heavy mineral
assemblages are plotted to present the plane dissimilarities and similarities (Figure 4).

 

‒

‒
‒

‒ ‒ ‒
‒

Figure 4. The characteristics of the heavy mineral assemblages of the Paleogene strata. (a) Lulehe Fm.
(b) Xigganchaigou Fm. (c) Shangganchaigou Fm.
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In the Lulehe Fm. (Figure 4a), the heavy mineral assemblages of Mx4 and Mx3 are similar, consist
dominantly of epidote, garnet and leucosphenite, and display a very low abundance of ZTR minerals
(zircon, tourmaline and rutile). Garnet is the dominant mineral species of Mx5 and Llh. S81 consists of
ZTR minerals, garnet, epidote, sphene (titanite), and leucosphenite, and is different from near Ls1,
which consists of ZTR minerals, garnet, and leucosphenite. P1 has the same heavy mineral types of Ls1
but is dominated by leucosphenite, accompanied by minor ZTR minerals, garnet and epidote.

In the Xiaganchaigou Fm. (Figure 4b), the heavy mineral assemblages of Xx1 and Mx5 are
quite different from that of the Lulehe Fm., and consist dominantly of ZTR minerals, garnet, and
leucosphenite. M1, M8, M10, B1, B2, and X3 have the same heavy mineral assemblages as Xx1 and
Mx5. Ycg and Jls have similar heavy mineral assemblages composed dominantly of epidote and garnet.
Epidote and garnet of P1 increase obviously. The heavy mineral assemblages of K2, S86 and S87 consist
of ZTR minerals, garnet, epidote, sphene and leucosphenite, and are similar to S81 of the Lulehe Fm.
Compared to Lulehe Fm., minor amphibole and pyroxene are showed in Llh. Ycg and Jls are similar
and consist dominantly of epidote and garnet.

In the Shangganchaigou Fm. (Figure 4c), X9 and X4 (near X3) still consist dominantly of ZTR
minerals, garnet and leucosphenite. Heavy mineral assemblages of Llh and S87 have no obviously
change. Sphene of K2 increases obviously. Minor amphibole and pyroxene are showed in Ycg, which
still consist dominantly of epidote and garnet. Qdq is very similar to Ycg.

4.3. Zircons Dating Results

The detrital zircon U-Pb dating results are listed in Supplementary Table S3. The Th/U ratios
of the analyzed zircons are generally greater than 0.1 and indicative of the predominant magmatic
origin (Figure 5) [48]. The detrital zircon U-Pb ages of the nine samples can be statistically subdivided
into three groups: the Precambrian, spanning from ca. 2800 Ma to 550 Ma (peaks at ca. 800–900 Ma,
ca. 1700–1800 Ma, and ca. 2300–2500 Ma), early to middle Paleozoic (peaks at ca. 410–450 Ma), and late
Paleozoic to early Mesozoic (peaks at ca. 230–270 Ma) (Figures 5 and 6a–i). Except for sample Xx1d-s,
the Precambrian zircons outnumber the late Paleozoic to Mesozoic zircons, and the peak height of
the late Paleozoic to Mesozoic group increases with peak heights of the Precambrian group in detrital
zircon age spectra (Figure 6a–i). The latter feature is even more obviously shown by the positive
correlation between the “late Paleozoic to Mesozoic/early to middle Paleozoic zircons” ratio and the
“Precambrian zircons/early to middle Paleozoic zircons” ratio (Figure 6j). Additionally, the above
mentioned two features also can be observed in detrital zircon age spectra of the Cenozoic strata in the
Dahonggou outcrop (Figure 11A in Bush et al., 2016 [4]).

 

Figure 5. The Th/U ratios and detrital zircon ages of all analyzed samples.
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Figure 6. (a–i) Graphs of detrital zircon age spectra in study area. (j) Peaks height correlation between
the Precambrian zircons and late Paleozoic to Mesozoic zircons. The ratio 1 represents “late Paleozoic to
Mesozoic/early to middle Paleozoic zircons” ratio, and ratio 2 represents the “Precambrian zircons/early
to middle Paleozoic zircons” ratio.

4.3.1. Samples from the Lulehe Fm.

Samples Mx5m-s, Mx3-s, and Mx4-s exhibit similar detrital zircon age spectra (Figure 6a–c), and the
early to middle Paleozoic group is dominant in the spectra. The zircon ages in these three samples
are distributed between 207 and 2608 Ma with a major ca. 430 Ma peak and minor peak at 260 Ma.
The Precambrian group obtains three very low peaks at ca. 800 Ma, ca. 1800 Ma, and ca. 2200 Ma in
these three samples.

The zircon ages in sample Xx1d-s are distributed between 211 and 3353 Ma. The zircon of 3353 Ma
is obviously older than other zircons of all samples and is not shown in Figure 6d. The zircon ages in
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sample Xx1d-s mainly consist of early to middle Paleozoic group (peaks at 415 Ma) and late Paleozoic
to Mesozoic group (peaks at 249 Ma) (Figure 6d). The Precambrian group only shows a low peak at
814 Ma and 2460 Ma (Figure 6d). This implies that the provenance of sample Xx1d-s differs from that
of samples Mx5m-s, Mx3-s, and Mx4-s.

4.3.2. Samples from the Xiaganchaigou Fm.

Samples B2u-s, B2d-s, Mx5u-s, and Xx1u-s were collected from the Xiaganchaigou Fm. These four
samples exhibit very similar detrital zircon age spectra (Figure 6e–h). The early to middle Paleozoic
group and late Paleozoic to Mesozoic group are shown as two major peaks in detrital zircon age
spectra (Figure 6e–h). The early to middle Paleozoic group peaks at ca. 410–450 Ma, and the late
Paleozoic to Mesozoic group peaks at ca. 240 Ma. The Precambrian group exhibits three minor peaks
at ca. 800–900 Ma, ca. 1700–1800 Ma, and ca. 2300–2500 Ma.

4.3.3. Samples from the Shangganchaigou Fm.

Sample X4-s was collected from the Shangganchaigou Fm. The detrital zircon age spectrum of the
sample is the same as that of samples from the Xiaganchaigou Fm (Figure 6i).

5. Discussion

5.1. Provenance Analysis of the Lulehe Fm.

The decrease in trends of the NTG ratios and conglomerate percentages from the Altyn Tagh
Range, Saishiteng Mountains and Qilian Mountains to basin interior imply that the Lulehe Fm. is
sourced from these mountains (Figure 3b,c). Sandy bodies are mainly deposited in piedmont areas
of these perveances and thus deny the existence of long axial rivers sourced from either the Altyn
Tagh Range or the eastern Kunlun Mountains in this study area (Figure 3b). Widely deposited
alluvial fans in front of these mountains, in which poorly sorted debris deposits (e.g., brownish-red
matrix-supported conglomerates and muddy gravelly sandstones) are largely reserved, also support
nearby provenances (Figure 7a) [49]. The plane distribution of sedimentary facies, presented by
transition of the alluvial fans at basin margin to alluvial plain and lacustrine toward the basin interior,
also suggests that sediments are delivered away from these mountains [49]. The published paleocurrent
data observed from the Jls (southwest-directed flow [3]; named as Lake Mahai in Zhuang et al., 2011 [3]),
Lulehe (southwest-directed flow [3]), and Dahonggou outcrops (southwest- or southeast-directed
flow [4,12,50]) agree with delivery pathways of sediments from the Saishiteng Mountains and the
Qilian Mountains. Isopach map shows that some local depocenters with relatively high NTG are
developed close to basin margin and thin toward basin interior (Figure 3a). This may be ascribed to (1)
local residue depressions caused by pre-Cenozoic tectonic inversion from extension to compression [51],
(2) newly formed local depressions due to the Cenozoic tectonic events [52], and (3) clastic wedges of
alluvial fans thinning away from sources [11].

According to the bedrock’s outcrops in the Qilian Mountains adjacent to the northern Qaidam
Basin, the detrital zircon ages eroded from the Qilian Mountains should consist dominantly of the
early to middle Paleozoic ages (Figure 2a) [4,13,53]. The detrital zircon age spectra of samples Mx5m-s,
Mx3-s, and Mx4-s are also dominated by the early to middle Paleozoic ages (Figure 6a–c). Thus, the
zircons dating results support the provenance of the Lulehe Fm. of Wells Mx5, Mx3, and Mx4 is the
Qilian Mountains. The difference of heavy mineral assemblages between Mx5, Mx3, and Mx4 can be
explained by different catchment areas in the Qilian Mountains (Figure 4a). However, the detrital zircon
age spectrum of sample Xx1d-s mainly consist of the early to middle Paleozoic ages and the nearly
equivalent late Paleozoic to early Mesozoic ages (Figure 6d) and implies that sample Xx1d-s should
have a different provenance. Though the Permian plutonic terranes are exposed in both the central
part of the Altyn Tagh Range (Figure 1) [9,31] and the western Saishiteng Mountains (Figure 1c) [9,12],
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the distinctive heavy mineral assemblages of Xx1d-s, the NTG ratios, and conglomerate percentages
tends to support provenance from the Saishiteng Mountains.

Thus, we can reasonably conclude that the Qilian Mountains, the Saishiteng Mountains and the
Altyn Tagh Range are the provenances of the Lulehe Fm. in the study area (Figure 7a). The inference
is compatible with the Paleocene-early Eocene uplift of these mountains by virtue of detrital zircon
fission track evidence [20], detrital apatite fission track evidence [54,55], and structural analysis of
seismic sections and outcrops [52,56]. In the paleogeographic map of the Lulehe Fm., provenances and
widely deposited alluvial fans are shown (Figure 7a).

 

 

Figure 7. The paleogeographic maps of the Paleogene strata.

5.2. Provenance Analysis of the Xiaganchaigou Fm.

In the Xiaganchaigou Fm., a large depocenter is presented in the isopach map and located at
central to northern study area (Figure 3d). Decreasing trends of the NTG ratios and conglomerate
percentages from the Altyn Tagh Range and Qilian Mountains to the depocenter imply provenances
from these mountains (Figure 3e,f). The low conglomerate percentages in front of the Qilian Mountains
mean that the boundary between mountain and basin is further to the northeast (Figure 3f). The plane
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appearances of the NTG ratios and isopach map are very similar, and the depocenter has the lowest
NTG ratios (Figure 3e,f). The features are related to the downstream allocation of sediments and
roughly approximate to the published plane distribution of fluvial-lacustrine facies [49]. However,
the NTG ratios show two distinctive differences, including that (1) the low NTG ratios in front of
the Saishiteng Mountains disagree with a proximal source area and (2) a large scale sandy body is
deposited in southern study area and sourced from the Qilian Mountains (Figure 3d,e and Figure 7b).
The former can be interpreted by that the paleohigh which was located in the Saishiteng Mountains
and supplied materials to the Lulehe Fm. was no longer existed in the depositional period of the
Xiaganchaigou Fm. The same situation is experienced by the paleohigh close to the southeastern
margin of the study area (Figure 3a,e). The latter can be further proved by the evidence from the heavy
mineral assemblages and detrital zircon U-Pb dating, which present obvious differences in comparison
with the Lulehe Fm (Figure 4b).

Wells in the area covered by the large scale sandy body (e.g., Xx1, X3, Mx5, M1, M8, M10, B1,
and B2) have the same heavy mineral assemblages composed dominantly of ZTR minerals, garnet
and leucosphenite, and are different from wells in front of the Altyn Tagh range (e.g., E3, K2, S86,
and P1) (Figure 4b; Supplementary Figure S1; Figure 3d,e), suggesting they have the same provenance.
Samples B2u-s, B2d-s, Mx5u-s, and Xx1u-s of the Xiaganchaigou Fm. collected from some of these
wells exhibit highly similar detrital zircon age spectra characterized by two major peaks of the early
to middle Paleozoic group and late Paleozoic to early Mesozoic group and some minor peaks of the
Precambrian group, and also suggest they have the same provenance. Additionally, detrital zircon age
spectra of the Xiaganchaigou Fm. from wells Mb18, Mb17 (Figure 3 in Wang et al., 2019 [57]) and the
nearby Dahonggou outcrop have the same characteristics (Figure 11 in Bush et al., 2016 [4]). The large
scale sandy body with uniform distribution of detrital zircon ages and heavy minerals assemblages that
are sourced from the Qilian Mountains may implies a large catchment area is formed in the mountains.
Such a catchment area is needed to provide enough sediments with uniformly mixed provenance
signals [58].

The presence and absence of the late Paleozoic to early Mesozoic age group has been used as
important evidence to infer provenance [4,12,13]. When the late Paleozoic to early Mesozoic zircons
are presented as a major peak in age spectra of clastic rocks, the Qilian Mountains, in which the
Permian–Triassic plutonic terranes are rarely exposed, is commonly excluded from the provenances
in previous works [12,13]. However, the late Paleozoic and Mesozoic sedimentary strata are widely
distributed in the Qilian Mountains and can supply considerable the late Paleozoic to early Mesozoic
zircons [11,37]. Considering that the NTG ratios and conglomerate percentages distribution indicate a
delivery path of sediments away from the Qilian Mountains (Figure 3e,f), the late Paleozoic to early
Mesozoic zircons should be sourced from the recycled late Paleozoic and Mesozoic sedimentary strata
in the Qilian Mountains. The age spectra of clastic rocks show that the late Paleozoic to Mesozoic group
increases with the Precambrian group (Figure 6j), which is a significant constituent in age spectra of
the Qilian Mountains [37], and further supports this view. In addition, the spectra of these samples are
obviously different from those of the Cenozoic clastic rocks [9] and modern sediments [12] sourced
from the Altyn Tagh range.

Thus, we can reasonably conclude that the Qilian Mountains and the Altyn Tagh Range are the
provenances of the Lulehe Fm, and that materials eroded from the Altyn Tagh Range and the eastern
Kunlun Mountains have not been delivered to the southern study area (Figure 7b). The inference is
consistent with the previous works [4,5]. The southwest-directed paleoflow from the Dahonggou
outcrop reveals a transverse dispersal away from the Qilian Mountains in the Xiagahnchaigou Fm. [4].
Jian et al. (2013) [5] concluded that the Altyn Tagh Range and Qilian Mountains were the potential
provenance of the northern Qaidam Basin in the Paleogene and Neogene via the integrated analysis
of framework petrography, heavy mineral analysis, and mineral chemistry. Materials of Wells B2,
Mx5, X4, Mb17, Mb18, and Xx1 (located at depositional area A in Jian et al., 2013 [5]) are sourced
from the Qilian Mountains. The materials from Altyn Tagh Range are only deposited at its front
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area [20] and blocked by the depocenter to transport onwards to the southern study area (Figure 3d,
Figure 7b). The detrital apatite fission-track data from the JiuQuan Basin [59] and Qaidam Basin [54]
both point to the rapid exhumation of the Qilian Mountains during the middle-late Eocene (~42–38 Ma).
The apatite fission-track data of in situ bedrocks in the Qilian Mountains also reveal this rapid cooling
event [60]. Zhuang et al. (2011) [3] propose the uplifted area in the Qilian Mountains experiences
regional expansion during the depositional period of the Xiaganchaigou Fm. by detailed sedimentary
analysis of outcrops. Intensive uplift and expansion of the uplifted area in the Qilian Mountains make
formation of the large scale sandy body possible (Figure 7b).

5.3. Provenance Analysis of the Shangganchaigou Fm.

The NTG ratios present a decreasing trend away from the Altyn Tagh range and the Qilian
Mountains to the two sub-depocenters at northwestern and central study areas and imply the
Shangganchaigou Fm. is sourced from these mountains (Figure 3h,i; Figure 7c). Thus, the decreasing
thicknesses are ascribed to the weaker tectonic activities of these mountains during deposition of the
Shangganchaigou Fm. According to the distribution of NTG ratios and conglomerate percentages,
the sedimentary bodies in front of the Altyn Tagh range and the Qilian Mountains exhibit progradation
and retrogradation, respectively (Figure 3h,i; Figure 7c). This feature can be interpreted by interaction
between deceasing accommodation and sediments supply under the control of weakened tectonic
activities. Bao et al. (2017) [61] agreed that a relatively stable tectonic setting caused the low sediment
flux in the Shangganchaigou Fm. He et al. (2018) [54] also considered that the Qilian Mountains did
not experience rapid exhumation in the Shangganchaigou Fm. The heavy mineral assemblages of wells
X9, X6, and X4 are also composed dominantly of ZTR minerals, garnet and leucosphenite, and suggest
they are sourced from the Qilian Mountains (Figure 4c; Figure 7c). The good similarity of the detrital
zircon age spectrum of sample X4-s with that of samples from the Xiaganchaigou Fm. further supports
that the Qilian Mountains is still the provenance area (Figure 6i). The paleocurrent data observed from
the Jls (northwest-directed flow [3]), Lulehe (northwest-directed flow [3]), and Dahonggou outcrops
(southwest-directed flow [4,50]) suggest that the Qilian Mountains continuously supplied material
into the Qaidam Basin in the Shangganchaigou Fm. Thus, the Shangganchaigou Fm. is still sourced
from the Altyn Tagh range and Qilian Mountains and exhibits progradation and retrogradation in
front of these mountains, respectively (Figure 7c).

6. Conclusions

In this article, the provenance of the Paleogene strata in the northern Qaidam Basin is inferred by
virtue of evidence from sediment distribution, heavy mineral assemblages, and detrital zircon U-Pb
dating. The main conclusions are as follows.

(1) The decreasing trends of the NTG ratios and conglomerate percentages away from the Qilian
Mountains and Altyn Tagh range obviously support the fact that they are provenance areas of the
Paleogene strata. The sandy bodies sourced from the Altyn Tagh range are spatially confined to a small
area in front of the mountains during the Paleogene, and thus deny the existence of long drainage
systems southwardly flowing from the Altyn Tagh range to the southern study area.

(2) Based on the sediment distribution in study area, the spatial dissimilarities and similarities
exhibited by detrital zircon age spectra and heavy minerals assemblages can be used to further testify
the provenance inference. Signals only from presence or absence of the spectral age group (i.e., the late
Paleozoic to early Mesozoic age group) in detrital zircon age spectra are not enough to determine
the provenance.

(3) In the Xiaganchaigou Fm., a large sandy body with uniform distribution of detrital zircon
ages and heavy minerals assemblages is sourced from the Qilian Mountains, implying that a large
catchment area formed in the mountains under the control of intensive tectonic activity. The recycled
late Paleozoic and Mesozoic sedimentary strata in the Qilian Mountains supply considerable late
Paleozoic to early Mesozoic zircons. In addition, we consider that variation in proportions of the
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spectral age groups (e.g., the late Paleozoic to early Mesozoic age group) in detrital zircon U-Pb age
spectra need to be cautiously applied in provenance analysis of the Qaidam baisn due to the complex
rock types and intense tectonic activities of its surrounding mountains.
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Abstract: In convergent zones, several parts of the geodynamic system (e.g., continental margins,
back-arc regions) can be deformed, uplifted, and eroded through time, each of them potentially
delivering clastic sediments to neighboring basins. Tectonically driven events are mostly recorded in
syntectonic clastic systems accumulated into different kinds of basins: trench, fore-arc, and back-arc
basins in subduction zones and foredeep, thrust-top, and episutural basins in collisional settings.
The most widely used tools for provenance analysis of synorogenic sediments and for unraveling
the tectonic evolution of convergent zones are sandstone petrography and U–Pb dating of detrital
zircon. In this paper, we present a comparison of previously published data discussing how these
techniques are used to constrain provenance reconstructions and contribute to a better understanding
of the tectonic evolution of (i) the Cretaceous transition from extensional to compressional regimes
in the back-arc region of the southern Andean system; and (ii) the involvement of the passive
European continental margin in the Western Alps subduction system during impending Alpine
collision. In both cases, sediments delivered from the down-bending continental block are significantly
involved. Our findings highlight its role as a detrital source, which is generally underestimated or
even ignored in current tectonic models.

Keywords: subduction zones; U–Pb dating; sandstone petrography; provenance; peripheral
bulge; tectonics

1. Introduction

Detrital petrology studies of sedimentary basin fill can yield insights into the tectonics that govern
compressional settings. Convergent zones are characterized by tectonically active regions affected by
exhumation, uplift, and erosion and are surrounded by synorogenic basins accommodating clastic
sediments produced in these zones [1,2]. This leads to complex source-to-sink systems where a
relatively continuous transfer of rock mass tries to keep the system in equilibrium (i.e., growing relief
vs. erosion) [3,4]. Although orogenic prisms are generally thought to be the main (if not the unique)
source for detrital sediments in convergent zones, other parts of geodynamic systems can be involved
when exhumated [5,6]. Such conditions are met in the cases of the foreland sector in the back-arc area
of Andean-type subduction zones or in that of the passive continental margin of a down-bending
continental block arriving near a subduction front during the final steps of oceanic closure. Traditionally,
the tectonic evolution of those source-to-sink systems is studied by the provenance analysis of clastic
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sediments accumulated in synorogenic basins, commonly used to decipher the history of eroded
units from their erosional products. These studies include a variety of tools whose choice depends
on a number of factors like the expected lithology of eroded rocks, the grain size of eroded sediment
(gravel vs. sand vs. mud), and so forth. Among these tools, spanning from pebble clast petrology to
mudstone and isotope geochemistry (i.e., Sm–Nd and Rb–Sr systems, [7]), the geo-thermochronology
of specific types of sand-size clastic heavy minerals has rapidly developed and is now a standardized
procedure (see [8] for an up-to-date review).

Nevertheless, we emphasize the importance of combining U–Pb dating of detrital zircons with
sandstone petrography in order to (i) obtain a more complete picture of the parent rocks exposed in the
source areas, including rock types lacking zircon crystals (e.g., carbonate rocks, basic and ultrabasic
rocks, etc.); (ii) identify possible evidence of clastic grain recycling [9,10], which could potentially
modify the interpretation of geochronological results; and (iii) analyze sediment composition and
maturity, used as a tracer for source region relief and changes in climate of the source terrane (see [11]
for an updated review).

Here, we present the results of two different studies in which U–Pb dating of detrital zircon grains,
combined with other analytical approaches, has been employed to reconstruct the tectonic evolution
of the convergent systems of the Southern Andes and the Western Italian Alps during some key and
transient steps of their tectonic transformation. In particular, we describe the contribution of clastic
zircon U–Pb geochronology for deciphering the signature with syntectonic sediments left by (i) the late
Cretaceous transition from an extensional to a compressional retro-arc foreland basin of the Neuquén
Basin in the Southern Andean region [12–15] and (ii) the Late Cretaceous final stages of subduction
and related oceanic closure preceding the onset of continental collision in the Ligurian sector of the
Western Italian Alps [16–18]. In both cases, results document the importance of the down-bending
plate as a voluminous detrital source. Due to its low relief and the low degree of internal deformation,
the provenance signal of the down-bending plate appears either underrepresented or absent to
undetectable in the detrital record. However, when deduced, it may be linked to a flexural uplift
response driven by the interplay between lithospheric properties of the plate (i.e., elastic thickness) [19]
and the ensuing evolution of the drainage pattern [20].

2. Materials and Methods

In both presented case studies, the approach is based on provenance analyses of sandstone
samples. Among the variety of tools available to address the scientific questions, we preferred to
couple U–Pb radiometric age determination of detrital zircon grains with the standard point-counting
analysis of sandstone framework grains.

U–Pb dating of detrital zircon grains has become a relatively standard approach for provenance
study of clastic systems due to (i) the commonness of zircon crystals in parent rocks, and its resistance
to diagenesis results in the relative abundance of zircon grains in clastic sedimentary rocks [21];
and (ii) its relatively low cost, allowing the collection of a statistically significant number of data
(commonly >100) necessary for its application to clastic systems. In both presented case studies,
U–Pb dating of detrital zircons was performed after the following standard procedure for sample
preparation and heavy mineral separation. Sandstones were first crushed and then sieved between
300 and 63 microns. Zircon separates were prepared using heavy liquids and magnetic separation,
then they were hand-picked under a binocular microscope, mounted into epoxy resin, and polished
down to 0.25 microns to reveal the inner structures of zircon grains. This generalized sequence of steps
is also suitable for apatite fission track analysis [22]. Prior to isotopic characterization, the internal
structure of zircon was investigated under cathodoluminescence and the most suitable areas for the
analysis were selected (see [12] for a detailed description of the morphology of the zircon grains).
Rim and core ages [12,14] were collected to discriminate magmatic and metamorphic source rocks
only during the deposition and evolution of the Neuquén group. For this reason, samples below the
regional unconformity (i.e., Rayoso Formation at the base of the Neuquén Group) were not better
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investigated. U–Pb ratios in samples were determined with laser ablation inductively coupled plasma
mass spectrometry (LA-MC-ICPMS) following the method described in [23,24].

In the Andean case, U–Pb geochronology was performed at Laboratorio de Geocronologia,
Universitade de Brasilia (Brazil), following the method described in Matteini et al. [20] (Table S1),
whereas U–Pb dating on detrital zircon from the Western Alps was performed at the LA-MC-ICPMS
laboratory of the IGG-CNR of Pavia (Italy) following the method described in Tiepolo et al. [24]
(Table S2).

When possible, 100 zircon grains of each sample were dated. As a whole, 325 (out of 512 analyzed)
zircon grains for the Andean case and 356 (out of 432 zircon grain spots analyzed) for the Western Alps
case were used. For the Andean case, only concordant or subconcordant (discordance smaller than±3%)
ages were considered, whereas for the Western Alps case, U–Pb ages with a discordance smaller than
±10% were considered as reliable. 206Pb/238U ages were used for grains younger than 1.2 Ga and
206Pb/207Pb for grains older than 1.2 Ga (see [12,14,17,18] and Tables S1 and S2).

Sandstone petrography was investigated through a standard thin-section point counting routine,
following the Gazzi–Dickinson method [25,26] in order to minimize the possible bias introduced by
different grain sizes of the studied samples [11,27]. According to the method, a double-point counting
was performed on each sample, dealing with all rock constituents (framework grains, matrix, cements,
pores; at least 250 framework grains counted) and fine-grained rock fragments (at least 200 fine-grained
rock fragments counted) as proposed and described in detail by Cibin et al. [28] (Table S3). The goal of
such double-point counting is to get a better picture of the rock types exposed in the source region and
their tectonic meaning in terms of traditional provenance categories [29], including the occurrence of
sedimentary rocks which could potentially deliver second-cycle zircon grains. As a whole, 33 thin
sections were analyzed in the Andean case and 72 in the Western Alps case [14,17,18].

In the Southern Andes case study, thermochronological data from apatite grains were collected
in order to provide a multiproxy dataset. Apatite fission track (AFT) and single-grain double-dating
(AFT and U–Pb geochronology on the same grain) were performed to constrain the T–t path
(temperature–time or cooling history) of rocks, both source and basin filling, with respect to a
temperature range of 60–110 ◦C, called the Partial Annealing Zone (PAZ) [30,31]. Since fission tracks
anneal primarily as a function of temperature, such that at temperatures higher than 110 ± 10 ◦C
tracks are entirely annealed, temperatures cooler than 60 ◦C lead to minimal track annealing [32].
AFT analysis was performed on three samples where ~100 grains were analyzed for each detrital
sample. Unfortunately, there were not enough confined lengths present in any given population to
be statistically significant, so length data are not reported. For each sample, fission track grain–age
distributions and populations were determined using both the Binomfit program [33] (which applies
the binomial peak-fitting method [34]) and Density Plotter [35]. Calculated populations are reported by
age and error (2σ). The apatite system is very sensitive to temperatures within the upper portion of the
crust, less than about 4 km, and ages can either represent cooling events by exhumation of parent rocks
or “geologically instantaneous” cooling following magmatism [36]. For this reason, 23 apatite AFT data
Cretaceous in age (i.e., near syndepositional) were also coupled with apatite U–Pb dating. Apatite has
also been employed in high-temperature thermochronology studies, which demonstrate that the U–Pb
system in apatite has a closure temperature of about 450–550 ◦C [37,38]. LA–MC-ICPMS U–Pb dating
of apatite is more challenging, as apatite typically contains lower U and Pb concentrations. In contrast
to the well-documented polycyclic behavior of the stable heavy mineral zircon, apatite is unstable
in acidic groundwater and weathering profiles, and it merely shows limited mechanical stability in
sedimentary transport systems. Thus, it more likely represents first-cycle detritus; hence, U–Pb apatite
dating would yield complementary information to U–Pb zircon provenance studies. Fission track
and U–Pb dating are, therefore, two of the most useful and rapid techniques in apatite provenance
studies. They yield complementary information, with the apatite fission track system indicating
low-temperature exhumation ages and the U–Pb system yielding high-temperature cooling ages,
which help constrain the timing of apatite crystallization [39,40]. Apatite U–Pb dating was conducted
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by laser ablation multicollector inductively coupled plasma mass spectrometry (LA-MC-ICPMS) at
the Arizona LaserChron Center, following the methods used for zircon by Gehrels et al. [41,42] and
Gehrels [43], modified for apatite by Thomson et al. [44].

3. Geological Framework and Results of the Southern Andes and Western Italian Alps
Case Studies

3.1. The Case of the Retro-Arc Basin of Southern Andes between 34◦ and 40◦ S Latitude
(Neuquén Basin, Argentina)

3.1.1. Geological Setting and Stratigraphy

The Neuquén Basin is a Mesozoic–Early Cenozoic foreland basin located in a retro-arc position
with respect to the Andean volcanic arc between 34◦ and 40◦ S (Figure 1A). Due to its long and fairly
continuous subsidence, the basin contains an almost complete record of Mesozoic Andean tectonics,
erosion, and sedimentation. The geological evolution of the Neuquén Basin was largely controlled by
changes in the tectonic regime along the western margin of South America during the Mesozoic and
Cenozoic eras (see [12,14,15,45–47] for an up-to-date review). In particular, the Jurassic–Cretaceous
evolution has been linked to changes in the subduction slab dip of the oceanic Nazca Plate under the
eastern South American continental margin, and to changes in trench roll-back velocities [46], and is
characterized by (i) a Jurassic–Early Cretaceous back-arc extensional phase linked to a steeply dipping
subduction and (ii) a contractional retro-arc foreland basin phase linked to a temporary shallower
dipping subduction due to a change in the absolute motion of South America. The sedimentary
record preserved in the continental Cretaceous strata of the Neuquén Basin allows investigating the
effects of that transition from an extensional back-arc to a contractional retro-arc foreland setting,
notwithstanding that no significant facies changes occurred as depositional environments remained
continental with fluvial deposits during the entire Cretaceous evolution (see [14] for a detailed
description of depositional facies). In particular, the investigated effects concern (i) switches in source
regions of the clastic detritus; (ii) exhumation patterns of source rocks; and (iii) stratigraphic architecture
of the basin. Most Cretaceous sedimentary evolution is recorded by a thick continental clastic succession
formed by the Bajada del Agrio and the Neuquén Groups, separated by a regional-scale Cenomanian
unconformity (Figure 1B). This continental succession has been intensively studied in order to capture
the tectonic signal linked to the evolution of that portion of the Andean system.
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3.1.2. The Detrital Record from Detrital Zircon U–Pb Dating, Sandstone Petrography,
and Thermochronological Proxies

Sandstone provenance has been intensively studied in the last 10 years in the Andean retro-arc
basins, frequently using U–Pb dating of zircon grains as the main or unique approach [13–16,47–51];
however, many of these geochronological studies concern the Meso-Cenozoic sedimentary sequences
of the northern and southern sector of Andean mountain building [13,52–56]. Here, we particularly
focus on the data reported in the regional studies by Di Giulio et al. [14,16]. These studies, performed
on the Cretaceous part of the Neuquén Basin, reveal a distinct shift in sandstone provenance related
to a change in source exhumation patterns of parent rocks as well as lag time across the basin-scale
pre-Cenomanian unconformity that divides the Bajada del Agrio and the Neuquén Groups [13,14]
(Figure 1B). Sandstone petrography of the same stratigraphic interval consistently shows a shift from a
mixed to a volcanic arc signature across the Cenomanian unconformity that divides the Rajoso from
the Candeleros Formation, and it shows a progressive return toward a mixed and then to cratonic
signature along the Neuquén Group (Figure 2A). More specifically, sandstone detrital mode changes
mostly reflect the variable abundance of fine-grained volcanic rock fragments in the studied formations,
reaching a maximum in the lower Candeleros Formation and then rapidly decreasing up-section in the
Neuquén Group. Consistently, U–Pb dating of zircon grains from clastic units across the unconformity
in the Rayoso Formation and then along the Neuquén Group distinctly records an abrupt change of
detrital age populations.

In the Neuquén Basin, from the Candeleros Formation, zircon grains age populations show a
massive arrival of crystals with cooling ages equal or very close to the depositional age (few tens of
millions to zero years of difference). This contribution is from syndepositional volcanics and/or juvenile
volcanic material completely absent before (Rayoso Formation; Figure 2B,C). In the Rayoso Formation,
the difference in time between its depositional age (Aptian–Albian) and the youngest detrital zircon
population is ca. 100 Ma. Furthermore, the cumulative curve (Figure 2B) of the Rayoso Formation
shows that most of the measured crystallization zircon ages are 250 Ma older than the depositional age
as expected in tectonic settings characterized by erosion of old basement rocks.

Up-section (above Candeleros Formation), the progressive decrease of syndepositional volcanics
and/or juvenile volcanic material is visible, as well as substitution by older zircon grains (Figure 2B,C).
The picture is completed by geo-thermochronological data on apatite grains (U–Pb dating and fission
tracks), that is, the double-dating method (Figure 3). Double-dating of apatite crystals was preliminarily
used to detect possible synsedimentary volcanic contributions because AFT data is useful for unravelling
the exhumation story of parent rocks within the upper few kilometers (i.e., their exhumation above the
AFT annealing temperature). The results (Figure 3B) show that most of the analyzed apatite grains
had a nonvolcanic origin, as their U–Pb and AFT ages were significantly different (delta age spanning
from 150 to more than 300 Ma). Only one exception showed zero delta age between U–Pb and AFT
ages, thus confirming its volcanic origin. For the nonvolcanic apatite grains, two broadly different age
populations can be recognized and interpreted as two different source regions with respect to their
tectonic history and lag time, defined as the difference between the AFT age and the depositional age
of the rock. The sources are: (1) a rapidly exhuming region delivering apatite grains with AFT ages
very close to the depositional age (very short lag time, ca. 10–20 Ma), shown by the single peak in
Candeleros Formation (123.7 ± 4.7 Ma) and the youngest peak in Portezuelo and Bajo de la Carpa
Formations (82.4 ± 5.5 and 94.7 ± 4.7 Ma, respectively), and (2) a sector delivering apatite grains with
AFT ages several tens of Ma (>50 Ma) older than the depositional age of samples. This is inferred by the
presence of a second older population in Portezuelo and Bajo de la Carpa Formations (158.3 ± 7.7 and
163 ± 9.5 Ma, respectively). Generally, a longer lag time testifies to the erosion of rocks that remained
above the AFT annealing temperature for a considerably long time before arriving at the surface [36];
in addition, the proportion of the second source increases up-section (Figure 3A).
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Figure 2. (A) Sandstone petrography in the Cretaceous Bajada del Agrio and Neuquén Groups
of Neuquén Basin plotted in the QmFLt provenance diagram of Dickinson [29]. (B) Results from
U–Pb dating of detrital zircons. Cumulative proportion curves showing the difference between the
crystallization age for a detrital zircon and the depositional age of the sample in which it occurs. Solid
lines indicate the studied samples; dashed lines bind the fields representing three tectonic settings as
defined in [50]. (C) U–Pb ages (bins 10 Ma) shown from top to bottom according to their stratigraphic
order (Table S1). Blue line is the kernel density estimate (KDE). Red text is the depositional age of the
corresponding formations (see [14] and reference therein for the paleontological and geochronological
data). For the stratigraphic position of studied samples, refer to Figure 1B. Modified from [14].
Stratigraphic positions of samples are reported in Figure 1B.
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Figure 3. (A) Kernel density estimate (KDE, dashed blue line) and histogram distributions
(grey rectangles) from apatite fission track data produced using Density Plotter [35] from Bajo
de la Carpa, Portezuelo, and Candeleros Formations, shown in their stratigraphic order. Calculated
populations are reported by age and error 2σ. (B) Results of double-dating on detrital apatite grains from
the Neuquén Group; sample stratigraphic positions reported in Figure 1B. Note that no volcanic crystals
(delta age = 0) are recognizable, with only one exception in the Candeleros Formation. Red text is the
age of deposition (see [14] and reference therein for the paleontological and geochronological data).

3.1.3. Discussion on the Drainage Evolution and Related Provenance Changes in the Neuquén Basin

The collected multiproxy dataset allows tracing the tectonic evolution and the related
rearrangement of the drainage pattern within the source-to-sink routing system formed by the
Neuquén retro-arc basin and the Andean cordillera, between 36◦ and 40◦ S latitude from Albian to
Santonian time. This evolution can be schematically summarized in the following main steps. During
Albian time, the existence of a divergent drainage pattern in a back-arc basin setting is suggested
by the lack of syndepositional, neovolcanic grains (Aptian–Albian in age) in the Rayoso Formation,
as recorded by coupled zircon U–Pb ages, cumulative curve, and sandstone petrography (Figure 2).

In fact, at that time (>100 Ma), a volcanic arc was active and its overall detritus was likely
transported westward, towards the pacific margin, with the only exception of ash layers. A volcanic
detritus transported eastward would have needed to pass over the rift shoulders to finally end up in
the basin; in this case, it would have been recorded by detrital zircon ages coeval with the sediments’
depositional age. By contrast, the back-arc Neuquén Basin was mostly fed by the uplifted rift shoulders,
mainly composed of Paleozoic–Proterozoic basement rocks and their Jurassic–Triassic covers shown by
the highest peak of U–Pb zircon ages in the Rayoso Formation between ca. 200 and 400 Ma and minor
peaks around 500–600 Ma and ca. 1.1 Ga (Figure 2C). At around 100 Ma, the region started to become
affected by contractional deformation, possibly linked to the global-scale plate reorganization produced
by the opening of the Southern Atlantic Ocean [57] (see also [15] for discussion). In the Neuquén
Basin, this tectonic inversion triggered a rapid reorganization of the drainage pattern caused by the
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transition from a back-arc extensional setting to a retro-arc contractional basin. In the stratigraphic
record, this transition is marked by the pre-Cenomanian regional-scale erosional unconformity between
the Bajada del Agrio Group and the Neuquén Group occurring in an otherwise continuously subsiding
basin. This erosion is thought to be the result of a weak but basin-scale uplift, due to large-scale
continental folding (i.e., buckling) during the very beginning of contraction, before the full development
of thrust tectonics and an adjacent foreland basin. After this uplift event, during Cenomanian–Turonian
time (Candeleros, Huincul, and Portezuelo Formations), continental deposition restarted and both
zircon U–Pb ages (highest peak at ca. 95–150 Ma in the Candeleros Formation) and sandstone
petrography (volcanic lithic-rich) consistently recorded an important and abrupt shift, with poorly
dissected syndepositional volcanic arc detritus (Figure 2A) arriving in the Neuquén Basin from the
Cordillera together with a minor but ongoing contribution from Mesozoic (ca. 200 Ma detrital zircon age
peak) and Paleozoic rocks exhumed during the Cretaceous (zircon ages of ca. 300–500 Ma) (Figure 2C).
Paleocurrent data in the Neuquén Group show N–S to E–NE directions moving up-section [14] and
allows confirming this reconstruction.

This evidence is interpreted as recording the beginning of contractional-related exhumation of
the Cordillera, coupled with inversion of the drainage pattern from divergent to convergent and
linked to transition of the Neuquén Basin from a back-arc to a retro-arc foreland basin. After this step,
during the Late Cretaceous evolution, the integration of U–Pb zircon dating, sandstone petrography,
and apatite double-dating results (showing no volcanic apatite grains deposited in the Neuquén group,
except for only one crystal in the lower Candeleros Formation, Figure 3B) suggests a progressive
increase of detrital input from old basement rocks. This included Proterozoic rocks with a multistage
magmatic–metamorphic history (>500 Ma, rim-core ages, Figure 2C) exhumed during the Jurassic,
together with a contribution from rocks that suffered Cretaceous exhumation with removal of the partial
annealing zone during the Cenomanian (i.e., older AFT populations, Figure 3A), followed by increasing
tectonic exhumation up to Santonian time. As proposed by [12] and [14], this multiproxy dataset
indicates that a convergent drainage pattern developed into a contractional foreland setting during
deposition of the Neuquén Group, with detrital material supplied by both the Andean Cordillera to
the west and by the craton to the east, which was uplifted during eastward migration of the flexural
peripheral bulge causing an increasing detrital contribution from the San Rafael continental block
located in the foreland.

3.2. The Case of the Western Ligurian Flysch (NW Italy) during Impending Collision

3.2.1. Geological Setting and Stratigraphy

This case study addresses the detrital provenance of the terrigenous units included in the
Cretaceous–Paleocene Western Ligurian Helminthoid Flysch Complex (WLF), which forms the
uppermost part of the nappe pile of the Ligurian part of the Western Italian Alps, NW Italy
(Figure 4A). The WLF represents the remnant of the accretionary wedge formed by the cover of
the Piedmont–Ligurian ocean and its continental margin, scraped off along the Ligurian Alps transect
of the Alpine subduction system in the framework of an intra-oceanic subduction zone [16,58–60]
(Figure 4B–D). During the Late Eocene–Early Oligocene continental collision, the WLF was thrust over
the European foreland and presently rests on the Mesozoic Dauphinois–Provençal succession to the west
and southwest and on the Briançonnais units of the Ligurian Alps to the north [16,59,61–63]. The WFL
comprises four main flysch units (from top to bottom of the complex): the San Remo–Monte Saccarello
Unit, the Moglio–Testico Unit, the Borghetto d’Arroscia Unit, and the Colla Domenica–Leverone Unit
(Figure 4B,C). The tectonically inverted chronostratigraphic organization of these units, divided by
southward dipping thrusts, with the oldest unit resting on top of the nappe pile, documents the
typical tectonic inversion of accretionary wedges [16,64]. Whilst the three lowermost and younger
units underwent multiphase, ductile–brittle deformation, the oldest and structurally topmost San
Remo–Monte Saccarello Unit is characterized by a rather simple and less intense structural overprint.
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Figure 4. (A) Tectonic scheme of the Western Alps and location of Western Ligurian Flysch Complex
(WLF); ATF: Alpine Thrust Front; U-E: Ubaye–Embrunais nappe; TH-M: Torino Hills–Monferrato
arc; TPB: Tertiary Piedmont Basin. (B) Structural scheme of the WLF. (C) Stratigraphic framework
of the WLF units and stratigraphic position of studied samples. (D) Paleogeographic reconstruction
proposed for the Late Cretaceous setting of the Piedmont–Ligurian subduction zone along the Ligurian
Alps transect, redrawn after [48]; BR-GSB: Briançonnais–Gran San Bernard domain; DM-GP-MR:
Dora Maira–Gran Paradiso–Monte Rosa blocks; SL: Sesia–Lanzo zone; PPL: Paleo-Periadriatic Line;
ELB: External Ligurian Basin; AL: Austro-Alpine continental sliver.

Two of the units of the WFL feature poorly dated upper Cretaceous, thick, sandstone-rich
turbidite units [16] (Figure 4B): (i) The Borghetto d’Arroscia Unit contains quartz-rich turbidite fan
deposits of the Monte Bignone Formation (sometimes called M. Bignone Quartzites in the regional
literature) [65] interbedded with conglomeratic levels primarily comprising carbonate clasts [66],
and divided by one of these conglomerate units into a lower and an upper quartzite member.
(ii) The San Remo–Monte Saccarello Unit contains quartz-rich sandy turbidites in the uppermost part
of the lowermost stratigraphic unit (San Bartolomeo Formation) that is stratigraphically overlain by a
thick sand-rich turbidite fan unit, the Bordighera Sandstone [67]. The other WFL units are composed
of shaly formations at the base (sometimes called basal complexes in the regional literature: Colla
Domenica Shale, Ranzo Shale, Moglio Shale, lowermost part of the S. Bartolomeo Formation) and
thick and monotonous calcareous-marly flysch successions (Leverone Formation, Ubaga Limestone,
Testico Formation, San Remo Flysch) of the wide family of the Alpine Helminthoid Flysches.

3.2.2. The Detrital Record from Sandstone Petrography and U–Pb Dating of Detrital Zircon Grains

Provenance analyses of sandy siliciclastic turbiditic successions of both the San Remo–Monte
Saccarello Unit and the Borghetto d´Arroscia Unit were performed by means of integrating U–Pb detrital
zircon chronology and sandstone petrography (Tables S2 and S4). For petrographic investigations,
a total of 40 samples were acquired from the terrigenous units of the San Remo–Monte Saccarello
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Unit. Thirty sandstone samples were selected from two stratigraphic intervals of the Monte Bignone
Formation in the Borghetto d´Arroscia unit: 27 samples from the Lower Quartzite member and 3 samples
from the Upper Quartzites member. For detailed stratigraphic positions of samples processed for
petrographic studies, the reader is referred to [14,15]. Samples for detrital zircon geochronology were
collected from the same stratigraphic intervals (Figure 4C).

Based on sandstone modal analyses, the fine-grained turbidite sandstones of the San Bartolomeo
Formation at the base of the San Remo Unit classify as quartz-rich sandstones (modal averages
of Qt69F29L2; Figure 5A). This relatively high compositional maturity [66] is accompanied by the
well-sorted nature of the sandstone framework grains. Moderate to high roundness indicates high
textural maturity. By contrast, the overlying coarse-grained Bordighera Sandstone turbidites represent
typical arkoses, with roughly equal shares in quartz and feldspars (average modal composition:
Qt49F48L3), and typified by a poor sorting and angular to subangular framework grains. The high
quartz proportions that typify the San Bartolomeo Formation samples suggest intense weathering of
less stable feldspar grains during prolonged exposure on continental land masses and/or extended
sedimentary recycling along lower-gradient areas [68]. In combination with the high textural maturity,
according to traditional provenance categories [69], these observations indicate a stable craton to
transitional continental provenance terrane. Further, this may include extensive shelfal areas where
detrital material may have been subjected to additional textural maturation. Conversely, the abundance
of unstable feldspar grains rules out such a provenance scenario for the younger coarse-grained
Bordighera Sandstone [69]. Together with the markedly reduced textural composition, a first-cycle
origin dominantly derived from an uplifting granitic basement block, with very minor contributions
of low-grade metamorphic rocks and sedimentary rocks, may be inferred. Within both units,
the dominance of monocrystalline over polycrystalline quartz is interpreted to indicate contributions
of basement rocks [70,71].

Sandstones within the Borghetto d’Arroscia Unit exhibit variable degrees of sorting. Framework
grains are typically subangular to rounded. The detritus generally contains high proportions of quartz,
very low to low proportions of feldspar, and variable shares of rock fragments (mean Qt83F5L12). Within
this overall picture, the key observation is that modal percentages show significant variations, evolving
from quartzose sandstones towards lithic and then to a lithic, subarkosic composition up-section
(Figure 5A). The Lower Quartzite member sands feature high quartz proportions (average 86%),
whereas quartz shares significantly decrease up-section towards the Upper Quartzite member (average
63%). On the contrary, feldspars account for relatively constant, low portions throughout the Lower
Quartzite member (average 4%) but become more abundant in the Upper Quartzite unit (average 14%).
A similar pattern can be observed in the shares of lithic fragments, which show an overall up-section
increase (from 10% to 22% on average). In summary, a somewhat gradual change from quartz arenites
to lithic arenites is recorded in the Lower Quartzite unit, delineated by an increase in the number of
sedimentary and volcanic lithic fragments. By contrast, the Upper Quartzite member exhibits a further
shift towards lithic subarkosic composition coupled with an increase in plutonic and metamorphic
rock fragments. The high degree of compositional maturity characterizing the quartz-rich arenites
of the Lower Quartzites in the Borghetto Unit implies intense sedimentary recycling [69], suggestive
of temporary sediment storage along the source-to-sink pathway, similar to the interpretation of the
provenance scenario obtained for the San Bartolomeo Formation in the San Remo-M. Saccarello unit.
The compositional maturity could, hence, be explained by prolonged reworking in shallow marine
environments along a passive margin shelf. The up-section increase of sedimentary lithic fragments in
the M. Bignone Lower Quartzite member suggests progressive tectonic uplift and local denudation of
a provenance terrane that, to a great extent, comprised a well-developed sedimentary cover sequence.
Conversely, the increased feldspar and plutonic fragment portions in the M. Bignone Upper Quartzite
member would indicate a further shift towards an increasing basement source [69].
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Figure 5. (A) Results from sandstone detrital framework analysis of the siliciclastic members of the
WLF units plotted in the QmFLt provenance discrimination diagram of Dickinson [26] (Table S4).
(B) Compilation of cumulative detrital zircon U–Pb age distributions of the investigated siliciclastic
units of the WLF. (Table S2). (C) Probability density plots of the siliciclastic successions of the WLF
covering the time range from 200 to 800 Ma; bins 10 Ma and discordance ±10%. Note that in this case,
the depositional age (Late Cretaceous) is out of the plot area, as no zircon grains with a similar age
occurred in studied samples.

The observed stratigraphic trends in sandstone modal composition in both the San Remo
and Borghetto Units raise the question of whether they reflect changes in sediment provenance
area (i.e., a provenance shift) or imply a change in tectonic regime affecting the same source area.
U–Pb dating of detrital zircon grains was performed to solve this basic provenance question and further
constrain source area reconstructions. A total of 356 zircon grains from six samples coming from the
San Bartolomeo Formation (two samples), Bordighera Sandstone (three samples), and Mt. Bignone
Formation (one sample) yielded concordant ages. Comparisons of the investigated detrital zircon
signatures revealed marked similarities (Figure 5B,C; standard statistical evaluations of similarity
between samples’ detrital age distributions via KS-tests and MDS diagrams are provided in [17,18]).
All detrital zircon age spectra were characterized by their primary Carboniferous age contributions
around ca. 300–360 Ma. Significant populations of Ordovician ages around 450 Ma and 480 Ma were
also common in all samples. Additional similarities were expressed in the shared broad age population
ranging from ca. 535 to 660 Ma. Noteworthy, minor Upper Pennsylvanian-Guadalupian age peaks
between ca. 270 Ma and 305 Ma were exclusive to samples of the San Bartolomeo Formation.
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3.2.3. Discussion on the Erosion of the Passive Continental Margin during Oceanic Closure

The multiproxy sediment provenance study of the sandy units of the Western Ligurian Flysch
Complex provides a better understanding of the precollisional evolution of the Piedmont–Ligurian
ocean, and it specifically allows deciphering the role of the opposing continental margins as potential
detrital sources during the final stages of oceanic closure. To this end, the distinction between the
detritus delivered by the Adriatic margin (placed on the overriding plate) and that derived from the
European passive margin (placed on the down-bending plate) is required.

The main populations of Carbonifeous detrital zircon U–Pb ages correspond to magmatic and
metamorphic events that, in the Alpine region, occurred in the framework of the older Variscan
orogeny [72]. The second most abundant age group that covers the time span between ca. 535 Ma and
660 Ma corresponds to geodynamic events associated with metamorphic and magmatic rocks that
occurred in the course of the Cadomian orogeny [73]. Detrital ages between ca. 270 Ma and 305 Ma can
be linked to post-Variscan magmatism associated with gravitational collapse of the thickened Variscan
crust. With regard to the opposing continental margins that bounded the Piedmont Ligurian Ocean
(i.e., the subducting paleo-Europe plate and the overriding Adriatic plate), pronounced late Variscan
age distributions (270–330 Ma) provide fundamental insights into the provenance terrane, since granite
emplacement primarily occurred along the paleo-European plate during that time span [72,74–76];
this conclusion is also supported by Multidimensional Scaling Analysis [18]. In fact, only older Variscan
ages were found in Austroalpine and Carpathian basement units [77] (i.e., Adriatic plate).

These late Variscan age populations (Figure 5C) shared in all investigated clastic formations
a similar provenance for all investigated WLF units. These results coupled with the detailed
sedimentological description [17,18,63,67] of the clastic sequence allow inferring the principal sediment
supply into the subduction zone staged from the Paleo-European continental margin (placed on the
subducted plate), during its arrival close to the subduction zone facing the impending continental
collision. Therefore, geochronological data provided by U–Pb detrital zircon ages helped to testify
that (i) despite the observed compositional changes in sandstone modal composition, the terrigenous
material was delivered by the same source terrane, and (ii) in the context of the Alpine subduction and
age constraints on crustal growth stages recorded in the pre-Alpine basements [72,78], that terrane
was likely placed on the passive continental margin of the subducting European plate. Nevertheless,
in both investigated units, a substantial shift in tectonic stability of the source terrane was recorded
first by the onset of coarse-clastic sedimentation, and then by its compositional evolution.

The development of a flexural bulge in response to the tectonic loading of the advancing Alpine
accretionary wedge provides a feasible explanation for this reactivation and tectonic inversion of the
lower plate margin. This would explain both the observed up-section trend in composition and the
evolution of textural sediment maturity, which are interpreted to mirror the imminent arrival of the
flexural bulge in the distal parts of the continental margin, triggering the reworking of quartz-rich
shelf sands into the deep basin. More specifically, the up-section trend towards less mature, arkosic
sands is thought to reflect the subsequent craton-ward migration (hinterland) of the flexural bulge,
causing rapid unroofing of crystalline rocks and enhanced erosion rates. Increased sediment yield and
sediment caliber might indicate the development of areas of high relief and/or reactivation of ancient
fault scarps. The main implication from these observations is that the observed mineralogic up-section
trend of decreasing sediment maturity of sediments delivered from the same source terrane can serve
as a detrital tool for the inversion of the passive margin during its arrival near the subduction zone,
and the forthcoming geodynamic transition from a subduction to a collisional scenario.

4. Overall Conclusions

Provenance of clastic sediments accommodated in syntectonic basins is commonly used as a tracer
for reconstructing the evolution of convergent geodynamic settings. In these settings, the orogenic
prism is commonly considered as the prevailing source for detrital material. By contrast, the examples
from the Andean region and Western Ligurian Alps show the following:
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• In the back-arc Andean region, a transition from an extensional to a contractional setting is
recorded during late Albian–early Cenomanian time (Figure 6A) by detrital provenance, possibly
linked to an overall plate reorganization that caused the decrease of subduction dip. The resulting
flexure of the down-bending continental block in the back-arc Andean region triggered the erosion
of the South American foreland craton, providing most of the detrital material to the majority of
Upper Cretaceous continental successions accommodated in the back-arc Neuquén Basin during
its contractional evolution.

• In such a back-arc contractional setting, the scarceness of syndepositional volcanic zircon
crystals, combined with the contrasting exhumation rate of the source rocks revealed by double
apatite dating, provide clues for discriminating sediments coming from the Cordillera volcanic
arc/orogenic belt from sediments staged from the continental foreland.

• In the Ligurian transect of the Western Alps (Figure 6B), an intra-oceanic subduction was supposed
due to the overall lack of terrigenous material arriving in the basin during most of the Cretaceous.
In such a context, the Late Cretaceous arrival of voluminous sand-size terrigenous detritus
remains enigmatic.

• Coupled U–Pb dating of clastic zircon grains and sandstone petrography support the European
continental margin placed on the subducting plate as the source of that material, and its arrival
close to the subduction zone is thought to announce the impending collision. Within this
transient phase, decreasing sandstone maturity through time is thought to record the arrival
of the flexural bulge on the passive continental margin, starting from a shelf region and then
moving toward the hinterland. This passage first triggered the reworking of mature quartz-rich
shelf sands, and afterwards it caused basement erosion and deposition in the subduction zone of
basement-sourced arkoses.

Figure 6. Tectonic model developed for the late Cretaceous evolution of (A) the Neuquén Basin in
the retro-arc of Southern Andes, and (B) the Piedmont–Ligurian subduction zone along the Ligurian
transect of Western Italian Alps. Note, in both, the major role of detrital source played by the continental
down-bending block, uplifted and eroded by the passage of the peripheral bulge.

In summary, the findings derived from detrital studies of the south Andean system and the
Ligurian transect of the Italian Alps system point out that even the down-bending block can be an
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important source, and sometimes even the only source, of terrigenous sediments in certain steps of the
tectonic evolution of convergent systems. In the case of intra-oceanic subductions, that contribution
can be considered a way to trace the final stages of oceanic closure and impending collision.
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Neuquén, Table S4: Petrography Ligurian Alps.
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Abstract: The study presents a complex characteristic of zircon from the Verkhneurmiysky intrusive
series with Li-F granites. A wide range of morphological and chemical properties of zircon allowed
us to obtain new information on the formation and alteration of zircon from biotite and zinnwaldite
granitoids and to determine its features, which contribute to the correct definition of Li-F granites
formed directly before the tin mineralization. The reviled trends of zircon morphology and composi-
tion evolution in the Verkhneurmiysky granites series are: the high-temperature morphotypes are
followed by low-temperature ones with more complicated internal structure with secondary alter-
ation zones, mineral inclusions, pores, and cracks; the increasing concentration of volatile (H2O, F),
large ion lithophile (Cs, Sr), high field strength (Hf, Nb) and rare-earth elements with decreasing
crystallization temperatures and the determining role of the fluid phase (predominantly, F) in the
trace element accumulation. The composition of zircon cores in biotite and zinnwaldite granites is
very similar. However, the zircon rims from zinnwaldite granites are much more enriched in trace
elements compared to those from biotite granites. The first study of zircon from the Verkhneurmiysky
granitoids provides new data on the formation and alteration conditions of granitoids, including
zinnwaldite ones.

Keywords: zircon crystal morphology; zircon textures; zircon trace elements; alteration of zircon;
REE in zircon; rare metal granites; Li-F granites

1. Introduction

Granitoid plutons are widespread in the Badzhal and Myao-Chan ridges of the Amur
Region and play an important role in the localization of the Badzhal-Komsomolsky tin ore
district. At the same time, rare metal Li-F granites formed shortly before tin mineralization
were found only in 1987–1990, when an expedition of the Leningrad Mining Institute
conducted a special mapping of the territory of the Verkhneurmiysky ore cluster.

In recent years, rare-metal granites were determined only by their chemical com-
position, without taking into account their geological, mineralogical, and petrographic
features. Due to the statistically insignificant differences in the composition of biotite and
zinnwaldite granites, this approach leads to errors in geological mapping and mineral
prospecting and exploration.

The comprehensive cutting edge study of accessory mineralization, including zircon,
which is the most important mineral indicator of petrogenesis, effective geochronometer,
and geothermometer, should contribute to the solution to problems of correct granitoid
differentiation in the Amur region, the identification of rare-metal granites, and the study
of their formation conditions.

The purpose of this study was to identify typomorphic features of accessory zir-
con from the granites of the Verkhneurmiysky massif. This set of characteristics should
improve the scientific and methodological basis for the identification of rare-metal Li-F
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granite within the granitoid plutons. To solve these problems, we studied the composition,
morphology, and internal structure of accessory zircon from biotite leucogranites and
zinwalditic Li-F granites of the Verkhneurmiysky massif.

2. Geological Settings of the Verkhneurmiysky Massif and Characteristics of Granitoids

2.1. Geological Structure of the Verkhneurmiysky Massif

The Badzhal tin ore district is a part of the Sikhote-Alin-North-Sakhalin Lower Cre-
taceous orogenic belt, which extended for about 1500 km with a northeastern strike and
a width of 600 km from the southern borders of Primorye to the Lower Priamurye and
the northern tip of Sakhalin Island. The belt formation began in the Early Cretaceous,
Neocomian stage and continued until the late Albian Stage within a transform margin.

From 1950 to 1970, the territory of Badzhal Ridge was studied in detail by the state geo-
logical survey for prospecting works. Geological maps at scales of 1:200,000 and 1:50,000 [1]
were drawn. Gravimetric survey at scales of 1:100,000 resulted in the establishment of the
largest gravimetric minimum in the Amur Region due to the presence of a hidden granite
batholith, which includes the Verkhneurmiysky massif.

Late Cretaceous intrusions of biotite granites and leucogranites of the Badzhal com-
plex, accompanied, especially in the east, by small massifs of monzonites, diorites, gran-
odiorites, and granites of the Silinsky complex, significantly prevail in the study area. The
general trend in the magmatic evolution is the increasing role of rhyolites and comagmatic
granites, increasing alkalinity and potassium content in granitoids [2].

In the 1970s and 1980s, geological exploration was carried out within the Badzhal ore
district, which resulted in the discovery of the major Pravourmiyskoye tungsten–copper
deposit (balance reserves of 141.5 thousand tonnes of tin, 12.3 thousand tonnes of WO3, and
40.1 tonnes of copper) and some smaller tin-bearing bodies [2]. Ore occurrences with Sn,
W, Mo, and polymetallic deposits are grouped in three local ore clusters: Verkhneurmiysky,
Verkhnebadzhalsky, and Hogdu–Lyanchlinsky, connected with extrusive dome structures,
which siliceous intrusive and subvolcanic rocks of Badzhal complex in its core zone.

The Verkhneurmiysky tin ore deposit is the largest and most promising object in
the southwestern part of the Badzhalsky region. It is notable for its complex geological
structure and significant scale of metasomatic alterations. The geological and structural
position of the ore node is determined by its confinement to a large Verkhneurmiysky
granite massif and sublatitudinal structures [3,4].

The two main ore types are: cassiterite–quartz and cassiterite–silicate assemblages.
The age of the Verkhneurmiysky massif is estimated from 83.4 ± 3.2 Ma to 98 ± 4 [2].

The rare metal granites immediately preceding tin mineralization were first found in
1987–1990 [2]. In 1993, a report was published giving a brief characterization of these gran-
ites in the Verkhneurmiysky massif, which are classified by petrochemical, geochemical,
and mineralogical features as subalkaline rare-metal Li-F leucogranites [5].

Some researchers [6], point to the evolution in the formation of granites of the
Verkhneurmiysky massif, which led to the intrusion of more and more evolved gran-
ite magmas with the final formation of Li-F granites, which are spatially and genetically
associated with the Pravourmiyskoye tin deposit.

They also consider slab window as the most probable mechanism for magmatic rock
formation of the Badzhal zone [7], and Li-F granites fluid sources that caused metasomatic al-
teration of rhyolite with the formation of ore-bearing quartz–topaz–siderophyllite greisens [6].

While the fact of spatial and genetic connection of the Pravourmiyskoye tin ore deposit
with the formation of the Li-F granite at the final stage is not in doubt, the question of their
genesis remains controversial.

Post-orogenic granitoids of the Verkhneurmiysky pluton are divided into the following
types: (1) widespread biotite granites and leucogranites, which form major bodies and are
united within the Badzhal complex; (2) rare subalkaline biotite monzodiorites and monzogran-
ites of the Silinsky complex, composing poorly eroded dyke belts and stocks [2,8,9]; (3) rare
stocks and dykes of subalkaline rare-metal Li-F granites of the Pravourmiysky complex [10].
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The Pravourmiysky complex is located in the course of the Irungda-Makit River at the
intersection of northwestern Orokotskaya and latitudinal Pravourmiyskaya disjunctive
zones (Figure 1, red circle). The exposure of rare-metal granites composes less than 1% of
the Badzhal zone.
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Figure 1. Upper part: Study area, based on the free blank map, commons.wikimedia.org. Lower part:
Geological position of Li-F granites in Badzhal region (the scheme is based on the State Geolog-
ical Map—1000/3, GGK-2009) [2]. 1—Oligocene–Miocene conglomerates, sandstones, argillites
of the Verkhneamgunskaya Depression; 2–5—Upper Cretaceous volcanites: 2—Ignimbrites of tra-
chyrhyolites, trachyrhyodacites, 3—Subvolcanic trachyandesites, quartz–monzonite porphyries,
4—Ignimbrites and rhyolites tuff, rhyodacites, 5—Subvolcanic rhyolites, rhyodacites; 6—Lower
Cretaceous andesites, andesidacites and their tuffs; 7—Devonian–Perm terrigenous and clayey rocks;
8—Lower Proterozoic gneisses, amphibolites, quartzites; 9–11—Upper Cretaceous intrusive for-
mations: 9—Areal of rare-metal granite magmatism (Pravourmiysky complex), 10—Orokotskaya
zone of monzonitoid dyke magmatism (Silinsky complex), 11—Biotite, biotite–hornblende granites,
leucogranites (Badzhal complex); 12—Lower and Upper Cretaceous granodiorites, quartz diorites
(Laksky complex); 13—Late Paleozoic granites and granodiorites; 14—Boundaries of local mini-
mum gravity of the second order; 15—Faults; 16—Large deposits (a); and ore manifestations (b);
17—Sampling area. Plutons: I—Verkhneurmiysky, II—Synchuginsky, III—Yarapsky. Extrusions:
1—Urmiysky, 2—Gerbinsky, 3—Kurkaltinsky.
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2.2. Mineral and Chemical Composition of Granitoids of the Verkhneurmiysky Massif

Here we give a brief geological, petrographic, and geochemical characteristics of biotite
granites of the Badzhal complex and zinwalditic granites of the Pravourmiysky complex.

Leucogranites of the Badzhal complex form middle-sized hypabyssal intrusive bodies,
which stretch along with the magma-controlling faults. Crystallization of granites of the
Badzhal complex lasted several billion years (crystallization started 94–95 billion years ago
and completed ~92–93 billion years ago) and ended with the intrusion of porphyraceous
granite dikes within the Verkhneurmiysky ore cluster.

Leucogranites are characterized by high concentrations of SiO2 (70–75%), increased
alkalinity (Σ(K2O + Na2O)) = 8–9%, K > Na, and alumina, but do not contain minerals
with high alumina content. These granites belong to the type of leucogranite–alaskaite
formation of tin provinces and are characterized by elevated concentrations of Li, Rb, Cs, Y,
Yb, W, Mo, Sn, and lower concentrations of Ba and Sr. At the same time, the concentrations
of Rb, Cs, W, Nb, Y, Yb, and Sc in the granites of later phases increase successively, while
the Ba and Sr concentrations decrease. Consequently, the fractionation degree of granitoid
systems (Rb/K, Rb/Ba, Rb/Sr, Cs/K, and K/Ba) increases too. We also revealed an increase
in the Li, Sn, and F content and a decrease in the Mo concentration [2].

Post-magmatic alterations are widespread in the Badzhal leucogranites, including
those acquired under the influence of late zinwalditic rare-metal granites. These alterations
make leucogranites and zinwalditic granites quite similar in mineralogical and geochemical
composition [2,11].

Li-F granites of the Verkhneurmiysky massif are the youngest intrusive complexes
completing the Late Cretaceous rare-metal granite intrusive series [2,12]. According to
the tectonic, geological, and structural conditions, as well as petrographic, mineralog-
ical, and geochemical features—these granites belong to the Li-F type of subalkaline
leucogranite formation of rare-metal granites. Li-F granites of Verkhneurmiysky massif are
zinwalditic tantalum–tungsten–niobium-bearing granites with Nb-wolframite, W-ixiolite,
and samarskite, specific for the in post-magmatic tungsten–tin deposits [13,14].

Li-F granites of the Verkhneurmiysk massif are characterized by a massive or eutaxitic
texture, light gray or white color, and the same crystallinity as the host medium-grained
leucogranite. Macroscopically, leucogranites are characterized by a lighter color, absence
of porphyraceous phenocrysts, and chain aggregation of quartz. Rock-forming minerals
are K-feldspar (33–43 vol.%), albite (27–38 vol.%), quartz (32–36 vol.%), and zinnwaldite
(3–5 vol.%). Characteristic features of the Verkhneurmiysky Li-F granites are zinnwaldite
nodules (up to 0.6 mm) with inclusions of fluorite and plagioclase with incorporated topaz
crystals. The rounded pea-shaped quartz forms chains and snowball structures. Mica
of the zinnwaldite series was defined as a Li-bearing siderophyllite that differs from the
biotite of leucogranites by the increased content of Al, Li, Mn, and lower concentrations of
Mg, Fe, and Ti [2].

The composition of the main accessory minerals of zinnwaldite granites differs sig-
nificantly from biotite ones. The zinnwaldite granites contain topaz, fluorite, fluocerite,
ixiolite-(W), fergusonite-(Y), ferberite, while apatite, allanite-(Ce), and anatase are absent.
In addition, zinnwaldite granites have higher contents of zircon, monazite-(Ce), xenotime-
(Y), thorite and decreased fraction of ilmenite and rutile [15]. One of the main typomorphic
features of zinnwaldite granites is the presence of rare-earth and rare-metal-bearing miner-
als. They are characterized by the stable presence of W (fergusonite-(Y), calciosamarskite,
samarskite-(Yb), eschinite-(Y), strüverite, ilmenite, liandratite), the predominance of Nb
over Ta, a significant role of As, Bi, Th, and U, and low content of Sn. Thus, the fea-
ture of Li-F granites is the presence of W and Y-rare-earth elements (REE)-Nb-bearing
mineralization [10].

Thus, we can conclude that the detection of ore-bearing granites within the Verkhneur-
miysky massif is a promising task for modern geological exploration. The exploration for
rare-metal mineralization in this region should consider not only the spatial and genetic
relationship of Li-F granites with plutons of leucogranites and small intrusions of mon-
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zonites, but also all identified mineralogical and petrographic features of Li-F granites,
including the detailed characteristics of the accessory minerals and, first of all—zircon. The
comprehensive study of granitoids of the Verkhneurmiysky massif, described in the works
of V.A. Alekseev, Yu.B. Marin, et al. [2,12], allow identifying the initial and final members
of the Verkhneurmiyskaya granitoid series: biotite leucogranites of the Badzhal complex
and zinnwaldite granites of the Pravourmiysky complex [2].

To clarify the geochemical types of biotite and zinnwaldite granite samples under
study (Figure 2) and to compare them with the other granites of a similar genesis—we
performed a bulk chemical analysis (XRF for petrogenic elements, ICP-MS for an extended
set of elements).
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Figure 2. Chip samples of Li-F granites from Verkhneurmiysky massif: (a) medium-grained zinnwaldite granite; (b) medium-
grained biotite granite.

The table of contents of granites from the Verkhneurmiysky massif, Severny massif
(Chukotka), as well as zinnwaldite and protolithionitic granites from Erzgebirge (Germany)
(Table 1) and their position on the Frost diagram [16] (Figure 3a) demonstrate that studied
Verkhneurmiysky’s granites are subalkaline and all of the compared rocks are rather similar
in terms of the ratio of major oxides. Moreover, not only biotite and zinnwaldite granites
compositions are close, but also the compositions of granites of the Far East, Chukotka,
and the Erzgebirge in general.

The content of trace elements (Figure 3b) in biotite leucogranites reflects a rare metal
melt nature, however, less contrasting than in the zinnwaldite Li-F granites of both Far
Eastern massifs. Elevated concentrations of Li, F, Rb, Cs, Sn, W, Nb, Ta, Y, REE, Th, and
other granitophile elements were also observed [2,10], with the accumulation of volatile
(F), rare alkaline (Li, Rb) and some high field strength elements (Nb, Ta) in the zinnwaldite
granites of the Erzgebirge. Some elements (Ba, Sr, Zr) in biotite granites have concentrations
below the relative abundance of the elements and predictably increase in Li-F granites.

Comparison of the elemental composition of the studied granitoids is consistent
with the geochemical evolution of the Far Eastern granitoid complexes [2], expressed in
an increase in alumina content, accumulation of rare elements, reducing the values of
K/Rb (Bt-Gr-0.67, Znw-Gr-0.64), Nb/Ta (Bt-Gr-7.7, Znw-Gr-5.1), a sharp increase in Rb/Sr
(Bt-Gr-15.3, Znw-Gr-22.4), and a deepening of Eu anomaly on the course from biotite to
zinnwaldite granites.
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Table 1. The composition (single measurements) of granites of the Verkhneurmiysky massif (Amur
region), Severny massif (Chukotka), and Erzgebirge (Germany, Czech Republic) according to pub-
lished data [2,17] and the samples analyzed in this paper (*); Bt—Biotite granite, Znw—Zinnwaldite
granite, Pr—Protolithionitic granite.

Verkhneurmiysky Massif Severny Massif Erzgebirge
Bt * Znw * Bt Znw Bt Znw Pr Znw

SiO2 75.71 76.95 76.38 76.63 75.46 77.59 75.53 72.22
TiO2 0.07 0.07 0.13 0.03 0.13 0.06 0.07 0.01

Al2O3 13.03 12.18 12.48 13.08 11.72 10.9 12.54 15.92
Fe2O3 1.59 1.93 0.27 0.15 1.68 1.49 0.6 0.2
FeO – – 1.58 1.09 – – 0.78 0.45
MnO 0.019 0.027 0.01 0.02 0.02 0.04 0.05 0.09
MgO 0.07 0.06 0.11 0.05 0.17 0.05 0.07 0.09
CaO 0.52 0.51 0.53 0.23 0.68 0.27 0.64 0.38

Na2O 3.53 3.3 3.53 4.24 3.84 3.45 3.49 4.83
K2O 4.86 4.45 4.55 5.48 4.96 5.22 4.73 2.39
P2O5 0.03 0.02 0.02 0.02 0.07 0.03 0.011 0.015
LOI 0.13 0.18 0.74 0.11 1.26 0.54 0.87 1.95

B – – 38 35 9 10 – –
F – – 2900 3557 560 2000 5100 7900
Li – – 160 363 95 364 98 384
Rb 322 314 594 750 290 860 802 1440
Cs 8.9 13.5 35 41 30 51 – –
Sr 21 14 25 6 152 7 13 72
Ba 56 50 293 45 280 8 – –
Zr 93 94 102 39 86 157 124 44
Sn 2 4 18 8 3 8 – –
Pb 33 32 39 48 30 41 – –
Bi <0.1 0.1 4 13 2 7 – –
Nb 15.8 14.3 46 54 13 20 52 109
Ta 2.06 2.8 9 14 3 10 7 52
W <0.5 1.5 26 53 7 30 12 13
Th 32.1 32.6 19 12 8 29 58 15
Y 30.8 75 100 64 33 29 103 7.5

Ce 67.4 48.2 80 68 70 6 83 13.5
The content of oxides is given in wt.%, trace elements in ppm. Hereinafter, a dash (–) indicates cases when an
analysis on the particular element is not performed.
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3. Materials and Methods

This work is based on the samples collected by the staff of the Mineralogical Depart-
ment (Saint Petersburg Mining University) during the fieldwork from 1987 to 1990, headed
by Yu.B. Marin and focused on the special mapping of the Verkhneurmiysky ore cluster.
We studied 13 bulk samples and the corresponding thin sections, zircon single fraction
from 8 samples of biotite granites (more than 555 grains), and 5 samples of zinnwaldite
Li-F granites (460 grains). The studies were conducted in the laboratories of the Mining
University [18–20], the Russian Geological Research Institute (VSEGEI), the Institute of Pre-
cambrian Geology and Geochronology, the Russian Academy of Sciences (Saint Petersburg,
Russia), and the Institute of Mineralogy, TU Bergakademie Freiberg (Freiberg, Germany)
(Table 2).

The zircon extraction was made according to the following method: crushing (−0.5;
−0.4; −0.315; −0.25) → elutriation, drying → electromagnetic separation → extraction
of non-electromagnetic fraction → CHBr3 bromoform (density of 2.899 g/cm3 at 15 ◦C)
→ heavy fraction (accessory minerals) → methylene iodide CH2J2 (density 3.28 g/cm3)
→ heavy fraction (zircon, monazite) → electromagnetic separation → extraction of non-
electromagnetic zircon-bearing fraction. The final stage of sample preparation was the
zircon handpicking from the non-electromagnetic heavy fraction of each sample. We used
JSM-6460LV (Oxford) to get approximately 80 back-scattered electrones (BSE) images of
zircon grains and to perform a wavelength-dispersive X-ray (WDX) analysis of zircon
composition in thin sections of biotite granite (35 grains/66 points) and zinnwaldite granite
(40 grains/167 points).

To study the morphology and surfaces of zircon faces, 118 grains were applied to
electrically conductive tape with subsequent conductive film deposition. They were studied
in the laboratory of the Geological Institute of the TU Bergakademie Freiberg on a scanning
electron microscope JEOL JSM-7001F. The SE images were obtained with the following
parameters: accelerating voltage—15 kV, probe current—20 pA, resolution—3.0 nm; BSE
imaging was carried out under accelerating voltage of 20 kV and probe current of 14 pA.
The analyzed crystals were cleaned, impregnated into epoxy resin, and polished to study
grain inner structure in BSE and CL.
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Table 2. The list of analyzed granite samples and extracted zircons, indicating the methods used and the corresponding
number of measurements: OM—optical microscopy of granites in thin sections and extracted zircon grains, SEM—scanning
electron microscopy (JSM-6460LV, Saint Petersburg, Russia) includes BSE imaging, WDX analysis of zircon and neighboring
minerals in thin sections; SEM *—scanning electron microscopy (JEOL JSM-7001F, Freiberg, Germany) includes SE imaging
of extracted zircon grains, applied to electrically conductive tape, to study the surface of crystal faces and BSE imaging
of zircon grains, impregnated into epoxy resin and polished, to study the inner structure; SIMS—secondary ion mass
spectrometry (Cameca IMS-4f, Yaroslavl, Russia) of zircon grains, impregnated into epoxy resin, to measure the trace element
content (accompanied with BSE and cathodoluminescence (CL) imaging of zircon inner structure); Raman spectroscopy
was applied to measure the degree of zircon crystallinity (Renishaw InVia Raman spectrometer, Saint Petersburg, Russia);
XRF analysis of granite samples to determine the content of petrogenic elements and ICP-MS analysis for the petrogenic
elements, as well as for a wide range of trace elements (Actlabs, Ancaster, ON, Canada).

Sample No. Granite Type Number of Zircon Grains Analysis

60136

Biotite granite, Badzhal
complex

130
OM; SEM (28 analysis); SEM *

(39 zircon grains); XRF, ICP-MS

82053 60 OM

85200 75 OM

85203 75 OM

97029 90 OM

60070 50
OM; SEM (38 analysis); SEM * (19 grains);

SIMS (30 analysis/16 grains); Raman
(20 spectra/10 grains)

60186 35 OM

60108 40 OM

60063

Zinnwaldite granite,
Pravourmiysky complex

35 OM

60205 200 OM, SEM (100 analysis); XRF, ICP-MS

82073 65 OM; SEM (67 analysis), SEM * (38 grains);

04001 70 OM; SEM * (24 grains);

82240 90
OM; SIMS (37 analysis/25 grains); Raman

(16 spectra/8 grains)

The analysis of the trace elements content in zircon (67 analytical points/41 grains)
was carried out on the Cameca IMS-4f ion microprobe (Valiev Institute of Physics and
Technology of RAS, Yaroslavl, Russia) using standard methods [21,22]. The ion beam
diameter was not more than 15–20 µm, the relative error for the majority of elements
did not exceed 15%, and the detection limit is 10 ppb on average. We obtained data on
the content of 11 lanthanides, Li, P, Ca, Ti, Sr, Y, Nb, Cs, Ba, Hf, Th U, F, and H2O, and
calculated the most important geochemical parameters, including Th/U ratio, Eu- and Ce-
anomalies, ΣREE, ΣLREE, ΣHREE, and chondrite-normalized [23] LuN/LaN, LuN/GdN,
and SmN/LaN ratios.

A non-destructive Raman spectroscopy technique was applied to measure the degree
of crystallinity of zircon. Raman spectra were collected by means of the Renishaw InVia
Raman spectrometer installed in the Department of Mineralogy, Saint Petersburg Mining
University, using an excitation wavelength of 785 nm (diode NIR laser) and a thermoelec-
trically cooled charge-coupled device (CCD) detector equipped with a 1200 L/mm grating.
The laser output power of 300 mW was reduced to 0.1% of the standard value, which
is non-destructive to samples of interest. In each experiment, five scans were collected
and averaged. The typical acquisition time was 20 s. The theoretical diffraction-limited
confocal-spot diameter of the laser beam at the sample surface was approximately 1.5 mm
with a Leica 50× long-working-distance objective and a 10× ocular. Repeated acquisi-
tions of the crystals using the highest magnification (50×) were accumulated to improve
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the signal-to-noise ratio in the spectra. The Raman spectra of zircon from biotite granite
(20 spectra/10 grains) and zinnwaldite granite (16 spectra/8 grains) were obtained from the
analytical points of the preceding ion microprobe analysis of trace elements content. The
spectra were recorded in a narrow range from 950 to 1050 cm−1, containing ν1 (975 cm−1)
and ν3 (1008 cm−1) bands, which are responsible for symmetric and anti-symmetric stretch-
ing of the SiO4 group, respectively [24,25]. Spectra were calibrated using the 520.5 cm−1 line
of a silicon wafer. Spectral manipulations such as smoothing (without baseline correction)
and peak parameters recording were performed using the software package Wire 2.0.

No indications of surface damage and change of color by the laser radiation were
observed during the sample checking after Raman measurements.

The bulk composition of granites was determined, using XRF analysis—for the pet-
rogenic elements, and ICP-MS analysis for the petrogenic elements, as well as for a wide
range of trace elements (Sc, Be, V, Cr, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Sr, Y, Zr, Nb, Mo, Ag,
In, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Ti, Pb,
Bi, Th, and U), in the Actlabs laboratory (Ancaster, ON, Canada).

4. Results and Discussion

4.1. Zircon Mineral Associations

The set of Li-F granite accessory minerals and their determining role in the prospecting
works are briefly discussed in Section 2.2. The geochemical evolution of the granitoid
series of the Far East can also be traced in the evolution of the composition of typomorphic
accessory minerals: zircon, ixiolite-(W), ferberite-(Nb), allanite-(Y), and chernovite-(Y) [2].
An example of an indicator accessory mineral coexisting with zircon is allanite, which
changes from Ce and alumina-bearing type in the complex of early biotite leucogranites to
Y-bearing ferriferous allanites in zinnwaldite granites (Figure 4) [2,26].
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Cu, Bi, etc.) [14,28]. The appearance of the As-phases in Zrn-Znw is consistent with the 
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Figure 4. Accessory allanite (Aln) and zircon (Zrn) in zinnwaldite granite (sample 04001), nicols crossed.

The characteristic feature of slightly altered zircon from biotite granites (Zrn-Bt),
usually located at the grain boundaries of rock-forming quartz and biotite crystals, is the
formation of accretions and intergrowth with equal-sized and relatively small grains of
xenotime. Xenotime forms short-prismatic crystals, euhedral grains and solid masses,
with an average formula (Y0.71–0.76Gd0.02–0.03Dy0.06–0.08Er0.04Yb0.03–0.07) [PO4] (Figure 5a–c).
In addition, zircon grains contain rare inclusions of table apatite crystals (Figure 5c).
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Figure 5. Associations of accessory zircon in biotite granite, BSE images: (a,b) zircon and xenotime intergrowth; (c) xenotime
and apatite grains in zircon; (d) long-prismatic zircon and ilmenite in biotite.

There is a close association of long-prismatic zircon with tabular grains of ilmenite
with quartz rims enclosed in biotite crystals. The characteristic feature of the titanium and
iron oxide phase is the constant impurity of Mn (4.16–10.32%) (Figure 5d).

Zircon from zinnwaldite granites Zrn-Znw forms extremely small grains (30–50 µm)
with varying alteration degrees and is located on the grain boundaries of anhedral micro-
cline (Figure 6b,c), prismatic albite (Figure 6a–d), pea-shaped quartz (Figure 6c), as well as
in small zinnwaldite nodules (Figure 6b) and inside zinnwaldite crystals (Figure 6e). Often
there are intergrowths of anhedral spongy zircon with monazite of varying composition
(Ce0.46–0.47La0.18–0.19Nd0.16–0.17Th0.04–0.12Sm0.01–0.02) [PO4] with the same grain size and a
lower degree of alteration (Figure 6f).

Mica shows plastic deformations (Figure 6f), which are consistent with the concept
of early syngenetic protoclase of rock-forming and accessory minerals of rare-metal gran-
ites associated with increased fluid pressure [10,27]. Zircon and xenotime occur together,
both as the intergrowth of weakly altered grains of both minerals and as xenotime mi-
croinclusions in strongly altered zircon grains formed in the recrystallization and/or
dissolution–precipitation processes (Figure 7a,b).

Xenotime crystals included in zircon show partial substitution with chernovite that
forms an almost continuous xenotime–chernovite isomorphic series (Figure 7c). The
chernovite formation is associated with the autometasomatic alterations in rare-metal
granites which took place under the As-bearing fluids, characteristic to the rare-metal
magma, enriched with both lithophile (W, Nb, Y, REE, Th, etc.) and chalcophile elements
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(As, S, Sn, Cu, Bi, etc.) [14,28]. The appearance of the As-phases in Zrn-Znw is consistent
with the sharply increased content of As in zinnwaldite granites.
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zircon in zinnwaldite nodules; (c,d) euhedral zircon grains at the borders of rock-forming minerals; (e) zircon in zinnwal-
dite; (f) anhedral zircon intergrowth with monazite at the border of deformed biotite crystal. 
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(f) anhedral zircon intergrowth with monazite at the border of deformed biotite crystal.
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Figure 7. Associations of zircon from zinnwaldite granites with phosphate phases: (a) intergrowth 
of slightly altered long-prism zircon and xenotime; (b) xenotime phases in recrystallized zones of 
spongy zircon; (c) xenotime and chernovite phases in significantly altered zircon. 

4.2. Zircon Morphology 
Zircon morphology can record genetic information about changes in the crystalliza-

tion parameters, which makes it reasonable to study morphological and anatomical fea-
tures of both microcrystals and intergrowth of zircon. 

Primary microscopic study of 13 samples (60–200 grains/samples) allowed identify-
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Figure 7. Associations of zircon from zinnwaldite granites with phosphate phases: (a) intergrowth
of slightly altered long-prism zircon and xenotime; (b) xenotime phases in recrystallized zones of
spongy zircon; (c) xenotime and chernovite phases in significantly altered zircon.

4.2. Zircon Morphology

Zircon morphology can record genetic information about changes in the crystallization
parameters, which makes it reasonable to study morphological and anatomical features of
both microcrystals and intergrowth of zircon.

Primary microscopic study of 13 samples (60–200 grains/samples) allowed identifying
at least two types of zircon grains in all samples:

• The first type is represented by the relatively short prisms, brown and honey-colored,
semi-transparent idiomorphic crystals. Some grains have rims, which are cleaner,
lighter, and have a lower refractive index. Such rims may indicate postmagmatic
changes or at least a significant interruption in zircon growth and a change in physical
and chemical growth conditions. Almost all grains have metamict cores and partial
amorphization in the near-core regions (Figure 8a,b);
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• The second type includes virtually colorless, long-prismatic grains without metamict
cores; however, mineral and melt inclusions are present in considerable quantities
(Figure 8c,d).
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Figure 8. (a,b) Short-prismatic, honey-brown euhedral zircon grain of the first type; (c,d) Colorless,
long-prismatic zircon grain of the second type.

The division into long- and short-prismatic zircon varieties is based on the median
elongation value of 1.92 for biotite granites, and a median elongation value of 1.55 for
zinnwaldite granites.

This approach partially solves the question of adequate interpretation of morphotype
distribution in the Pupin diagram [29], since the entire zircon population, can record only
the general trend of all morphotypes predominance, while the division into varieties records
the stages of zircon evolution even within a single sample. The result of a statistically valid
division of the zircon sample into short- and long-prismatic varieties is the presence of two
different evolutionary trends. The trend of the long-prismatic zircon coincides with the
general trend of the entire sample, while the evolution curve of the short-prismatic variety
is directed towards the lower lines of the Pupin diagrams (Figure 9).
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The two distinct zircon morphotypes are taken as evidence of the fluid phase evapora-
tion from the melt [30], the formation of two zircon varieties within a single sample may
be related to the F-containing fluids, which separated during emanation differentiation
and affected already crystallized rocks. The scattering of the Zrn-Bt morphotypes along
the horizontal axis demonstrates breaking points in its evolution and characterizes the
heterogeneity of the melt. The relatively low intended temperature of Zrn-Znw formation
indicates the fluid saturation of the melt and indirectly confirms the transfer of lithium
and tin in the composition of F-complexes. Thus, the most abundant Zrn-Bt and Zrn-Znw
morphotypes are P4 and P1/P3, respectively (Figure 9).

4.3. SE and BSE Zircon Images

The electron microscopy study of zircon confirmed the presence of short- and long-
prismatic varieties in both studied granitoids and allowed the tracing of some genetic
features of the formation processes.

Zircon from biotite granites (Zrn-Bt) is enriched with impurities, shows partially or
completely altered cores of short-prismatic crystals with preserved oscillatory zoning,
saturated with micropores and microinclusions of coffinite–thorite, monazite–cheralite
phases and dark (in BSE) rims around the central zones (Figure 10a,b).

The formation of such a spongy texture with an abundance of mineral inclusions
is a consequence of the dissolution–precipitation of zircon enriched with impurities un-
der the influence of fluids, seeping through the numerous fissures formed during crystal
growth [31–35]. In contrast, in the long-prismatic zircon Zrn-Bt, the cores have less impuri-
ties and have an elongated habit with reduced dipyramids and weak zoning (Figure 10c,d).
Both types of Zrn-Bt have similar corrosion of the grain edges, presence of thin zones
with wavy edges, and concentric heterometry-induced cracks that intersect the primary
growth zoning.
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coefficient > 1.5) varieties of Zrn-Bt: (a) the completely recrystallized central part, the micro inclu-
sions of the monazite–cheralite phases, wavy boundaries of the altered zones cross the initial fine 
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primary fine zoning, a concentric system of fractures elongated from core to rim; (c) zone of sec-
ondary alterations around impurity depleted core, monazite inclusions, depleting zircon growth; 

Figure 10. BSE images of short-prismatic (elongation coefficient < 1.5) long-prismatic (elongation
coefficient > 1.5) varieties of Zrn-Bt: (a) the completely recrystallized central part, the micro inclusions
of the monazite–cheralite phases, wavy boundaries of the altered zones cross the initial fine zoning;
(b) the completely recrystallized central domain and rim form a common area crossing the primary
fine zoning, a concentric system of fractures elongated from core to rim; (c) zone of secondary
alterations around impurity depleted core, monazite inclusions, depleting zircon growth; (d) cracked
core with weakly zoning surrounded with wide (11–15 µm) porous zone of secondary alterations
with inclusions of xenotime and monazite, potassium feldspar, thorite, biotite, and quartz.

Morphological and inner texture features of zircon in biotite granites allowed assum-
ing some stages of mineral formation and transformation, namely: alkalinity increase
in the crystallization medium (dipyramid facets growth) at the rims growth and active
influence of the fluid phase at the final magmatic stages of the massif formation (similar
nature of secondary alterations in the short and long-prismatic variety of zircon Zrn-Bt).
Zircon Zrn-Znw from Li-F zinnwaldite granites does not form parallel intergrowth but
is characterized by a complex internal structure and intergrowth with micro-spherulitic
aggregates of the chernovite Y[AsO4]—xenotime Y[PO4] series (Figure 11).

It should be noted that the formation of similar chernovite aggregates in Li-F granites
of Zinnwald is connected with the arsenic supply at the oxidation stage [36], and in A-type
granites (Zinnowitz-Rejkovo) post-magmatic fluids are considered as a unique source of
arsenic [37]. Thus, the nature of such intergrowth is a strong argument for autometasomatic
alterations in rare-metal Li-F granites [10,28].
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Figure 11. SE image of Zrn-Znw covered with micro spherolite aggregates of chernovite Y[AsO4]—xenotime Y[PO4] phases.

Crystals of the long-prismatic Zrn-Znw variety are characterized by spotty zoning
(Figure 12b) with rare remains of the primary oscillatory one, obscured by an uneven
distribution of secondary blocks of trace elements concentration/depletion [2,38]; increased
rims brightness in BSE images, indicating enrichment with heavy elements; increased
amount and irregular distribution of cracks. Postmagmatic alterations of long-prismatic
Zrn-Znw under the influence of the fluid phase are evidenced by superimposed wavy
zoning and chains, formed after gas–liquid inclusions decrepitation, and crossing the
primary growth zoning (Figure 12a).
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Distinctive features of the short-prismatic Zrn-Znw are the maximum content of 
heavy trace elements (relatively bright BSE images), as well as the secondary wavy zon-
ing, porosity, and abundance of inclusions, which occupy a significantly larger grain area 
(in the section) than similar alteration zones in zircon from biotite granites. Secondary 
alterations can be seen on the surface of Zrn-Znw faces as the abundance of caverns and 
dissolution relief. 

Thus, the contrast of morphological features of both zircon types from the initial 
(Zrn-Bt) and final (Zrn-Znw) granite series is an important additional tool to reveal rare-
metal Li-F granites within the Verkhneurmiysky massif. The oscillatory zoning of Zrn-Bt 
reflects the long path of water-poor magma evolution, which is able to travel long dis-
tances; the spotty zoning and increased porosity of Zrn-Znw indicate less stable growth 
conditions, increased activity of the fluid phase, and lattice defects due to secondary al-
terations and formation of mineral inclusions (Figure 13). 

Figure 12. (a) Long-prismatic Zrn-Znw crystal with a chain of open gas–liquid inclusions (left) and primary oscillatory and
superimposed wave-shaped zoning (right); (b) BSE image of the long-prismatic Zrn-Znw crystals demonstrating the spotty
zoning and inclusions of rock-forming biotite (Bt) and quartz (Qz).
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Short-prismatic Zrn-Znw variety shows the most complex inner structure: the core/rim
boundaries and the primary growth zoning are obscured and give way to the secondary
wavy zones and homogeneous blocks with soft edges; pores of different sizes are widespread
and concentrate numerous inclusions of thorite, xenotime, chernovite, and monazite.

Distinctive features of the short-prismatic Zrn-Znw are the maximum content of
heavy trace elements (relatively bright BSE images), as well as the secondary wavy zoning,
porosity, and abundance of inclusions, which occupy a significantly larger grain area
(in the section) than similar alteration zones in zircon from biotite granites. Secondary
alterations can be seen on the surface of Zrn-Znw faces as the abundance of caverns and
dissolution relief.

Thus, the contrast of morphological features of both zircon types from the initial (Zrn-
Bt) and final (Zrn-Znw) granite series is an important additional tool to reveal rare-metal
Li-F granites within the Verkhneurmiysky massif. The oscillatory zoning of Zrn-Bt reflects
the long path of water-poor magma evolution, which is able to travel long distances; the
spotty zoning and increased porosity of Zrn-Znw indicate less stable growth conditions,
increased activity of the fluid phase, and lattice defects due to secondary alterations and
formation of mineral inclusions (Figure 13).
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4.4. Trace-Element Composition of Zircon

Before proceeding to the discussion of the elemental composition of the studied zircon,
it is necessary to make a brief comparison with zircon from granites of similar genesis from
different geographical regions, for example: biotite and Li-F granites of the Severny massif
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(Chukotka) [2], Li-F granites of Zinnwald deposit (Germany) [39,40] and zinnwaldite
granites of Mole massif (Australia) [41] (Tables 3 and 4).

Table 3. Composition of zircon (ppm) from biotite leucogranites of the Verkhneurmisky massif, Amur region (median and
quartiles calculated from ion probe data), and the Severny massif, Chukotka [2].

Zircon from Biotite Granites

Element

Verkhneurmisky Massif Amur Region Severny Massif Chukotka

Core Rim

Quartile
50%

Quartile
75%

Quartile
25%

Quartile
50%

Quartile
75%

Quartile
25%

Li 1.02 1.91 0.59 1.82 2.06 1.59 0.1 0.1 0.05 0.57 0.1 2.38

P 421 706 289 893 1077 778 – – – – – –

Ca 11.1 45.6 8.05 3.94 7.49 2.29 0.81 0.72 0.55 132 0.38 5.99

Ti 36.6 79.5 24.6 7.10 22.5 3.34 10.7 9.04 21.3 5.63 17.5 7.46

Sr 1.32 1.79 0.97 2.04 2.21 1.83 0.63 0.67 0.6 1.09 0.72 1.27

Y 3084 5327 2001 6469 7449 5718 504 516 912 1946 637 2225

Nb 37.9 65.4 25.2 110 135 94.1 26.7 24.7 22 43.5 20.6 62.7

Cs 0.89 1.47 0.66 1.88 1.98 1.74 – – – – – –

Ba 4.05 4.83 1.69 1.56 2.47 1.41 1.47 1.21 1.06 1.78 1.39 1.55

Hf 9074 11,403 7523 11,856 13,484 10,437 7191 7547 6471 8281 7136 8593

Th 618 1974 275 1973 2378 1497 62.1 70.2 64.1 583 68.5 658

U 1673 2428 859 8437 8783 6768 227 280 190 2534 230 3582

La 1.59 3.46 0.27 0.50 0.86 0.13 0.03 0.05 0.09 2.59 0.1 1.15

Ce 26.3 48.9 16.9 26.9 30.4 23.1 7.61 7.04 4.84 21.3 5.38 17.8

Pr 1.31 3.21 0.43 0.47 0.80 0.14 0.06 0.03 0.1 1.38 0.08 0.6

Nd 8.69 23.8 3.72 4.14 6.05 2.71 0.86 0.79 1.54 8.04 1.15 4.06

Sm 12.5 27.2 6.95 11.5 14.1 8.85 1.66 1.67 3.51 6.58 2.03 5.17

Eu 0.25 0.46 0.17 0.13 0.16 0.04 0.02 0.03 0.13 0.01 0.02 0.02

Gd 59.6 81.7 39.7 76.7 95.5 50.9 8.54 8.39 19.4 27.2 10.9 27.3

Dy 257 284 200 461 552 335 36.5 36.7 70.4 136 46.8 159

Er 510 635 328 1118 1299 897 75.5 82.2 140 302 98.1 371

Yb 945 1140 523 2274 2384 1884 138 150 234 570 173 769

Lu 140 168 77.3 337 351 293 21 22.9 36.7 85.3 27.5 113

H2O 943 1500 723 1270 1568 1110 – – – – – –

F 22.0 32.3 13.0 11.4 15.0 9.76 – – – – – –

Th/U 0.38 0.47 0.31 0.25 0.28 0.19 0.27 0.25 0.34 0.23 0.3 0.18

Eu/Eu* 0.03 0.04 0.02 0.01 0.02 0.01 0.02 0.03 0.05 0.00 0.01 0.01

Ce/Ce* 4.91 11.1 3.98 11.5 37.3 9.86 41.4 42.5 12.8 2.37 14.2 5.2

ΣLREE 37.3 81.0 19.9 30.9 36.6 28.8 9 8 7 33 7 24

ΣHREE 1886 2271 1243 4280 4573 3401 280 301 500 1120 357 1440
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Analyzing the published data, we can say that, in general, the level of trace elements
content in zircon from granitoids is relatively low: Hf (0.39–3.98%), Y (0.1–0.5%), REE, P,
U, Th (up to 0.5%), and ~0.0 n% for the rest [42]. An exception is a zircon from the Li-F
granites from Europe (Bohemia; Carpathians), Australia (New England batholith), Asia
(Transbaikalia), Africa (Arabian desert), and North America (Guadalupe Mountains), with
concentrations of rare elements reaching 10 wt.% or more [2,43].

The studied zircon from the Verkhneurmiysky granites (both biotite leucogranites
and zinnwaldite granites) demonstrates the most similar composition with zircon from
Chukotka granites (Severny massif), as well as with zircon from rare-metal topaz-bearing
granites of the Mole massif (Australia) [41], Zinnwald Massif (Germany) [40], and Erzge-
birge (Germany) [44] where REE concentrations almost reach the level of hydrothermal
mineralization [41,45].

The distinctive feature of zircon from Verkhneurmiysky granites is the increased
content of Hf, reaching the level of zircon from the granite of the Erzgebirge (Germany)
and Mole massif (Australia). Hf content is significantly increased in the altered rims of
the studied zircon, reflecting the process of the melt differentiation and hydrothermal
alterations, and almost reach the anomalous values typical of zircon from Zinnwald granite
(Figure 14a). Compared to zircon of the Severny Massif, the Verkhneurmiysky zircon shows
approximately equal levels of actinoids (Th, U) and high-field-strength (HFS) elements (Ti,
Nb) and sharply increased levels of both groups of elements in the altered zircon rims in
Zrn-Znw (Figure 14b).
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Figure 14. Discrimination charts of zircon composition from biotite (Bt) and zinnwaldite (Znw) granites of Verkhneur-
misky (Urmi), Severny (Sev), Mole (Sev), Zinwald (Zinw), and Erzgebirge (Erz) massifs in (a) (Th + U)—Hf—(Y + REE)
and (b) (Th + U)—(Ti + Nb) coordinates.

The electron-microscopic studies have already shown that all zircon types from
Verkhneurmiysky granites show anomalously high concentrations of U, Th, REE, and
Y. According to many researchers [46–48], the probability of finding these elements in the
structure of zircon as an isomorphic impurity is small; whereas they rather form their
own minerals enclosed in the zircon matrix. From this point of view, anomalous U, Th,
REE, and Y concentrations associated with their own minerals (uraninite, coffinite, thorite,
monazite, allanite, etc.), either captured during crystal growth or formed in the process of
zircon secondary alterations, are quite understandable. Such anomalous values were not
considered in the composition analysis of zircon under study.

The ion microprobe analysis of zircon also allows limiting the samples by the grain
alteration degree and titanium content for the correct application of the Ti-in-zircon ther-
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mometer [49–51]. Thus, the median values of Ti-in-zircon temperatures, calculated for the
unaltered zircons with a Ti content not exceeding 30 ppm, are 831 ◦C and 710 ◦C for the
Zrn-Bt and Zrn-Znw, respectively. Zircon saturation thermometry [52–54], based on the
granite’s composition (Table 1) and calculated with M = (Na + K + 2·Ca)/(Al·Si), provides
the values of 761 ◦C and 685 ◦C for the Zrn-Bt and Zrn-Znw, respectively. Despite the
discrepancy between the absolute temperature values, obtained by different methods, the
fact that the temperature of zircon formation decreases with time seems to be reliable.

Even in the case of pronounced contrast of morphology, microtexture, and zoning
of zircon, the convergence of these features complicates the ambiguity of zircon typing.
The relative reliability of Zrn-Znw type definition is achieved only when we consider the
element composition. According to the results of the study on the zircon internal structure,
the dataset of zircons in situ analysis was divided into the “core” and “rim” groups. The
need for such separation was confirmed on the factor score diagrams for each sample,
where the points corresponding to cores and rims are clearly split up (Figure 15).
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Thus, it is reasonable to consider the relationships between cores and rims within each
zircon type, assuming that the magmatic history of zircon formation should be reflected in
compositional and structural changes of the unaltered central domains of grains, while the
intensity of the secondary alterations affects the composition of rims. The accumulation
of U, Th, Nb, HREE, Cs, P, Y, Li, Sr, H2O, and Hf (in descending order of accumulation
intensity) and decrease in LREE, F, Ba, Ca, and Ti concentrations (Figure 16a,c) are observed
in the rims of zircon from biotite granite. Zircon from zinnwaldite granite demonstrates a
general increase in the concentrations of all trace elements (Figure 16a,c).

It is interesting to note that there are no significant variations in the composition of
the central unaltered domains in zircon from different granites, which suggests similar
physical and chemical parameters of zircon crystallization during the formation of the
Verkhneurmiysky granitoid series (Figure 16a). Zircon from zinnwaldite granites has only
initially slightly increased content of F, Cs, and Nb, emphasized by increasing zircon/melt
distribution coefficients in the transition from biotite to zinnwaldite granites, which is
likely a reflection of the increased degree of emanation differentiation in the final stages
of granite magmatism. Additionally, cores are characterized by the REE spectra typical
for magmatic zircon—the smooth growth of chondrite-normalized REE concentrations
with an increase in atomic number, disturbed by Ce- and Eu-anomalies. Zircon from
zinnwaldite granite differs in a slightly lower content of LREE and a bit weaker Ce-anomaly
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(Figure 16c,d). Positive Ce-anomaly is controlled by oxygen fugacity and is explained
by the fact that Ce4+ is incorporated in the structure of zircon according to the isovalent
isomorphism. Moreover, the radius of Ce4+ ion is close to HREE ones, so the calculated
value of zircon/melt distribution coefficient for Ce4+ is several orders of magnitude higher
than for Ce3+. The depth of the Eu-anomaly depends on the Eu2+/Eu3+ ratio, and its
manifestation in zircon REE spectra is caused by early processes of acid melts appearance
as a result of crystallization differentiation. However, in this case, it seems more likely
to associate the variations of Eu-anomaly in the melt not only with the participation of
feldspars in the crystallization process but also with the fluid differentiation.
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Against the similar composition of cores in zircon of different types, the content of
trace elements in the altered crystals domains experiences a sharp jump in the transition
from Zrn-Bt to Zrn-Znw, which can be caused by the active influence of fluid phase
accompanying the intrusion of the zinnwaldite granites. This assumption is also supported
by the widespread secondary alterations in zircon Zrn-Znw, such as a decrease in the
degree of grains crystallinity and the development of spongy texture, saturated with pores
and inclusions. It should be noted that the set of elements (P, Y, Th, and U) corresponding
to the composition of common mineral inclusions (xenotime, coffinite, and thorite) has an
approximately equal level of concentrations in the rims of all zircons under study. This
suggests that the evolution of zircon composition is regulated not only and not so much
by the parameters of the crystallization medium as by the isomorphic capacity of the
mineral lattice. REE spectra illustrate sharp enrichment of altered Zrn-Znw domains with
rare earth elements, with the flattering on the left side of the spectrum (LREE), reduction
of Ce-anomaly, and decrease in the ΣHREE/ΣLREE ratio. This may be the result of a
destructive fluid effect on the zircon lattice that facilitates the isomorphism of LREE [55]
(Figure 16d).
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The SmN/LaN ratio together with the Ce-anomaly (Ce/Ce*) value allows tracing the
distribution of points corresponding to zircon from biotite leucogranites and zinnwaldite
granites between the fields of magmatic and hydrothermal zircon [56]. The density of
Zrn-Znw sampling points distribution shows maximum near the field of hydrothermal
zircon. Consequently, a relative enrichment of Ce3+ is observed for Zrn-Znw, which is
typical for secondary altered zircons [57]. The separation of Zrn-Bt and Zrn-Znw on the
diagram in SmN/LaN-Ce/Ce* coordinates illustrates the full post-magmatic processing of
magmatic zircon from zinnwaldite granites and serves as its additional characteristic.

Statistical analysis of zircon composition data included the results of preliminary
correlation analysis of SIMS data, which revealed a strong correlation between such groups
of elements as Cs, Sr, and P; Ca, Ba, and Li in zircon from biotite granites, and the absence
of such correlations, along with the shift of the negative correlation between Ca and Sr,
on the strong positive one in zircon from zinnwaldite granites. Zrn-Znw is characterized
by a strong positive correlation between halogens (F), LIL (Ba, Cs), LREE, and H2O, which
is explained by the formation of late magmatic Zrn-Znw grains with active gas evaporation
from the fluid-saturated melt and imperfection of Zrn-Znw structure caused by fluid action
and facilitating the entrance of incompatible elements into the zircon structure. Similar
dependencies in zircon Zrn-Bt are very weak and are due to the contribution of rare-metal
rims, which formed around the early magmatic zircon during the intrusion of the Li-F
granites. The principal component analysis allowed interpreting two significant factors
overlapping 73% of the total dispersion (Figure 17a): the first factor is the formation of rims
enriched with impurities under the temperature decrease; the second factor reflects the
process of REE fractionation, and the formation of mineral inclusions (xenotime, thorite,
coffinite) in the altered zircon domains. The reliability of interpretation of the first factor is
confirmed by the factor score diagrams, where the points corresponding to cores and rims
are clearly split up (Figure 17b).
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Figure 17. (a) Factor loadings and (b) factor scores graphs plotted for the general sample of zircon from the Verkhneurmiysky
granitoids.

Thus, we identified the main trends in the composition evolution of zircon from the
Verkhneurmiysky intrusive series with Li-F granites, which are determined by both the
degree of melt differentiation and the intensity of post-magmatic processes, as well as
the special features of the zircon lattice: accumulation of HFS (Hf, Nb) and rare-earth
(REE, Y) elements at a decrease in the Th/U ratio, which sensitively records the degree of
zircon recrystallization and positively correlates with Eu-anomaly (Figure 18a); an abrupt
increase in the concentration of volatile (H2O, F) and rare alkalis (Li, Cs) at the formation
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of Li-F granites, which directly affected the alteration of zircon from biotite leucogranites
(Figure 18b).
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4.5. Raman Spectroscopy of Zircon

The set of rather conformal spectra and wavenumbers of Raman modes for both zircon
types under study agree with other studies [24,25,58,59] and characterized by the left side
wave-shaped curves elevation with the extremum value in the range of 200–350 cm−1, over-
lapping an external translational (202, 225, 355 cm−1) modes of SiO4 tetrahedra (Figure 19).
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Figure 19. Raman spectra of zircon from biotite (Zrn-Bt) and zinnwaldite (Zrn-Znw) granites at the certain points corre-
sponding to the zircon ion microprobe analytical points; the dotted red lines indicate the position of the characteristic peaks
of SiO4 oscillations in crystalline zircon: ν1—975 cm−1, ν3—1008 cm−1.

The spectra of the Zrn-Znw without distinction of core/rim crystal zones are character-
ized by whole peaks reduction grading into the wave-shaped curves. Whereas in passing
from core to rim in the vast majority of Zrn-Bt grains, there is a gradual shift in the red
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region for the ν1(SiO4) and ν3(SiO4) peaks, accompanied by peak tailing up to complete
disappearance of the peaks and the emergence of so-called amorphous halo, typical for
zircon enriched in REE and resulting from laser-induced fluorescence emissions of the
luminophor impurities [58]. In some cases, Raman spectra of the Zrn-Bt rims are similar to
Zrn-Znw spectra along the whole grain, which could indicate the same alteration processes.
In the light CL-zones (principally corresponding with core zones) of the Zrn-Bt crystals,
FWHM of the ν3(SiO4) band ranges from 8.7 to 18.4 cm−1, which suggests only a partial
amorphization of the crystal structure (so-called transit state). The peak reduction in the
spectra of the zircon rim gives evidence of significant structural radiation damage (FWHM
minimum value is 29.1 cm−1), leading to an increase in the zircon reactive capacity and
dramatic accumulation of trace elements [59].

The coincidence of Raman and ion microprobe analytical points make it possible to
trace the relationship between the characteristics of the ν3(SiO4) peak with the composition
of zircon, expressing them through appropriate correlations. As consequence, it was
revealed that the peak broadening and the value of the Raman shift expectedly decrease
with the increase in LREE, Li, F content and Th/U ratio. However, the increasing Ce-
anomaly value is accompanied by an increase in Raman shift magnitude of ν3(SiO4) peak.
Shown correlation is regular from the standpoint of Ce4+ incorporating into the zircon
crystal structure according to the isovalent substitution model: due to the proximity of
Ce4+ (0.097 nm) and Zr4+ (0.084 nm) ionic radius, isomorphic occurrence of Ce4+ in Zr4+

position does not lead to significant distortions of the zircon crystal lattice. The reduction
of zircon crystallinity accompanied by the broadening and redshift of the ν3(SiO4) peak is
also confirmed by the decrease in the degree of REE fractionation (LuN/LaN) specific to
altered zircon.

5. Conclusions

The result of this study is a complex characteristic of zircon from the Verkhneurmiysky
intrusive series with Li-F granites. A wide range of morphological and chemical features
of zircon allowed to obtain new information on the formation and alteration of zircon
from granitoids of different types and to determine a set of zircon characteristic features,
which contribute to the correct identification of Li-F granites formed directly before the tin
mineralization within the Verkhneurmiysky massif.

The division into varieties by the coefficient of crystal elongation contributed to an
adequate interpretation of the morphotype distribution and facilitated the establishment of
zircon stages of evolution even within a single sample.

We also found that the change in the trace elements content level on the way from
zircon cores to its rims are quite different in zircon from biotite (Zrn-Bt) and zinwalditic
(Zrn-Znw) granites with the maximum impurities’ accumulation level in the rims of zircon
from zinwalditic ones. Active fluid evaporation and their transporting role is the reason for
the secondary alterations affected not only zircon from the rare-metal granites but also from
the early biotite granites, which led to the accumulation of a wide range of trace elements
(Ca, Ti, Ba, F, Cs, Eu, La, Li, Pr, P, Nb, Lu, Yb, Nd, and Hf) in the altered zircon rims.
The main trend in the evolution of zircon composition is the progressive accumulation
of volatile (H2O, F), LIL (Cs, Sr), HFS (Hf, Nb), and rare-earth elements. The evolution
of zircon morphology is not only the fact, that the low-temperature zircon morphotypes
expectedly followed the high-temperature ones, but also the complication of the zircon
structure in time—the formation of rare metal rims, the spread of secondary alteration
zones with the crystal lattice disturbance, mineral inclusions, pores, and cracks. The Raman
spectra of Zrn-Bt and Zrn-Znw show zircon crystallinity reduction through the formation
of Verkhneurmiysky granitoid series. The reduction of zircon crystallinity is also verified
by an increase in uranium accumulation gradient and resulting in an extension of the
isomorphic capacity of zircon lattice with naturally determined accumulation of rare-earth
(REE, Y) elements and abrupt increase in the concentration of volatiles (F) and rare alkalis
(Li) at the stage of lithium–fluorine granites formation.
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The composition and morphology of the studied zircon from zinnwaldite granites
are similar to zircon from the Li-F granite of Severny Massif (Chukotka), the Mole Massif
(Australia), the Erzgebirge (Germany, Czech Republic), which allows the possibility of
using the identified complex of zircon features for the correct revealing of the Li-F granites.
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Abstract: Zircon U-Pb geochronology and bulk-rock geochemistry analyses were carried out to
investigate their relationship with depositional environments of the non-marine Neungju Basin
sediments in South Korea. The Neungju Basin was formed in an active continental margin setting
during the Late Cretaceous with associated volcanism. Detrital zircon age distributions of the Neungju
Basin reveal that the source rocks surrounding the basin supplied sediments into the basin from
all directions, making different zircon age populations according to the depositional environments.
Mudstone geochemistry with support of detrital zircon U-Pb age data reveals how the heterogeneity
affects the geochemical characteristics of tectonic setting and weathering intensity. The sediments in
the proximal (alluvial fan to sandflat) and distal (playa lake) environments differ compositionally
because sediment mixing occurred exclusively in the distal environment. The proximal deposits
show a passive margin signature, reflecting their derivation from the adjacent metamorphic and
granitic basement rocks. The distal deposits properly indicate an active continental margin setting
due to the additional supply of reworked volcaniclastic sediments. The proximal deposits indicate
a minor degree of chemical weathering corresponding to fossil and sedimentological records of
the basin, whereas the distal deposits show lower weathering intensity by reworking of unaltered
volcaniclastic detritus from unstable volcanic and volcaniclastic terranes. Overall, this study highlights
that compositional data obtained from a specific location and depositional environments may not
describe the overall characteristic of the basin.

Keywords: provenance; compositional heterogeneity; major element; detrital zircon; nonmarine basin

1. Introduction

Geochemical analyses on sediments have been performed to reconstruct the depositional history
of sedimentary basins (e.g., [1–5]). The composition of basin fills provides information about the type
of source rocks, tectonic settings of the basin, and weathering conditions in the source areas [6–9].
However, sediments originated from different source rocks are progressively mixed during downstream
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transportation, generating a compositional contrast between the proximal and distal deposits [10,11].
In the proximal environments close to the basin margins, sediments tend to be deposited separately
according to drainage systems, having a wide range of compositional variations. On the other hand,
in the distal environments of a basin, sediments may be homogenized by the sediment mixing, having
the average composition of surrounding source rocks.

Various tectonic setting discrimination methods and weathering indices have been proposed using
the major element composition of sediments and sedimentary rocks. For example, the SiO2–K2O/Na2O
and K2O/Na2O–SiO2/Al2O3 binary plots by Roser and Korsch [7] have been most widely applied to
many provenance studies to discriminate tectonic settings (e.g., [12,13]). In the case of weathering indices,
the hemical index of alteration (CIA), defined as molecular [Al2O3/(Al2O3 +CaO +Na2O +K2O)] × 100 [8],
has been successfully adopted for more than thirty years (e.g., [14,15]). Previous studies have indicated
that these methods may provide inaccurate information due to the statistical limitations of the
original dataset, the grain-size effect, and hydraulic sorting [16–18]. However, the influence of the
compositional contrast between the proximal and distal deposits on the signatures of tectonic settings
and weathering has yet to be tested in a nonmarine basin.

The Cretaceous Neungju Basin, an extensional basin located in the southwestern Korean Peninsula,
is an excellent sample site for this study. The Neungju Basin is surrounded by source rocks of various
lithology with different formation ages (Figure 1; [19–25]), possibly generating a compositional
heterogeneity for the basin fills. Information about depositional environments and sediment
transportation has been well constrained by previous studies [26]. Hence, in this study, we aim
(1) to investigate variations of the source rocks of the Cretaceous Neungju Basin based on detrital
zircon U-Pb ages and (2) to investigate how the compositional heterogeneity of sediments under
different depositional environments influence geochemical signatures such as tectonic setting and
weathering signatures.

Figure 1. Geological map and stratigraphy of the Neungju Basin (modified after [19–25]). Precambrian
granitic gneiss complexes broadly surround the basin. Paleozoic metasedimentary rocks are narrowly
distributed along the eastern and southeastern basin margins. Triassic to Jurassic granites are mostly
distributed on the northern and western side of the basin. In contrast to the northern part of the
basin where epiclastic sediments were mainly deposited, the southern part of the basin was filled with
volcaniclastic deposits, forming a volcaniclastic terrane.
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2. Geological Settings

During the Cretaceous, NE-SW-trending sinistral strike-slip fault systems were developed along
the East Asian continental margin due to oblique subduction of the Izanagi Plate beneath the East
Asian continent [27]. Small nonmarine basins were formed under extensional or transtensional tectonic
regimes along the NE-SW-trending fault systems in the southern part of the Korean Peninsula [28].
Subduction-related magmatic activity was initiated in central China and migrated eastward to Korea
due to the oblique consumption of the ridge [29]. The Cretaceous nonmarine basins were filled
with epiclastic and volcaniclastic deposits during extensional faulting and felsic to intermediate
volcanic activity.

The Neungju Basin is one of the Cretaceous nonmarine strike-slip basins, located east of Gwangju
City (Figure 1). The eastern and western basin margins are bounded by NNE-SSW-trending fault
systems. However, the basin margins are unclear because a majority of the margins have been
covered by volcaniclastic deposits and volcanic rocks supplied by eruptions during the late-stages of
basin development (87–85 Ma; [30]). The basement rocks surrounding the Neungju Basin are mainly
composed of three types: (1) Precambrian granitic gneiss complexes, (2) Paleozoic metasedimentary
rocks, and (3) Jurassic and Triassic granites (Figure 1). A Precambrian granitic gneiss complex
(1935 Ma; [31]) is broadly distributed on the eastern side of the basin, and is also found in areas
over the western margin. Paleozoic metasedimentary rocks are narrowly distributed as an elongated
belt along the eastern to southeastern basin margins. They are composed of quartzites, carbonates,
schists, and coal-bearing shales. Although the depositional ages of the Paleozoic rocks are not clearly
constrained, they are considered to be equivalent to the Upper Paleozoic sedimentary succession of
Korea (Pyeongan Supergroup; [32]). The Precambrian and Paleozoic rocks have been intruded by
Triassic to Jurassic granites (219–176 Ma; [31]).

The Neungju Basin is filled with an approximately 2000 m thick succession of epiclastic and
volcaniclastic deposits. The northern part of the basin is mainly filled with epiclastic deposits,
occasionally intercalated with volcaniclastic deposits (Figure 1; [20,22]). Whereas, the southern part of
the basin is mainly filled with rhyolites, dacitic tuffs, and tuff breccias, subordinately with conglomerates,
indicating development of volcaniclastic terrane on the southern part of the basin (Figure 1; [19,23]).

Sedimentological studies on the Neungju Basin have been focused on the northern part
(e.g., [26,33,34]). In the northern part of the basin, alluvial fans were developed on the areas proximal
to the basin margins, and transitioned to the alluvial plain to sandflat and to the central playa
lake (Figure 2; [26]). Paleocurrent data indicate that the sediments derived from the surrounding
highlands were transported toward the central playa lake [26]. Reworked volcaniclastic deposits
were also supplied to the central playa lake through the alluvial plain and sandflat environments
from the southern volcaniclastic terrane [26]. Volcanic activity occasionally intensified during basin
development, resulting in the deposition of amalgamated tuff beds tens to hundreds of meters thick
(the Manwolsan Tuff, middle Jangdong Tuff, and Mudeungsan Tuff) in the northern part of the basin
(Figure 2; [26]).
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Figure 2. Spatial distribution of depositional environments in present outcrops of the Neungju Basin
(modified after [26]). Sixteen mudstone samples were collected from the proximal depositional
environments (alluvial plain and sandflat), and fourteen mudstone samples from the distal environment
(playa lake). Samples were also collected from conglomerate, sandstone, and tuff and analyzed in terms
of zircon U-Pb geochronology to constrain sediment provenance and the depositional age of the basin.
Sampling positions for geochemical analysis and zircon U-Pb dating are indicated by closed and open
stars, respectively. Black arrows indicate paleocurrent direction [26].

3. Sampling and Analytic Methods

Fifteen conglomerate, sandstone, and tuff samples were collected in the northern part of the Neungju
Basin and were subsequently used for zircon U-Pb analysis (Figures 2 and 3). Zircon grains were
separated from the collected samples by the conventional heavy mineral separation method. The zircon
grains were mounted and polished to expose their cross-sections. Then, scanning-electron-microscope
cathodoluminescence (SEM-CL) images of the zircon grains were obtained to identify their internal
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structures (Figure 4). Zircon U-Pb isotopic ratios were determined using a Nu Plasma II Multi Collector
Inductively Coupled Plasma Mass Spectrometer (Nu Instruments, Wrexham, UK) equipped with a
193 nm ArF excimer Laser Ablation system (New Wave Research, Fremont, CA, USA) (LA-MC-ICPMS)
at the Korea Basic Science Institute (KBSI). The Nu Plasma II mass spectrometer contains fixed collectors
of sixteen Faraday detectors and five ion-counting electron multipliers. The collectors were arrayed to
detect U-Pb isotopic ratios simultaneously as follows: 202Hg (IC 4), 204(Hg + Pb) (IC 3), 206Pb (IC 2),
207Pb (IC 1), 208Pb (IC 0), 232Th (high 7), and 238U (high 9). 235U was calculated from the signal at mass
238 using a natural ratio between 238U/235U = 137.88.

Figure 3. Schematic composite section of the study area (modified from [26]). AF = alluvial fan;
AP = alluvial plain; SF = sandflat; PL = playa lake. The amalgamated tuff beds of tens to hundreds of
meters thick is represented by MWS tuff = the Manwolsan Tuff; JD Tuff = the middle Jangdong Tuff;
MDS Tuff = the Mudeungsan Tuff. Sample locations of the zircon U-Pb analyses are marked.

A mass number of 204 was used as a monitor for common 204Pb after discarding the 204Hg
background. All analyses were carried out with a spot size of 15 µm in diameter, a 5 Hz repetition rate,
and with an energy density of 3 J/cm2 using He (650 mL/min.) as the carrier gas. Background intensities,
dwell time, and wash out time were measured 30 s, 30 s, and 20 s, respectively. A Time-Resolved
Analytical procedure was employed to monitor the measured isotope ratios. Signal intensities for each
collector were collected every 0.2 s (integration time). Raw data were corrected for background noise,
laser-induced elemental fractionation, mass discrimination, and drift in ion counter gains. U-Pb isotope
ratios were calibrated against concordant reference zircons 91500 (1065 Ma; [35]). The reference zircon
was measured at the beginning and end of each analytical session and at regular intervals during a
session, using protocols adapted from Andersen et al. (2002) [36]. A correlation of signal vs. time was
also assumed for the reference zircons. All ages were calculated with 2σ errors, and data reduction
was conducted using Iolite 2.5 software package [37,38] and Isoplot 3.71 [39]. Because Mesozoic zircon
grains occasionally show inaccurate 207Pb/206Pb ages, 206Pb/238U ages for <1000 Ma and 207Pb/206Pb
ages for >1000 Ma were used for age probability curves, with a discordance of <±10%. The discordance
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(%) was calculated in two ways: [%discordance = 100*(1 − (206Pb/238U age/207Pb/235U age))] for
206Pb/238U ages < 1000 Ma, [%discordance = 100*(1 − (206Pb/238U age/207Pb/206Pb age))] for 206Pb/238U
ages > 1000 Ma.

Figure 4. Scanning-electron-microscope (SEM) cathodoluminescence images of the selected zircon
grains from the Neungju Basin. Mesozoic zircon grains are characterized by euhedral prismatic shapes,
whereas Precambrian zircons tend to show more rounded shapes.

A total of 30 mudstone samples were collected from the proximal and distal deposits in the
northern part of the Neungju Basin to investigate compositional contrast in tectonic setting and
weathering signatures (Figure 2). Sixteen mudstone samples were collected from the proximal deposits
representing alluvial plain (13) and sandflat (3) environments, and 14 mudstone samples were collected
from the distal deposits representing the playa lake environment. The collected mudstone samples
were powdered in agate mortar after they were washed with clean water and dried. The major
element composition of the powdered samples was analyzed at KBSI. A PW2404 X-ray fluorescence
spectrometer (XRF, Phillips, Andover, MA, USA) was used on fused glass beads to obtain major
element contents, including SiO2, Al2O3, Fe2O3 (total Fe), TiO2, MnO, MgO, K2O, Na2O, and P2O4.
Loss-on-ignition was estimated at 1000 °C for 60 min. The analytic uncertainty is less than 5% for the
major element composition.

4. Results

4.1. Detrital Zircon U-Pb Ages

We obtained 1342 concordant (discordance < ± 10%) U-Pb ages from 15 sandstone, conglomerate,
and tuff samples ranging from 85.1 ± 1.1 Ma to 3308 ± 3.5 Ma (Table S1). Most of the zircon ages in
the conglomerates and sandstones fell into four dominant age groups: Cretaceous (12%; 100–85 Ma),
Jurassic (33%; 200–162 Ma), Triassic (10%; 251–202 Ma), and Paleoproterozoic (43%; 2479–1742 Ma).
15 zircons exhibit Archean ages (1.6%; 3308–2510 Ma). A single zircon grain provided a Carboniferous
age of 309 ± 17 Ma. The Cretaceous to Triassic zircons are characterized by euhedral prismatic shapes
with oscillatory or patchy zonings in their CL images, suggesting a magmatic origin. In contrast,
Precambrian zircons show dark and undulatory CL images and their shapes range from euhedral
crystal to rounded grains reflecting abrasion during recycling processes (Figure 4). The age distribution
of the sandstone samples is presented in the form of a probability density plots (Figure 5; [39]).
U-Pb concordia diagrams of the tuffs in the Neungju Basin are shown in Figure 6, while those of the
conglomerates and sandstones are shown as supplementary figures (Figures S1 and Figure S2).
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Figure 6. U-Pb Concordia diagrams and weighted mean ages [39] for zircons from tuff samples of the
Neungju Basin. Errors are shown at 2-sigma level.

The detrital zircon age populations of the Neungju Basin sediments show variation according to
the sample locations (Figures 2–4). The samples near the western and eastern margins have prominent
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zircon age peaks indicating their derivation from the adjacent basement rocks. In the northwestern part
of the study area, sample 170520-6 showed Jurassic to Triassic ages between 173 and 228 Ma with an
age peak at 188 Ma, and Paleoproterozoic to Archean ages between 1830 and 2596 Ma with major age
peaks at 1854, 2184, and 2441 Ma. The southwestern samples (170520-9 and 170520-10) are exclusively
comprised of Jurassic zircons (peaks at 186 Ma) with no Cretaceous but minor Paleoproterozoic grains.
In the northeastern part of the basin, the zircon ages of sample 170520-3 mainly consist of Jurassic to
Triassic ages between 178 and 226 Ma with an age peak at 180 and 218 Ma and Paleoproterozoic to
Archean ages between 1939 and 2620 Ma with an age peak at 1913 Ma. Sample 180220-4 contains
Cretaceous zircon grains between 89 and 99 Ma (5 grains), Jurassic to Triassic zircons between 172 and
251 Ma with prominent age peaks at 220 Ma. In the eastern part of the basin, the zircon age spectra of
samples 170511-1 and 170520-7 comprise exclusively of Paleoproterozoic zircons with minor Archean.
Sample 170511-1 has zircon grains mainly formed in 1905–2690 Ma with age peaks at 1853 and 1958 Ma.
The zircon ages of sample 170520-7 consist of Paleoproterozoic zircons between 1846 and 3254 Ma with
prominent age peaks at 1852, 1975, and 2339 Ma.

The basin-fill in the central part of the study area is characterized by significant amounts of zircons
from the Late Cretaceous. The zircons of the northernmost sample (180426-12) include three main
age groups: Late Cretaceous (95–88 Ma), Jurassic (186–162 Ma), and Paleoproterozoic to Archean
(2663–1998 Ma) with age peaks at 94 Ma, 181 Ma and, 1998 Ma, respectively. Sample 180426-7 has
zircon age populations of Cretaceous ages between 85 and 94 Ma with a prominent age peak at 90 Ma,
Jurassic ages between 178 and 191 Ma with an age peak at 187 Ma, minor Paleoproterozoic ages
between 1899 and 2215 Ma. The south sample (180426-1) shows zircon ages of Cretaceous (100–88 Ma)
with an age peak at 93 Ma, Jurassic ages (193–179 Ma) with an age peak at 184 Ma, and Paleoproterozoic
to Archean ages between 1742 and 2855 Ma with age peaks at 1872 and 2183 Ma.

The tuff samples (170520-5, 170520-8, 180426-2, 180426-4, and 180104-1) show their weighted
mean ages as ca. 93.80 Ma, 96.17 Ma, 96.28 Ma, 93.40 Ma, and 89.61 Ma, respectively (Table S1 and
Figure 6). Each sample contains several older zircon grains ranging in age from Late Archean (2593 Ma)
to Jurassic (164 Ma). All the tuff samples have different eruption ages, indicative of frequent magmatic
activity in the area adjacent to the Neungju Basin during its deposition.

4.2. Major Element Composition of Mudstones

The major element composition of the mudstone samples is presented in Table S2. In comparison
to Post-Archean Average Shale (PAAS; [40]), the mudstone samples from the Neungju Basin are
generally enriched in SiO2, K2O, Na2O, and CaO, and depleted in MgO, Fe2O3, TiO2, MnO and P2O5

(Figure 7). Although the samples show similar compositional characteristics for most of the major
element contents regardless of their depositional environments, they are clearly distinguished in terms
of the Na2O content (Figure 8). The proximal deposits from the alluvial plain to sandflat environments
show the Na2O content ranging from 1.07% to 3.40%, with an average of 1.99%. In contrast, the distal
deposits from the central playa lake show the Na2O ranging from 1.35% to 4.95%, with an average
of 3.50%. Each sample group show no distinctive compositional variation spatially. As presented in
Figure 8, the proximal and distal deposits collected from different locations of the study area show
similar ranges of major element composition, respectively.

New discriminant-function-based diagrams by Verma and Armstrong-Altrin (2013) [41] can
discriminate tectonic settings of sedimentary rocks to three types: island or continental arc, continental
rift, and collision. In this diagram, the proximal deposits are plotted near the boundary between the
arc and collision fields (Figure 9c), possibly reflecting their derivation from source rocks, including
volcanic rocks, metamorphic and metasedimentary rocks. The distal deposits are not overlapped
with the proximal deposits in the diagram, indicating the compositional difference between the two
sample groups. The distal deposits are plotted near the boundary between the collision and rift
fields (Figure 9c). Source rocks for these samples are likely to be composed of metamorphic and
metasedimentary rocks and felsic plutonic rocks.
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Figure 7. Binary plots of major elements versus Al2O3 for the mudstone samples. The proximal and
distal deposits are clearly distinguished in terms of the Na2O content.
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Figure 8. Spatial comparisons of some major element composition for the proximal and distal deposits.
Each sample group shows similar range of major element composition, respectively.

Figure 9. Tectonic setting discrimination diagrams for the mudstone samples. (a) K2O/Na2O–SiO2

diagram [7]. (b) SiO2/Al2O3–K2O/Na2O diagram [7] (c) Discriminant function diagram for high-silica
[(SiO2)adj = 63–95%] samples [41], where (SiO2)adj refers to the modified SiO2 value after volatile-free
recalculation of the major elements to 100%. Two mudstone samples classified as low-silica
[(SiO2)adj = 35–63%] are plotted in the rift field (not presented). The proximal and distal deposits are
plotted in these tectonic setting discrimination diagrams separately with minor overlap.
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4.3. Weathering Intensities of Mudstones

Various weathering indices have been proposed to assess the degree of chemical weathering
quantitatively for sediments and sedimentary rocks. The representative indices for the mudstones in
the Neungju Basin are presented in Table 1 and Figure 10.

Table 1. Weathering indices for the mudstone samples from the Neungju Basin.

Depositional Environment Sample Code CIA PIA CPA WIP V STI

Alluvial plain 180220-1 56 59 88 65 1.37 81.8
Alluvial plain 180426-4 57 61 80 64 1.92 85.1
Alluvial plain 180426-6 63 70 83 64 2.46 83.5
Alluvial plain 180426-12 60 66 78 64 2.37 86.8
Alluvial plain 180426-13 52 53 74 61 1.52 87.4
Alluvial plain 4-26-1050 64 74 84 58 2.92 85.5
Alluvial plain 4-26-1104 59 65 85 60 1.96 84.3
Alluvial plain 180426-11 59 63 83 74 1.78 80.0
Alluvial plain 180427-12-7 56 60 84 71 2.14 84.3
Alluvial plain 4-11-425 56 59 86 63 1.84 84.6
Alluvial plain 4-17-239-r 59 67 88 67 2.13 83.6
Alluvial plain 4-17-239-g 52 53 89 71 1.04 81.8
Alluvial plain 4-46-420 56 58 73 72 1.66 83.3

Sandflat 180426-7 64 74 83 59 3.49 84.5
Sandflat 4-11-1150 44 41 74 66 1.26 87.6
Sandflat 4-17-300 53 54 84 66 1.49 84.3

Playa lake 180426-8 47 47 65 82 0.94 83.5
Playa lake 4-10-239 44 42 65 75 0.89 86.8
Playa lake 4-10-445 41 38 74 73 0.82 86.1
Playa lake 0307-1-905 46 45 72 85 1.24 84.5
Playa lake 1129-1-1 52 52 68 78 1.22 84.8
Playa lake 1129-1-2 51 51 63 75 1.20 86.1
Playa lake 1129-3-2 41 38 71 88 0.96 84.4
Playa lake 180426-9 50 50 86 65 1.26 85.0
Playa lake 180427-14-37 55 60 77 88 2.16 83.8
Playa lake 180427-15-24 54 57 71 86 1.98 84.9
Playa lake 180427-15-39 55 58 70 86 1.43 83.5
Playa lake 4-10-408 55 57 67 72 1.40 86.3
Playa lake 4-11-110 63 69 79 66 2.18 84.0
Playa lake 4-17-340 41 37 75 81 0.91 85.1

The CIA is the most widely used weathering index, monitoring decomposition of feldspar grains
and consequent formation of Al-rich clay minerals such as illite and kaolinite [8]. Fresh igneous rocks
are found to have a CIA value between 45 and 55, whereas moderately weathered shales such as
PAAS yield a value closer to 70 [8]. The CIA values of the mudstone samples range from 44 to 64,
with an average of 56, indicating a minor degree of chemical weathering. Although the proximal
and distal deposits show some overlap in their CIA values, they can be separated roughly at the
CIA value of 54 (Figure 10). The CIA values of the proximal deposits range from 49 to 64, with an
average of 59, indicating minor chemical weathering in the source areas. On the other hand, the value
of the distal deposits ranges from 44 to 63, with an average of 52, indicating little alterations in the
source areas. Weathering indices such as the Plagioclase Index of Alteration (PIA; [42]), the Chemical
Proxy of Alteration (CPA; [43]), the Vogt’s residual index (V; [44]), and the weathering Index of Parker
(WIP; [45]) are also formulated to assess the leaching of mobile elements such as Na2O, CaO, and MgO
during weathering processes. In this study, they provide similar results with those of the CIA value
(Figure 9). A low degree of chemical weathering is inferred for the distal deposits, and these samples
are distinguished from the more weathered proximal deposits. The Silica–Titania Index (STI; [46]) is
the only weathering index that showed a similar degree of chemical weathering for the proximal and
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distal deposits. The STI values of the proximal and distal deposits range from 80 to 88 (av. = 84) and 83
to 87 (av. = 85), respectively, indicating a slightly weathered condition [46].

Figure 10. Conventional weathering indices for the mudstone samples. The weathering indices were
formulated as molar calculation of some major elements: CIA = [Al2O3/(Al2O3 + CaO +Na2O + K2O)]
× 100; PIA = (Al2O3 – K2O)/(Al2O3 + CaO + Na2O – K2O) × 100; CPA = Al2O3/(Al2O3 + Na2O) × 100;
WIP = (2Na2O/0.35 +MgO/0.9 + 2K2O/0.25 + CaO/0.7) × 100; V = (Al2O3+ K2O)/(MgO + CaO +Na2O);
and STI = (SiO2/TiO2)/[(SiO2/TiO2) + (SiO2/Al2O3)] + (Al2O3/TiO2)] × 100. In most of the weathering
indices, except for the STI index, the distal deposits indicate lower degree of chemical weathering in
compared to the proximal deposits.

5. Discussion

5.1. Depositional Age of the Neungju Basin

Our tuff samples show zircon age peaks ranging from ca. 96 to ca. 90 Ma, indicating the
depositional age of the Neungju Basin. The sedimentation of the Neungju Basin began before ca. 96 Ma
and continued after the Mudeungsan Tuff (Figures 2 and 3) erupted during 87–85 Ma [30]. After the
eruption, the deposition occurred in the alluvial fan environment at the limited area in the basin’s
eastern part.

The frequent alternation of the Late Cretaceous volcaniclastic and epiclastic sediments in the
Neungju Basin indicates the tectonic setting of the basin. Arc magmatism prevailed in the southwestern
Korean Peninsula during the Late Cretaceous, forming a volcanic complex covering the region [47,48].
Kim et al. (2016) [47] subdivided the Cretaceous igneous rocks in the Korean Peninsula into four
groups based on the formation timing: Group I (110–100 Ma), Group II (100–87 Ma), and Group III-IV
(86–70 Ma). These groups are also distributed in a NW-SE direction; Group I in the northwest; Group II
in the center; Group III-IV in the southeast. Group I-IV suggests the changes in the subduction modes
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of the paleo-Pacific Plate (Izanagi Plate) as slab rollback, slab steepening and melting, slab shallowing,
and slab rollback and steepening, respectively [47]. The Cretaceous zircons in the Neungju Basin
suggest that the basin was deposited during Group II magmatism, formed by inland-ward migrating
arc magmatism in the Korean Peninsula.

5.2. Sediment Provenance of the Neungju Basin Based on Detrital Zircon Geochronology

Most detrital zircon grains in the Neungju Basin sandstones and conglomerates have age peaks
at the Late Cretaceous (94–90 Ma), Jurassic (188–180 Ma), Triassic (218 Ma), and Paleoproterozoic
(2441–1852 Ma) (Figure 5). Zircon ages of the tuff samples (96–90 Ma) in this study indicate that the Late
Cretaceous detrital zircon grains in the Neungju Basin were derived from the synsedimentary volcanic or
volcaniclastic rocks. Previous studies suggested that the tuff strata of the Neungju Basin derived from the
southwest of the basin based on increasing southwestward thickness of the strata [20,22]. The Jurassic
and Triassic zircon grains might be derived from the adjacent Mesozoic granites surrounding the basin
(Figure 1). The Paleoproterozoic zircons could be supplied from Precambrian metamorphic rocks and
Paleozoic metasedimentary rocks surrounding the basin. Most Precambrian metamorphic rocks in
the Korean Peninsula formed in ca. 1.9–1.8 Ga [49–51], while the zircon grains older than 1.9 Ga are
mainly found as detritus in metasedimentary rocks in Korea [52,53]. In addition, the detrital zircon age
distribution of the Paleozoic metasedimentary basement rocks consists of Paleoproterozoic (a peak at
ca. 1870 Ma) and Archean ages (a peak at ca. 2490 Ma) with no Paleozoic ages [54]. Hence, the source
rocks of the Neungju Basin consists of Late Cretaceous volcanic/volcaniclastic rocks, Jurassic and
Triassic granites, Paleozoic metasedimentary rocks, and Precambrian metamorphic rocks.

The detrital zircon U-Pb age data of the Neungju Basin show that sediment detritus in the proximal
deposits close to the basin margin derived from nearby basement rocks with no or little Late Cretaceous
volcanic material, in spite of their intercalation with Late Cretaceous tuff beds. The samples (170520-7
and 170511-1) near the eastern margin include zircon age clusters of Paleoproterozoic to Archean ages
only, suggesting sediment derivation from the Precambrian metamorphic rocks distributed east of the
basin. In contrast, the samples collected from the areas near the northeastern (170520-3 and 180220-4)
and western margins (170520-6 and 170520-9) show zircon age clusters of Mesozoic ages between
Jurassic and Triassic as well as Paleoproterozoic and Archean ages, although sample 180220-4 has five
grains of Cretaceous aged zircons. Most of the sediment detritus were supplied from the Jurassic and
Triassic granites and Precambrian metamorphic rocks broadly distributed to the north and west of
the basin.

In contrast to the sandstone and conglomerate samples collected from the areas close to the basin
margins, those collected from the southern and central parts of the study area (180426-1, 180526-7,
and 180426-12) show distinct Late Cretaceous peak ages with variable amounts of Jurassic and
Paleoproterozoic to Archean ages. A previous sedimentological study in the Neungju Basin reports
that a playa lake had been developed in the central parts of the study area [26]. Sediment detritus
derived from the respective source rocks were possibly mixed in the central areas of the playa lake
and sandflat environments, resulting in more mixed zircon age peaks than those in the samples from
proximal areas. The Cretaceous zircons were possibly reworked from the volcaniclastic terrane located
at the south of the basin and transported northward to the central playa lake (e.g., [55,56]). Paleocurrent
data support the derivation of the Cretaceous zircon grains from the south [26]. Direct derivation of the
Cretaceous zircons by syndepositional volcanism is less reliable because tuff beds were not observed
in the outcrop sections where the sandstone and conglomerate samples were collected, and their
stratigraphic positions correspond to inter-eruption periods of the Neungju Basin [26].

5.3. Contrasting Geochemical Signatures of Tectonic Settings and Weathering Intensities in a Nonmarine Basin

The compositional contrast between the proximal and distal deposits can be explained based
on the data collected from zircon age dating. The zircon age data indicate that Jurassic to Triassic
granites and Precambrian metamorphic rocks as the primary sources in the marginal areas where
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alluvial drainage systems transported sediment detritus from the adjacent source areas. These source
rocks have similar characteristics in major element composition [57]. Thus, the proximal deposits
show similar major element composition regardless of variations in the relative contribution of Jurassic
to Triassic granites and Precambrian metamorphic rocks. In contrast, the zircon age data indicate
that considerable amounts of sediments were transported from the southern Cretaceous volcaniclastic
terrane to the central playa lake. Cretaceous volcanic activity in the Neungju Basin areas was generated
from calk-alkaline magma, resulting in the deposition of felsic pyroclastic, andesitic to dacitic rocks,
and rhyolite [58–60]. Although various types of volcanic rocks were formed, they are characterized
by abundant plagioclase content. Thus, it would be natural that the distal deposits show high Na2O
content than the proximal deposits.

Differences in weathering conditions in the source areas might have enhanced the compositional
contrast between the proximal and distal deposits. Fossil and sedimentological evidence revealed in
the Cretaceous Gyeongsang Basin, South Korea, indicated arid to semi-arid conditions in the Korean
Peninsula during the Late Cretaceous (e.g., [34,61,62]). Besides, Lee and Lee (2003) [63] reported that
the Hayang Group mudstones in the Gyeongsang Basin, correlate with the Neungju Basin fills, resulting
in CIA values ranging from 54 to 67, with an average of 61. The CIA values in the Neungju Basin are
consistent with the previous results, indicative of the weathering condition under the equilibrium state
in the source areas. This results in a minor degree of compositional alteration for the proximal deposits
due to loss of the mobile elements (e.g., Na2O and CaO) during weathering processes. The weathering
intensities of the distal deposits, however, are much lower than expected. To assess the weathering
intensity properly, chemical loss of the mobile elements and the soil profile’s physical erosion should
occur at a stable rate in the source areas [64]. Active tectonism and storms may enhance the physical
erosion of fresh bedrocks and less altered lower horizons of the soil profile, resulting in a lower
estimate of weathering intensities (e.g., [65,66]). In the Neungju Basin, volcaniclastic terrane with high
and unstable topography might have been formed in the southern part of the basin in a short time
due to intense volcanic activities. After the rapid aggradation of the large volume of volcaniclastic
sediments in the volcaniclastic terrane, the unconsolidated volcanic/volcaniclastic materials were easily
eroded, reworked, and transported as debris-flows to the central playa lake far from the volcaniclastic
terrane during the inter-eruption period (e.g., [67,68]). Thus, sediment detritus originated from the
southern volcaniclastic terrane might be difficult to experience compositional alteration due to chemical
weathering in the source areas, resulting in the distal deposits’ low weathering intensities.

In this study, the differences in source rock composition cause the compositional contrast between
the proximal and distal deposits, resulting in different tectonic setting signatures based on their major
element composition. The central playa lake in the Neungju Basin acted as a mixing bowl for the
sediments derived from various source rocks. In addition to sediments originated from Precambrian
gneiss and Mesozoic granites, Na2O-rich sediments from the southern Cretaceous volcaniclastic terrane
were mixed in the playa lake, resulting in the active continental margin signatures for the distal
deposits. On the contrary, in the basin’s marginal areas, sediment mixing from different source rocks
was inhibited. The proximal deposits reflect only the composition of adjacent source rocks, providing
inadequate information about the tectonic setting of the basin. The compositional alteration due to
chemical weathering might also influence the shift from active continental margin to the passive
margin signature in the tectonic setting discrimination diagrams due to the loss of mobile elements.
Overall, this study implies that geochemical indicators should be used with caution for nonmarine
sediment because of the compositional heterogeneity of the basin-fill. The tectonic setting of a basin
can be inferred by the composition of sediments deposited in the distal environments where sediments
from various source rocks are mixed.

6. Conclusions

To investigate the compositional contrast of sediments in a nonmarine basin and its influence on
the tectonic setting and weathering signatures, the nonmarine Neungju Basin was studied through the
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analysis of mudstone geochemistry supported by zircon U-Pb age dating. A total of 1342 zircon age
data ranging from 3308 to 85 Ma mainly consists of Cretaceous (100-85 Ma), Jurassic (200–162 Ma),
Triassic (251–202 Ma), Paleoproterozoic (2479–1742 Ma), and Archean (3308–2510 Ma). The results
show that the evolution of the Neungju Basin was controlled by changes in subduction modes of the
Paleo-Pacific Plate.

The Neungju Basin sediment was supplied from four different types of source rocks surrounding
the basin; Precambrian metamorphic, Paleozoic metasedimentary, and Cretaceous volcanic rocks,
as well as Jurassic and Triassic granites. These source rocks supplied sediments into the basin from
all directions, making different zircon age distributions according to the depositional environments.
The sediments in the proximal environments (alluvial fan to sandflat) close to the basin margins were
derived from the adjacent basement rocks. On the contrary, in the distal environment (the central playa
lake), sediments transported from the proximal deposits were mixed.

Mudstones deposited in the proximal deposits reflect the composition of nearby source rocks,
whereas mudstones deposited in the distal deposits reflect the mixed characteristics of the source rocks.
Due to the exclusive input of volcaniclastic sediment into the distal deposits, tectonic setting signatures
differ significantly between the proximal and distal deposits. The proximal deposits show passive
margin signatures, reflecting their derivation from metamorphic and granitic rocks, whereas the distal
deposits show active continental margin signatures reflecting the overall source rock signatures. In the
case of weathering, the proximal deposits indicate slightly higher weathering intensities than the distal
deposits. Reworking of fresh volcanic detritus from the southern volcaniclastic terrane might have
lowered the weathering intensities of the distal deposits.

Overall, this study implies that compositional analysis for reconstructing tectonic settings and
weathering conditions should be carefully performed with support from detailed provenance and
paleoenvironmental analyses. A nonmarine basin may have strong spatial contrast in sediment
composition due to preferential mixing of source rocks, and a specific location and depositional
environment may not reflect the overall characteristics of the basin.
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Abstract: The Gejiu Anisian alkaline basalts (GAAB), distributed in the southern part of the Emeishan
large igneous province (ELIP), are crucial to understand the tectonomagmatic activity during the
Triassic. Geochronological, geochemical, and Sr-Nd-Pb isotopic analyses were systematically applied
to explore the origin, petrogenesis, and tectonic setting of the GAAB, and how they relate to the
ELIP. Zircon U-Pb dating set the eruption date at 244 Ma. Most of the samples belonged to alkaline
basalts and had high TiO2 (2.14–3.23 wt.%) and MgO (4.43–19.58 wt.%) contents. Large ion lithophile
elements (LILEs) were enriched relative to high field strength elements (HFSEs). The rare earth
elements (REEs) and trace element signatures in the normalized diagrams were similar to oceanic
island basalts (OIB) and Emeishan high-Ti basalts. These samples had consistent Sr-Nd isotope
compositions: the initial 87Sr/86Sr values ranged from 0.7044 to 0.7048 and εNd(t) = 3.25–4.92. The Pb
isotopes were more complex, the (206Pb/204Pb)t, (207Pb/204Pb)t, (208Pb/204Pb)t ratios were 17.493–18.197,
15.530–15.722, and 37.713–38.853, respectively. Our results indicate that the GAAB originated from
the deeper enriched mantle with 5% to 15% partial melting of garnet lherzolite and a segregation
depth of 2 to 4 GPa (60–120 km). During the formation of the GAAB, clinopyroxene and Ti-Fe oxides
were fractionally crystallized with insignificant crustal contamination. The GAAB were formed in a
extensional regime that was related to the Gejiu-Napo rift event in the Triassic.

Keywords: gejiu basalts; zircon U–Pb dating; geochemistry; Sr–Nd–Pb isotope; petrogenesis;
tectonic setting

1. Introduction

Basaltic magmatism is a fundamental geological process, and of the various kinds of basalts,
alkaline basalts are thought to have unique geological implications [1,2]. Massive stretches of basaltic
magma are distributed along the western margin of the South China Block in SW China, making up
the widely known Emeishan large igneous province (ELIP), which covers an area of over 5 × 105 km2

in SW China and northern Vietnam (Figure 1a) [3]. The basalts in the ELIP were mainly formed during
the Late-Middle Permian (ca. 260 Ma) and have been identified as related to a mantle plume [4–12].
The Gejiu Anisian alkaline basalts (GAAB), formed later than the ELIP, are important in understanding
the tectonic evolution of the western South China Block during post-ELIP tectonomagmatism.

However, the origin and mechanism behind the formation of the GAAB in the southern ELIP
remain controversial and poorly understood, and the links between the GAAB and the ELIP have not
been well established. Several formation mechanisms have been proposed for the GAAB, these have
included an orogenic environment [13], a within-plate extensional environment [14,15], a back-arc rift
basin [16–19], and a decompressive melting of the pre-existing Emeishan plume head induced by a rift
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event [20,21]. Nevertheless, no study has been able to provide sufficient evidence to confirm the origin
or formation mechanism of the GAAB, likely due to unsystematic sampling and research methods.

In this paper, samples were collected from both outcrop and boreholes in Qilinshan and Laochang.
Integrated geochronological, geochemical, and isotopic data were obtained to investigate the origin
and formation mechanism of the GAAB, along with any links between the Middle Triassic igneous
activity in Gejiu and the ELIP. This analytical data from the Gejiu area will contribute to a better
understanding of these, as of yet, unsolved issues.

2. Geologic Background and Petrography

The Gejiu ore district is located in the South China block, East of the Ailaoshan belt [22] (Figure 1a).
The collision of Indochina and South China Block took place during the Early Triassic, forming the
widely known Ailaoshan suture zone, accompanied by complex tectonomagmatism [23]. It extends
northwest to the Jinshajiang suture zone and southeastern to the Song Ma suture zone (Figure 1a) [24–26].
The Ailaoshan belt is an NW-SE striking fan-shaped area that narrows to the NW and widens to SE
(500 km long, and 10 to 50 km wide) and this belt can be subdivided into Western, Central, and Eastern
Ailaoshan zones from west to east [23].

The GAAB are situated in the eastern part of the Ailaoshan suture zone (Figure 1a) [3,20,21].
There are numerous faults in the Gejiu ore district (Figure 1b,c). The Gejiu fault as the southern
extension of Xiaojiang fault, which has an SN-trending orientation, is the main fault dividing the Gejiu
area into two sectors [22]. The secondary faults, which generally trend EW, show the signature of
an equidistant distribution in the eastern sector and divide the Gejiu ore district into five main ore
segments, namely the Malage, Songshujiao, Gaosong, Laochang, and Kafang from north to south
(Figure 1c). The basalts of interest are primarily located in the eastern sector of the Gejiu ore district.

Figure 1. (a) Simplified tectonic map showing the study area in relation to major tectonic units in South
China [23], JSJS: Jinshajiang suture, SCS: Song-Chay suture, SMS: Song Ma suture, RRF: Red River fault,
DBF: Dien Bien Phu fault; (b) Simplified map showing the location of the study area [27]; (c) Geological
map of the Gejiu ore district [21]; (d) Geological section of basalts in Laochang ore segment.

The Triassic GAAB cover an area of nearly 125 km2 in the south of the ELIP, and are widely
distributed in the Qilinshan, Laochang, and Kafang ore segments (Figure 1c) [18,20]. The basalts in
Laochang and Kafang, which are considered as a unit, are concealed under the ground, while the
Qilinshan basalts are exposed at the earth’s surface. The Middle Triassic Gejiu Formation carbonates
and the Falang Formation fine-grained clastic sediments and carbonates are the dominant strata (over
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3000 m) in the Gejiu ore district. These basaltic lavas are found in the lower part of the Gejiu Formation
where they were conformably interbedded within the Gejiu Formation. The Laochang and Kafang
basalts exhibit a subhorizontal distribution with an overall dip to the northwest. The thickness of
a single layer of the basalt ranges from 0.05 to 30 m, and the total thickness is about 100 m [13,21].
Due to the intrusion of the Mesozoic granitic magmatism, the basalts in Laochang and Kafang have
undergone different degrees of metamorphism, forming olivine basalts with weak metamorphism and
phlogopite metabasalts that have high degrees of metamorphism [17]. The Qilinshan basalts found in
the eastern part of the Songshujiao ore segment underwent relatively low degrees of metamorphism
and were less altered than the basalts in Laochang and Kafang.

In this research, outcrop samples were collected from Qilinshan and the borehole samples
came from 1360 levels in the Laochang ore segment. Altogether, 59 samples were collected for
zircon U-Pb dating, geochemical and Sr-Nd-Pb isotope analyses. The sample locations can be seen
in Figure 1c,d. These basalts were dark green and had an abundance of amygdaloidal structures
(Figure 2a). The oval-shaped amygdales were 0.2 to 2 cm in diameter and showed directional
arrangements. These amygdales exhibited a nonuniform distribution in the basalt samples. Most of
the amygdales were filled with silicic material and/or carbonate. Chloritization and actinolitization
were common in the basalts. These basalts were mainly composed of pyroxene, plagioclase, olivine
(Figure 2b,c), and accessory minerals such as ilmenite and magnetite. The alteration in Laochang
basalts was more pervasive and severe than that in Qilinshan basalts, and the alteration minerals were
mainly phlogopite, actinolite, chlorite, and tremolite (Figure 2d–f).

Figure 2. Typical hand specimen (a,d), single-polarized (b,e), and cross-polarized (c,f) light
photomicrographs of basalts in Qilinshan (a–c) and Laochang (d–f). Px—pyroxene, Pl—plagioclase,
Hbl—hornblende, Ol—olivine, Bt—biotite, Act—actinolite.

3. Methods

3.1. Zircon LA–ICP–MS Analyses

Thirty kilos of fresh basalts sample were collected to pick up zircons. The rock was dark green in
color and had an amygdaloidal structure. The surface of the sample was first washed clean with water
and dried naturally. The sample was then crushed to 80 meshes. After coarse washing with water,
strong magnetic separation, electromagnetic separation, and fine washing with alcohol, the zircons
were hand-picked under a double microscope.

Zircon U-Pb analyses were conducted at the Key Laboratory of Crust-Mantle Materials and
Environments, University of Science and Technology of China. U-Pb abundance was measured using
the latest Neptune Plus multiple collectors (ICP-MS) from Thermo Fisher Co. Ltd (Waltham, MA,
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USA). The laser-ablation system used in the measurement was the GeoLasPro 193 nm developed by
the Coherent Co. Ltd (Santa Clara, CA, USA). Helium was used as a carrier gas to enhance transport
efficiency of ablated material. The spot size of the laser ablation beam was 32 µm. The LA-ICP-MS
operating conditions were optimized based on measurements of the reference material zircon 91500.
The accuracy of the data was verified by using GJ-1 as an auxiliary standard. The LA-ICP-MS
measurement was carried out using time-resolved analysis operated in fast peak-hopping and DUAL
detector mode with a short integration time. The Harvard standard zircon 91500 and GJ–1 were
measured after every 5 to 10 sample spots, to ensure no drift was occurring. The data were analyzed in
the ICPMSDataCal program [28] and the Isoplot program [29].

3.2. Major and Trace Element Analyses

Bulk-rock major and trace element compositions of the samples were measured at the Testing
Center of Rock and Mineral in Henan province. The major elements were analyzed using a ZSX100e
(Rigaku Co., Akishima, Tokyo, Japan) X-ray fluorescence spectrometer (XRF) on fused glass beads.
The trace elements, including rare earth elements, were measured by inductively coupled plasma mass
spectrometry (ICP-MS) with an XSERIES2 (Thermo Fisher Co. Ltd, Waltham, MA, USA). A detailed
methodology of the analytical procedures can be found in Gao [30]. The analyses of the international
standards returned values that agreed with their published values. Analyses of the international rock
standards indicated that the precision and accuracy were better than 1.5% for all elements.

3.3. Whole Rock Sr–Nd–Pb Isotopic Analyses

The Sr-Nd isotope analyses were carried out at the Ministry of Education Key Laboratory of
Orogenic Belts and Crustal Evolution, Peking University. Powdered bulk-rock samples were first spiked
with mixed isotope tracers and then dissolved in a solution of HF and HNO3 in Teflon capsules before
undergoing Rb-Sr and Sm-Nd isotope analyses. Rb, Sr, Sm, and Nd were separated using conventional
ion exchange procedures, as described by Yan [31]. The Sr-Nd isotopic data were measured on a
VG Axiom mass spectrometer. The Nd and Sr ratios were normalized to 146Nd/144Nd = 0.7219 and
86Sr/88Sr = 0.1194, respectively. The BCR-2 standards, which were 143Nd/144Nd = 0.512633 ± 0.000017
(2σ) and 87Sr/86Sr = 0.705013 ± 0.000019 (2σ), respectively, were used to assess analytical precision.

The Pb isotope analyses were tested at the Beijing Institute of Uranium Geology using a Isoprobe-T
(GV, Manchester, UK) thermal ionization mass spectrometer (TIMS). These samples were first placed
in crucibles and dissolved in HF and HClO4, then the purified Pb was extracted using basic anion
exchange resin [32]. Analytical results for the NBS981 standard agreed with the reference value [33].

4. Results

4.1. Zircon U–Pb Dating

The LA–ICP–MS zircon U–Pb dating results are listed in Table 1. The sample ISKB–01 was
collected from Qilinshan that was located at 22◦19′40” N, 103◦16′43” E. Twenty-five zircon grains were
picked out from sample ISKB–01.

The majority of the zircon grains separated from the sample were light gray in color, euhedral in
shape, and transparent in opacity under the microscope (Figure 3a). The grains were 50 to 200 µm
long with elongation ratios ranging from 1:1 to 3:1. Almost all of the zircons exhibited oscillatory
zoning in CL, implying a magmatic origin. The Th and U concentrations were 36.38 to 669.17 ppm and
71.73 to 721.1 ppm, respectively, with Th/U ratios ranging from 0.86 to 2.75. Twenty-five spots were
tested, and all were from a single age group clustered in 256 to 237 Ma; the spots yielded a weighted
mean 206Pb/238U age of 244 Ma (MSWD = 4.9) (Figure 3b). This age is considered to represent the
crystallization age of the magmatic zircons.
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Figure 3. (a) Cathodoluminescence (CL) images of the selected zircons for LA–ICP–MS dating;
(b) Concordia diagram of zircon U–Pb age for the Qilinshan basalts.

Table 1. U–Pb isotopic compositions for zircon from Qilinshan basalts sample ISKB–01.

Spot
Th

(ppm)

U
(ppm)

Th/U
Ratio

207Pb/206Pb 207Pb/235U 206Pb/238U 206Pb/238U

Ratio 1σ Ratio 1σ Ratio 1σ Age 1σ

KB1-1 198.92 184.46 0.9273075 0.05343 0.00316 0.27953 0.01568 0.03798 0.00069 240.3 4.3
KB1-2 41.16 97.41 2.3666181 0.04966 0.00452 0.25982 0.02294 0.03798 0.00084 240.3 5.19
KB1-3 55.46 143.07 2.5796971 0.05078 0.0038 0.27026 0.01945 0.03864 0.00077 244.4 4.77
KB1-4 175.69 170.82 0.9722807 0.05731 0.00345 0.30891 0.01764 0.03912 0.00073 247.4 4.52
KB1-5 318.8 289.82 0.9090966 0.05378 0.00258 0.29795 0.01329 0.04022 0.00067 254.2 4.14
KB1-6 48.42 79.03 1.6321768 0.05029 0.00514 0.27425 0.02729 0.03959 0.00094 250.3 5.82
KB1-7 40.24 80.26 1.9945328 0.05639 0.00597 0.29587 0.03048 0.03808 0.00095 240.9 5.91
KB1-8 182.34 280.02 1.5357025 0.05096 0.00251 0.27651 0.01273 0.03938 0.00065 249 4.04
KB1-9 50.75 97.65 1.9241379 0.04959 0.00457 0.26575 0.02376 0.03889 0.00086 246 5.35
KB1-10 37.2 77.65 2.0873656 0.03842 0.00561 0.20861 0.03004 0.03941 0.00095 249.1 5.88
KB1-11 36.38 71.73 1.9716877 0.04967 0.00543 0.27787 0.02968 0.04059 0.00099 256.5 6.12
KB1-12 50.71 139.24 2.7458095 0.05285 0.00389 0.28581 0.02024 0.03924 0.00078 248.1 4.86
KB1-13 41.08 109.27 2.6599318 0.04661 0.0042 0.25753 0.02254 0.04009 0.00086 253.4 5.36
KB1-14 391.5 337.49 0.8620434 0.05247 0.00231 0.28027 0.01134 0.03876 0.00062 245.1 3.83
KB1-15 53.54 134.48 2.5117669 0.05336 0.00384 0.28594 0.01977 0.03888 0.00076 245.9 4.74
KB1-16 57.97 143.68 2.4785234 0.05698 0.00373 0.30168 0.01882 0.03841 0.00075 243 4.68
KB1-17 50.91 130.35 2.5604007 0.05459 0.00377 0.29512 0.0195 0.03922 0.00076 248 4.72
KB1-18 41.88 81.05 1.9352913 0.04155 0.0055 0.21613 0.02815 0.03773 0.00089 238.8 5.56
KB1-19 112.93 137 1.2131409 0.04767 0.0039 0.24559 0.01947 0.03737 0.00075 236.5 4.68
KB1-20 57.63 148.17 2.5710567 0.04984 0.00356 0.26679 0.0183 0.03883 0.00075 245.6 4.64
KB1-21 47.7 123.4 2.5870021 0.05256 0.00389 0.28834 0.02049 0.03979 0.00082 251.5 5.08
KB1-22 669.17 721.1 1.0776036 0.05215 0.00177 0.27938 0.00836 0.03885 0.00057 245.7 3.52
KB1-23 48.31 92.96 1.9242393 0.06008 0.00467 0.32154 0.02398 0.03881 0.00086 245.5 5.32
KB1-24 109.27 141.25 1.2926695 0.04457 0.00337 0.23159 0.0169 0.03768 0.00072 238.5 4.47
KB1-25 45.9 120.01 2.614597 0.05587 0.00378 0.29842 0.01929 0.03873 0.00075 245 4.67

4.2. Whole Rock Geochemistry

Fifty samples were measured for major and trace element analyses (Supplementary Material,
Table S1). These samples were collected from Qilinshan and Laochang, respectively. Almost all
the samples showed different degrees of alteration with a large variation in loss on ignition (LOI)
(1.35–9.08 wt.%), demonstrating relatively strong alteration.

For the samples from Qilinshan, the SiO2 content ranged from 40 to 48.68 wt.%. Most rocks
plotted fell in the alkaline basalts field, as seen in Figure 4a,b, and belonged to the potassic and sodic
series (Figure 4c). These rocks had high TiO2 contents (2.14–3.23 wt.%), with the TiO2 contents of most
samples being larger than 2.5, and belonging to the high-Ti basalts (Figure 4d), as defined by Xu [34].
The MgO contents were 7.76–13.92 wt.% and the Mg# = 53.27–67.77, which is characteristic of primary
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magma. The TFe2O3 content ranged from 10.18 to 16.06 wt.%. The K2O contents (0.22–2.31 wt.%) in
Qilinshan basalts were much lower than that in Laochang basalts. The LILEs were enriched relative to
the HFSEs. The (La/Yb)N ratios varied from 8.20 to 23.68 (mean value = 13.34). As revealed by the
primitive mantle normalized trace element diagram and the chondrite normalized rare earth element
(REE) diagram (Figure 5), the patterns of the Qilinshan basalts were similar to the Emeishan basalts
and strongly resembled those of OIB.

Figure 4. (a): SiO2 vs. Na2O+K2O classification diagram; (b): Nb/Y vs. Zr/Ti diagram; (c): Na2O vs.
K2O classification diagram; (d): TiO2 vs. Ti/Y diagram. The data of Kafang from [16].

The Laochang basalt samples had extremely low SiO2 contents (39.33–44.49 wt.%). Most samples
fell in the basanite and basalt areas in Figure 4a, and belonged to high-Ti alkaline basalts in Figure 4b,d.
In the diagram showing Na2O vs. K2O, the rocks had high-K characteristics (Figure 4c). The TiO2

content ranged from 2.24 to 3.07 wt.%. The Laochang basalts had higher MgO content (12.16–19.58 wt.%)
and Mg# values (64.39–76.95) relative to those of the Qilinshan basalts. The contents of TFe2O3 and
K2O were 11.05–14.02 wt.% and 2.12–6.45 wt.%, respectively, for the Laochang basalts. For the trace
elements and REEs, the (La/Yb)N ratios varied from 7.43 to 18.96 (mean value = 12.24). These samples
exhibited strongly positive Rb anomalies and negative Ba anomalies in the primitive mantle normalized
trace element diagram (Figure 5). As can be seen in Figure 5, the patterns of immobile elements in
Laochang and Kafang basalts were consistent with those of Emeishan basalts and OIB. Mobile elements
such as Rb, Ba, Sr, K, and Pb have high activities and are sensitive to physical and chemical alterations.
Therefore, the abnormities of these elements in Laochang and Kafang may have resulted from the
process of metamorphism and/or hydrothermal alteration.
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Figure 5. Chondrite normalized REE patterns and primitive mantle normalized trace element patterns
of the GAAB. Normalization and OIB values followed [35]. The data of Emeishan basalts from [3].
The data of Kafang from [16].

4.3. Sr–Nd–Pb Isotopic Geochemistry

Whole-rock Sr-Nd-Pb isotopes of the samples from Qilinshan and Laochang are listed in Tables 2
and 3. The initial Sr-Nd-Pb isotopic ratios for all the samples were corrected to 244 Ma, according to
our new zircon U-Pb dating age. The initial 87Sr/86Sr values of Qilinshan basalts ranged from 0.7044 to
0.7047 with εNd(t) values ranging from 4.69 to 4.92. The Laochang basalts had smaller initial 87Sr/86Sr
values (0.7044–0.7048) and εNd(t) values (3.25–3.43). Lead isotopes are more complex because U, Th,
and Pb are all mobile during alteration. The initial 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios in
Qilinshan basalts were 17.493–18.150, 15.530–15.613, and 37.713–38.853, respectively, and 17.976–18.197,
15.683–15.722, and 38.501–38.713 in Laochang basalts, respectively.
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5. Discussion

5.1. Magma Source

In the past decade, the GAAB have attracted a lot of attention for its close relationship with
the Cu deposits in the Gejiu ore district [22,36]. However, relatively little research has focused on
how the GAAB were formed. For this reason, the magma source of the GAAB remain unresolved.
While it is widely accepted that these basalts were the product of the melting of mantle peridotite,
the identification of the mantle source has been proven difficult because of the complexity of lithospheric
mantle [37]. The Sr-Nd-Pb isotopic characteristics of igneous rocks can often narrow the potential
source regions of basalts because isotopic fractionation is not affected by magma crystallization and
segregation in the magmatic process. The Sr and Nd isotopic characteristics of the GAAB were
consistent, the initial 87Sr/86Sr = 0.7044–0.7048 and 143Nd/144Nd = 0.51249–0.51257, and the Pb isotopes
exhibited an appropriate variation range. In the diagram of (87Sr/86Sr)i vs. εNd(t) (Figure 6a), all of the
samples fell in the field of the Emeishan flood basalts and showed similarities with the OIB. Moreover,
Pb isotopes also showed similar characteristics to Emeishan flood basalts (Figure 6b). The Sr-Nd-Pb
isotopic data indicated that the GAAB were derived from the same OIB-like source as the Emeishan
flood basalts.

Figure 6. (a) (87Sr/86Sr)i vs. εNd(t) diagram (modified from [3]), OIB: ocean island basalt; (b)
(206Pb/204Pb)t vs. (208Pb/204Pb)t diagram (t = 244 Ma, modified from [38]), EM1: enriched mantle 1,
EM2: enriched mantle 2, DM: depleted mantle, HIMU: high 238U/204Pb mantle end member, NHRL:
northern Hemisphere reference line; data of Emeishan basalts from [27].

Typically, the ratios of incompatible elements that share similar characteristics in the mantle (such
as Zr/Nb and Nb/Th) are not strongly fractionated from each other during the process of partial melting
or fractional crystallization. Hence, their ratios can be used to identify the source of magma [39,40].
The Nb/Th ratio is insensitive to various degrees of melting of garnet lherzolite, while the Zr/Nb
ratio is moderately affected by different degrees of melting [40]. Therefore, the mantle source can be
determined by comparing the Nb/Th and Zr/Nb ratios (Figure 7a). Most of the samples fell in the
field near OIB, implying that the GAAB were derived from an enriched mantle sources similar to that
of OIB.

Magma sources can also be identified by their Nb/Y and Zr/Y ratios, this is because of their
predictability during the partial melting and fractional crystallization processes [41]. Thus, Fitton [42]
proposed the formula: δNb = log(Nb/Y) + 1.74 − 1.92 × log(Zr/Y), based on the Nb/Y and Zr/Y
ratios. When δNb > 0, the magma is related to an enriched mantle, but when δNb < 0, the magma is
related to a depleted mantle. Almost all of the samples had δNb > 0, indicating an enriched mantle
source. Likewise, enriched mantle sources can be identified by comparing Zr/Y and Nb/Y (Figure 7b).

217



Minerals 2020, 10, 1030

These comparisons revealed that the majority of the samples fell in the OIB field, indicating the GAAB
were derived from enriched mantle.

Figure 7. Diagram showing mantle components and fields for basalts from various tectonic
settings [40,42]. (a) Nb/Th vs. Zr/Nb, SUB: subduction; (b) Zr/Y vs. Nb/Y. NMORB: normal mid
ocean ridge basalts, DM: depleted mantle, REC: recycled components, EN: enriched, DEP: depleted
components, ARC: arc basalts, OPB: oceanic plateau and island basalts. The data of Kafang from [16].

HFSEs and REEs are immobile during the alteration and weathering processes [43–45]. Therefore,
the contents and ratios of light REEs and HFSEs are widely used to distinguish between magma
sources and determine the degree of partial melting [46,47]. In the diagram showing La/Nb vs. La/Ba
(Figure 8a), most samples can be seen to fall in the field of asthenosphere and OIB, with no indicators for
crust contamination. Relative to heavy REEs (such as Yb), the enrichment of middle REEs (such as Sm)
depends on the presence of garnet in the residual phase during the melting process. Sm is incompatible
with garnet, whereas Yb is compatible, this means that the ratio of Sm/Yb can be intensely fractionated
when there is a low degree of melting. Accordingly, using Sm vs. Sm/Yb, the degree of partial melting
of the mantle source can be constrained using the non-modal batch melting equations [48,49]. Most of
the samples had high MgO content (>8 wt.%), which could indicate that the historical source of the
basaltic magma underwent partial melting [3]. As can be seen in Figure 8b, the GAAB originated from
5% to 15% partial melting of garnet lherzolite.

Figure 8. (a): La/Nb vs. La/Ba diagram (modified from [50]); (b): Sm vs. Sm/Yb diagram (modified
from [3]). The data of Kafang from [16].

Generally, the TiO2 content in magma from the asthenosphere is about 1.27 wt.%, while in magma
from deeper mantle material it is generally more than 2 wt.% [37]. The GAAB had high TiO2 content
(TiO2 > 2 wt.%), similar to the representative OIB (TiO2 = 2.87 wt.%; [41]), and the Ti/Y ratios ranged
from 620 to 1533, similar to the Emeishan high-Ti basalts [34], indicating they derived from the deeper
enriched mantle. The OIB-like basalts studied here suggested that there was a period of within plate
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magmatism in the South China Block around 244 Ma. In the diagram of (87Sr/86Sr)i vs. (143Nd/144Nd)t
(Figure 9f), the samples fell near the OIB field and displayed enriched mantle (EM1) evolutionary
trends, which indicated they were related to an ancient subcontinental lithospheric mantle (SCLM)
metasomatized by a small volume of volatile-enriched melt that originated from asthenosphere or
deeper mantle [51–53]. As described above, based on the combination of geochemical and isotopic
characteristics of the GAAB, it can be concluded that the GAAB were mainly derived from deeper
enriched mantle material and experienced 5% to 15% partial melting of garnet lherzolite.

5.2. Petrogenesis

Parental magma compositions are determined by the nature of the mantle source, conditions
during mantle melting, fractional crystallization, and the extent of crustal contamination [7]. REEs,
HFSEs, and Sr-Nd-Pb isotope compositions are commonly used to estimate these variables for a
given sample. Using basaltic magma, the conditions during mantle melting can be investigated to
provide information about the processes by which they formed [54]. Although alteration is pervasive
in the GAAB, the abundances of compatible and incompatible elements in basaltic melts are not
strongly influenced by alteration or weathering [54], so they can still serve as accurate indicators of
historical conditions.

A low degree of partial melting of pyrolite can lead to the enrichment of incompatible elements,
but with an increasing degree of melting, the enrichment of incompatible elements is reduced.
Light REEs and highly incompatible elements are mainly enriched in alkaline basalts with low SiO2

content. Evidence has shown that alkaline basalts are always generated by 2% to 10% partial melting of
the incompatible elements enriched mantle source [55–57]. The GAAB had trace element compositions
and light REEs signatures similar to the OIB. The enrichment of the trace elements and light REEs
indicated that the degree of partial melting was less than 10%. This conclusion can also be supported
by the diagram of Sm vs. Sm/Yb (Figure 8b).

Figure 9. (a) Zr vs. Nb diagram (modified from [58]); (b) CaO/Al2O3 vs. Al2O3 diagram (modified
from [40]), ol: olivine, cpx: clinopyroxene; (c) Sc vs. Ti/Y diagram (modified from [7]); (d) Mg# vs.
TFe2O3 diagram; (e) Mg# vs. TiO2 diagram; (f) (87Sr/86Sr)i vs. (143Nd/144Nd)i (modified from [58]).
The data of Kafang from [16].

Fractional crystallization (FC) is integral to magma evolution. Hence, it is always used to interpret
geochemical characteristics observed in evolved volcanic rocks. As can be seen in the Nb vs. Zr
plot in Figure 9a, the FC process existed. Moreover, the negative correlations that can be observed
in the diagrams of CaO/Al2O3 vs. Al2O3 (Figure 9b) and Sc vs. Ti/Y (Figure 9c) implied that the
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fractionation was of clinopyroxene, which was consistent with the petrographic features. Plagioclase
fractionation appeared to be limited as there was no clear evidence for negative Eu anomalies, however
most of the samples did have negative Sr anomalies (Figure 5). The near ubiquity of Sr anomalies
might be attributed to the alteration or metamorphism during post-magmatic events. The negative
correlations between Mg# and TFe2O3 (Figure 9d) and between Mg# and TiO2 (Figure 9e) indicated
the fractionation of Ti-Fe oxides. Based on the experimentally determined mantle solidus [40,59,60],
magma segregation depth of basalts can be constrained by the CaO/Al2O3 vs. Al2O3 diagram. As seen
in Figure 9b, the melts segregation depth of the GAAB was between 2 and 4 GPa (60–120 km).

Crustal contaminated mafic melts have characteristically high initial 87Sr/86Sr ratios, low εNd(t)
values, and negative Nb and Ta anomalies [61]. However, the GAAB had relatively low initial
87Sr/86Sr ratios, high εNd(t) values, and no Nb and Ta anomalies (Figure 5), which suggested that the
crustal material in the magma was limited. Weak correlations between SiO2 and La/Nb (Figure 10a)
and the non-linear relationship between SiO2 and εNd(t) (Figure 10b) also indicated limited crustal
contamination. The Nb/U ratio in primary mantle-derived magma is always greater than 47, and the
La/Nb and La/Ta ratios are always smaller than 1.5 and 22, respectively. These ratios can be used to
identify the existence of crustal material due to their sensitivity to crustal contamination [62–64].

Figure 10. (a) SiO2 vs. La/Nb diagram; (b) SiO2 vs. εNd(t) diagram; (c) (Th/Ta)PM vs. (La/Nb)PM

diagram (modified from [65]); (d) Ti/Yb vs. Nb/Th diagram (modified from [65]), N-MORB: Normal
mid ocean ridge basalt, E-MORB: Enriched mid ocean ridge basalt. The data of Kafang from [16,21].

The Nb/U ratio in the GAAB was much higher than crustal material, but close to mantle-derived
values. Likewise, the smaller La/Ta and La/Nb ratios (La/Ta ≤ 18; La/Nb ≤ 1.46) in most samples
revealed similarities with primary magma and also indicated limited crustal contamination. We can
determine the existence of crustal material in mantle-derived magma using the diagram of (Th/Ta)PM

vs. (La/Nb)PM. As can be seen in Figure 10c, most of the samples fell in the uncontaminated field of the
plot, showing there was little or no crustal material in the magma. These signatures indicate that the
assimilation of crust during the generation of the basalts was insignificant, and therefore the chemical
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compositions of these basaltic rocks accurately reflect the characteristics of mantle source regions.
Nb/Th and Ti/Yb ratios can be used to identify the lithospheric mantle materials in basalts [66]. In the
diagram of Ti/Yb vs. Nb/Th (Figure 10d), most of the samples fell in the field of the OIB and showing
evolutionary trends consistent with SCLM. OIB are widely believed to be related to hotspots or mantle
plumes, which are usually imaged as columns of heated material ascending from the core-mantle
boundary or mantle transition zone [67–72]. The upwelling of asthenospheric mantle or asthenospheric
melts generated by rift events in an extensional regime can provide enough heat for the melting of
the SCLM. In this case, the OIB-like magma mixed with the SCLM magma, which then formed the
primary magma of the GAAB and experienced limited crustal contamination during the ascent.

5.3. Tectonic Setting

The tectonic setting of the GAAB is controversial and various viewpoints still receive support.
For example, Zhang [21] proposed that the GAAB were generated in an epeiric sea semi-restricted
gulf environment, Wang [13] concluded that these basalts were formed in an orogenic environment.
The proposed tectonic settings of the GAAB also include within-plate extensional environment [14,15];
back-arc rift basin [16–19]; and decompressive melting of Emeishan plume head induced by a rift
event [20,21]. To clarify the tectonic setting, we provided new zircon dating, major, trace element,
and Sr-Nd-Pb isotopic data from these basaltic rocks collected from several representative outcrops
and drillholes in the Gejiu ore district.

In Gejiu district, the Gejiu-Napo sedimentary basin has mainly occurred in the Triassic. The lower
Triassic Yongningzhen and Feixianguan Formations are composed of shallow water clastic rocks
containing fuchsia greywacke and conglomerate. The middle Triassic Gejiu Formation consists mainly
of thick-bedded dolomite, limestone, and mudstone. The deposition depth of this sequence deepens
gradually upward. The GAAB mainly occurred within the lower section of the Gejiu Formation.
The upper Triassic sequence comprises macker and coarse clastic rocks. This sedimentary sequence is
characterized by shallow water coarse-grained sediments, complex gravel composition, and coarse
gravel sediments from deep to surface. The molasse facies of the sea-land interaction environment
marked the shrinkage and closure of the rift basin. The thickness of the Triassic strata (approximately
4000 m) increased dramatically in the Gejiu area [18]. The stratigraphic thickness thinned sharply on
both the eastern and western sides of Gejiu (Figure 11). Besides, in Triassic, the bimodal magmatism is
also developed in Gejiu district, including the alkaline basalt, dacite, and rhyolite [73]. The geological
evidence indicates a rift-related volcanic-sedimentary event. Considering the zonal distribution of the
sequence and the variation of stratigraphic thickness, the rift was likely controlled by a syngenetic fault.

Elements such as Ti, Zr, Y, Nb, Hf are useful in distinguishing basalts from different tectonic
environments [74,75]. In the diagrams of Nb-Zr-Y (Figure 12a), Ti-Zr-Y (Figure 12b), and Hf-Th-Nb
(Figure 12c), the majority of samples are distributed in the field of within-plate settings corresponding
to the within-plate alkaline basalts. Moreover, the GAAB had characteristics of enrichment in light
REEs, OIB-like geochemical signatures, and was similar to the high-Ti basalts of the ELIP. Young
eruption age (244 Ma) excludes the possibility that the GAAB formed during the main event of ELIP
(260–257 Ma) [76]. These basalts were coeval and genetically associated with the rift event in this
area (Figure 11). Considering the facts described above, we propose that the GAAB erupted within
the western margin of the South China Block in an extensional environment that was related to the
Gejiu-Napo rift event in the Triassic.
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Figure 11. Stratigraphic correlation of the Triassic strata in the western South China block.
The sedimentary data are from [3,18,73].

Figure 12. (a) Nb–Zr–Y diagram (modified from [74]); (b) Ti–Zr–Y diagram (modified from [75]);
(c) Hf–Th–Nb diagram (modified from [77]), IAT: Island arc tholeiite, CAB: Calc-alkaline basalt,
N-MORB: Normal mid ocean ridge basalt, E-MORB: Enriched mid ocean ridge basalt, WPT: Within
plate tholeiite, WPAB: Within plate alkaline basalt. The data of Kafang from [16].

The Ailaoshan suture zone comprises several structurally juxtaposed tectonic units, including
the Western Ailaoshan volcanic belts, Ailaoshan ophiolitic melange, Ailaoshan metamorphic complex
from west to east [78–85]. Based on the comparison between the Permian and Triassic sedimentary
rocks along the Ailaoshan suture zone, Xu [86] proposed they had different detrital provenance and
formed in a depositional setting, which was likely caused by the closure of the Ailaoshan Ocean.
Both the sedimentology and structural geology evidence show that the Ailaoshan suture zone has
been a branch of the Paleo-Tethys Ocean and is the boundary between the South China Block and
Indochina Block. The Paleo-Tethys Ailaoshan Ocean subducted beneath the Indochina Block in the
Late Permian, and the onset of the collision between South China and Indochina blocks occurred in
Early Triassic, around 250 Ma [23]. The Phia Bioc granites (248–245 Ma), Tongtiange leucogranites
(~247 Ma), and rhyolites (247–246 Ma) in the Gaoshanzhai, Pantiange and formations are related to
syn-collisional crust thickening [87–89]. The GAAB with the age of 244 Ma formed in the Gejiu-Napo
rift basin were related to a post-collisional setting after the South China-Indochina collision (Figure 13).
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Figure 13. Schematic drawing of the tectonic evolution of the Gejiu-Napo rift event in Ailaoshan
post-collisional setting (modified from [23]), SCLM: subcontinental lithospheric mantle.

5.4. Relationship with the ELIP

Traditionally, the GAAB were considered to be placed in the intermediate zone of the ELIP
and most likely formed at the periphery of the ELIP with a low degree of melting of plume
material [7,20,34]. Recent studies have suggested there was a post-ELIP magmatism in the period
following 260 Ma [20,82]. The Triassic basalts in the southern ELIP have mainly been found in the
Kaiyun, Qilinshan, and Laochang-Kafang areas. Based on the methods of geochronology, geochemistry,
and Sr-Nd-Pb isotope analyses, Shellnutt [82] thought the magmatism that formed in 252 to 242 Ma in
the spatial field of the ELIP was related to the post-ELIP magmatism caused by decompressive melting
of the fossil Emeishan plume head beneath the South China crust that was associated with the collision
between the South China and North China Blocks during the Middle Triassic. Zhang [20] concluded
that, in Gejiu, these basalts were the product of the melting of the plume head after the main ELIP
phase caused by the rift system along the southwestern margin of the South China Block during the
Early Triassic. Zhang [16], on the other hand, thought there was no relationship between the GAAB
and the ELIP because zircon U-Pb dating placed the age in Kafang at 214 Ma. It is noteworthy that
the basalts in Kafang and Laochang both underwent intense alteration and metamorphism since their
formation because of the extensive metallogenesis during the late Cretaceous tectonomagmatism,
which may explain the inaccuracies in dating results.

Although the relationship between the GAAB and the ELIP has been discussed in recent
publications [16,20], the GAAB, especially its eruption age, remain relatively understudied. Zhang [21]
has reported the SIMS zircon U–Pb age of GAAB in Kafang was 244.4 Ma. The similar LA-ICP-MS
U–Pb age of Kaiyuan basalts in adjacent area was 247 Ma [20]. In this study, the zircon U–Pb age
reveals that the non-mineralized GAAB in Qilinshan were formed in 244 Ma. Generally, the zircon
grains in basalts are small and dark in color. In addition, the existence of oscillatory zoning in zircon
grains indicates their magmatic origin. The characteristics of trace elements show that the assimilation
of crust in generation of the basalts was insignificant. Besides, the GAAB are interbedded within
the Triassic Gejiu Formation, which was considered to be formed in 245 to 237 Ma [21]. Combining
with the regional geology, the GAAB and the Gejiu Formation are the important constituents of the
volcanic-sedimentary sequence in Middle Triassic in Gejiu area. Thus, we thought the zircon U–Pb age
can reflect the magmatic history of the GAAB.

After the formation of the ELIP in ~260 Ma, minor magmatic events occurred around the center of
ELIP between 252 to 242 Ma. However, these post-260 Ma magmatic events were not directly related
to Emeishan magmatism. This is because most large igneous provinces worldwide had relatively
short durations (1–5 Ma). ID-TIMS zircon U–Pb ages show that the Karoo large igneous province in
South Africa lasting about 1 Ma or less for the major pulse of magmatism [90,91]. The emplacement of
large volumes of volcanic rocks during the main pulse of the Siberian Traps in Russia occurred within
<1 Ma [92]. New CA-ID-TIMS U-Pb zircon ages from the Malwa Plateau indicate that the Deccan large
igneous province in India erupted from 65.9 to 66.5 Ma [93].
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As discussed above, the geochemical characteristics of the GAAB are similar to the Emeishan
high-Ti basalts. However, the U-Pb dating age of 244 Ma obtained from Qilinshan basalts in Gejiu
reveals a later date than the ELIP (ca. 260 Ma), as constrained by various dating methods in different
kinds of rocks [4,27,94]. It is generally accepted that the magmatism in ELIP began at, and ended,
shortly after 260 Ma [4,8,82,95–97]. Considering the age discrepancies and difference in tectonic setting,
there is no geodynamic or genetic link between GAAB and ELIP. The similar geochemical characteristics
between the GAAB and the Emeishan high-Ti basalts are most likely due to the similar magma source.

6. Conclusions

Combined with geochronological, petrological, and geochemical studies of the alkaline basalts in
the Gejiu area, our conclusions are as follows:

1. Zircon U-Pb dating results showed that the GAAB were formed in 244 Ma (MSWD = 4.9, n = 22).
2. The GAAB, similar to OIB and Emeishan high-Ti basalts, displayed enriched LREE

patterns, with LILEs enriched relative to HFSEs. The GAAB had consistent Sr-Nd isotope
compositions: the (87Sr/86Sr) = 0.7044–0.7048, and εNd(t) = 3.25–4.92. The Pb isotopes
were more complex, the (206Pb/204Pb)t = 17.493–18.197, (207Pb/204Pb)t = 15.530–15.722,
(208Pb/204Pb)t = 37.713–38.853, respectively.

3. The GAAB originated from deeper enriched mantle material with 5% to 15% partial melting of
garnet lherzolite and a segregation depth between 2 and 4 GPa (60–120 km). During the formation
of the GAAB, clinopyroxene and Ti-Fe oxides were fractionally crystallized with insignificant
crustal contamination.

4. The GAAB were the product of the decompressive melting of the deeper enriched mantle in a
extensional environment that was related to the Gejiu-Napo rift event formed in a post-collisional
setting after the South China-Indochina coillision.
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Abstract: The Bogeda Shan (Mountain) is in southern part of the Central Asian Orogenic Belt (CAOB)
and well preserved Paleozoic stratigraphy, making it an ideal region to study the tectonic evolution
of the CAOB. However, there is a long-standing debate on the tectonic setting and onset uplift
of the Bogeda Shan. In this study, we report detrital zircon U-Pb geochronology and whole-rock
geochemistry of the Permian sandstone samples, to decipher the provenance and tectonic evolution
of the West Bogeda Shan. The Lower-Middle Permian sandstone is characterized by a dominant
zircon peak age at 300–400 Ma, similar to the Carboniferous samples, suggesting their provenance
inheritance and from North Tian Shan (NTS) and Yili-Central Tian Shan (YCTS). While the zircon
record of the Upper Permian sandstone is characterized by two major age peaks at ca. 335 Ma and ca.
455 Ma, indicating the change of provenance after the Middle Permian and indicating the uplift of
Bogeda Shan. The initial uplift of Bogeda Shan was also demonstrated by structural deformations
and unconformity occurring at the end of Middle Permian. The bulk elemental geochemistry of
sedimentary rocks in the West Bogeda Shan suggests the Lower-Middle Permian is mostly greywacke
with mafic source dominance, and tectonic setting changed from the continental rift in the Early
Permian to post rift in the Middle Permian. The Upper Permian mainly consists of litharenite and
sublitharenite with mafic-intermediate provenances formed in continental island arcs. The combined
evidences suggest the initial uplift of the Bogeda Shan occurred in the Late Permian, and three stages
of mountain building include the continental rift, post-rift extensional depression, and continental arc
from the Early, Middle, to Late Permian, respectively.

Keywords: detrital zircon U-Pb geochronology; bulk geochemistry; provenance; tectonic setting;
West Bogeda Shan

1. Introduction

The Central Asian Orogenic Belt (CAOB) is located between the Siberia Craton to the north and
the Tarim and North China Craton to the south. It is regarded as the largest (extending 7000 km
from west to east) accretionary orogenic belt on Earth. It was formed by a series of amalgamation
events of several micro-continents and island arcs during the Late Carboniferous to Permian periods
(Figure 1a) [1–3]. The Tian Shan forms the southern part of the CAOB, with an average elevation of
ca. 2000 m and summits >7000 m. It is the key orogenic belt to study the tectonic evolution of the
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CAOB due to its well-preserved stratigraphic units of ophiolites, volcanic rocks, granitoids, high-grade
metamorphic rocks, and sedimentary sequences [4–7]. The Chinese Tian Shan can be further divided
into three different tectonic units, including the North Tian Shan (NTS), Yili-Central Tian Shan (YCTS),
and South Tian Shan (STS) from north to south [8,9]. Among them, the NTS, especially the Bogeda
Shan in the northeast, are considered as the essential part and an ideal region to examine the evolution
of the CAOB due to its well-preserved and exposed Late Paleozoic to Mesozoic strata.

 

 

Figure 1. The sketch map of Junggar basin and the strata of Dalongkou section. (a) Maps show the
study region, the Central Asian Orogenic Belt, Tianshan Mountains, and Bogeda Shan; (b) a map of
Bogeda Shan; (c) strata distribution of the Dalongkou section.

The Late Paleozoic witnessed significant climate and tectonic changes in Northwest China,
including the Bogeda region. Despite previous research on the tectonic evolution of Bogeda Shan,
the timing of initial uplift and its tectonic setting are still enigmatic. Some authors first suggested that
a small-scale orogeny occurred in the Bogeda area during the Carboniferous [10], based on zircon U-Pb
geochronology, while the initial uplift of the West Bogeda Shan occurred in the Late Permian [11,12].
However, other researchers suggested that the first significant uplift of Bogeda Shan occurred during
the Early to Middle Jurassic, according to the configuration of sedimentary units [13–15]. Besides, the
Late Jurassic has been considered as the most critical stage for the Bogeda Shan uplift [16–18]. As to
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the tectonic setting, two contrasting viewpoints exist, i.e., a continental rift or an island arc, and are
still highly debated [19].

It is widely accepted that the Bogeda Shan was uplifted during the Mesozoic, but the onset
time remains largely controversial. Therefore, this study aims to illustrate the provenances, tectonic
setting, and evolution of the West Bogeda Shan during the Permian based on the integrated analyses of
petrology, detrital zircon U-Pb geochronology, and bulk geochemistry of sedimentary rocks from the
Lower to Upper Permian. The timing of the initial uplift of the Bogeda Shan will be revealed with all
these analyses.

2. Geological Setting and Stratigraphy

The study area of Bogeda Shan belongs to the NTS Belt which is composed of volcanic arcs,
intra-arc basin, and accretionary complex in relation to the final closure of the Northern Tianshan
Ocean [20]. The NTS Belt can be further divided into the Bogeda-Harlik Belt in the north and Juelotage
Belt in the south. The Bogeda Shan is a part of the Bogeda-Harlik Belt and extends >250 km in the
east–west direction (Figure 1b). It is the geographical boundary of the two largest basins in northwest
China, with the Junggar Basin in the north and Turpan-Hami Basin in the south. The Paleozoic orogenic
movements formed the high topography of Bogeda Shan due to India–Asia collision during the early
Cenozoic [21–23]. The central part of the Bogeda Shan consists of Carboniferous sedimentary rocks
(Lower Carboniferous composed by marine volcanic ignimbrite and bimodal volcanic lava, while
Upper Carboniferous is dominated by felsic ignimbrite and marine basaltic lava), while the north and
south parts are composed mainly by Mesozoic and Cenozoic sediments. The lithology of the East
Bogeda Shan is more variable than in the western part, and the latter was formed during the Early
Carboniferous (Mississippian) [24–27]. The Dalongkou section investigated in this study is distributed
in the Fukang Depression in the West Bogeda Shan, with the clear exposure of the Permian and Triassic
strata for field work (Figure 1c).

The Permian strata at the anterior of West Bogeda Shan are made up of the following eight
central units: the Shirenzigou Formation (P1s), Tashkula Formation (P1t) in the Lower Permian, Ulupo
Formation (P2w), Jingjingzigou Formation (P2j), Lucaogou Formation (P2l) and Hongyanchi Formation
(P2h) in the Middle Permian, as well as Quanzijie Formation (P3q) and Wutonggou Formation (P3wt)
in the Upper Permian (Figure 2). The paleontologic record suggest the depositional environments in
the anterior region of the West Bogeda Shan were normal marine and shelf depositions during the
Carboniferous to Early Permian (Figure 2), with sandstone and siltstone representing the primary
lithologies. In the Middle Permian, the depositional environment changed to terrestrial and lacustrine
facies, resulting in a variable lithology of sandstone, siltstone, mudstone, and oil-bearing mudstone.
The Upper Permian strata is composed of conglomerate and sandstone deposited in alluvial fan and
braided river environment [28–33].
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Figure 2. Chronology and lithostratigraphy of the Permian strata around the Bogeda Shan, southern
Junggar Basin, NW China [33].

3. Sampling and Analytical Methods

This study collected new data on the samples from the Upper Permian, and a total of eleven
sandstone samples were collected from the Dalongkou section (43◦57′21′′ N, 88◦51′44′′ E) with the
thickness of 117.53 m (Figure 3a,b). Among them, seven sandstone samples were chosen for zircon
U-Pb dating, and eleven samples for whole-rock geochemistry analyses. The samples are mainly
from quartz-rich medium to fine grained sandstone (Figure 3h,i), with poor to moderate sorting and
roundness (Figure 3c,d).

3.1. Zircon U-Pb Geochronology

The samples for detrital zircon U-Pb dating were prepared following the previous
procedures [34,35]. The sandstone samples were first crushed with the agate mortar. Then, the grain size
fraction of 63–125 µm was separated by the wet-sieving method. After wet sieving, tribromomethane
liquid (CHBr3) was used to separate heavy minerals, followed by magnetic separation. Later, detrital
zircon grains were then identified and picked out from non-magnetic or weak magnetic minerals under
a binocular microscope. About 200–300 grains of zircon were randomly selected, pasted on adhesive
tapes, and enclosed in epoxy resin followed by polishing to yield a smooth flat surface. Before being
ablated by a laser, cathodoluminescence (CL) images were used to check the internal structures of
zircons by the electron microprobe of JEOL JXA-8230 (JEOL, Tokyo, Japan).

The measurements of zircon U-Pb ratios were performed at Tong University using a 193 nm
excimer laser (Resonetics M50L) (Resonetics, Nashua, NH, USA) coupled with a quadrupole inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7900, Agilent, Santa Clara, CA, USA). The zircon
grains were ablated with a laser spot size of 26 µm at the repetition of 6 Hz and the fluence of 4 J cm−2.
Masses 206, 207, 208, 232, 235, and 232 were acquired by the ICP-MS. Reference zircon materials 91500
and Plešovice were measured periodically to carry out U-Pb age external calibration and monitor the
measurements. The U-Pb isotope ratios and the corresponding ages were calibrated using UranOS
software [36]. The brief calibration procedure included blank subtraction, calculation of ratio of
means, instrumental drift correction, and normalization by primary reference material (91500). The
uncertainties of U-Pb isotopes ratios and ages were propagated in the calibration and results were
reported with 2σ uncertainties [36]. As we did not acquired mass 204, the common Pb correction was
performed using the Stacey-Kramers method on the basis of the measured 206Pb/238U ages [37]. To
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minimize the uncertainty due to some poor-quality ages, U-Pb ages with discordance larger than 10%
were excluded from the following discussion. The discordance of 206Pb/238U age less than 1.4 Ga is
defined as 100*(1-206Pb/238 U/207Pb/235U) and the discordance of 206Pb/U238 age greater than 1.4 Ga is
defined as 100*(1-206Pb/238U/207Pb/206Pb) [38]. The weighted mean ages of reference zircons 91500 and
Plešovice are 1062.8 ± 9.9 Ma and 336.1 ± 3.1 Ma, respectively (Figure 6a), which are consistent with
the reference ages within the uncertainties [39–41].

 

 

μ
−

Figure 3. Panorama of the Upper Permian Wutonggou Formation and sampling location for
zircon chronology analysis. (a) Panorama of Dalong kou section. (b) Lithology column of P3wt.
(c) Photomicrographs of the sandstone samples of P3wt. (d) Plant fragements were found in thin section.
(e) Serious strata deformation in P2l (the end of Middle Permian). (f) and (g) Conglomerates of P3q.
(h) and (i) Sandstone of P3wt. (j) and (k) Bivalve and plant fragements were distributed in sandstone.

3.2. Major and Trace Elemental Analysis

For the measurements of major and trace elemental compositions in the bulk samples, eleven
samples were first ground by an agate mortar, and then organic matter was removed in a muffle furnace
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at the temperature of 600 ◦C. A mixture of 1:1 HF and HNO3 acids was added to the samples and kept
in dissolution bombs in an oven of 190 ◦C for 48 h for digestion. After the digestion, 30% HNO3 was
added to the samples before putting into the oven for at least 12 h at 190 ◦C. The completely digested
samples were measured for major and trace elements by ICP-OES (IRIS Advantage) and ICP-MS
(Agilent 7900), respectively. Four kinds of geo-standards (BCR-2, BHVO-2, AGV-2, and GSP-2) [42]
were used for the analytic quality control, which yields the analytical uncertainties less than 5%. The Si
concentration was calculated by assuming the total content of major oxides and trace elements is 100%
according to previous research [43]. All of the above sample preparations and measurements were
conducted at the State Key Laboratory of Marine Geology, Tongji University, Shanghai, China.

4. Results

4.1. Detrital Zircon U-Pb Geochronology

To examine the sediment provenances of the West Bogeda Shan from the Carboniferous to Triassic
periods, all available detrital zircon U-Pb ages from previous studies are compiled and presented in
Table S1 [24,32,44–47]. The U-Pb ages of the Upper Permian detrital zircons from seven sandstone
samples were measured in the present study. Most of the zircon grains have oscillatory zoning
and are generally euhedral to subhedral on the CL images (Figure 4), suggesting that these zircons
from the Upper Permian originated mostly from acidic magmatic rocks. The Th/U ratios of these
zircons are mostly >0.1, further diagnostic of their magmatic origin (Figure 5) [48]. Results of all
samples within 90–110% concordance (or less than 10% discordance) are plotted in the U-Pb concordia
diagrams (Appendix A), and the data with concordance <90% and >110% are excluded during
subsequent analysis.

 

 

Figure 4. Representative cathodoluminescence (CL) images of detrital zircons from the Upper Permian
rocks, west of Bogeda Shan, NW China.
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Figure 5. Zircon U-Pb ages versus Th/U ratios of the Upper Permian Wutonggou Formation. The
dashed line is Th/U = 0.1.

The U-Pb age populations of detrital zircon grains of Carboniferous and Lower-Middle Permian
are similar, mostly in the range of 300–541 Ma [8,47,49]. While, the zircons from the Upper Permian in
the west Bogeda yield the U-Pb ages varying from ca. 262 Ma to ca. 558 Ma, with the oldest zircon from
the Cambrian, and the youngest from the Permian. Most zircon grains are older than Carboniferous
(>295 Ma), which account for 94.3%. To all of the zircon U-Pb ages, the Carboniferous zircons with
U-Pb ages of 295–354 Ma have a mean proportion of 69.4%, bracketing the dominant period of zircon
generation. Devonian zircons with U-Pb ages of 354–410 Ma are the second highest population,
accounting for 13.7%. In comparison, zircon ages younger than the Carboniferous (<295 Ma) only
account for 5.7%. Overall, the peak ages of zircon from the Upper Permian sedimentary rocks are ca.
335 Ma and ca. 455 Ma (Figure 6b).

4.2. Major and Trace Elements

The compositions of major and trace elements of eleven sandstone samples from the West Bogeda
Shan are given in Table 1. Geochemical data of samples from the Lower-Middle Permian were collected
from previous studies [8,50,51] and presented in Table S2.

The contents of SiO2 exhibit a wide range from 42.9% to 89.2% with a notable increase from the
Lower to Upper Permian. Al2O3 contents, however, yield lower values in the Upper Permian samples
and high in the Middle Permian. No apparent linear relationships exist between Na2O, K2O, Fe2O3,
and SiO2, while both MgO and CaO are negatively correlated with SiO2. TiO2 contents increase with
SiO2 in the Lower-Middle Permian samples, but decrease in the Upper Permian. MnO contents have
no linear relationship with SiO2 in the Lower-Middle Permian, and a negative correlation in the Upper
Permian. Trace element compositions of rock samples in West Bogeda Shan are shown in Table 1.
Elements including Th, Zr Hf, Sr, and Ba have positive correlations with SiO2, showing increasing
trends towards the Upper Permian, while Rb and Sr have lower concentrations in the Upper Permian
samples. The Harker Variation Diagram of major and trace elements are shown in Appendix A.
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Figure 6. Age distribution of all the samples. (a) Age of standard samples 91500 and Plešovice. The
age of 91500 and PLE were 1062.8 ± 9.9 Ma and 336.1 ± 3.1 Ma respectively; which were very close to
reference ages. (b) Distribution characteristics of samples. Most of the zircon grains formed during the
Carboniferous period in the West Bogeda Shan. The t/σ on X-axis indicates the precision.

Table 1. Compositions of major (unit: wt.%) and trace elements (unit: ppm) in the sedimentary rocks of
the Upper Permian in Dalongkou section, West Bogeda Shan. LOI is loss on ignition. Eu/Eu* indicates
the anomaly of europium. See text for the details.

Elements DLG-1-01 DLG-1-02 DLG-1-03 DLG-2-01 DLG-2-02 DLG-2-03 DLG-2-04 DLG-2-05 DLG-3-01 DLG-3-03 DLG-5-01

Al2O3 6.4 6.8 6.9 5.5 7.3 6.0 2.6 4.4 4.7 4.5 5.9
CaO 0.5 21.7 1.9 0.8 0.6 2.4 16.4 0.8 0.7 19.9 1.0

Fe2O3 3.9 3.0 2.9 3.1 3.2 2.8 3.1 1.7 3.0 2.3 3.3
K2O 1.5 1.6 1.4 1.7 1.9 1.4 1.8 1.0 1.8 1.6 2.0
MgO 0.8 0.7 0.5 0.7 0.7 0.4 0.7 0.4 0.6 0.5 0.7
MnO 0.1 0.3 0.2 0.1 0.1 0.2 0.8 0.1 0.1 0.6 0.1
Na2O 2.4 2.1 3.2 1.9 2.1 2.7 2.4 1.9 3.3 2.1 2.9
P2O5 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1
Ti2O 0.6 0.4 0.5 0.4 0.5 0.5 0.6 0.4 0.5 0.3 0.5
SiO2 81.5 58.6 78.0 84.3 81.6 82.4 66.2 86.3 83.3 64.7 81.6
LOI 1.5 3.9 3.7 1.0 1.5 0.5 4.0 2.0 1.4 2.5 1.5
Total 99.4 99.2 99.4 99.5 99.5 99.2 98.5 99.1 99.5 99.1 99.5
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Table 1. Cont.

Elements DLG-1-01 DLG-1-02 DLG-1-03 DLG-2-01 DLG-2-02 DLG-2-03 DLG-2-04 DLG-2-05 DLG-3-01 DLG-3-03 DLG-5-01

Sc 6.6 8.1 6.5 4.7 4.9 7.3 4.4 8.3 6.9 4.9 5.6
Ti 3937 2708 3559 2923 3197 3899 4808 5694 3342 2325 3531
Cr 68.9 46.1 41.5 35.0 57.6 78.7 84.2 134.4 31.2 20.7 37.5
Cu 19.7 14.0 20.3 13.7 14.8 22.7 28.4 25.8 20.6 15.3 19.4
Zn 63.2 49.1 60.6 99.2 56.3 60.7 72.6 93.5 56.3 60.1 72.6
Sr 152.7 650.5 145.1 179.6 135.4 470.9 705.0 243.3 187.7 526.3 147.8
Y 14.6 18.7 13.9 16.9 14.9 17.3 17.3 19.9 11.4 10.0 15.1
Zr 167.2 114.3 167.7 139.0 149.0 198.1 187.0 163.7 151.3 109.9 169.9
Nb 7.1 5.6 7.7 5.4 5.8 7.8 9.0 9.2 7.4 5.4 7.3
La 20.0 16.1 15.4 19.1 19.4 15.6 22.8 24.3 17.8 18.7 22.0
Ce 48.0 34.3 33.9 49.5 45.6 35.5 46.5 56.9 36.5 38.8 52.3
Pr 5.0 3.7 3.9 4.8 4.8 4.1 5.4 6.4 4.1 4.1 5.4
Nd 19.4 14.6 15.5 18.7 18.9 16.2 21.0 26.0 15.9 15.5 20.6
Sm 3.8 3.0 3.3 3.9 3.7 3.7 4.3 5.6 3.1 3.0 4.0
Eu 1.0 1.0 1.1 1.1 1.1 1.1 1.4 1.6 1.0 1.0 1.1
Gd 3.7 3.1 3.2 4.0 3.7 3.6 4.4 5.5 3.0 3.0 3.8
Tb 0.5 0.4 0.5 0.6 0.5 0.6 0.6 0.8 0.4 0.4 0.5
Dy 3.1 2.5 2.7 3.2 3.0 3.3 3.6 4.2 2.4 2.3 3.0
Ho 0.6 0.5 0.5 0.6 0.6 0.7 0.7 0.8 0.5 0.5 0.6
Er 1.9 1.7 1.8 1.9 1.8 2.1 2.2 2.2 1.4 1.4 1.9
Tm 0.3 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.3
Yb 1.9 1.8 1.7 1.8 1.7 2.3 2.1 1.9 1.4 1.2 1.8
Lu 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.3
Th 5.9 4.9 4.5 6.1 6.3 4.7 5.8 5.6 5.0 4.1 6.4

Eu/Eu* 0.8 1.0 1.0 0.8 0.9 1.0 1.0 0.9 1.0 1.1 0.9
La/Th 3.4 3.3 3.4 3.1 3.1 3.3 4.0 4.4 3.6 4.6 3.5
Zr/Sc 25.3 14.1 26.0 29.9 30.1 27.1 42.8 19.8 22.0 22.6 30.4
Th/Sc 0.9 0.6 0.7 1.3 1.3 0.6 1.3 0.7 0.7 0.8 1.1

5. Discussion

5.1. Provenance Variation of Sedimentary Rocks in the West Bogeda Shan

Detrital zircon geochronology has been used as a proxy for sedimentary provenance analysis
due to zircon’s stability during weathering and transporting [52,53]. Detrital zircon U-Pb ages of
the Upper Permian samples have two notable age peaks at ca. 335 Ma and ca. 455 Ma (Figure 7a),
whereas only one main age population was observed for the Carboniferous to Middle Permian samples
(Figure 7b). Therefore, we infer that the sediment provenances in the West Bogeda Shan were derived
from relatively homogeneous sources with a narrow zircon age population in the Carboniferous to
Middle Permian periods, but obviously changed to multiple sources during the Late Permian and
Triassic. Detrital zircons collected from the Upper Carboniferous to Middle Permian with major peaks
at ca. 342.0 Ma, ca. 310.2 Ma and ca. 311.7 Ma, respectively (Figure 7b). Detrital zircons with ages of
360–320 Ma and 320–300 Ma may source from the magmatic belts of the YCTS and NTS, respectively [8].
The paleocurrents in the Permian and Triassic were mainly north directed, implying that the source of
the detrital zircon grains was suited to the south in the Tian Shan area (Figure 7c) [8,15,51,54]. Therefore,
the Carboniferous volcanic rocks in the NTS and magmatic belt of YCTS are considered as the sources
of deposits in the Upper Carboniferous to Middle Permian [55]. Two major age peaks at ca. 330.2 Ma
and ca. 448.0 Ma could be identified for Upper Permian deposits and three major age peaks for Lower
Triassic deposits at ca. 245.9 Ma, ca. 314.7 Ma and ca. 458.1 Ma, which may indicate the initial uplift of
Bogeda Shan and could be the source of the Junggar Basin [55]. This could also be demonstrated by
poorly-sorted and rounded conglomerate and pebbly sandstone of Late Permian age, suggesting that
the deposits were near the source area without long distance of transporting (Figure 3f).

Moreover, as shown in the Dickinson diagram (Figure 8), the Permian sedimentary rocks in
the West Bogeda Shan are mostly composed of lithic arkose, feldspathic litharenite, and litharenite.
Besides, the tectonic setting in which the sedimentary rocks formed is significantly different for the
Lower-Middle to Upper Permian. The Lower-Middle Permian sedimentary rocks were developed
on magmatic arcs, while the data for the Upper Permian rocks indicate a recycled orogenic setting.
These observations further indicate the provenance and tectonic setting variation from Lower-Middle
Permian to Upper Permian.
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Figure 7. Probability-density-frequency plots and number histograms of U-Pb ages of detrital
zircons. (a) Upper Permian, (b) Upper Carboniferous to Lower Triassic. Data of Carboniferous are
from [24,45–47]; Data of Lower Permian and Middle Permian are from [8,44]; Data for Triassic are
from [56]. (c) Paleo-current of Lower Permian [57], Middle Permian [58] and Upper Permian to Lower
Triassic [15]. N is total measured grains, and n is grains with 90–110% concordance.

 

 

Figure 8. Compositions of sedimentary rock samples in the Dickinson ternary diagrams of Lower,
Middle, and Upper Permian, West Bogeda Shan, NW China, modified after [57,59]. Qt: Quartz;
F: Feldspar; L: Lithic.
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Rare earth elements (REEs) and high-field-strength elements (HFSEs) such as Nb, Ta, Zr, and Hf
are relatively conservative during sediment weathering, transport, and post-depositional processes,
and thus are treated as reliable tracers for sediment provenances [60,61]. Even though the REE could
be affected by grain size and chemical weathering, provenance composition plays a key role on the REE
geochemistry of sediments [62]. Chondrite-normalized REE patterns of Permian samples (Figure 9),
show the enrichment of light REE (LREE) relative to the heavy REE (HREE) [63]. The LREE/HREE
ratios of the Lower, Middle, and Upper Permian samples have ranges of 5.0–10.0, 4.5–5.7, and 5.8–8.9,
respectively. Relatively negative Eu anomalies (Eu/Eu* generally <0.7) are observed in the samples
from the Lower-Middle Permian (Figure 9a,b), while the Upper Permian samples have weak or no
Eu anomalies (Eu/Eu* around 0.9) (Figure 9c). This could further indicate the provenance variation
occurred from Lower-Middle Permian to Upper Permian [60].

 

 

Figure 9. Chondrite-normalized rare earth element (REE) diagrams for the sedimentary samples [63].
(a) Chondrite-normalized REE diagrams of Lower Permian. (b) Chondrite-normalized REE diagrams
of Middle Permian. (c) Chondrite-normalized REE diagrams of Upper Permian. Data of Lower-Middle
Permian from previously published papers, while the data of Upper Permian is from this study.

All these observations of bulk geochemistry suggest a provenance change from the Early-Middle
to Late Permian. We therefore argue that the Middle Permian could be the crucial period for the
variations of sediment provenance and tectonic setting in the West Bogeda Shan, which is synchronous
with the tectonic evolutions of Bogeda Shan during the Late Carboniferous (Pennsylvanian) and Early
Permian periods [64], corresponding to the tectonic setting of the Harlik-Dananhu arc [65]. Sediments
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deposited in the basins where the West Bogeda Shan is currently located during the Late Carboniferous
and Early Permian witnessed the tectonic evolution at that time.

5.2. Source Rock Composition and Paleoclimate

In sedimentary rocks, accessory minerals such as zircon, monazite, and apatite are rich in REEs.
Generally, felsic rocks have higher LREE/HREE ratios and strong Eu depletions, whereas mafic rocks
display relatively low LREE/HREE ratios and moderate Eu anomalies [63]. The Lower-Middle Permian
sandstone samples have higher LREE/HREE ratios and weak negative Eu anomalies, while the Upper
Permian samples have weak or no Eu anomalies (Figure 9). This observation apparently suggests
that the Permian sedimentary rocks in the West Bogeda Shan might have been were derived from the
multiple sources, albeit with the dominance of mafic components.

Ratios of Zr/Sc and Th/Sc are useful proxies for identifying the effects of sedimentary recycling and
source compositions of sedimentary rocks [60,66]. The large variations but overall positive correlations
of Zr/Sc and Th/Sc ratios suggest the variable provenance rock compositions of the West of Bogeda
Shan, rather than sedimentary recycling (Figure 10a). The plot of REE versus La/Yb suggests that
the Permian samples in the West Bogeda Shan are dominated by sedimentary rocks (Figure 10b).
Meanwhile, the lithology of sedimentary rock in the Lower-Middle Permian is different from that of
the Upper Permian. The Lower-Middle Permian was mostly composed of greywacke, while shale was
subordinate. The Upper Permian was dominated by sublitharenite (Figure 10c). Based on the plot
of Hf versus La/Th, the sedimentary rocks in the West Bogeda originated from mixed mafic sources
during the Early-Middle Permian but changed to a mixture of mafic and acidic arc sources in the Upper
Permian (Figure 10d) [67]. Similarly, the discrimination plot of Co/Th versus La/Sc [19,45,63] suggests
that most of the Permian sandstones are classified into mafic volcanic and andesitic sources, although
some of the Lower-Middle Permian samples are of felsic volcanic origins (Figure 10e). The combined
analyses all demonstrate that most of the Permian sedimentary rocks inherit mafic detritus in the West
Bogeda Shan. Besides, the sedimentary rocks in the Early-Middle Permian formed in an arid climate,
and then were transferred to a humid climate zones along with the increasing chemical maturity in
the Upper Permian (Figure 10f). This could be demonstrated by widely distributed bivalve and plant
fragments in the Upper Permian sandstones (Figure 3d,j,k).
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Figure 10. Discrimination provenance diagrams for sedimentary rocks from Carboniferous to Upper
Permian of West Bogeda Shan. (a) Diagram of Th/Sc vs Zr/Sc [66]; (b) REE vs La/Yb [68]; (c) geochemical
classification of clastic rocks [69,70]; (d) diagram of La/Th vs Hf [67]. (e) Diagram of Co/Th vs. La/Sc.
Average compositions of volcanic rocks from [71]; (f) binary diagram SiO2 versus Al2O3 + K2O +Na2O
to discriminate the climatic conditions during the period of Carboniferous to Late Permian [72].

5.3. Rapid Change in Lithology and Depositional Environment

The lithology and depositional environment of West Bogeda area experienced a multiphase
evolution during the Permian. During the Late Carboniferous and Early Permian, the depositional
environment of West Bogeda area was dominated by semi-deep to deep marine environment, and
gravity flow deposits was the main lithology [33,57]. At the end of the Early Permian, the shallow water
deposited sandstone directly overlying on the mudstone. The depositional environment transitioned
from deep water environment to shallow water environment [73,74]. Further, the depositional
environment was transferred from marine to nonmarine environment in the Middle Permian with
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the main lithology of fine sandstone, mudstone and oil-bearing mudstone. Meanwhile, deformation
during the Middle Permian and unconformity contact of Middle and Upper Permian could be found in
the area (Figure 3e), which may relate to the uplift of West Bogeda Shan. The deposits of Late Permian
age are mainly composed of purplish-reddish conglomerate in P3q (Figure 3f,g) and pebbly sandstone
in P3wt (Figure 3h,i) with poorly-sorted and rounded pebbles. They are typical molasse formations and
close to the source area. Combined with our field works and previous studies [31,57], the depositional
environment of Upper Permian was alluvial fan and braided river, which was significantly different
from Lower-Middle Permian. The rapid change of lithology and environment also suggest the initial
uplift of the West Bogeda Shan during the Late Permian.

5.4. Tectonic Setting and Basin Evolution in the West Bogeda Shan

Discrimination diagrams for tectonic setting of siliciclastic sediments and sedimentary rocks are
mostly based on geochemical compositions such as the contents of major and trace elements and
their ratios [75–77]. To analyze the tectonic settings of the West Bogeda Shan, proxies of DF1 and
DF2 are defined based on major elements components according to previous researches [78,79]. The
discrimination diagram of DF1 versus DF2 suggests that the tectonic setting of the West Bogeda Shan
in the Early Permian was dominated by a continental rift, and partly changed to island arc in the
Middle Permian (Figure 11a) towards an active continental margin and continental island arc in the
Late Permian (Figure 11b).

 

 

Figure 11. Tectonic discrimination diagrams with major elements of clastic rocks from Carboniferous
to Upper Permian. (a) Discriminant-function multi-dimensional diagram for high and low silica clastic
sediments from three tectonic settings (equation for DF1 and DF2 based on Surendra P. Verma et al. [78].
(b) Discriminant-function multi-dimensional diagram for high and low silica clastic sediments from
three plots of discriminant scores along Function 1 versus Function 2, to discriminate rocks suites of
West Bogeda Shan (equation for DF1 and DF2 based on Mukul R. Bhatia [79]). Symbols are the same as
those in Figure 10.
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Abundant evidences of abrupt changes of depositional environments, provenance area and source
rock composition and development of bimodal volcanic-sedimentary rock series corroborate to the
hypothesized rift setting during the Early Permian [27,30]. The discrimination results based on the
trace element compositions, such as La–Th–Sc and Th–Sc–Zr/10 ternary diagrams also suggest that
almost all sedimentary rocks in the West Bogeda Shan were derived from mafic sources in the Permian.
Meanwhile, a continental island arc is the preferred tectonic setting at the epoch of the Late Permian
(Figure 12; Table 2).

 

 

Figure 12. Tectonic discrimination diagrams with trace elements of clastic rocks from Carboniferous to
Upper Permian, modified after [75]; OIA = oceanic island arc; CIA = continental island arc; ACM =
active continental margin; PM = passive continental margin. Symbols are the same as in Figure 10.

Table 2. Comparison of representative REE characteristics of clastic rocks from Carboniferous to Upper
Permian clastic rocks with greywacke from various tectonic settings [75]. The REE was normalized
with chondrite [63].

Tectonic Setting Provenance
REE Parameters

La Ce REE La/Yb (La/Yb)N LREE/HREE Eu/Eu*

Ocean Island Arc
Undissected

magmatic arc
8 ± 1.7 19 ± 3.7 58 ± 10 4.2 ± 1.3 2.8 ± 0.9 3.8 ± 0.9 1.04 ± 0.1

Continental Island Arc
Dissected

magmatic arc
27 ± 4.5 59 ± 8.2 146 ± 20 11 ± 3.6 7.5 ± 2.5 7.7 ± 1.7 0.79 ± 0.1

Active Continental
Margin

Uplifted basement 37 78 186 12.5 8.5 9.1 0.6

Passive Margin
Craton-interior

tectonic highland
49 85 210 15.9 10.8 8.5 0.6

Lower Permian
(Average)

16.6 36.8 88.9 8.9 6.0 7.1 0.6

Middle Permian
(Average)

16.3 35.1 96.9 6.3 4.2 5.1 0.7

Upper Permian
(Average)

19.2 43.4 102.6 11.0 7.5 7.6 0.9

In summary, the combination of detrital zircon geochronology, whole-rock geochemical and
sedimentary characters suggest that the initial uplift of Bogeda Shan occurred in the Late Permian.
Combined with previous studies, three tectonic phases characterized the basin evolution from a
continental rift, post-rift extensional depression to continental arc (initial uplift).

5.4.1. Inheritance from Upper Carboniferous (Lower Permian)

The tectonic setting of Bogeda Shan during the Carboniferous has been long debated [80].
Geochemical data suggests that it was not an island arc as proposed by Sébastien
Laurent-Charvet et al. [81] but could have been a continental rift during the Carboniferous and Early
Permian. Geochemical investigations of volcanic rocks and turbiditic deposits as well as gravimetric
and magnetic data suggest that Turpan Block and Junggar Block were separated in the end of the Early
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Permian due to extension and rift of the Bogeda area [56,58,82]. The rift setting was also demonstrated
by a series of coarse clastic rocks with intercalations of pillow lava-vesicular basalt [57]. Then, the
extension of the belt started to rollback, which formed the Paleo-Bogeda Shan. The combined evidences
shown above indicate that the tectonic setting of continental rift in the Early Permian is similar to
the Late Carboniferous setting (Figure 13a) [27,30]. The tectonic setting transformed from continental
rift to inland arc was a result of the collision of the Junggar and Tarim Blocks at the end of the Early
Permian. From this collision, the tectonic setting of West Bogeda Shan changed to intracontinental
tectonic evolution stage, and the original terrain of West Bogeda formed (Figure 13b). At the end of the
Early Permian, most parts of the terrain were still a submarine environment, while only small parts
were lifted up [32,74,83–85].

 

 

Figure 13. Tectonic evolution modal of West Bogeda Shan during the Permian. The initial uplift started
at the end of Middle Permian. (a) Early Permian; (b) Early to Middle Permian; (c) Middle Permian;
(d) Late Permian to Triassic?

5.4.2. Transitional Period (Middle Permian)

During early Middle Permian, depositional environment and tectonic setting were relatively
stable, without intensive deformation and only some small scale of tectonic activities in the West
Bogeda Shan [32,86]. Due to the relaxation of the compression and rebound of crust deformation, the
island arc in the West Bogeda area received a large volume of sediments [54]. With a large sediment
supply and incessant basement subsidence, the West Bogeda Shan basin closed during the Middle
Permian (Figure 13c) [15,87]. Hence, the tectonic setting was post-rift extensional depression in the
Middle Permian. This observation is consistent with some previous studies that reported the wide
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distribution of bimodal volcanic rocks in the Bogeda Shan [73] and some submarine olistostrome in the
West Bogeda Shan [30]. Deformation and unconformity at the end of the Middle Permian also implies
the onset tectonic evolution of the West Bogeda Shan.

5.4.3. Initial Uplift of West Bogeda (Upper Permian)

The integrated data from lithological observation and sedimentary geochemical analyses indicates
that the provenance characteristics, geochemical composition, and tectonic setting of rocks in the
Permian obviously changed from the Early-Middle to Late Permian. Meanwhile, according to previous
studies, the powerful intracontinental collision occurred between the Junggar and Tarim Blocks
occurred and initiated West Bogeda Shan uplift in the Late Permian (Figure 13d) [32,88]. Thus, this
study confirms the previous recognition that the initial uplift of the Bogeda Shan happened in the Late
Permian. Meanwhile, the depositional environment, sediment provenance and depositional center
greatly changed as a response to the uplift of the Bogeda Shan.

6. Conclusions

This study presents the data of detailed zircon U-Pb geochronology and whole-rock geochemical
compositions of Permian sandstones from the West Bogeda Shan, and discusses the provenances,
source rock compositions, tectonic settings and basin evolution history. Several conclusions are
summarized here.

(1) Detrital zircon U-Pb chronology suggests the sediments in the Lower-Middle Permian were
inherited from the Carboniferous, showing one dominant age population with NTS and YCTS as the
main source. However, two or three age populations are notable in the West Bogeda Shan during
the periods of Middle Permian to Triassic, suggesting changing sediment provenances. REE series,
especially Eu anomalies, also indicate the changes of sediment provenance in the Upper Permian.

(2) The sedimentary rocks in the West Bogeda originated from the mafic-dominant sources during
the Early-Middle Permian but changed to lithologies are mixture of mafic and acidic arc sources in the
Upper Permian. Besides, the Lower-Middle Permian dominated by wacke and the Upper Permian
by litharenite and sublitharenite. The different source rock compositions between the Lower-Middle
Permian and the Upper Permian resulted from the complex tectonic evolution of the Bogeda Shan in
the Upper Permian.

(3) The provenance, lithology, and depositional environment were significantly changed from
the Late Carboniferous to Late Permian. Strata deformation and unconformity also occurred at the
end of Middle Permian, which was closely related to the uplift of West Bogeda Shan. Three stages
characterized the tectonic evolution of the West Bogeda Shan, showing the continental rift in the Early
Permian (inherited from the Upper Carboniferous), post-rift extensional depression in the Middle
Permian, and continental arc in the Late Permian. With the initial uplift of Bogeda Shan in the Upper
Permian, the depositional environment and sediment provenance changed significantly.
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Appendix A

 

 

Figure A1. U-Pb Concordia diagrams for zircon grains of the 7 sandstone samples. All of these data
are excluded out of discordance >10%.

 

 

Figure A2. Harker Variation Diagram of major elements for rock samples in the West of Bogeda
Mountain, South Junggar. Data of Early and Middle Permian from Liu et al. [51]; Liu et al. [50].
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Figure A3. Selected Harker Variation Diagram of trace elements for rock samples in the West of Bogeda
Mountain, South Junggar. Symbols are the same with Figure A2.
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Abstract: The NE–SW trending Tiddas Souk Es-Sebt des Ait Ikko (TSESDAI) basin, located at 110 km
southeast of Rabat, in the region of Khmesset between the village of Tiddas and Souk Es-Sebt des Ait
Ikko, is the third largest late Palaeozoic continental trough in the northern Central Moroccan Meseta.
It is a ~20 km long and ~2–3 km wide basin, comprising mainly mixed volcano-sedimentary reddish-
purple continental Permian rocks laying with an angular unconformity on Visean deep marine
siliciclastic sediments and unconformably overlain by the Triassic and Cenozoic formations. In this
study we aim to better determine the age of Permian volcanics and their chemical and mineralogical
characteristics, as well as assess the provenance of inherited zircons, thus contributing to the under-
standing of the late stages of the Variscan orogeny in Morocco. The standard volcanic succession
includes the following terms: (i) andesites, lapilli tuffs and andesitic ash deposits; (ii) accumulations
of rhyolitic lavas; (iii) lapilli tuffs and rhyolitic ash (formation F1); (iv) flows and breccias of dacites;
(v) andesite flows; and (vi) basaltic flows. The various volcanic and subvolcanic studied rocks dis-
play calc-alkaline-series characteristics with high contents of SiO2, Al2O3, CaO, MgO, and relatively
abundant alkalis, and low contents of MnO. In the classification diagram, the studied facies occupy
the fields of andesites, trachy-basalts, dacites, trachydacites, and rhyolites and display a sub-alkaline
behavior. These lavas would be derived from a parental mafic magma (basalts) produced by partial
fusion of the upper mantle. Specific chemical analyses that were carried out on the mineralogical
phases (biotite and pyroxene) revealed that the examined biotites can be classified as magnesian
and share similarities with the calc-alkaline association-field, while the clinopyroxenes are mainly
augites and plot on the calc-alkaline orogenic basalt field. Andesites and dacites of TSESDAI show
similarities with the rocks of the calc-alkaline series not linked to active subduction and which involve
a continental crust in their genesis. The existence of enclaves in the lavas of the TSESDAI massif;
the abnormally high contents of Rb, Ba, Th, and La; and the systematic anomalies in TiO2 and P2O5

indicate also a crustal contamination mechanism. Three magmatic episodes are distinguished with
two episodes that correspond to an eruptive cycle of calc-alkaline andesites and rhyolites followed

255



Minerals 2021, 11, 1099

by a basaltic episode. The SHRIMP U–Pb geochronologic data of zircons recovered from the rhyolite
dome of Ari El Mahsar in TSESDAI basin show a Concordia age of 286.4 ± 4.7 Ma interpreted to date
the magmatic crystallization of this dome. Thus, the rhyolite likely belongs to the third magmatic
episodes of TSESDAI.

Keywords: Western Hercynian Meseta; Permian basin; Tiddas Souk Es-Sebt des ait ikko volcanic
basin; U–Pb geochronology; mineralogy; petrology

1. Introduction

The European Northwest African Magmatic Province (EUNWA or EUNWAMP;
e.g., [1–3] was emplaced during Late Carboniferous–Permian times and has been linked to
the gravitational collapse of the previously overthickened and weakened Variscan orogenic
belt. The gravitational collapse of the Variscan edifice occurred through simple pure shear
low-angle extensional detachments during the late Carboniferous–Permian, giving rise to a
Basin and Range type extensional province in Europe, and northwestern Africa involving
the unroofing of large metamorphic core complexes and synextensional plutonic bodies,
dike and sill swarms, and volcanic successions. Coevally with this extensional scenario, Eu-
rope and northwestern Africa were affected by a complex system of conjugate strike-slips
faults (NE–SW sinistral and NW–SE dextral), which partially disrupted the Variscan edifice,
resulting in new Permo-Carboniferous stress patterns with the principal compressional axis
oriented N–S [4,5]. This episode was accompanied by sediment deposition and volcanism
in transtensional and pull-apart basins [1,6,7]. This episode resulted from a major dextral
transcurrent movement along an intracontinental shear zone located between Gondwana
and Laurussia [4,5,8,9]. To date, a range of chronometers has been applied to determine
crystallization ages from across the region of the EUNWA Large Igneous Province, includ-
ing whole-rock Rb–Sr and K–Ar dating; 40Ar/39Ar dating of mineral separates; and U–Pb
dating of zircon, titanite, and perovskite (e.g., [10]). The duration of activity is currently
estimated to span a period of ca. 100 million years, from the Early Carboniferous to the
Late Permian–Early Triassic (350–250 Ma), with several hiatuses [11]. Three main pulses
can be distinguished at ca. 300 Ma, 290–275 Ma, and 250 Ma, and each of these pulses
can be considered a separate LIP within the overall EUNWA Large Igneous Province.
These eruptive cycles are well represented in Morocco in northwestern Africa and also in
southern Scandinavia and northern Germany. The huge volume of extruded and intruded
magmatic products of the EUNWA province (in the Oslo Graben, the estimated volume
is 35,000 km3, while in the North German Basin, the total volume of felsic volcanic rocks,
mainly rhyolites and rhyodacites, was of the order of 48,000 km3) has led to suggestions
of a thermally anomalous mantle plume to explain this magmatic pulse [12,13]. A signifi-
cant problem of the plume hypothesis is the duration of activity and the helium isotope
signature of lithospheric mantle xenoliths from the Scottish Permo-Carboniferous dikes,
sills, and vents [14]. The EUNWA magmatic province may have contributed to the great
Gondwanan glaciation that occurred from the late Devonian to the late Permian [15–17].
Glaciers achieved their maximum paleolatitudinal range between the middle Stephanian
(ca. 305 Ma ago) and the end of the Sakmarian (ca. 284 Ma ago) [17]. This hypothesis is
termed the icehouse-silicic large igneous province (SLIP) hypothesis [18].

In Morocco, the Permian sedimentation was continental and occurred in small isolated
basins (Khenifra, Boudoufoud, Bou-Achouch, Tiddas Souk Es-Sebt des Aït Ikko (TSESDAI),
Chougrane, Mechraa Ben Abbou, Senhaja, Ouelad Maachou, Ourika, and Argana; see
Figure 1), mostly originated as NE–SW to NNE–SSW half-graben-like structures, during
the gravitational collapse of the Variscan orogenic belt [19–22]. They are the remnants
of strongly subsided intramountainous troughs predominantly filled with red-colored
detritus, often associated with andesitic and rhyolitic lava flows, domes, pyroclastic rocks,
and shallow-level dikes and sills. These volcanic basins and their associated plumbing
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systems belong to the European Northwest African Magmatic Province (EUNWAMP);
e.g., [1]).
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Figure 1. Principal tectonic domains of central Morocco (modified after [23–26]). Numbers 1–8 correspond to Carboniferous–
Early Permian basins (1: the studied outcrops of Tiddas; 2: Bou Achouch, 3: Khenifra, 4: Chougrane, 5: Mechra ben Abbou,
6: Nzalet el Hararcha, 7: Senhaja, 8: Souss). Abbreviations: MF, Maghrebide Front; RTFZ, Rabat Tiflet Fault Zone; SAF,
South Atlas Fault; SMF, South Meseta Fault; TTF, Tizi n’ Tretten Fault Zone; WMSZ, Western Meseta Shear Zone.

While several Late Carboniferous–Permian basins have been extensively studied
for their stratigraphic, paleontological, and sedimentological characteristics, very little
is known on the petrology, geochemistry, and geochronology, with the exception of the
recent work of [23]. In this study, we focus on TSESDAI Permian volcanism affecting
the northwestern Gondwanaland margin in order to (1) determine, using a sensitive
high-resolution ion microprobe (SHRIMP) the zircon U–Pb age of volcanic crystallization;
(2) assess the provenance of inherited zircons; (3) describe the mineral chemistry of the
main rock-forming minerals; (4) characterize geochemically the magma affinities; and
(5) discuss the petrogenesis of volcanic rocks.

2. Geological Background

The NE–SW TSESDAI basin is located 110 km to the SE of Rabat (Figure 1), in the
region of Khemisset (between the villages of Tiddas and Souk Es Sebt des Ait Ikko) and
is the third-largest late Palaeozoic continental trough in the northern Central Moroccan
Meseta. It is a ~20 km long and ~2–3 km wide basin, comprising mainly mixed volcanic–
sedimentary reddish-purple Permian rocks laying with an angular unconformity on Visean
deep marine siliciclastic sediments and being unconformably overlain by the Triassic
and Cenozoic formations (Figure 2). The volcanic/subvolcanic formations of this basin
consist of rhyolitic domes with associated rhyolitic dike swarms and andesitic to dacitic
flows with a relatively reduced extension. These magmatic formations occupy an area
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of about 48 km2 and display massive textures and tabular surfaces. They are aligned
along a NE–SW direction corresponding to the orientation of the major Hercynian to
late Hercynian structures. These volcanics are intruded by a dike swarm with a NE–SW
dominant direction and covered by Triassic and Tertiary deposits [19,27–29]. The red
sedimentary package (40 to 300 m thick) of this basin is generally incomplete due to
faulting. Three main formations have been recognized on the TSESDAI basin by [30–33]:
(i) A 100 m-thick lower formation (F1) constituted by purple–red silty argillites, alternating
with conglomerates including andesites, quartz, quartzite, sandstone, and rare limestones
pebbles; (ii) an intermediate formation (F2) of about 120 m thick, consisting of silty argillites
gullied and interspersed with channel deposits (e.g., puddingstones and coarse sandstone)
with lenticular stratification and oblique tabular/horizontal bedding (the paleocurrents
are directed towards the SW and S); and (iii) an upper formation (F3) of 50 to 80 m thick
that is marked by thick red silty argillites interspersed with sandstone in centimetric to
decametric benches. Determining the Permian age of these formations was constrained by
using plant remains and vertebrate ichnofossils (e.g., [33,34]). The age has been recently
confirmed by [35]. The occurrence of volcanics in this basin was first reported and termed
by [36], being considered part, with those of the Khenifra Basin, of the so-called “Central
Moroccan volcanic axis”, extending from Khenifra to TSESDAI basins and displaying
felsic and mafic volcanics overlain by Neogene/Quaternary formations. Until the 1980s,
this “axial-model” has been accepted by several authors (e.g., [37] and references therein).
Later on, many contributions largely improved the geological knowledge of this basin
(e.g., [6,27,29]). The main conclusions of these authors are as follows: (i) The age of the
TSESDAI basin volcanic complex is Permian s.l. (late-Carboniferous and pre-Triassic,
probably Stephanian/Permian). (ii) There is a distinction of three major volcanic pulses,
the first one (mainly andesitic) predating the Permian series. Witnesses of this pulse
have been observed in the Tiddas region; however, most of this material is reworked
within the conglomerates. The second pulse is synsedimentary and displays various
interesting petrographic characteristics and remarkable andesitic lava flows interbedded
within the detrital sediments. The third pulse consists of intrusive rhyolitic dikes that
precede the Ari el Mahsar rhyolitic dome emplacement and the dacitic flows. (iii) There
has been identification of three intra-Permian tectonic events. The close relationship
between volcanism and fracturation is obvious; dikes and effusive centers are aligned
along N40–N70, mostly strike-slip faults.
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Figure 2. Geological map of the TSESDAI volcanic complex and its environs (based on [28], completed by [29,38]): 1. Upper
Visean Paleozoic terrains (schists and quartzites); 2. pyroxene andesties (Tiddas andesites); 3. Permian conglomerates, sand-
stones, and argillites; 4. biotite rhyolite dikes; 5. biotite rhyolitic dome (Ari Almahsar and Agrued El khebiza); 6. pyroxene
dacites (Bled Bou Haouza); 7. olivine and pyroxene andesites (Sebt Ait ikko); 8. pyroxene dolerite vein; 9. pyroxene basalt
flows of El Gitoune; 10. Triassic detrital and volcanic formations; 11. Messinian and Pliocene conglomeratic and marl
formations; 12. Quaternary; 13. undefined faults; 14. inverse faults.
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The assignment of the TSESDAI basin to the Permian was based on (a) the intrusion
of rhyolites into the Visean deep marine siliciclastics (e.g., shark-thin rhyolitic extrusive
dome of Ari el Mahsar and its satellite dikes); (b) the angular unconformity between the
Visean siliciclastics folded during the late Westphalian A and red detrital sediments; (c)
the presence of reworked rhyolitic/andesitic pebbles in the red sediments of this basin
and their absence in the detrital sediments of the Westphalian C/D preserved nearby in
the Sidi Kacem graben; (d) the angular unconformity between the Triassic and the red
detrital sediments; and (e) a strike-slip fault that postdates the basin sedimentary/volcanic
formations and predates the Triassic/Cenozoic.

3. Sampling and Analytical Procedures

3.1. Sampling

In order to investigate the nature, the tectonic setting, and the petrogenetic processes
of the post-collisional Variscan volcanism of the TSESDAI basin, we collected and an-
alyzed a total of eighteen samples from the least weathered outcrops (major and trace
elements; Table 1). Nine chemicals analyses of [19,28] were used for comparison. In addi-
tion, a sample from the shark-fin-like rhyolitic extrusive dome of Ari el Mahsar (sample
ARM15; N 30◦48′45.7′′, W 7◦32′29.1′′) was dated using SHRIMP U–Pb zircon geochronol-
ogy (Figure 14, Table 2). Specific chemical analyzes were carried out on the mineralogical
phases (pyroxene; Tables S1 and S2, biotite; Table S3) to characterize them and to determine
the physicochemical conditions of the crystallization of the studied rocks. The pyroxenes
selected for this study were exclusively from dacites given their better preservation in
comparison with those of the andesites, which are mostly transformed into secondary
minerals (chlorite, calcite, and silica).

3.2. Analytical Procedures

3.2.1. U–Pb Geochronology: Sensitive High-Resolution Ion Microprobe (SHRIMP IIe)

Igneous zircon grains from the shark-fin-like rhyolitic extrusive dome of the Ari el
Mahsar sample ARM15 was separated for U–Pb age determinations at the CPGeo-USP,
Brazil. The crystals were further mounted, together with the TEMORA-2 standard [39],
in epoxy and polished to expose the interior of the grains. After coating with Au, the
polished mounts were comprehensively examined with a FEI Quanta 250 scanning electron
microscope equipped with secondary electrons and cathodoluminescence (CL) detectors
at CPGeo-USP; the most common conditions used in CL analysis were as follows: 60 µA
emission current, 15.0 kV accelerating voltage, 7 µm beam diameter, 200 µs acquisition
time, and a resolution of 1024 × 884. The same mounts were analyzed afterwards by the
U–Pb isotopic technique using a SHRIMP II following the analytical procedures of [40].
Correction for common Pb was made based on the 204Pb measured, and the typical error
for the 206Pb/238U ratio was less than 2%; uranium abundance and U/Pb ratios were
calibrated against the TEMORA standard, and the ages were calculated using the Isoplot®

(version3.0, Berkeley Geochronology Center, Berkeley, CA, USA) application of [41]. Errors
were reported as 1σ deviations, and ages were calculated at the 95% confidence level.
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3.2.2. Whole-Rock Geochemistry

Chemical compositions of the analyzed whole rocks are given in (Table 1), which also
presented nine whole rock chemical analyses available on the literature (identified by an
asterisk; [19,28]). Whole rocks of 18 samples were analyzed for major oxides and trace
elements by X-ray fluorescence (XRF) spectroscopy using a Phillips PW 1400 at the Centre
d’Analyses Minérale, University of Lausanne, Lausanne, Switzerland. After reducing the
sample to centimeter sized chips in a hydraulic press, the freshest pieces were selected
and crushed using a jaw crusher and then powdered in an agate swing mill. Routine
analyses of major elements and traces were performed on fused disks prepared from 1.2 g
of calcined sample powder mixed with lithium-tetraborate. Calibrations were based on
certified international standards. The limits of detection depend on the element concerned
and the matrix but typically range between 1 to 7 ppm. The dated sample (ARM 15) was
analyzed for bulk rock major and trace element analyses using the analytical facilities of
the Instituto Andaluz De Ciencias De La Tierra (IACT), CSIC–UGR, Armilla, Granada,
Spain. The analytical techniques were described in detail by [42].

3.2.3. Mineral Chemistry: Electron Probe MicroAnalyser (EPMA)

Major and trace element analyses of minerals (pyroxenes and biotites) were performed
at the CAMP-Paris of the University of Pierre et Marie Curie (Laboratoire de Géochimie
Comparée et Systématique, Paris, France) using a Cameca SX100 electron microprobe
calibrated with a combination of natural and synthetic standards including sanidine (Al),
titanite (Ti, Si, and Ca), halite (Cl), chromite (Cr), topaz (F), andradite (Fe), orthoclase (K),
olivine (Mg), spessartine (Mn), and albite (Na). Analyses were carried out using a beam
size of 1 µm, an accelerating voltage of 15 kV, and a probe current of 20 nA. Counting time
varied depending on elements and minerals (see [38] for more details).

4. Results

4.1. Field Observations and Petrographic Features

The major types of volcanic rocks outcropping in the TSESDAI basin and their petro-
graphic features are summarized below.

4.1.1. Dolerites

These rocks crop out in the northeastern sector of the Tiddas region as a NE–SW
kilometric length dolerite dike (50 m thick). Their primary mineralogical composition
consists of pyroxene and plagioclase (60–70% An), both presenting variable degrees of
alteration. Pyroxene are often epigenized into secondary minerals such as chlorite, calcite,
and silica, while plagioclases are partially or completely sericitized.

4.1.2. Sebt Ait Ikko Andesites

The andesites crop out southwest of Sebt Ait Ikko, on both sides of the Oued BouAzza
valley. They consist of a 15 m thick flow pile uncomfortably resting on the F1 formation
of Permian detrital deposits [38]. These andesites are mainly composed of plagioclase,
pyroxene, and olivine, presenting variable degrees of alteration.

4.1.3. Tiddas Andesites and Associated Pyroclastites

In the vicinity of Tiddas, the andesites and associated pyroclastites crop out at the
Kikene and Glimis Mountains (Figure 3A). They consist of 15 to 50 m thick flows and
pyroclastites lying with an angular unconformity directly on the Visean basement [38].
The summit is systematically underlined by metric-scale horizons of breccias, sometimes
covered by tuffs of ash lapillis of the same nature and Permian detritic deposits of the F1
formation. The mineralogical assemblage essentially consists of pyroxenes and plagioclases.
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Figure 3. Field photographs: (A) Tiddas andesites located to the SW of this village; (B) dacites of
Bled Bou Haouza located to the SE of Sebt Ait Ikko; (C) Ari el Mahsar dome laying on the Visean
basement; (D) a close view of the rhyolites in the Ari el Mahsar dome. The location of sample ARM15
is indicated.

4.1.4. Pyroxenes Dacites

These rocks outcrop exclusively in the area of Bled Bou Haouza (Figure 3B). They
are either laying directly or with an angular discordance over the folded or laminated
upper Visean basement. Occasionally they are separated from the latter by Autunian
molasses formed conglomeratic and sandstone deposits with mainly F1 volcanic elements.
Sometimes, they are overlain by a level of breccias of the same nature. The mineralogical
assemblage is composed of pyroxene, plagioclase, and sanidine.

4.1.5. Biotite Rhyolites

The biotite rhyolites outcrop in the eastern part of TSESDAI as extrusive domes
associated with a network of rhyolitic dikes with a NE–SW general trend. The dome and
the dikes are both systematically intrusive in the pre-Permian basement. The rhyolitic
domes (Figure 3C,D) have generally prismatic joints, developing vertical prisms of about
15 to 20 m in height. Sometimes the prisms are imperfect as a result of the development of
horizontal joints. The prismatic feature locally disappears due to the latter development of
spheroidal disjunction. The rhyolitic dikes have a general trend of N50–60 and a metric to
kilometer extension, with frequent columnar jointing with contiguous sharp edge columns
characterized by centimetric polygonal sections. Massive, rounded blocks with “onion
peel” structures are common.

4.1.6. Lapilli Tuffs and Rhyolitic Ash Deposits

These 5 m thick lenticular pyroclastic deposits are interbedded within the detrital
deposits of the formation F1. They are characterized by a decimetric stratification with
internal horizontal laminations, normally or inversely graded, with occasional accretionary
lapilli levels.

4.2. Lithostratigraphic Organization

Figure 4 illustrates the spatiotemporal distribution of the described facies. Depending
on the areas, 50 to 350 m thicknesses of sedimentary, lava flows, and pyroclastic deposits
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have been accumulated, representing about 24 km3 of the volcanic and sedimentary mate-
rial. The buildup of these piles is the result of a volcanological and sedimentary evolution
that differs very little from one sector to another. The standard volcanic succession includes
(i) a 15 to 50 m thick stack of andesites breccias (Tiddas andesites), castings and lapilli
tuff, and andesitic ash deposits; (ii) 100 m of rhyolitic lavas structured in a series of domes
and preceded by the intrusion of rhyolitic dikes, a phase that forms stratigraphically and
that is the lateral equivalent of the “Tiddas andesites”; (iii) 2 m deposits of lapilli tuffs
and rhyolitic ashes that are contemporaneous with the filling of the basin (deposits of the
F1 formation); (iv) 60 m of flows and breccias of dacite; (v) 15 m of andesite flows; and
(vi) 50 m of basaltic flows.
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Figure 4. Lithostratigraphic columns of the Permian volcanic complex of TSESDAI: 1. Upper Visean Paleozoic terrains;
2. Tiddas pyroxene andesites in flows (2a), flow breccias (2b), and lapilli tuff and ash deposits (2c); 3. biotite rhyolitic dikes
(3a), domes (3b), and lapilli tuffs and ash deposits (3c); 4. detrital formations of Permian conglomerates (4a), argillites (4b),
and sandstones (4c); 5. Bled Bou Haouza dacites with pyroxenes (in flows (5a) and flow breccias (5b); 6A Sebt Ait Ikko
andesites with olivine and pyroxenes. F1, lower formation; F2, intermediate formation. Location of sections; (A), west of
Tiddas (Glimis); (B), west–southwest of Tiddas (KiKene); (C), northeast of Tiddas; (D), southwest of Sebt Ait Ikko; (E), south
of Sebt Ait Ikko.

4.3. Mineral Chemistry

4.3.1. Clinopyroxenes of Dacites

The clinopyroxenes (Cpx) are colorless with polysynthetic twins and/or sectorial
zoning structures constituting 5% of the total volume of the dacitic lava flows. They
appear as phenocrysts (2%) and microlites (3%) (Figure 5A) and are euhedral or subhedral,
sometimes corroded. Cationic proportions based on six oxygen atoms per formula unit
of the studied clinopyroxenes allowed them to be classified mainly as augites, using [43]
systematics, with compositions clustered around an average of En 42–Wo 42–Fs 16 (Figure 6,
Tables S1 and S2). They are characterized by (i) a high SiO2 content (49.66 wt.% up to
52.66 wt.% and an average of 51.22 wt.%); (ii) a low TiO2 content (0.31 up to 1.70 wt.% with
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an average of 0.60 wt.%; (iii) a low or high Al2O3 content (1.04 to 5.5 wt.% with an average
of 2.09 wt.%); (iv) and a CrO3 content ranging from 0.025 to 0.31 wt.% with an average
of 0.10 wt.%. AlIV is usually low (0.034 to 0.141) indicating the lack of significant non-
quadrilateral substitutions. These are accomplished by the incorporation of small amounts
of aluminum (AlVI = 0 to 0.101) and titanium (Ti = 0.009 to 0.048) in the octahedral site.
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Figure 5. Thin-section photomicrographs of andesites from Tiddas and the ARM 15 sample. (A) Tiddas andesite with
plagioclase (Pl), clinopyroxene (Cpx), and orthopyroxene (Opx); (B) sample ARM15 of a rhyolitic dome with biotites (Bt).
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Figure 6. Pyroxene composition of the dacite flows of the TSESDAI eruptive complex in the enstatite
(En), Wollastonite (Wo), and ferrosilite (Fs) triangle of [43]. Blue circles indicate the analyzed
orthopyroxenes. Red circles indicate the analyzed clinopyroxenes. The numbers (1 to 6) indicate
respectively; Diopside, Hedenbergite, Augite, Pigeonite, Clinoenstatite, Clinoferrosilite.

4.3.2. Biotite of Rhyolites

Biotite constitutes about 6% of the total rock volume and appears isolated or grouped
in glomeruli with feldspar phenocrysts (2%) being euhedral to subhedral with rarely
corroded contours (Figure 5B), and as microlites (4%). Biotite crystals retain generally their
primary optical characteristics, but occasionally they are partially or totally transformed
into chlorite and invaded by oxide granules (Figure 5B). The chemical analyzes of the
biotites and their structural formulas calculated on the basis of 22 oxygen atoms (Table S3)
show that they are characterized by (i) low iron oxide content (mean average = 17.45 wt.%)
and calcium (CaO = 0.09 wt.%); (ii) relatively high levels of titanium (TiO2 = 3.13 wt.%),
which is compatible with a medium magmatic formation, alumina (Al2O3 = 15.28 wt.%),
and magnesium (MgO = 11.72 wt.%) (e.g., [44–47]; and (iii) Fe/Mg + Fe ratios ranging
between 0.44 and 0.49 allowing their classification as magnesian biotites (see Figure 7; [48]).
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Figure 7. Biotite’s compositional domain of the TSESDAI rhyolitic dome in the Fe/Fe + Mg diagram of [48]. Blue circles
indicate the analyzed Biotites.

4.4. Whole-Rock Geochemistry

4.4.1. Major Elements

The studied volcanic and subvolcanic rocks display variable contents of SiO2 (54.11 to
70.80 wt.%), Al2O3 (13.42 to 15.99 wt.%), CaO (0.49 to 6.32 wt.%), MgO (0.11 to 2.55 wt.%),
and alkalis (Na2O + K2O = 4.38 to 10.32 wt.%). Loss on ignition (LOI) contents are moder-
ately high and variable (LOI = 1.98 to 6.13 wt.%) suggesting the operation of post-magmatic
processes, which requires caution when interpreting the concentrations of the more mobile
elements (e.g., alkalis). The classification diagram of [49] shows that the studied rocks
occupy the fields of basaltic trachyandesite, trachydacites, and rhyolites. The rhyolites (in
domes and dikes) from TSESDAI display a sub-alkaline behavior, while the andesites and
dacites display an alkaline one [50] (Figure 8). The andesites and a large part of the dacites
have a very high K2O content due to the alteration of feldspar to sericite. This explains the
migration of their representative points in domains not identical to those indicated by their
petrographic and mineralogical features, and this is mainly due to the alteration of feldspar
to sericite and clays and devitrification glasses made up of chlorite and other clay minerals.
The evolution diagram of [51] (Figure 9), where the content of SiO2 is taken as an index of
differentiation, allows for the following remarks:

- The TiO2, Al2O3, FeO*, MgO, CaO, and P2O5 oxides have a negative correlation with
SiO2, while K2O and Na2O have an opposite or a random behavior.

- A negative correlation of Al2O3 and SiO2 in the dacitic terms could be a result of the
fractionation of alumino-silicate minerals such as plagioclase. The same correlation is
observed in the transition from dacites to rhyolites.

- The occurrence of a hiatus between the mafic terms (andesites), the intermediate and
the felsic terms (dacites and rhyolites). The intermediate terms of the felsic andesite
type are absent.
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Figure 8. Chemical nomenclature of the volcanic rocks of the TSESDAI eruptive complex. Legend:
(1) andesites; (2) dacites (Bled Bou Haouza); (3) rhyolitic domes; (4) rhyolitic dike.
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Figure 9. Diagrams of the variation of some oxides versus SiO2. See symbol legend in Figure 8.
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4.4.2. Trace Elements

The contents of large-ion lithophile element (LILE) including low field strength (LFS)
(Rb, K, Ba, Sr, Th) and light rare earth elements (La, Ce) occasionally display large variations.
However, the same order of magnitude for the various facies and for a given element is
preserved. The behavior of Sr seems compatible with plagioclase fractionation in the
andesite–dacite series (Figure 10) (correlation between CaO and SiO2 in these rocks). Ba
shows a slightly positive correlation with SiO2 in andesites. The decrease of Ba in dacites
and rhyolites is related to the fractionation of Ba-rich minerals such as Sanidine. The Th
and rare earths (e.g., La, Ce, Nd) have a negative correlation with SiO2 (Figure 10).
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Figure 10. Diagram of the variation of some trace elements versus SiO2. See symbol legend in
Figure 8.

The high field strength elements (HFSE), such as Zr, Hf, Ti, P, Nb, and Ta are considered
immobile during the alteration [52–54]. In the studied volcanic and subvolcanic facies,
Zr and Hf contents are also high. The Zr contents range between 151 to 298 and the
Hf contents vary from 1 to 4. The latter shows a negative correlation with SiO2. The
spectra obtained for andesites and dacites (Figure 11A), although corresponding to rocks of
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different mineralogical compositions and degrees of differentiation, have very similar traces,
when compared to MORB N, all these profiles presenting important enrichments in strongly
incompatible elements (LILE), an important decrease between Th and Y (Th/Y = 0.56 to
0.84, average = 0.66), with a well-marked negative anomaly in Nb and a depletion in Ti
and transition elements of the 3d series; in addition, the values of the La/Nb ratios are
between 2 and 7 (La/Nb = 2.93 to 4.3, average 3.73). Compared to the andesites, the dacites
show more pronounced negative TiO2 and P2O5 anomalies, higher La/Th ratios, and a
depletion of less incompatible elements, particularly the transition elements of the 3d
series. Similarly, the LILE (Sr, Ba, Rb, U, Th) appear low in comparison to the Nb, La,
and Ce contents. All the spectra of rhyolitic domes show, when compared to the ORG
(Figure 11B), an enrichment in LILE (Sr, K, Rb, Ba, Th, La, and Ce), an increased deficit
in weakly incompatible elements or HFSE (Zr, Hf, and Nb), with a significant decrease
between Th and Nb that triggers a very marked negative anomaly in Nb (Th/Nb varies
from 0.5 to 0.58 with an average of 0.54). An important fractionation of light rare earths is
underlined in the Trace elements spidergram by the slope of the line between La and Nd
(La/Nd varies from 2.07 to 3.71, average of 2.71) and the enrichment in LILE. The spectra
of rhyolites when compared to the ORG shows Rb/Zr ratios very similar to those of [55],
with values that go from 0.29 to 0.41, averaging 0.36.
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Figure 11. Trace elements spidergram of TSESDAI andesites and dacites normalized to N-type MORB (A), and of a TSESDAI
rhyolitic dome normalized to ORG (B). See symbol legend in Figure 8.

4.5. Geochronology: The Shark Fin Rhyolitic Extrusive Dome of Ari el Mahsar, Sample ARM15

Zircons from sample ARM15 exhibit mean lengths and widths of 240 µm and 98 µm,
respectively; they are euhedral to subhedral. Cathodo-luminescence images show oscil-
latory zoning patterns in most zircons. Some grains show an overgrowth by continuous
non-luminescent rims with cores that are mostly zoned in an oscillatory manner, which
can be interpreted as inherited (Figure 12). In addition, the morphological typology of the
zircons shows the omnipresence of the S type around an S13 nucleus, the average points
IA and IT [56], respectively, reaching values of 385 and 420, with formation temperatures
between 750 ◦C and 800 ◦C (Figure 13). The Th/U ratio ranges from 0.01 to 1.36, indicating
a mostly igneous population [57,58]. The Concordia diagram shows that the shark-fin-like
rhyolitic extrusive dome of Ari el Mahsar (sample ARM15) yielded two predominant
Concordia ages (603 ± 25 Ma and 286.4 ± 4.7 Ma) (Figure 14, Table 2). The young age is
more concordant, being interpreted as the crystallization age of rhyolites, while the 603 Ma
age indicates inherited zircon from the Pan-African crust under the Rehamna.
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Figure 12. Cathodoluminescence (CL) images of zircon grains obtained from the rhyolitic sample (ARM15) showing their
internal texture, spots (yellow circles), and apparent 206Pb/238U ages in Ma (1σ error).
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Figure 13. Typological distribution diagram of zircons from biotites of Ari el Mahsar rhyolitic dome.
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Figure 14. Zircon U–Pb SHRIMP geochronology. Wetherill Concordia plots of U–Pb zircon data for the rhyolitic
sample (ARM15).

5. Discussion

5.1. The Calc-Alkaline Affinity of TSESDAI Rocks

Given the evidence for alteration of the studied rocks (LOI up to 6.13 wt.%), the use
of alkali concentrations to decipher the magmatic affinities of the rocks was discarded.
Instead, we used the ratio (Nb/Y) between two elements, which being characterized by
high field strength are as such considered immobile during meteoric alteration and low-
grade metamorphism and are also considered proxies of the degree of alkalinity of magmas
(e.g., [59,60]). The studied rocks are characterized by Nb/Y ratios clearly below 0.6, the
threshold usually considered as a divider between sub-alkaline and alkaline affinities,
clearly pointing to the sub-alkaline characteristics of these rocks. Additionally, all the
volcanic rocks of Tiddas show an absence of enrichment in FeO and TiO2 with the increase
of the magmatic evolution, as represented by the index FeO*/MgO, clearly pointing,
according the criteria defined by [61,62], to the calc-alkaline characteristics of these rocks.
This is confirmed by the low contents in TiO2 (0.23 to 1.04%) and by the negative anomalies
in Nb and Ti in the primordial mantle normalized diagrams (Figure 15) and by Zr/Y ratios
clearly above 7 (see [59]). The chemical data collected on clinopyroxenes (cf. supra) confirm
this calc-alkaline affinity with clinopyroxenes plotting on the calc-alkaline orogenic basalt
field in the discrimination diagrams of [63] (Figure 15) and [64] (Figure 16). Additionally,
the composition of biotites is typical from those usually found on calc-alkaline rocks
(Figure 17; [46]).
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Figure 15. Distribution of the studied clinopyroxenes in three different diagrams: (A) Ca + Na–Ti,
(B) Ca–Ti + Cr, (C) Altot–Ti of [63]. Red circles indicate the analyzed clinopyroxenes.
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Figure 16. Position of the analyzed clinopyroxenes in the diagrams of [64]: (A) Ti–Cr, (B) Ti + Cr–Ca + Na. Red circles
indicate the analyzed clinopyroxenes.
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Figure 17. Position of the analyzed biotites in the Altot–Mg diagram of [46]. Blue circles indicate the analyzed Biotites.

5.2. Petrogenesis of TSESDAI Rocks

Calc-alkaline rocks are abundant along destructive plate margins, but calc-alkaline
geochemistry is not an indisputable indicator of sin-subduction processes [65]. Indeed
calc-alkaline rocks are also known from regions undergoing extension without a time
correlated subduction, such as the Basin and Range province [66], the Mexican Volcanic
Belt [65], or the northern Da Hinggan Mountains in China [67].

The Paleozoic geology of Morocco was shaped by the Variscan orogeny, with conti-
nental collision, between 360 and 290 Ma, having occurred at circa 330–300 Ma, i.e., some
44–14 or even 4 Ma before the emplacement of the studied rocks. This indicates that the
generation of the magmas at the origin of the studied rocks cannot be associated with an
operating subduction process [25].

When compared to some reference calc-alkaline volcanic series (e.g., calc-alkaline
basalts of island arcs [68]; calc-alkaline andesites and dacites of active margins [69]; calc-
alkaline andesites of the Tertiary volcanic province of the Basin and Range in the western
USA [70]), the chemical composition means and element ratios of andesites and dacites
of the TSESDAI volcanics demonstrate that they display greater similarities with the calc-
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alkaline series not linked to active subduction, being more similar to those generated in
intracontinental extensional settings, as is the case of the Tertiary volcanic province of
the Basin and Range (e.g., [71]). However, the Permian andesites of Tiddas is enriched in
TiO2, P2O5, Rb, and Cr and depleted in SiO2, MnO, Sr, Ba, Nb, Hf, and Y. On the other
hand, the elemental ratios of the Moroccan Permian andesites and those of the Basin and
Range are usually very similar and thus confirm the intraplate calc-alkaline character of the
volcanic rocks studied in the present paper. On a first approach, these comparative results
suggest that the studied rocks have the same genetic origin as the lavas of the Basin and
Range, i.e., petrogenesis involving both fractional crystallization and crustal contamination
processes [70].

5.2.1. Fractional Crystallization

Based on their petrographic and geochemical data/criteria, the least differentiated
terms of the volcanic materials (the andesites) do not represent primary liquids which
have been in equilibrium with the residual paragenesis resulting from partial melting of
the common mantle sources. Indeed, they are characterized by low Mg# (0.816 to 0.961)
and concentrations in the incompatible element Ni (41 to 58). The POAM (plagioclase–
olivine/orthopyroxene–augite–magnetite) crystal fractionation model is a widely accepted
process to explain the genesis of andesitic magmas from primary mantle liquids of basaltic
composition, and by extension, the mode of evolution of calc-alkaline magmas [72]. The
sub-parallel normalized trace elements distribution, as well as the behavior of major
and trace elements as a function of silica and Th used as differentiation indices and the
decrease of transition elements during the magma evolution clearly show the role played
by fractional crystallization in the petrogenesis of the andesites–dacites–rhyolites series of
the TSESDAI basin

5.2.2. Crustal Contamination

The existence of enclaves in the lavas of the TSESDAI massif led to the assumption
of a magmatic evolution partially controlled by crustal contamination mechanisms. The
participation of such processes is also suggested by two observations: (i) the abnormally
high contents of Rb, Ba, Th, and La; and (ii) the systematic anomalies in TiO2 and P2O5. The
intervention of the continental crust in the petrogenesis could also explain the following
facts:

(i) The absence of basalts and the low volume of andesites compared to dacites and
rhyolites. According to [72,73], a thick continental crust would have the effect of
prolonging the ascent of basaltic and andesitic flows, and thus the fractional crystal-
lization of minerals at low pressure, therefore favoring differentiation and assimilation
until reaching the ultimate rhyodacitic to rhyolitic terms;

(ii) The specific chemical characteristics of the andesites such as the enrichment in highly
incompatible elements (Rb, Ba, Th, Sr, K2O, and La) and high ratios (La/Th = 2, 93 to
3; 2.97 on average).

It is interesting to note that Ti and Nb negative anomalies increase with the increasing
degree of magmatic evolution, which argues in favor of the conjunction of assimilation
and fractional crystallization processes (the ACF process of [74]), a consequence of the
exothermic behavior of crystallization processes. The fact that even the least fractionated
rocks (the andesites) present such Nb and Ti anomalies suggests that the source of magmas
could have some supra-subduction fingerprints inherited from previous subduction events,
most probably the Variscan subduction that occurred some 420–330 Ma before [25].

5.3. Volcanological History and Formation Model of the TSESDAI Rocks

The geological and paleogeographical context of the TSESDAI region during the
Permian period (deposits within intramontanous continental half-grabens) and the low
volume of the outcropping materials (24 km3) are indicative of an intraplate continental
environment. In addition, the lava flows show features suggesting aerial-type eruption

275



Minerals 2021, 11, 1099

for the TSESDAI volcanism such as the absence of pillow lavas and the presence of flows
breccias. Indeed, the pyroclastic formations have juvenile pyroclastic fragments with
extensive vesiculation and accreted lapilli. These characteristics are generally ascribed to
aerial to sub-aerial environments. Intra-volcanic epiclastites have features of continental
fluvial sedimentary rocks. The volcanism of the TSESDAI basin is bimodal, and it is
characterized by a predominance of rhyolitic and andesitic facies over dacitic ones. The
emissions of andesitic and dacitic magmas take place mainly in the form of lava flows
of limited extent, whereas the rhyolitic facies occur in the form of dikes, domes, and
pyroclastic fall deposits (deposits of aerial fallout). The volcanological history of the
TSESDAI complex is relatively simple when compared to other Moroccan complexes (e.g.,
Khenifra). It includes three well constrained episodes. The first episode is found in the
southwestern boundary (columns A and B, Figure 4) and in the northeastern zone (column
E, Figure 4). The volcanic activity begins with the emplacement of pyroxene-rich andesitic
flows (“Tiddas andesites”), followed by weak deposits of lapilli, lapilli tuff, and andesitic
ashes with volcanological characteristics similar to typical volcanic aerial fallout deposits.
Far from the emission centers (characterized by relatively powerful accumulations (50m)
and facies diversities; Glimis sector) (F1), a fluvial sedimentation is established including
conglomerates with basal pebbles and andesites (alluvial fan deposits) and fallout of aerial
projections of andesitic characteristics (andesites to the SW and rhyolites to the NE). The
thickness of the andesitic units is between 15 and 40 m, and the total pile reaches nearly
50 m. Contemporaneously with the emplacement of the Tiddas andesitic flows, a dome-
like structure is established at the northwestern limit of the volcanic complex (column E,
Figure 4), followed by the emplacement of rhyolitic dikes. These domes might be classified
as “dome-pistachios”, “dome-pistons”, or “plug domes” according to the classification
of [75]. The second episode, recorded in the central part of the basin (columns C and
D, Figure 4) consists of dacite and andesite flows with olivine and pyroxene. The only
witnesses of the latter episode are the Bled Bou Haouza and Tabahart outcrops. The last
episode was recorded only in the southeastern part of the complex, NE of Tiddas (Figure 2).
It is characterized by the emplacement of NE–SW-oriented pyroxene/dolerite dikes. The
basaltic flows of El Gitoune (50 m) probably constitute the effusive witnesses of this episode.
This episode would be equivalent to the pyroxene dolerites of Khenifra. The vent system is
distributed over the entire volcanic domain and is generally oriented parallel to the NE–SW
direction of the structures and fractures. Even if this volcanism is basically decentralized, a
restricted area (Ari Al Mahsar Sector, southeast of Sebt Ait ikko) has a relatively high density
of dikes and domes with high petrographic diversities, i.e., a volcanic apparatus. Based
on all the characteristics previously described, the volcanism of the TSESDAI basin can be
ascribed to a continental strato-volcano model. However, as in Khenifra, the absence of
associated pyroclastic flows (ignimbrites) and pyroclastite deposits in the TSESDAI region
is a peculiarity that differentiates the Permian volcanism of western Morocco from the
Viseo–Namurian volcanism of eastern Morocco, where caldera-type structures associated
with the emission of important ignimbritic layers are notorious [76–79].

5.4. Links between Volcanism and Tectonics in the TSESDAI Basin

The Tiddas-Souk Es Sebt region was subjected during the Permian to an essentially
compressive regime [29,80,81], with four deformation episodes, the first three mainly com-
pressive and the fourth corresponding to an extensional event. Among the compressional
episodes, the first one is transpressional, with a N50 to N60 compressional direction. This
episode is responsible for the opening of the TSESDAI Permian basin following left-lateral
N60–N90 strike-slip accidents and the extrusion of the first andesitic and rhyolitic volcan-
ism. A N10–N40 to N70 syn-sedimentary normal-fault system can be clearly associated
with this episode. This fault system guides the collapse of the blocks and thus lead to the
individualization of Permian grabens and half-grabens. The NW–SE extension, developed
by this transtensional regime and guided by the rework of normal faults inherited from
the Hercynian major phases, gave rise to a series of collapsed blocks. Thus, the Permian
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graben and half-graben structures clearly resulted from this phase. The opening of deep
extensional fractures in the Paleozoic substratum allowed the extrusion of the first volcanic
series (the rhyolitic domes and associated rhyolitic dikes to the northeast and the Tiddas
andesitic flows) and conditioned the Permian sedimentation. The second episode is a
WNW–ESE-oriented compressional regime. It triggered conjugate strike-slip fault systems
affecting the Permian deposits: N80 to N90 right-lateral faults and N140–150 left-lateral
faults. The later fault system transected the normal faults triggered during the first tectonic
event (NW–SE extension). The third tectonic episode involved NNW–SSE to N–S regional
compression, reactivating some N40–N70 normal faults into inverse ones. This episode is
also responsible for the N80-oriented-axis of the large-radius folds deforming the Permian
detrital deposits. The fourth episode is a NW–SE extensional event accompanied by N40 to
N60 normal faults that gave rise to a series of collapsed blocks. The age of this extensional
episode remains unknown. However, the fact that the faults generated during this episode
affect only the basal conglomerates of the Triassic series and that its extension direction
is compatible with the dolerite dikes of the El Gnoune sector suggest a Late Permian to
Early/Middle Triassic age. On the map of Figure 18, we represented different character-
istics of the emission centers (cumulo-domes, sills, maximum thicknesses of flows, and
the diversity of eruptive mechanisms) and the major accidents that acted as rifts during
the Permian. We suggest that the dikes and the emission points are mostly aligned along
N40–N70 accidents whose complex and polyphase play triggered the chaotic peeling off
characteristics of the deformation. The magma emission would occur by injection, either in
relays of major accidents, or as en echelon tension cracks or normal faults. The direction of
shortening Z or compression σ1 can be deduced from the direction of the dikes: N50 to
N90 with a clear predominance of the N60 direction, which coincides with the alignment
of the emission centers. This direction is similar to the N50–60 compressional vector that
controlled the opening of the basin: relay-basins along left-lateral accidents. It should also
be noted that the inclination of the veins is compatible with the strike-slip movement along
these accidents.
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Figure 18. Structural control of emission centers in the Permian volcanics of the TSESDAI volcanic
complex: (1) Pre-Permian Paleozoic basement; (2) Autunian conglomerates, sandstones, and mud-
stones; (3) Mesozoic and Tertiary formations; (4) left-lateral fault; (5) normal faults; (6) emission
centers, domes (6a), veins (6b), and maximum thickness of flows (6c). Z, direction of shortening; X,
direction of extension. The inlet displays a rosette of the directions and cumulative lengths of the
rhyolitic veins.
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5.5. Geochronological Constraints

The SHRIMP U–Pb geochronologic data of zircons recovered from the rhyolite dome
of Ari El Mahsar in the TSESDAI basin shows a Concordia age of 286.4 ± 4.7 Ma (MSWD
of concordance = 0.47, probability of concordance = 0.49) interpreted to date the magmatic
crystallization of this dome (Figure 14, Table 2). According to the stratigraphic framework
of [6,27], this age should be older than the andesites of the first pulse and the dacites of
the second one [23]. The 286.4 ± 4.7 Ma dating agrees with an Artinskian–Kungurian
age attributed to the clastic succession in relation with their flora and macrofauna (e.g,
ichnofauna) content of [23,33,34,82]. At the Bou Achouch basin, the C–P sedimentary series
is considered by [34] as Kungurian in age based on macroflora assemblages found in their
fine-grained clastic units and reworked ash deposits. In addition, similarities between the
flora of Bou Achouch and the Lower Rotliegend of the Saar-Nahe Basin (Germany; [83])
extend their age back into the latest Carboniferous. Recently, authors in [23] obtained a
weighted mean 206Pb/238U age of 301.50 ± 1.24 Ma for an andesite (Table S4). This age is
considered the best estimate of the eruption moment of the andesite. According to [23], the
flora studied by [34] are indeed older than Kungurian (~283–273 Ma), similar to what occurs
with the flora of the Lower Rotliegened (latest Carboniferous to early Permian) sediments of
the Saar-Nahe Basin in Germany [83], considering that this andesite represents indeed the
top of the stratigraphic sequence at Bou Achouch as suggested by the stratigraphic analyses
of [6]. However, according to [23], the latter stratigraphic framework is composite, as the
basin stratigraphy is disturbed by thrusts. Therefore, the possibility that some andesites
stratigraphically lie below the fossil-bearing units cannot be excluded. Previous ages of
the volcanic rocks of the Khenifra basin comprise a K–Ar whole rock age of 264 ± 10 Ma
obtained from a rhyolitic breccia at Jbel Bou Hayati [84]. At the same locality, the volcanic
pile that was assigned to the early Permian contains fossil wood [34,85,86]. Recently LA–
ICP–MS U–Pb (on zircon) ages from several volcanic localities in Khenifra were published
by [87], including a dacite from the lower lava flows at Jbel Taghat (295.1 ± 2.9 Ma) and
interpreted as the oldest volcanic pulse of Khenifra. The dome of Sidi Tir delivered
ages ranging from 290.3 ± 2.1 Ma to 287.9 ± 3.8 Ma, thus suggesting that the dome was
emplaced during ~2 Ma. Rhyolitic pyroclastic fall deposits from Sidi Tir yielded two
predominant age clusters at 307.3 ± 2.6 Ma and 290.6 ± 2.6 Ma. The latter age was thought
to be more concordant with the age of the eruption. At Talat Mechtal, inferred to post-date
Cisuralian sedimentation in Khenifra, authors in [87] obtained an age of 280.3 ± 2.1 Ma
for the upper dacitic lavas, supposedly marking the last volcanic pulse in agreement with
the lithostratigraphic sequence [7]. From the same locality, authors in [23] reported a
206Pb/238U weighted mean-age of 305.59 ± 2.68 Ma for an andesite lava laying at the
base of the Talat Mechtal volcanic succession, overlain by 290.6 ± 2.6 Ma pyroclastic
fall deposits [87]; this implies that volcanism at Talat Mechtal began ~15 Ma earlier than
previously thought [87]. In the Chougrane and Souk el Had Bouhsoussène basins, the age of
the sedimentary package is not well constrained; on the basis of its similarity with the facies
of the Khenifra and TSESDAI basins it is assumed that the date might be early Permian.
The sedimentary package is overlain by the Bir el Gassaa andesites dated to 270 ± 17 Ma
by whole rock K–Ar techniques [88]. Two samples, an andesite from Bir el Gassaa that
lies on the top of the C–P stratigraphic sequence of Chougrane and an andesite from Souk
el Had Bouhsoussène, were recently dated by [23]. The first sample only provided three
concordant ages that range from 307.8 ± 4 to 295.5 ± 3.4 Ma, implying that the underlying
C–P sediments are earliest Permian or late Carboniferous [23]. The andesitic sample from
Souk el Had Bouhsoussène sub-basin has 206Pb/238U ages ranging between 295.6 ± 2.9
and 267.9 ± 3.9 Ma. According to existing stratigraphic models of the Chougrane CPB,
the andesitic sample from Bir el Gassaa is considered to lie stratigraphically above the
andesitic sample from Souk el Had Bouhsoussène sub-basin and is thus expected to be
younger. According to [23], the existing stratigraphic model would require consideration as
the crystallization age of the youngest value of 295.5 ± 3.4 Ma and 295.6 ± 2.9 Ma from the
two dated samples. Even if these geochronological results are clearly inadequate to obtain
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solid conclusions, they provisionally suggest that the Souk el Had Bouhsoussène sub-basin
is younger than the Chougrane one, and therefore the two basins evolved independently,
in contrast to the above-mentioned stratigraphic models. The youngest age of the andesitic
sample from Souk el Had Bouhsoussène sub-basin could offer a valid constraint on the
final phase of the Variscan tectonism, since this basin was tilted during this stage [23]. In
the Mechra Ben Abbou basin of “Bled Mekrach”, authors in [89] obtained a 611 ± 20 Ma
U–Pb SHRIMP age on zircon from a rhyolitic dome, supposedly inherited from zircons
of the Pan-African basement of the Rehamna massif and a younger more concordant
age of 285.3 ± 4.9 Ma interpreted as the age of crystallization of the rhyolitic dome [89].
South of the basin, a microgranitic/microdioritic dike swarm intruding the pre-Permian
basement has been dated to 285.4 ± 6.1 Ma (U–Pb on zircon) [89–92]. Two samples, from an
andesite flow and an andesite plug (Douar Ouled Said Ben Ali lavas), provided concordant
206Pb/238U (on zircon) ages of 284.2 ± 4.6 and 294.63 ± 0.67 Ma, respectively. The younger
age of 284.2 ± 4.6 Ma would imply that volcanism could have begun in this basin at least
10 Ma earlier [23]. In the Nzalet el Hararcha basin, sediments are sealed by Permian lavas
dominated by andesites and calc-alkaline rhyolitic domes [38,89,93–95], and the entire
basinal sequence is unconformably covered by Cretaceous and Cenozoic rocks [95]. A
rhyolitic sample (Sidi Bou Yahia dome) provided a robust 206Pb/238U weighted mean age
of 277.07 ± 0.61 Ma, which represents the first absolute age constraint from this basin [23].

6. Conclusions

The main conclusions of this study are summarized below:
(1) The volcanic characteristics of the TSESDAI volcanic complex and the distribu-

tion of the emission centers and their structural control suggest a multi-vent continental
stratovolcano-type facies model.

(2) The Ari Al Mahssar area has a relatively high density of dikes and domes and a
remarkable petrographic diversity indicative of a possible volcanic apparatus.

(3) The mineralogy of the primary crystals (biotite and clinopyroxenes) and the mor-
phological typology of the zircons of the TSESDAI volcanic rocks suggest a calc-alkaline
orogenic magmatic setting.

(4) The geochemical study of major and trace elements confirms the intracontinental
calc-alkaline signature of the studied rocks, similar to the andesites of the American Basin
and Range extensional realm.

(5) The geochemical study also indicates an evolution controlled by fractional crystal-
lization and crustal contamination (assimilation).

(6) The petrographic and volcanological characteristics of the TSESDAI volcanic series
(in particular the first and the second episodes) suggest a similarity with the well-defined
first Permian cycle of the Khenifra region, with the exception of the dolerite dikes and the
basaltic flows of El Gitoune (third episode) that belong to the second Permian cycle, despite
their similar NE–SW alignment to the first and the second episodes studied here.

(7) The TSESDAI basin recorded four Permian deformation episodes. The first one
is responsible for the opening of the Permian basin along N60–N90 left-lateral strike-slip
accidents and the establishment of the first andesitic and rhyolitic volcanic episode. The
second one is defined by a conjugated system of faults affecting the Permian deposits. The
third compressive episode (NNW–SSE to N–S orientation of σ1) reactivates some N40–N70
normal faults into inverse faults. The fourth episode is a NW–SE trending extensional
event triggering N40 to N60 normal faults and consequent collapsed blocks.

(8) The SHRIMP U–Pb geochronologic data of zircons recovered from the rhyolitic
dome of Ari El Mahsar in the TSESDAI basin show a Concordia age of 286.4 ± 4.7 Ma
interpreted to date the magmatic crystallization of this dome. Thus, this rhyolite belongs
likely to the third magmatic episode of the region.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min11101099/s1, Table S1: Chemical analysis of dacite clinopyroxenes from Tiddas-Souk
Es Sebt des Ait Ikko volcanic complex, and their structural formula calculated on the basis of 6
oxygens, Table S2: Chemical analysis of dacites orthopyroxenes from Tiddas-Souk Es Sebt des Ait
Ikko volcanic complex, and their structural formula calculated on the basis of 6 oxygens, Table S3:
Chemical analysis of rhyolite biotites in dome of Tiddas-Souk Es Sebt des Ait Ikko volcanic complex
and their structural formulas calculated on the basis of 22 oxygens, Table S4: Overview of new
and published geochronological data from Carboniferous–Early Permian basins of central Morocco
(after [23]).
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Abstract: The Mongol-Okhotsk orogenic belt (MOB) is considered to be the youngest division of
the huge Central Asian Orogenic Belt, but its origin and evolution are still enigmatic. To better
understand the history of the MOB, we conducted U-Pb geochronological analyses of detrital-zircon
grains from Neoproterozoic-Paleozoic sedimentary sequences as well as a volcanic suite in the
Ereendavaa terrane, the southern framing unit of the MOB, in NE Mongolia. Our results show that
the protoliths of the quartzite assemblage of the Ereendavaa terrane basement (or proto-Ereendavaa
terrane) was deposited after ca. 1.15 Ga on a passive continental margin. The detrital-zircon age
spectra of the Silurian and Devonian sedimentary sequences of the terrane demonstrate that the
source areas were dominated by proximal Cambrian-Ordovician arc rocks, likely resulting from the
northward subduction of the Kherlen Ocean lithosphere beneath the Ereendavaa terrane. Based on a
combination of our new data with those published, we show that the Mongol-Okhotsk Ocean split
from an early Paleozoic domain during, or after, the early Silurian by a mantle plume, and developed
an Andean-type margin along its northern rim possibly at Middle Devonian times, and a bidirection
subduction system in mid-Carboniferous at approximately 325 Ma. This bipolar subduction of the
Mongol-Okhotsk Ocean might have lasted until the Triassic.

Keywords: detrital-zircon age spectrum; Ereendavaa terrane; Mongol-Okhotsk orogenic belt; opening
of the Mongol-Okhotsk ocean; northeastern Mongolia

1. Introduction

The Mongol-Okhotsk Belt (MOB), extending over 3000 km from central Mongolia in the southwest
to the Uda Gulf of the Sea of Okhotsk in the northeast (Figure 1), was formed by the closing of
the Mongol-Okhotsk Ocean (MOO) between the Northern Asian (Siberia) continent and the Amur
Superterrane [1–4]. The MOO is considered to be the youngest domain within the Central Asian
Orogenic Belt (CAOB), a vast region that resulted from the evolution of the Paleo Asian Ocean (PAO)
and is bounded by the Siberia and Baltica cratons to the north and by the Sino-Korean and Tarim
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cratons to the south [5–8]. However, this is inconsistent with the recognition that the final closure of
the PAO, with a long-lasting evolution at least from the Neoproterozoic until the Permian, took place
along the Solonker-Linxi suture in northern Inner Mongolia, China, in the southern CAOB [2,6,8–10].
Therefore, the MOB is essential for understanding the geotectonic history of the Central Asian Orogenic
Belt and also entire NE Asia.

 

 

Figure 1. Sketch map showing the major tectonic units along the Mongol-Okhotsk belt (after [11]).

The evolution of the MOB is enigmatic, with contrasting models proposed concerning its
development [6,11–13]. It appears that there is a general consensus regarding the timing of the final
closure of the MOO despite the contrasting tectonic models. It is widely accepted that the closing of
the MOO occurred in a scissor manner, with a progressive Jurassic to Early Cretaceous closing of the
ocean and associated collisional orogenesis from the west towards the east [1,4,6,14–16]. Nevertheless,
the time of opening is still a matter of controversy. Some authors have suggested that MOO has existed
since Vendian (610–570 Ma) to Cambrian [5,6], whereas others have proposed that the ocean formed
later in the Silurian [8,11,13,17] or even later [4,18].

Detrital zircon geochronology of sedimentary rocks is a powerful tool to study the history of
sedimentary basins and it has been used worldwide [19–21]. Previous detrital-zircon geochronological
studies for the sedimentary sequences within the MOB suggest that the MOO was opened during the
early Paleozoic [11,22] or late Paleozoic [16,23]. These studies were mainly focused on the sedimentary
sequences of the accretionary complexes inside the MOB, with little attention paid to those on the
continental blocks fringing the MOO basin [11,22]. Although these studies do provide important
constraints for the evolution of the MOO, some key information regarding the early-stage development
of the ocean might have been undisclosed. This is because the accretionary complexes inside the
MOB may not preserve the early-stage sedimentation records of the MOO due to the subduction
consumption of the ocean lithosphere. In this regard, studies of the sedimentary sequences on the
rifted margins of the MOO will be very useful, since the rifted margins witness the whole history of
the ocean development. Despite some deformation of the rifted margins of the MOO, chiefly because
of their involvement in continental collision following the closure of the ocean, the detrital zircon U-Pb
geochronology for the sedimentary rocks deposited on the rifted margins is still capable of providing
direct information of provenance of detritus and the ocean evolution, owing to the considerably high
closure temperature of the zircon U-Pb isotope system, greater than 900 ◦C [24].
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On the other hand, the age uncertainty of the basement on which an ocean opened will hamper
the interpretation of provenance of detrital zircon in sedimentary sequences. This is particularly true
for the Ereendavaa terrane that fringes the MOB to the south. Though it has long been interpreted
as a cratonic terrane with basement rocks as old as the Neoarchean-Paleoproterozoic [13], there is no
robust evidence so far to support the interpretation. Instead, recent reliable dating demonstrates that
the metamorphic rocks of the terrane were mainly formed during the Paleozoic [25,26]. In other words,
to ascertain whether early Precambrian basement rocks exist in the Ereendavaa terrane is also an issue
to explore.

We assume if early Precambrian basement rocks exist in the Ereendavaa terrane, they would
contribute much detritus to the Neoproterozoic-Paleozoic sedimentary sequences of the terrane,
and thus generate detrital-zircon age spectra comprising major peaks of that age. In addition, it is
also assumed that syn-sedimentary detrital zircon grains in the sedimentary rocks deposited at rifted
margins depict the magmatic activity in subduction-related arcs at the framing margins of the MOO,
and, therefore, provide key information concerning the subduction history of the ocean lithosphere.
In this context, this paper presents results of zircon U-Pb geochronology of Neoproterozoic-Paleozoic
(meta-) sedimentary rocks and andesitic-rhyolitic volcanic formations developed on the Ereendavaa
terrane, which constitutes the southern margin of the Mongolian segment of the MOO, with aims to
(1) verify whether early Precambrian rocks are present in the Ereendavaa terrane, and (2) constrain the
early-stage evolution of both the MOO and the Ereendavaa terrane. Our results provide, for the first
time, robust constraints not only for the depositional ages of the Neoproterozoic-Paleozoic sedimentary
sequences but also for the development of magmatic arcs on the Ereendavaa terrane, and indicate that
the MOO was opened after the early Silurian.

2. Geological Setting

The MOB, extending over 3000 km from central Mongolia in the southwest to the Uda Gulf of the
Sea of Okhotsk in the northeast (Figure 1), formed by closing of the MOO between the Northern Asian
(Siberia) continent and the Amur Superterrane [1–4]. Structurally, the MOB is sandwiched by the
Northern Asian Caton (Siberia) to the north and the Amur Superterrane to the south, with an abrupt
termination in the southwest (Figures 1 and 2). The core of the MOB is represented by a ribbon-like
ophiolite-bearing suture zone and accretionary wedges [1,15,27]. The suture zone, which is termed the
Aga terrane [2], is composed mainly of ophiolites and minor turbiditic series and is subdivided into the
Onon, Tukuringra, Galam, and Nilanskiy terranes (Figure 1). Of these, the Onon terrane consists of the
intra-oceanic Onon arc of assumed Devonian–Early Carboniferous age [4], which would be the oldest
arc identified so far that was related to the southward subduction of the MOO lithosphere beneath
the Amur Superterrane. The accretionary wedges are characterized by containing thick turbiditic
sequences and minor ophiolitic assemblages, which include the Hangai, Kentei-Daurian, Unya-Bom,
and Ulban terranes [2,28]. Spatially, the accretionary wedge terranes are mainly distributed on the
northern side of the suture zone, although some also occur inside the suture zone at the eastern end
of the MOB (Figure 1). Alternatively, some authors have considered all of these suture zone terranes
and accretionary wedges together as one large accretionary complex resulting from subduction of the
MOO lithosphere [6,22,23].

The territory of Mongolia has traditionally been divided into two tectonic domains separated
by the Main Mongolian Lineament (MML), namely an early Paleozoic domain to the north and a
late Paleozoic domain to the south [13,15]. The Mongolian segment of the MOB is located within the
early Paleozoic domain (Figure 2) and here the MOO suture zone is represented by the Adaatsag
and Dochgol terranes [11,13,15], corresponding to the Onon terrane in the northeastern prolongation
in Russia [2,4]. The suture is bounded by the Hangay-Hentey turbiditic terrane to the north, by the
Baydrag terrane to the southwest, and by the Ereendavaa terranes to the south (Figure 2).
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Figure 2. Sketch map showing tectonostratigraphic terranes of Mongolia and the approximate location
of the study area of this paper (adapted from [13]). Terrane and belt names: I—Ereendavaa, II—Kherlen,
III—Idermeg, IV—Adaatsag (Onon); V—Hangay-Hentey; VI—Haraa; A—Middle Gobi, B—Selenge;
MOSZ—Mongol-Okhotsk suture zone.

The Hangay-Hentey terrane contains mainly Devonian-Carboniferous turbidites and
Silurian-Devonian radiolarian cherts [11,13,17]. The authors of [13] interpreted the entire Hangay–
Hentey sediment series to unconformably overlie an older basement of an unknown age. However,
the authors of [17] and [11] suggested that the main body of the Hangay–Hentey belt, which is
tectonically located between the early Paleozoic Haraa terrane in the northwest and the Mongol-Okhotsk
suture zone (MOSZ) in the southeast, were formed in a trench-accretionary wedge environment.
Previous detrital zircon geochronological studies show that the sedimentary rocks of the Hangay-Hentey
terrane were mainly formed after the early Carboniferous [11,22,23] although the strata were previously
believed to be Silurian, Devonian, or Carboniferous in age. In contrast, the sedimentary rocks of the
Haraa terrane, which was considered Cambrian/Ordovician-Silurian in age, at the northern margin of
the Hangay-Hentey basin display distinct detrital zircon age spectra, with the youngest age peaks
(514–437 Ma) [11,23] being older than those of the Hangay-Hentey rocks, implying that the Haraa
terrane formed earlier than the Hangay-Hentey terrane.

The Mongolia segment of the MOSZ, i.e., the Adaatsag and Dochgol terranes of [13], is a
narrow belt of highly deformed rocks that were metamorphosed under greenschist and amphibolite
facies conditions. It is interpreted as an accretionary wedge complex composed of schist, quartzite,
metasandstone, phyllite, chert, metavolcanic rocks, coral limestone, and mélange containing fragments
of ophiolite [13,15,28]. The MOSZ contains the 325-Ma Adaatsag ophiolite [15] at its western end and
the 321-Ma Khuhu Davaa ophiolite [29] in its central part, and it is intruded by Triassic-Early-Jurassic
granitic plutons [13,15]. These ophiolites have geochemical signatures of supra-subduction zone
(SSZ)-type ophiolites and are interpreted to form during the subduction initiation of the MOO
lithosphere [29]. In the central portion, the accretionary wedge complex of the suture was locally thrust
southward over the Silurian-Devonian sedimentary sequence intruded by swarms of dolerite sills/dikes
or gabbroic intrusions at the northern margin of the Ereendavaa terrane (Figures 2 and 3; [26]).
In northeastern-most Mongolia and Russia, the Dochgol terrane consists predominately of late
Permian-Triassic accretionary complexes containing ophiolite blocks of unknown age, metavolcanics
with geochemical signatures of both MORBs and OIBs [30], and fossiliferous marine sediments [31].
Generally, the suture zone complexes form a fold-and-thrust belt with the top-to-SE structural
polarity [15], in accordance with observations from the Ereendavaa terrane [26].
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The area to the south of the MOSZ belongs to the eastern part of the early Paleozoic domain, which is
composed, from north to south, of the Ereendavaa, Kherlen, and Idermeg terranes (Figures 2 and 3).
The Ereendavaa terrane is considered as a cratonic massif and consists of Proterozoic gneiss, amphibolite,
schist and marble, overlain by black schist, metasandstone, siltstone, limestone and minor conglomerate
and volcanic rocks and intruded by granites of different age [13]. However, recent work seems to
suggest that it predominately formed during the Paleozoic since the gneiss, amphibolite, and schist
of the Ereendavaa terrane mainly have Paleozoic protolith ages, although some Precambrian zircon
inheritance does exist in these rocks [26]. On the other hand, granitic rocks/gneisses with Proterozoic
ages have been reported from the northeastern extension of the Ereendavaa terrane both in Russia
and NE China. On the Russian side, biotite granite and leucogranite were dated at ca. 740 Ma
by zircon U–Pb method and the Chinese portion of the terrane (also known as “Erguna” massif or
block [32]) contains Paleoproterozoic granitic gneiss with ages of ca. 1840 Ma [33] and is intruded by
Neoproterozoic mafic plutons with ages between 850 and 740 Ma [34]. Studies have shown that the
Ereendavaa terrane, which constitutes the Ereendavaa Mountain Range, was exhumed during the
Early Cretaceous at ca. 140 Ma [35].

 

Figure 3. Simplified geological map of the Ondorkhan-Onon region in NE Mongolia (modified from [36]).
Terranes: I—Ereendavaa, II—Kherlen, III—Idermeg, IV—Adaatsag (Onon), V—Hangay-Hentey.

The Idermeg terrane is located on the northern side of the MML and is mainly composed of marble,
quartzite, conglomerate, sandstone, and limestone containing archeachyathes and stromatolites that are
believed to be Neoproterozoic to Cambrian in age [13]. These rocks are assumed to overlie a crystalline
basement composed of gneiss, amphibolite, schist, and phyllite [2,13]. The Idermeg terrane is classified
by [13] as a passive continental margin terrane and is assumed to form in a Neoproterozoic–Cambrian
continental shelf environment and represent the early Paleozoic southern margin of the Siberian
amalgamated complex [8,37].

The Kherlen terrane is sandwiched between the two above-described metamorphic terranes
(Figures 2 and 3). This terrane occurs as a narrow fault-bounded belt along the north bank of the
Kherlen River. It consists of Neoproterozoic–early-Cambrian dismembered ophiolites in mélange,
tholeiitic basalt, andesite, tuff, chert, volcaniclastic rocks, and minor archeacyathic limestone [13].
The Kherlen terrane was previously classified as an island arc terrane [13] but it is actually a Cambrian
ophiolitic complex that was tectonically emplaced during the Silurian, and thus representing the suture
between the Ereendavaa and Idermeg terranes [25]. This timing is in line with that of the amalgamation
of the early Paleozoic domain of Mongolia [8,11,13].
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The Ereendavaa terrane, possibly with the Idermeg and Kherlen ones, is considered to be the
eastern prolongation of the Tuva-Mongolian Massif or the Central Mongolian Block (CMB) that
frames the MOB in the northwest, west, and southwest. The CMB is considered either as an isolated
microcontinent in the PAO during the late Proterozoic and Cambrian [4,38], a Precambrian continental
ribbon connecting the Siberian craton [6,15,39], or a composite tectonic unit consisting of several
smaller Precambrian blocks with uncertain tectonic relationships between each other [13]. Presently,
the CMB forms a tight “V” or “horseshoe” in map view, opening towards the east [6,23]; the inside
part of the “V” is considered to be the MOO realm and the outside part is the PAO one. Therefore,
the Ereendavaa terrane, as well as the whole CMB, is the junction between the two orogenic systems.

3. Sample Descriptions

Samples of this study were collected from the southwestern segment of the Ereendavaa terrane,
as well as the Kherlen terrane, which was likely an allochthonous unit thrust over the autochthonous
Ereendavaa terrane in the Ondorkhan region. The sampling locations are shown in Figure 4, and the
GPS coordinates and basic lithological features of the samples analyzed are listed in Table 1.

 

 

Figure 4. Geological map of the Ondorkhan area in northeastern Mongolia (modified from [36]).
Terranes: I—Ereendavaa, II—Kherlen, III—Idermeg. Stars denote the localities where the dated
samples were collected, and the numbers beside the stars are the last digitals of corresponding sample
numbers, which have same prefix of “MOE-”.

Table 1. Summary of basic petrographic features of analyzed samples from NE Mongolia.

Sample
No.

GPS
Coordinate

Lithology Structure/Texture Major Components Stratum Age
Maximum
Age 1 (Ma)

MOE-152
47.348◦ N
110.571◦ E

Quartzite
Massive to weakly
foliated structure,
coarse-grained,

Mainly quartz with
minor muscovite and/or

Fe-oxide minerals

Vendian-Cambrian
[36]

1150

MOE-216
47.479◦ N
111.227◦ E

Quartzite

Foliated structure,
coarse- to

medium-grained
texture

Mainly quartz with
minor muscovite and

Fe-oxide minerals

Riphean [36] or
Vendian-Cambrian

[40]
1200

MOE-147
47.389◦ N
109.376◦ E

Rhyolite

Magma flow structure,
porphyritic and

aphanitic or
microcrystalline texture

Phenocrysts: quartz
and K-feldspar;

aphanitic or tiny felsic
minerals in matrix

Vendian-Cambrian
[36,40] 450 2

MOE-41
47.443◦ N
109.462◦ E

Sandstone

Foliated, bedding, kink
and ripple fold

structures
porphyroclastic and

medium-grained
textures

Plagioclase, K-feldspar,
quartz, and muscovite

or sericite
Silurian [36,40] 447
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Table 1. Cont.

Sample
No.

GPS
Coordinate

Lithology Structure/Texture Major Components Stratum Age
Maximum
Age 1 (Ma)

MOE-42
47.426◦ N
109.479◦ E

Siltstone

Foliated, kinking and
ripple folding

structures, fine-grained
texture

Plagioclase, K-feldspar,
quartz, and muscovite

or sericite
Cambrian [36,40] 452

MOE-44
47.213◦ N
109.449◦ E

Arkose
Bedding structure,

coarse-grained texture

Plagioclase, K-feldspar,
quartz, debris, and/or

sercite
Devonian [36,40] 428

MOE-51
47.178◦ N
109.460◦ E

Sandstone
Bedding structure,

coarse-grained texture

Plagioclase, K-feldspar,
quartz, debris,

muscovite or sericite,
and/or epidote

Devonian [36,40] 434

MOE-104
47.460◦ N
109.795◦ E

Sandstone
Foliated and mylonitic

structures,
porphyroclastic texture

Plagioclase, K-feldspar,
quartz, debris, sericite,

and/or epidote
Devonian [36,40] 436

1 Maximum depositional ages inferred from the detrital zircon data of this study; 2 Crystallization age of rhyolite
from an intermediate-felsic volcanic suite in the study area.

Sample MOE-152 is a quartzite sampled from an outcrop of the Precambrian basement rocks
at approximately 8 km northwest of the Ondorkhan city (Figure 4). The geological setting of the
quartzite is uncertain because of thick coverage of Cenozoic sediments. The quartzite is composed
predominantly of quartz (>95 modal), with minor amounts of muscovite. Subcrystalline structure was
locally observed (Figure 5A). This quartzite does not show clear effects of deformation, but the presence
of muscovite suggests that it has experienced at least the upper greenschist facies metamorphism.

Sample MOE-216 was collected at approximately 55 km northeast of the Ondorkhan city,
where Precambrian basement rocks crop out along both the northern and southern banks
of the Kherlen River (Figure 4). These basement rocks were previously assigned to the
Early-Middle Riphean [36] or Vendian-Early-Cambrian age [40] (note: Riphean and Vendian are
two geological periods of the Geological Time Scale of Russia. The Riphean generally refers to the
Mesoproterozoic-Early-Neoproterozoic period, i.e., from ca. 1800 to 680 Ma, and the Vendian to the
Late Neoproterozoic from ca. 680 to 570 Ma; according this time scale, 1800 Ma and 570 Ma are the
lower limit of the Mesoproterozoic and the upper limit of the Cambrian, respectively). This sample is a
quartzite and has petrographic features similar to sample MOE-152 described above, except for the
presence of a strong foliation defined by parallel bands of quartz, muscovite and Fe-oxide minerals
(Figure 5B).

Sample MOE-147 is a rhyolite taken from a thick volcanic-volcanoclastic suite exposed to
the northeast of the Murun town (Figure 4). This volcanic suite was previously considered
to be Vendian-Early-Cambrian in age [36,40] and consists of mainly andesite, dacite, rhyolite,
and corresponding volcanoclastic rocks. The sampled rhyolite shows magmatic foliation structure
and porphyritic texture, with phenocrysts of quartz and K-feldspar in an aphanitic or microcrystalline
matrix of similar compositions (Figure 5C). The purpose for selecting this rhyolite sample is to date the
time of magmatic emplacement of the volcanic suite, which is crucial for understanding the evolution
of both the Ereendavaa terrane and the MOO.

Samples MOE-41 and MOE-42 were taken from a metasedimentary sequence cropping out
approximately 7 km south of the Jargalt Sum (town). This sequence has been strongly deformed
and metamorphosed to some extent; it strikes in the northeast direction dipping to NNW (340◦∠50◦).
Kink bands and folds were observed within this sequence in the field. This sequence overlies the
Precambrian (Riphean) basement gneisses of the Ereendavaa terrane and was mapped as containing
Cambrian and Silurian strata, but they are in a fault contact. Samples MOE-41 and MOE-42 show
similar petrographic features, such as elongation of mineral grains, and a mineral assemblage of
plagioclase, quartz, K-feldspar, and muscovite/sericite (Table 1), except for some difference in grain
size, of which the latter sample is finer than the former one (Figure 5D,E). It is noted that the mineral
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grains in these two samples likely occur as porphyroclasts and that the debris clasts in the rocks are
indiscernible due to modification by deformation and metamorphism.

 

 

Figure 5. Microphotographs (crossed polarizers) showing textures and constitutions of the dated rocks
from the Ondorkhan area in NE Mongolia. Panels (A–H) are for samples MOE-152, -216, -147, -41,
-42, -44, -51, and -104, respectively. Please refer to main text and Table 1 for their petrographic details.
Abbreviation: Db—debris; Ep—epidote; Kfs—potassic feldspar; Mus—muscovite; Pl—plagioclase;
Q—quartz; Ser—sericite.
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Samples MOE-44, MOE-51, and MOE-104 were sampled from a thick Devonian sequence [36,40]
cropping out approximately 35 km south of the Jargalt town and also extending in a northeasterly
direction (Figure 4). The first two samples are coarse-grained arkose or sandstone (Figure 5F,G).
Horizontal bedding and cross bedding structures were observed within the strata, which generally dip
NNW, with relatively flat dip angles of 25–30◦. Judging from the graded bedding, sample MOE-44
is stratigraphically higher than sample MOE-51. The last sample (MOE-104) was collected from the
NE segment of the Devonian sequence, approximately 30 km east of the Jargalt town. This sample
is a fine-grained sandstone and has experienced some extent of deformation as illustrated by slight
elongation and orientation of the mineral grains (Figure 5H).

4. Analytical Results

Detrital or magmatic zircon grains from the above-described eight samples were analyzed using
the LA-ICP-MS zircon U-Pb dating technique (Supplementary Material 1) [41–46]. The analytical data
are presented in Table S1.

Sample MOE-152: This is a quartzite sampled from the basement rocks exposed at ca. 8 km
northwest of the Ondorkhan city. Zircon grains from this sample are rounded or stubby in morphology,
with or without oscillatory zoning (Figure 6A1–A6). Some zircon grains show a core-overgrowth
internal structure, and the zircon cores mostly display oscillatory zoning whereas the overgrowths
do not. These zircon grains have very smooth outlines that cut the magmatic oscillatory zoning,
if there is any, or cut both the zircon cores and overgrowths at high angles, indicating that the detrital
zircon grains have been subjected to long-distance transportation and/or long-time ablation. A total
of 78 zircon grains were analyzed for U-Pb age determination and yielded apparent ages ranging
from ca. 1021 to 2850 Ma (Table S1), with the most evident age peak at ca. 1426 Ma, two subordinate
peaks at ca. 1115 and 1600 Ma, respectively, and three minor peaks at ca. 2090, 2660 and 2850 Ma
(Figure 7A,B), respectively.

Sample MOE-216: This is a quartzite sample collected from the basement rocks exposed at ca.
55 km east of Ondorkhan city. Zircon grains of this sample display similar, if not identical, morphological
and internal textural features to those from sample MOE-152 described above (Figure 6B1–B6). A total
of 70 zircon grains of this sample were analyzed for U-Pb dating and gave an apparent age range from
1146 to 3043 Ma (Table S1) and generated an age spectrum also resembling that of sample MOE-152,
except for slight differences in age range and peak age. This sample has the most predominant peak at
ca. 1482 Ma, two subordinate peaks at ca. 1200 and 1722 Ma, respectively, and three minor peaks at ca.
2288, 2578 and 3040 Ma (Figure 7C; the 3040-Ma one is not shown in Figure 7C,D), respectively.

Sample MOE-147: Zircon grains from this rhyolite sample are mostly stubby prisms with
well-developed oscillatory zoning (Figure 6C1–C5); rounded zircon grains with internal cracks were
occasionally observed (Figure 6C6). In total, 26 analyses on 26 zircon grains were selected to analyze for
U-Pb age determination and gave apparent ages ranging from ca. 432 to 1452 Ma (Table S1). Of these,
24 analyses giving an age range of ca. 432–465 Ma formed a coherent group and yielded a weighted
mean age of 450 ± 3 Ma (n = 24, mean square of weighted deviates (MSWD) = 1.9; Figure 8A,B).
The remaining two analyses on two zircon grains that respectively have cracks inside and rounded
morphology gave apparent ages of ca. 532 and 1452 Ma, respectively.
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Figure 6. Representative cathode luminescence (CL) images of zircon grains of the dated samples from
the Ereendavaa terrane in NE Mongolia. Also shown are approximate positions, numbers and apparent
ages of the analytical spots (open circles of dashed line). Each raw image is for representative zircon
grains from one sample; (A–H) are for samples MOE-152, MOE-216, MOE-147, MOE-41, MOE-42,
MOE-44, MOE-51, and MOE-104, respectively. The analytical spot names are the same as those in
Table S1. All scale bars are 50 µm long (please note that the scale bar for each panel in one raw image is
the same and so it is just shown in the leftmost panel of each raw image).

Sample MOE-41: Zircon grains from this sandstone are mostly elongated to stubby prisms
displaying well-developed oscillatory zoning despite their variable degrees of luminescence in
the CL image, with several grains showing rounded morphology and core-overgrowth structures
(Figure 6D1–D6). It is noteworthy that the rounded grains are essentially analogical in morphology
and internal texture with those from quartzites MOE-152 and MOE-216. A total of 82 zircon grains
or fragments were analyzed for U-Pb age determination and yielded apparent ages ranging from
∼436 to 2924 Ma (Table S1), with the main peak at ca. 519 Ma and several minor peaks at ca. 447, 814
and 918 Ma (Figure 9A,B). In addition, this sample also contains Mesoproterozoic (ca. 1500 Ma) and
Archean (ca. 2924 Ma) zircon grains. The youngest peak of ca. 447 Ma, composed of the nine youngest
analyses, is identical to the weighted mean 206Pb/238U age of 447 ± 4 Ma (mean square of weighted
deviates (MSWD) = 1.6; Figure 9B) of these 9 analyses.
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Figure 7. Detrital zircon age-relative probability curves (left) and concordia plots (right) for two
quartzite samples MOE-152 (A,B) and MOE-216 (C,D) from the Ereendavaa terrane in NE Mongolia

 

 

σ

 

Figure 8. Zircon U-Pb data of a rhyolite sample MOE-147 from a ‘Vendian-early Cambrian’ volcanic
suite on the Ereendavaa terrane in NE Mongolia. (A) Concordia plot and (B) Bar chart showing
individual apparent ages and the weighted average (thick green line). Error ellipses in (A) and the
error bars in (B) are at 1σ level.

Sample MOE-42: Zircon grains from this Cambrian siltstone are generally similar in morphology,
grain size, and CL feature to those from sample MOE-41 described above (Figure 6E1–E6). In total,
68 zircon grains were analyzed for U-Pb age determination and yielded an age range from ∼413 to
2504 Ma (Table S1), with the main peak at ca. 497 Ma (Figure 9C). Of these, there are seven zircon
grains yielding a subordinate age peak at ca. 451 Ma, identical to their weighted mean 206Pb/238U
age of 452 ± 4 Ma (n = 7, MSWD = 1.6; Figure 9D) if the analytical errors are considered. Similarly,
this sample also contains Precambrian zircon grains with several small peaks of age at ca. 664, 893 and
1770 Ma (Figure 9C).

Sample MOE-44: Zircon grains of the arkose are mostly characterized by elongated to stubby
prisms, with small amounts of grains showing rounded morphology (Figure 6F1–F6). In CL images,
the former group of zircon grains displays well-developed oscillatory zoning (Figure 6F1–F5) whereas
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the rounded grains show relatively strong luminescence, likely a result of low concentrations of Th
and U, with or without oscillatory zoning (Figure 6F6). A total of 69 zircon grains were analyzed for
U-Pb dating and yielded apparent ages ranging from ca. 412 to 2851 Ma (Table S1), with the most
obvious age peak at ca. 496 Ma and several subordinate peaks at ca. 428, 591, 793, 960 and 1785 Ma
(Figure 10A). Moreover, this sample also contains one Mesoproterozoic (ca. 1451 Ma) and one Archean
(ca. 2851 Ma) zircon grains. The youngest peak age of ca. 428 Ma, which contains 15 youngest analyses,
is consistent with the weighted mean 206Pb/238U age of 425 ± 5 Ma (n = 13, MSWD = 1.9; Figure 10B) of
the 13 youngest analyses if the analytical errors are considered.

 

 

∼

Figure 9. Detrital zircon age-relative probability diagrams (left) and concordia diagrams (right) for
samples MOE-41 (A,B) and MOE-42 (C,D) from the Paleozoic sedimentary rocks on the Ereendavaa
terrane in NE Mongolia.

Sample MOE-51: The sandstone contains zircon grains that are mostly characterized by elongated
to stubby prisms with magmatic oscillatory zoning, and minor zircon grains are rounded in morphology
without or with weak oscillatory zoning (Figure 6G1–G6). A total of 72 analyses were carried out on
72 zircons of this sample and generated an apparent age range from 408 to 2447 Ma (Table S1). They
form an age spectrum resembling that of sample MOE-44, with the most evident peak at ca. 500 Ma
and subordinate peaks at ca. 434, 830, 969 and 1825 Ma (Figure 10C). The youngest 12 analyses that
constitute the youngest peak at ca. 434 Ma yielded a weighted mean 206Pb/238U age of 428 ± 6 Ma
(n = 12, MSWD = 2.4; Figure 10D); these two ages, within analytical errors, overlap each other.

Sample MOE-104: Zircon grains from the sandstone are similar in morphology to those from
samples MOE-44 and MOE-51 although the quantity of rounded zircon grains in this sample seem
to be greater than in the other two samples (Figure 6H1–H6). A total of 76 analyses were done on
76 zircon grains and gave apparent ages ranging from 423 to 2415 Ma (Table S1), with the main age
peak at ca, 510 Ma and subordinate peaks at ca. 436, 816, 897, 943, 1236 and 1830 Ma (Figure 10E).
Apart from these, another three Neoproterozoic (588, 654 and 724 Ma) and three Paleoproterozoic
(2087, 2107 and 2415 Ma) zircon grains were detected in this sample. The three analyses on the three
youngest zircon grains of this sample gave a weighted mean 206Pb/238U age of 435±6 Ma (MSWD = 3.6;
Figure 10F), in line with the youngest peak age of ca. 436 Ma.
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Figure 10. Detrital zircon age-relative probability curves (left) and concordia diagrams (right) for
samples MOE-44 (A,B), MOE-51 (C,D), and MOE-104 (E,F) from Devonian sedimentary sequence on
the Ereendavaa terrane in NE Mongolia.

5. Discussion

5.1. Deposition/Formation Time of the Dated Strata

The two quartzite samples (MOE-152 and -216) were collected from metamorphic strata in the
Ereendavaa terrane exposed at two different places. Due to the lack of reliable paleontological and
isotopic dating data, these metamorphic strata/rocks were previously assigned to a wide range of the
protolith ages from the Early Riphean to the Middle Riphean [36], or from the Vendian to the early
Cambrian [40], with the metamorphic age(s) unknown. According to our results, these two quartzite
samples show similar age data of ca. 1021–2850 Ma and 1146–3043 Ma, with the youngest peak ages
of ca. 1115 and 1200 Ma, respectively. From the CL images, it is certain that these ages represent the
crystallization or metamorphic ages of the zircon grains or zircon domains themselves, rather than
the metamorphic ages of the dated rocks. This is because, on the one hand, that the zircon grains or
zircon domains giving these youngest ages mostly display very fine oscillatory zoning (Figure 6A1,A2),
clearly suggesting a magmatic, not metamorphic, origin of the zircon grains. On the other hand, even if
few analyzed zircon domains occur as metamorphic overgrowths without distinct zoning (Figure 6A3),
the smooth outline boundaries of the zircon grains cut the overgrowths and/or the zircon cores at
high angles, indicating that the metamorphic overgrowths had already formed before the protolith
sedimentation of the quartzites. Therefore, we conclude that the youngest peak ages of ca. 1115 and
1200 Ma of the two quartzite samples represent the maximum deposition ages of the protoliths of the
sedimentary sequences from which the two samples came.
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Though these two samples were taken from two localities, they are not far from each other,
approximately 60 km along the strike of regional tectonic units (Figures 3 and 4). Considering the
similarities of the lithology and detrital zircon age spectra, we suggest that the two quartzites belong to
a single sedimentary sequence that was deposited after ca. 1200–1115 Ma. In this case, it is rational to
deduce that the sequence was deposited during the latest Middle Riphean to early Late Riphean, rather
than during the Vendian to early Cambrian as suggested by [40]. The reason for this is that the samples
would contain some early Neoproterozoic (1000–680 Ma) detrital zircon grains if the sequence was
formed during the Vendian to early Cambrian. Instead, zircon grains with early Neoproterozoic ages
are relatively abundant in the samples from the Paleozoic sedimentary sequences (Figures 9 and 10).

Sample MOE-147 was taken from a thick volcanic sequence cropping approximately 20 km
north of the Ondorkhan city (Figure 4), which is composed of basaltic andesites, andesites, dacites,
rhyolites, and their volcanic agglomerates, breccias and pyroclastic rocks. This volcanic sequence
was previously designated a Vendian to early Cambrian age [36,40]. However, the rhyolite sample
yielded a zircon U-Pb age of 450 ± 3 Ma (Figure 8). This age is interpreted to date the magmatic
emplacement of the volcanic rocks because it was obtained from zircon crystals that show typical
magmatic oscillatory zoning (Figure 6C1–C5). This demonstrates that the volcanic sequence was
formed in the Late Ordovician.

The two samples of MOE-41 and MOE-42 were collected from an early Paleozoic sedimentary
sequence. The former sample (MOE-41), taken from the Silurian stratum, gave the youngest age peak
at ca. 447, consistent with the weighted mean age of 447 ± 4 Ma of the youngest analyses (Figure 9B).
These ages were obtained from the elongated zircon crystals with the well-developed oscillatory
zoning (Figure 6D1,D2), and therefore the 447-Ma age constrains the maximum depositional age of the
sedimentary strata from which this sample was collected. Consequently, deposition of the sampled
rocks must be later than the Ordovician. The latter sample (MOE-42), from the Cambrian strata,
contains 7 zircon grains that yielded the youngest age peak of ca. 451 Ma and a weighted mean age of
452 ± 3 Ma (Figure 9D), suggesting that this rock was formed after ca. 451 Ma. This proves that the
sedimentary protolith is not Cambrian, but must be younger than the Late Ordovician. The age of
452 ± 3 of sample MOE-42 overlaps, within the analytical errors, with the age 447 ± 4 Ma of sample
MOE-41, and thus this whole early Paleozoic sedimentary sequence was probably deposited after the
Ordovician, most likely during the Silurian.

The three sandstone samples (MOE-44, -51 and -104), which were all collected from the Devonian
sequence, gave the three youngest age peaks of ca. 428, 434, and 436 Ma and three weighted mean
206Pb/238U ages of 425 ± 5, 428 ± 6, and 435 ± 6 Ma (Figure 10), respectively. These ages overlap
each other if the analytical errors are considered. Similarly, these youngest zircon grains are all
euhedral prisms showing well-developed oscillatory zoning (Figure 6F1–F3, G1–G3 and H1–H3), and,
therefore, we interpret them to represent the maximum ages of the sandstones. Although a maximum
depositional age of late Silurian could be inferred from the dating data (e.g., the youngest age peak
of ca. 437 Ma), we are inclined to interpret the youngest age of ca. 425 Ma as the lower limit of
sedimentation time, which means that the deposition of the sequence occurred after the Gorstian,
because this interpretation is in line with the fossil data of the sequence that suggests an Early–Middle
Devonian stratigraphic age [36,40].

In summary, our new dating data provide direct evidence for the deposition/formation ages of
Neoproterozoic metasedimentary rocks and Paleozoic sedimentary and volcanic successions overlying
the Ereendavaa terrane in NE Mongolia. This provides robust constraints on the evolution of both the
Ereendavaa itself and the MOO.

5.2. Constraints on the Evolution of the Ereendavaa Terrane

The Ereendavaa terrane, which forms the southern foreland of the MOB, witnessed the whole
evolution of the MOO. This terrane was considered a cratonic block with basement rocks as old as
the Paleoproterozoic or even the Archean [13,36,40]. However, recent SHRIMP zircon U-Pb dating
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showed that the so-called oldest basement rocks, such as orthogneisses, amphibolites, and schists,
are actually Paleozoic and/or even Early Mesozoic in age [26]. The quartzite assemblage, the protolith
deposition of which is constrained by this study to occur after 1200–1115 Ma, most likely during
the latest Mesoproterozoic to early Neoproterozoic period, seems to be the oldest rock identified
so far by radiogenic isotope dating. Importantly, the lithology of quartzite, derived from a quartz
sandstone, suggests deposition in a passive continental margin setting. This corollary is supported by
the morphology and internal texture of detrital zircon grains from the quartzites, which indicate a
long-distance transport and long-term sorting of detritus. The main age peaks of ca. 1426 and 1482 Ma,
within an age range of ca. 1.1–1.8 Ga, of the two quartzite samples suggest that the source area is
mainly Mesoproterozoic in age. Several Paleoproterozoic and even Archean zircon grains detected in
the quartzite indicate that either rocks with these ages also exist in the source area or that these zircon
grains are recycled during the sedimentation. In terms of the paleogeography, the (proto) Ereendavaa
terrane was probably located at a passive margin of Rodinia during the early Neoproterozoic.

All five samples from the Paleozoic sedimentary rocks have similar age spectra that show
predominant age peaks between ca. 496 Ma and 520 Ma, with each exhibiting several subordinate
Neoproterozoic age peaks between ca. 591 Ma and 970 Ma. This illustrates that these sedimentary
rocks have similar provenance from a source area that supplied detritus of the middle Cambrian
and Neoproterozoic age. The zircon grains contributing to the main peaks are euhedral prisms with
well-developed oscillatory zoning (Figure 6), suggesting a proximal provenance. Cambrian intrusive
rocks ranging in composition from gabbro to granite are widespread within the Ereendavaa terrane,
which most likely represent products of Cambrian arc magmatism [13,25,26]. Consequently, it is
possible that the zircon grains with ages belonging to the main peaks in the age spectrum were derived
from the Cambrian magmatic arc. Similarly, the zircon grains making up several minor Neoproterozoic
age peaks might have been derived from older igneous rocks although no such arc rocks have been
proven so far. The volcanic sequence that was previously assigned to the Vendian–early-Cambrian
was actually emplaced during the Ordovician, as evidenced by the crystallization ages of ca. 450 Ma
(Figure 8) and 460–455 Ma [47] of the rhyolites, suggesting the presence of Ordovician magmatism on the
Ereendavaa terrane. The lithological assemblage of andesite–dacite–rhyolite as well as their equivalent
volcanoclastic rocks, the geochemical features, and zircon εHf(t) values (+0.1 to +4.07) [47] demonstrate
that the Ordovician igneous rocks formed at an Andean-type margin at that time. Therefore, we suggest
that the Ereendavaa terrane became an active continental margin during the Cambrian-Ordovician.
There are some occurrences of early Silurian intrusions (ca. 430–440 Ma [25] and our unpublished
data) within the Ereendavaa terrane, which are characterized by the presence of K-rich granites and by
rounded shapes in map view. These features and the observation that these early Silurian granites
intrude the Cambrian Kherlen ophiolite jointly indicate a postcollisional origin for these early Silurian
granites, related to the collision between the Ereendavaa and Idermeg terranes [25]. Consequently, arc
magmatism might have been active within the Ereendavaa terrane at least from the Cambrian to Late
Ordovician and the postcollisional magmatism mainly occurred during the early Silurian. The zircon
grains belonging to the youngest age peaks of the three Devonian samples (ca. 428, 434 and 436 Ma;
Figure 10) were probably derived from the early Silurian postcollisional granites.

It is evident from the detrital-zircon age spectra of the Paleozoic sedimentary rocks (Figures 9 and 10) that
a gap exists between ca. 600 Ma and 780 Ma, despite the subordinate Neoproterozoic age peaks dispersed
between ca. 591 Ma and 970 Ma. The scarcity of zircon grains with ages of ca. 600–780 Ma in the
source of detritus demonstrates that the middle to early late-Neoproterozoic magmatism was inactive,
in contrast to the latest Neoproterozoic (ca. 600–540 Ma) and early Neoproterozoic (780–970 Ma). We
interpret the ca. 600–540 Ma magmatism as an early phase of a Neoproterozoic-Cambrian-Ordovician
magmatic arc. There are two possible explanations for the ca. 780–970 Ma magmatism. One possibility
is a supra-subduction setting and the alternative scenario assumes a rifted continental margin. We
tentatively prefer the second explanation because of the possible relationship to the separation of the
Idermeg terrane from the Ereendavaa one. Summing up, our data suggest that the Ereendavaa terrane
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evolved into an active continental margin at least since the latest Neoproterozoic (ca. 600 Ma) until the
Late Ordovician (ca. 450 Ma), and a collision to postcollisional tectonic setting was established during
the Late Ordovician-early Silurian.

If the Ereendavaa terrane alone or together with the Idermeg terrane was part of the ribbon CMB,
a question arises concerning the polarity of the Neoproterozoic-Ordovician subduction beneath the
Ereendavaa terrane. Based on available data, we believe that the solution is northward subduction of the
PAO lithosphere at the southern side of the Ereendavaa terrane (present coordinates). The justification
for this is two-fold. On the one hand, the Cambrian Kherlen ophiolite, which was previously regarded
as a volcanic arc terrane [13,15], occurs to the south of the Ereendavaa terrane and is interpreted
to represent the suture between the Ereendavaa and Idermeg terranes [25]. The suturing time was
constrained before ca. 442 Ma [25], slightly younger than the early Paleozoic arc magmatism. On the
other hand, the Adaatsag-Dochgol terrane, the suture zone of the MOO, occurs to the north of the
Ereendavaa terrane but the oldest ophiolite identified so far in this suture is Upper Mississippian in
age, ca. 325 Ma [15,29], i.e., considerably younger than the early Paleozoic arc magmatism. Previous
studies have documented that SSZ-type ophiolites in the Neo-Tethys belts normally formed during the
subduction initiation [48–52]. The ca. 325-Ma ophiolites in the MOO suture zone display geochemical
features of SSZ-type ophiolites, and thus the southward subduction of the MOO lithosphere probably
started at ca. 325 Ma [29]. The Onon arc within the Russian segment of the suture zone, which was
considered as an intra-ocean arc related to the southward subduction of the MOO, was proposed to
be the oldest arc within the MOO and was presumed to be Late Devonian to Early Carboniferous
in age [13]. Therefore, we propose that the Neoproterozoic to early Paleozoic arc magmatism was
generated by the northward subduction of the PAO lithosphere beneath the Ereendavaa terrane.

The event that was associated with the tectonic emplacement of the Kherlen ophiolite at the end
of the Ordovician (ca. 450–442 Ma) is likely a record of the amalgamation of the Siberian southern
margin, resulting in the early Paleozoic domain of northern Mongolia.

5.3. Implications for the Evolution of the MOO

With respect to the evolution of the MOO, two contrasting models have been suggested. One model
is that the MOO was a long-lived feature between ∼620 Ma and 200 Ma, as a new ocean basin [6,53] or
one evolving into a remnant ocean basin in the late Early-Paleozoic [4]. The other scenario is that the
MOO opened later as a back-arc basin during the Silurian [11,13,54] or the Carboniferous [23], or as a
new basin related to a mantle plume/hot-spot [22]. According to our new data and those previously
published, we favor the second possibility, that is, the MOO was opened through break-up of the early
Paleozoic basement. Supporting evidence for this is summarized below.

First, the detrital zircon age spectra of our samples from the Silurian-Devonian sequences (some
were erroneously assigned to be Cambrian in age as evidenced by sample MOE-42) at the southern
margin of the MOO, namely the Ereendavaa terrane, resemble those of the second group of samples
of [23], which were taken from the “Cambrian-Silurian” sequences of the Haraa terrane at the northern
margin of the MOO. That is, they all comprise Cambrian main age peaks centered at ca. 510 Ma, except
for one sample of [23] with the main age peak at ca. 605 Ma, and several subordinate Neoproterozoic
age peaks as well as early Paleoproterozoic and even Archean ones. This similarity implies that
these sedimentary sequences located on the opposite margins might have been connected prior to the
MOO opening. This corollary is in line with the observation that the source areas of the overlying
Devonian-Carboniferous sequence and the underlying “Cambrian-Silurian” one at the northern margin
were two different terranes, rather than one single terrane, the age distribution of which changed with
time [23].

Second, the Silurian-Devonian samples from the Ereendavaa terrane contain no detrital-zircon
grains of similar stratigraphic age, which is contrasting to the previously dated post-Devonian
sedimentary samples that show youngest age peaks corresponding to their stratigraphic ages [11,22].
This is because of occurrence of contemporaneous volcanic arcs on both margins during the
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Carboniferous and Triassic periods [13,15]. The dominance of the Cambrian-Ordovician zircon
grains in the Silurian-Devonian samples suggests that their age spectra are inherited from reworked,
older Neoproterozoic to early Paleozoic magmatic arc complexes [13,47]. It is noted that the authors
of [11,22,55] reported a dominance of slightly negative εHf(t) values for Cambrian-Ordovician detrital
zircons from the late Paleozoic and younger sedimentary rocks on the Ereendavaa terrane, which are
different from the slightly positive εHf(t) values (+0.1–+4.07) of zircons from the Ordovician arc
rhyolites [47]. This discrepancy could be explained in terms of different extents of mixing by crust-
and mantle-derived melts for the magmas that formed the source rock of the detrital zircons and
the arc rhyolites, respectively. This means that the magma forming the source rock of the detrital
zircons contains more ancient crustal material than that of the rhyolites. Anyway, the age spectra
of the Silurian-Devonian sedimentary rocks indicate no contemporaneous volcanic input during the
Silurian-Devonian deposition on the southern margin of the MOO. This implies that extension and
basement erosion likely prevailed at the southern margin of the MOO at that time. This is corroborated
by the fact that swarms of doleritic sills intruding the Devonian sedimentary sequence in the Ereendavaa
terrane (Figures 3 and 4) are indicative of an extensional regime. We presume that the extensional
event was linked to the opening of the MOO, probably occurring at its rifted passive margin.

Third, the MOO suture physically dissects the Paleozoic domain that was amalgamated during the
early Silurian [8,26,56] in central-NE Mongolia, as well as the Russian Transbaikal and northern Chinese
Greater Xing’an regions (Figure 1). The Ereendavaa and Idermeg terrane basement blocks are welded
by the early Paleozoic Kherlen suture in the southeast and the Precambrian continental blocks and
orogenic collage comprising Neoproterozoic-early Paleozoic island arcs, ophiolites, and accretionary
complexes extending in the northwest (Figure 2) [13]. These features demonstrate that the MOO
developed later on the amalgamated early Paleozoic domain, which is further supported by the
observation that the MOO lithosphere subduction-related igneous rocks penetrate and/or cover the
adjacent blocks in both the north and south of the MOO suture [4,11,13,15]. These igneous rocks,
respectively represented by the Selenge and Middle Gobi volcanic–plutonic belts in the north and south
of the suture (Figure 2), are predominantly Permian-Triassic age [13,57,58]. Additionally, porphyry-type
Cu-Mo mineralization related to the subduction of the MOO lithosphere was mainly formed during
Permian-Triassic times [2,31,59–61].

Finally, no ophiolite that is older than the Carboniferous has been identified so far in the MOO
suture zone (the Adaatsag and Dochgol terranes), with the oldest one having an age of ca. 325 Ma [15,29],
similarly implying that the MOO opened relatively late. The authors of [17] reported deep-water
radiolarian cherts of upper Silurian-Devonian age at the southeastern edge of the Hangay-Hentey belt,
but the meta-sandstones from the same sequence at nearly the same location as that of the radiolarian
chert samples have the maximum deposition age of ca. 437–340 Ma [11,22,23]. We interpret the cherts
to be coeval with the ocean formation and later to be integrated into an accretionary complex.

Regarding the geodynamic setting of the MOO opening, we prefer the mantle plume origin [22]
to the back-arc extensional one [11,13]. This is mainly owing to the recent recognition by [22] of rock
packages characteristic of a drowned seamount within the accretionary complex of the MOB, which is
robust evidence for the MOO opening above a mantle plume or hot-spot.

Based on the above discussion, we synthesize the tectonic evolution of the Ereendavaa terrane
and the MOO as follows (Figure 11):
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Figure 11. Cartoons showing the evolution of the Ereendavaa terrane and the opening and
subduction stages of the Mongol-Okhotsk Ocean. The Mongol–Okhotsk ocean is suggested to
have opened within the earlier amalgamated early Paleozoic domain in Mongolia (see text for details).
ET—Ereendavaa terrane; HT—Haraa terrane; IT—Idermeg terrane; KT—Kherlen terrane; KO—Kherlen
Ocean; MOO—Mongol-Okhotsk Ocean; PAO—Paleo Asian Ocean; PET—proto Ereendavaa terrane;
PHT—proto Haraa terrane; PIT—proto Idermeg terrane; SCM—Siberian continental margin.

During the late Mesoproterozoic, mostly likely between ca. 1.2–1.0 Ga, the protolith of the quartzite
sequence, belonging to the Ereendavaa basement (proto Ereendavaa terrane (PET) in Figure 11) was
deposited on a passive continental margin, with a detritus source of mainly Mesoproterozoic age,
though minor contributions from Paleoproterozoic and Archean rocks were also possible. We presume
that the passive continental margin corresponded to the southern margin (present coordinates) of
the early Precambrian Siberian block, one of the outer blocks of the Rodinian supercontinent at
that time. The proto-Idermeg terrane (PIT in Figure 11), which has a passive continental margin
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origin [13], is presumed to form simultaneously, and link, with the PET (Figure 11A). During the
early Neoproterozoic period (ca. 978–780 Ma), the passive continental margin seemed to experience
extension and rifting, with the PIT drifting away from the margin of the PET, leading to the formation of
the Kherlen Ocean (KO), and then during the late Neoproterozoic-Ordovician period (ca. 600–450 Ma)
the northward subduction of the KO lithosphere generated the Andean-type continental margin on
the PET (Figure 11B). At the same time, the northward subduction the PAO lithosphere beneath the
Idermeg terrane (IT) was likely ongoing.

During the Late Ordovician to early Silurian (ca. 450–440 Ma), the KO was closed, leading to the
collision of the IT with the PET, with the Kherlen suture between them (Figure 11C). This collisional
event likely recorded the final amalgamation of the early Paleozoic domain of Mongolia, which was
later split by the MOO. Postcollisional extension and magmatism dominated the Ereendavaa terrane
during the early Silurian (ca. 440–430 Ma). Meanwhile, extension and rifting triggered by a mantle
plume were likely ongoing during this period [22] (Figure 11C).

During the late Silurian to Early Devonian time (ca. 430–400 Ma), the amalgamated early Paleozoic
domain was rifted, and break-up of the MOO occurred. Accompanying the extension and the MOO
opening, the Silurian-Devonian sedimentary sequences formed on both the southern and northern
margins of the MOO (Figure 11D). They presently exist on the northern edge of the Ereendavaa terrane
and the southern edge of the Haraa terrane.

During the Middle Devonian-early Carboniferous (ca. 400–325 Ma), the northern margin of the
MOO evolved from the rifted passive margin into an active one, whereas the southern margin remained
passive (Figure 11E). This is based on the fact that the Devonian-Carboniferous sedimentary rocks
to the north of the MOO suture zone contain numerous detrital zircon grains of Middle Devonian
age [11,22,23] but contemporaneous sedimentary rocks within and to the south of the suture zone do
not [11], indicating Devonian arc volcanism occurring only at the northern margin of the MOO.

At approximately the end of the early Carboniferous (ca. 325 Ma), southward subduction of the
MOO lithosphere was initiated, forming the Adaatsag and Huhu Davaa ophiolites [15,29], and the
MOO had evolved into a bidirection convergent system since then (Figure 11F). Two subduction
zones might have existed at the southern margin of the MOO during the early stage of this period,
which correspondingly generated two arcs: one intra-ocean arc (the Onon arc) [4,13] and one continental
arc. This bidirectional convergent system might had continued until the end of the Triassic or even
the Early Jurassic, resulting in the Selenge and Middle Gobi volcano–plutonic belts of mainly the
Permian-Triassic age, which occur to the north and south of the Mongol-Okhotsk belt, respectively.

6. Conclusions

Based on our detrital zircon U-Pb results combined with published data, the following conclusions
can be reached:

(1) Protoliths of the quartzite assemblage as part of the basement of the Ereendavaa terrane was
deposited after ca. 1.2–1.15 Ga, most likely during the Late Mesoproterozoic (1.2–1.0 Ga), in a
passive continental margin setting.

(2) The thick intermediate-felsic volcanic sequence to the north of the Ondorkhan was formed during
the Late Ordovician (ca. 450 Ma), rather than during the Vendian-early Cambrian as previously
suggested. This volcanic sequence is interpreted as part of a Late-Neoproterozoic-Ordovician arc
formation resulting from the northward (present coordinates) subduction of the Kherlen Ocean
lithosphere beneath the proto Ereendavaa terrane.

(3) The so-called Cambrian strata dated by this study, which yielded the youngest detrital zircon age
peak at ca. 451 Ma that is similar to that of the nearby Silurian sequence, was deposited during the
Silurian. All these strata and the nearby Devonian sedimentary sequence have a similar detrital
zircon age spectrum with a maximum ca. 497–519 Ma, suggesting early Paleozoic arc provenance.

(4) The Mongol-Okhotsk Ocean split the amalgamated early Paleozoic domain above a mantle
plume after the early Silurian and developed an Andean-type continental margin along its
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northern margin during the Devonian and a bidirectional subduction system at ca. 325 Ma.
This bidirectional subduction system might have lasted at least until the Triassic.
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Abstract: Our study is aimed at reconstructing the Palaeozoic–early Mesozoic plate tectonic
development of the Central Asian Orogenic Belt in central and southeast Mongolia (Gobi). We use
sandstone provenance signatures including laser ablation U-Pb ages of detrital zircons, their epsilon
hafnium isotope signatures, and detrital framework grain analyses. We adopt a well-established
terran subdivision of central and southeastern Mongolia. However, according to their affinity
and tectonic assemblage we group them into three larger units consisting of continental basement,
rift-passive continental margin and arc elements, respectively. These are in today’s coordinates:
(i) in the north the late Cambrian collage from which the later Mongol-Okhotsk and the Central
Mongolia-Erguna mountain ranges resulted, (ii) in the south a heterogeneous block from which the
South Mongolia-Xin’gan and Inner Mongolia-Xilin belts developed, and (iii) in between we still
distinguish the intra-oceanic volcanic arc of the Gurvansayhan terrane. We present a model for
paleotectonic development for the period from Cambrian to Jurassic, which also integrates findings
from the Central Asian Orogenic Belt in China and Russia. This mobilistic model implies an interplay
of rift and drift processes, ocean formation, oceanic subduction, basin inversion, collision and suture
formation in space and time. The final assemblage of the Central Asian Orogenic Belt occurred in
Early Jurassic.

Keywords: Mongolia; detrital zircon; laser ablation U-Pb dating; Hafnium isotope-ratio; terrane
definition; paleotectonic reconstruction

1. Introduction

The Central Asian Orogenic Belt or Altaid Belt records a long history of collage of different
tectono-stratigraphic units (terranes), which amalgamated against the Siberian Craton from Early
Neoproterozoic until Permian-Triassic (Figure 1; e.g., [1–9]). Accordingly, on Mongolian territory
three main collisional events are recognized (Figure 1C): (i) a Neoproterzoic-Cambrian one in the NW
and center (Tuva-Badrag terrane; Figure 1B), (ii) an arly Palaeozoic one in central Mongolia north of
the Main Mongolian Lineament (MML, Figure 1B) (Central Mongolian terranes sensu [9]), and (iii) a
Late Palaeozoic (Permian-Triassic) one in south-southeastern Mongolia, south of the MML (including
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the Gobi Altai, Mandalovoo, Gurvansayhan, Nuhetdavaa-Enshoo and Hutag Uul terranes sensu [10];
Figure 1C).

Figure 1. Index maps of orogens, terranes and sample locations in Mongolia. (A) Position of Central
Asian Orogenic Belt. (B) Correlation of orogenic belts from Mongolia into adjacent countries. Adapted
from [11–16]. Stippled frame corresponds to the approximate extent of subfigure (C). (C) Location of
samples presented in this study based on the terrane subdivision of [10].

In South Mongolia, the colliding tectono-stratigraphic units comprised continental basement
and oceanic terranes, seamounts, and continental and oceanic volcanic arcs nowadays preserved in
continental slivers, sutures, arcs and accretionary complexes (e.g., [1,6,8,17–20]). Syn-tectonic Permian
sediments were deposited in residual marine and continental (intermontane) basins [21,22]. Hence, the
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Permo-Triassic sediments suffered post-depositional tectonic deformation indicating the final collision
occurred during the Jurassic (e.g., [23–26]).

The situation is further complicated by two other factors: (i) the Mongol-Okhotsk Ocean opened
in Silurian within the central Mongolian collage and subsequently closed scissor-like from Triassic
on eastward (e.g., [24,27–31]) and, (ii) during the entire Palaeozoic Siberia experienced steady (>40◦)
northward drift and an ≈75◦ clockwise rotation from Middle Silurian to Permian [9,32]. In this respect
it is a matter of debate, which terranes were when accreted, and as an integrated part of peri-Siberia
they may have exercised rotations as well (e.g., [4,10,32]). With regard of point 1, the duration of
the Mongol-Okhotsk Ocean, there exist earlier models which suggest its existence since the late
Neoproterozoic [33]. Recent studies, however, have demonstrated the independence of this ocean from
the larger Paleo-Asian Ocean (e.g., [4,10,11,27–31]), because it opened later.

The present work is a study of the central Mongolian and southeastern Mongolian terranes by
analysing detrital modes and detrital zircons from sandstones comprised in the various terranes
(Figure 1B,C). We suggest that ages and Hf-isotope signatures of the detrital zircons, gained by
laser-ablation ICP-MS measurements, will allow to define the basement and volcanic sources of the
terranes and discuss their plate-tectonic character [34–37]. Hafnium isotope ratios (176Hf/177Hf) in
dated zircon grains may allow identification of the nature of the magmatic source rocks with respect to
their derivation from depleted mantle, recycled continental crust or mixtures (e.g., [36]). Thus, giving
arguments for plate tectonic processes working during the magmatic activity like rifting, passive
continental margin and subduction settings.

Parts of the data from the Hangay-Hentey, Adaatsag and Ereendavaa terranes within the
Mongol-Okhotsk Belt were discussed in earlier papers [24,31]. With the present study we can
summerize the Palaeozoic tectonic history of central and southeastern Mongolia, and we attempt to
sketch a palaeotectonic model for the central and southeastern Mongolian transect of the Central Asian
Orogenic Belt. We expect that our hypothetical model will be tested and probably modified by further
research in this area.

2. Geological Framework of Central and Southeastern Mongolia

Depending on scopes, scales and methods applied, numerous studies of the area exist, which
use different terrane names, but mostly rely on Badarch et al. [10]. We also aim for the most accurate
possible correlation of the Mongolian terranes with the established tectonic-stratigraphic units in China
and Russia [6,8,14,37–42] with our results. The doubled Kipchak-arc model ([33,42]), and references
therein) was modified during the last decades towards a model inferring the time-stepped closure of
oceanic basins within the larger Palaeo-Asian Ocean driven by the collision of continental basement
with arc complexes and suturing [1,6,9,43–46]. A main structure is the MML, which is assumed
to coincide with the former Early Palaeozoic southern margin (in modern coordinates) of the late
Cambrian-Ordovician peri-Siberian collage [1,6,9]. However, across the northeastern boundary of
Mongolia within the Chinese and Russian territory this structure was not yet described.

2.1. Terranes North of the MML

2.1.1. Adaatsag Terrane

It comprises a highly deformed and metamorphosed ophiolite-bearing shaley association
representing the suture of the Mongol-Okhotsk Belt with Ordovician shales, quartzites, sandstones,
cherts and metavolcanic rocks. Mélanges contain serpentinites, fragments of serpentinized dunite
and hartzburgite, gabbro, metabasalts and tholeiitic basalts [1,29]. From our detrital zircon dating
results it becomes evident that the Addaatsag terrane comprises also deformed Permian maximum age
sandstones (see Figure 2A and [24]).
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Figure 2. (A) Outcrop in Adaatsag terrane and locality of sandstone 04BM08 (Table 1, Figure 3),
vertically bedded coarse sandstones and conglomerates with large scale cross-bedding, mapped
“Carboniferous”; according to detrital zircon U-Pb results of Permian max. age; (B) Devonian series of
Ereendavaa terrane showing a coarsening-upward series of quartz-rich turbiditic sandstones and shales
at Bayantsogt Uul Mountain; (C) Detail of B with location of sample 39BM08 (Table 1) above a prasinitic
sill (see hammer); (D) Devonian series of Mandalovoo terrane unconformably overlying Silurian
shaley beds, from base to top volcaniclastic sandstones/conglomerates, bioturbated (Thalassinoides)
cherty limestones (brachiopods, bryozoans), quartz sandstones and conglomerates in fan-delta facies
(sample11BM08) with volcanoclastic intercalations (sample 10DB08); (E) Devonian-Carboniferous
pebbly sandstones of the Gurvansayhan terrane bearing mainly clasts of basic volcanics, sandstones
and shales, and spathic limestones; similar rocks we analysed from the Oyu Tolgoi mining district;
(F) Cretaceous red beds onlapping the Gurvansayhan terrane in the Baron Gurvan area, view to SE, see
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results from sample 17BM08; (G) Slightly southward dipping turbiditic sandstones and shales of
Hutag Uul terrane, locality of sample 10DB11, mapped as “Devonian”, detrital zircon U-Pb infer a
Permian-Early Triassic max. age; (H) Permian, vertically bedded, E-W striking red shales intercalated
by coarse sandstones and conglomerates; younging to the N, locality of sample 10DB14.

2.1.2. Ereendavaa-Kherlen-Idermeg Terrane Group and Middle Gobi Belt

In the Ereendavaa terrane, Silurian and Devonian marine shaley, sandy sediments and volcanics
unconformably overly Palaeoproterozoic gneisses, Neoproterozoic schists, sandstones and marbles [10].
Recent results of Miao et al. ([11], this special volume) attest the presence of Proterozoic source rocks
in the basement of the Ereendavaa terrane by the dating of detrital zircons in a quartzite formation
deposited after 1.15 Ga. In a Devonian turbiditic sandstone succession (Bayantsogt Uul mountain,
locality of sample 38BM08, Table 1) we recognised a prasinitic sill (Figure 2B,C), unfortunately not
datable due to lack of zircons.

The Idermeg terrane consists of fossiliferous Neoproterozoic-Cambrian marbles, quartz-sandstones
and conglomerates unconformably overlying gneisses, amphibolites and phyllites, which were
intruded by Cambrian granites. The presence of Devonian-Permian and Triassic-Jurassic volcanic
and sedimentary rocks we could not confirm. The Idermeg terrane is interpreted as a so-called
microcontinent ([6], and references therein). In our view, this terrane represents a deeply eroded
continental sliver like in the Baydrag terrane to the west as proposed by [16].

A former tectonic assembling of the Ereendavaa and Idermeg terranes (Figure 1C) at the
Ordovician-Silurian transition is documented by the composition and ages derived from the Kherlen
ophiolitic complex (eventually called Herlen). Miao et al. [16] dated gabbro and plagiogranite at
~500 Ma (SHRIMP zircon U-Pb) and post-collisional granites at ~440 Ma (Llandovery, early Silurian).
These authors suggest that the Kherlen suture formed coevally and similarly with the Bayanhongor
belt. Thus, this finding implies that the Baydrag and the Idermeg terranes during the Palaeozoic
represented a common continental passive margin block related to the opening of the Mongol-Okhotsk
Ocean [24,41].

In turn, in the Middle Gobi volcanic-plutonic belt Permian volcanic and sedimentary series
unconformably top the abovementioned Palaeozoic turbiditic and pelagic sediments, and the Kherlen
terrane (Figure 1C). Finally, flat-lying Lower Jurassic continental sandstones and conglomerates mark
the youngest formations known from that terrane group [24].

In Russia, the above described Ereendavaa and Idermeg terranes continue in the form of the
Precambrian Amurian superterrane bounded to the south by the MML [14,46] (Figure 1C). However, in
contrast to Donskaya et al. [14] we suggest that these terranes represented the northern margin of the
Mongol-Okhotsk Ocean and were subducted from Devonian on by the Mongol-Okhotsk Ocean plate.

2.2. Terranes South of the MML

2.2.1. Gobi-Altai and Mandalovoo Terranes

We genetically link here these terranes described by Badarch et al. [10] because we found similar
detrital zircon age patterns and detrital modes in both (Figures 3 and 4). The Gobi Altai consists of
Cambrian greenschist facies metamorphosed sandstones, mudstones, tuffs, and minor volcanic rocks,
Ordovician to Silurian sandstones, Devonian to Mississippian conglomerates, sandstones, siltstones,
fossiliferous limestone, andesite and tuff, overlain by Pennsylvanian, Permian to Triassic volcanic and
sedimentary rocks [11,17]. The Mandalovoo terrane comprises Silurian to Carboniferous pelagic shales
and turbiditic sandstones and conglomerates either rich in volcanic lithoclasts or quartz grains/pebbles.
The Devonian series of the Mandalovoo terrane is also marked by the presence of shallow marine
fossiliferous and bioturbated (Thalassinoides) crinoidal limestones. Devonian quartz-rich sandstones
and conglomerates clearly show sand-dominated fluvio-deltaic facies (Figure 2D). In addition, Lamb
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and Badarch [17] and Badarch et al. [10] mention the presence of pillow basalts and Cretaceous
post-accretionary sediments.

The Gobi Altai and Mandalovoo terranes may have their extension in the Erguna block in
adjacent northeastern China (Figure 1). This contains Neoproterozoic (multi-) metamorphic basement
(peak age ≈500 Ma; [39]), granitoids, Neoproterozoic meta-sediments, pre-Devonian sediments and
Carboniferous strata [40]. However, Wu et al. [49] found that the great majority of the granitic intrusions
in the Erguna block are Mesozoic in age related to the later subduction of the Palaeo-Pacific Ocean.
Where the Gobi Altai and Mandalovoo terranes are not in contact with the Gurvansayhan terrane
in southern Mongolia, Mandalovoo is separated from the Nuhetdavaa terrane by the blueschists
and ophiolite-bearing Xilin-Xiguito suture [40]. Due to the completely different tectono-stratigraphic
history of the Mandalovoo and Gurvansayhan terranes, their contact is the major Zumbayan (East
Gobi) fault zone [15].

Figure 3. Summary of detrital zircon U-Pb ages obtained from the various host sandstones and terranes
(after Badarch et al. [10]). Number of grains older than 660 Ma are also given. Time scale after
Cohen et al. [50]. Note that where ages of formations indicated on maps and younger populations of
detrital zircon grains do not coincide, a maximum age is inferred from the detrital zircon age data.
Numbers in brackets specify how many detrital zircons were dated older than 600 Ma. * Data from
Bussien et al. [24], ** denote data from Bussien et al. [24] and Ruppen et al. [31].

2.2.2. Gurvansayhan Terrane

This is a unique element in SE Mongolia. It comprises a varied oceanic series with pillow
basalts, mélanges/olisthostromes, metamorphosed shales and sandstones, lower Silurian-lower
Devonian radiolarites and Middle Devonian-Mississippian volcaniclastic sandstones and conglomerates
(Figure 2E; [1,51,52]). The rock units are strongly dismembered. With Tsagaan Suvarga and Oyu Tolgoi
the terrane comprises important porphyry copper mineralisation, the latter dated by Lamb and Lamb
and Cox [52] and Perellò et al. [53] as Devonian. Dolgopolova et al. [48] summarised a U-Pb mean
zircon peak age of ≈362 Ma (Late Devonian, Famennian) from basalts, quartz monzodiorites, dacites
and granodiorites. However, granitoids did dot contributed material to the presently analyzed ± coeval
sandstones because they are almost entirely free of quartz (see also below). The Carboniferous sediments
unconformably overlie the folded Devonian series [54,55], and radiometric ages of post-accretionary
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dykes and intrusions suggest a collision of the oceanic arc latest in the Permian [56]. Cretaceous red
beds unconformably overlap the terrane (Figures 2F and 3).

On Chinese territory, the Gurvansayhan terrane does not appear to have a counterpart. In Mongolia,
that terrane disappears along the left-lateral Zuunboyan fault or Xilin-Xiguito suture, respectively
(Figure 1C) (e.g., [15]; eventually called East Gobi or Eastern Mongolian fault zone [57]), which further
to the NE directly separates the Mandalovoo from the Nuhetdavaa and the Uliastai terrane, respectively.

2.2.3. Nuhetdavaa and Enshoo Terranes

Badarch et al. [10] classified these units as back/forearc and arc terranes, respectively.
The Nuhetdavaa terrane comprises Neoproterozoic basement (gneiss, schists, marbles),
Cambrian-Silurian sandstones, phyllites and shales, and conglomerates. Devonian basalts, andesites
and volcaniclastic sandstones are mentioned by Badarch et al. [10]. Various Silurian to Triassic
granitoids intrude the terrane.

2.2.4. Hutag Uul Terrane

This cratonal terrane comprises Precambrian gneiss, schists, migmatites, marble, quartz-sandstones
and stromatolithic limestones. Basalts, andesites, turbiditic volcaniclastic rocks and coral-bearing
limestones represent the Devonian and Carboniferous series. Badarch et al. [10] interpreted the
Devonian-Carboniferous granitoid intrusion as to be related to subduction processes. Permian marine
sedimentary and volcanic rocks complete the stratigraphic section (e.g., [22]).

Some terrane comparisons linked the Hutag Uul unit either with the Inner Mongolia-Jilin belt in
China [1,40] or the Baolidao arc-accretion complex [8], respectively. In Figure 1C, we have adapted
the correlation proposed by Liu et al. [25], i.d., the Sangliao-Xilinhot block. In its Chinese occurrence,
the Sangliao-Xilinhot block with Precambrian basement and Palaeozoic sandstones (≈Silurian) was
correlated with the Hutag Uul terrane by Jian et al. [58] and Xu et al. [59]. The Hutag Uul terrane is
bordered in the south by the Sulinkheer-Duulgant terrane and the Solonker-Xilamalu suture.

2.2.5. Sulinkheer-Duulgant Terrane

It is commonly classified as an accretionary wedge unit having its eastern prolongation in the
Chinese Erdaojing accretion complex (Solonker suture; [3,60]) or, respectively, with the Xar Moron-Jilin
Yanji suture (e.g., [40,61], Figure 1C). According to Badarch et al. [10] and own observations the
unit shows a very composite tectonic configuration, i.e., represents a large mélange body containing
dismembered ophiolitic and metamorphic slivers, Carboniferous and Permian volcaniclastic and
carbonate rocks. Tholeiitic pillow basalts, radiolarian cherts and limestones point to the presence
of oceanic basement. A bi-modal age distribution is evident from dating a diorite at 438 ± 4 Ma
and a gabbro at 248 ± 2 [12]. Some highly sheared continental basement rocks (mylonitised gneiss,
amphibolite, quartzite, marble, metasandstone and argilite) occur along the northern margin of the
terrane [10]. Notably, Badarch et al. [10]. mention a personal communication of L.E. Webb (1999)
that the muscovite-biotite schists and mylonites revealed Ar-Ar mica ages of 271–208 Ma, which may
indicate a major (Permian-Triassic) deformation event in the accretionary wedge.

3. Materials and Methods

3.1. Sample Material

We sampled and partly completed our earlier data set [24,31] in the various terranes in a large
section from central Mongolia to the Chinese border (Figure 1C). The location and lithologies of the
samples are listed in Table 1. With respect to our data presented in Bussien et al. [24] we added four
more samples in the Adaatsag and one more in the Ereendavaa terrane. All other samples from the
southern terranes were collected later and represent new data sets. The collected sandstones and
shales were used for petrographic analysis under the petrographic microscope and the analysis of
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detrital zircons (specifications are given in Supplementary Materials Table S1). Three samples from the
Gurvansayhan terrane were derived from boreholes of the Oyu Tolgoi mining prospect [51,54,55].

3.2. Methods

The chronostratigraphic correlation of the samples primarily follows the ages inferred on the
geological map of Mongolia 1:1.5 million [47]. If the detrital zircon U/Pb age results suggest a clearly
younger age range, we suggest a “maximum sedimentation age” (Table 1, Figure 3), otherwise the
detrital zircons confirmed the mapped ages.

An approximated rock composition of the detrital sources of the sandstones is evaluated by
standard modal point-counts (200–400) on feldspar and carbonate stained thin-sections following grain
types suggested by Folk [62] and Dickinson [63]. Because of missing age information on for example
volcanic lithoclasts, this method cannot accurately provide the final plate-tectonic framework of the
sampled basins. On contrary, at hands of the detrital zircon dating we partly must assume reworking
of older deposits or volcanic sources into younger basins.

Zircon grains were hence isolated from crushed whole rock by hydrochloric acid (HCl, 25%) added
to hydrogen peroxide (H2O2). Panning, heavy liquids (bromoform), and hand picking completed
the separation and allowed to obtain grains ranging from ca. 200 µm to 70 µm. The grains were
then mounted in epoxy and polished approximately at their half. Prior to isotopic analyses (U-Pb
dating and Hf isotopes), all zircon grains were inspected by cathodoluminescence imaging to prove
their homogeneous composition and recognize the magmatic growth by its oscillatory patterns. Only
magmatic domains were analyzed and inherited cores were avoided.

U-Pb dating was performed at the Institute of Geochemistry and Petrology ETH Zurich with a
laser-ablation inductively coupled plasma mass spectrometer (Elan 6100 instrument coupled to an
in-house-built 193 nm Excimer laser). The complex growth domains and inherited cores of the detrital
zircons were avoided. A focused laser beam of 30–40 µm (depending on grain size) in diameter was
applied at a pulse rate of 10 Hz with 0.5 mJ/pulse. The ablated material was carried out in helium gas
(1.1 L/min) to the spectrometer where the analytical signal was measured for 90 to 120 s after 30 s of
background collection. In each analyzes, Hg202, Pb204, Pb206, Pb207, Pb208, Th232, U235, U238 masses
were quantified sequentially. Prior and after each 15 zircons analysed we measured a set of primary and
secondary standards represented by the GJ-1 zircon and the 91500Plesovice AUSZ7-5 zircon standard,
respectively. Each run consisted of 3 measurement of GJ-1 to control the mass fractionation/downhole
correction and one of the secondary reference materials to evaluate external reproducibility. Raw data
were processed using Glitter software package (van Achtenberg et al. [64]). The Isoplot/Ex v. 4.15 [65]
generated the Concordia diagrams and probability density distribution plots (divided into 25 my age
bins). Repeated measurements on the Plesovice [66] give a Concordia age of 337.4 ± 1.3 Ma, (95% of
confidence), which is identical within error to the reference value of 337.13 ± 0.37 Ma [67].

The in-situ Hf isotopic analyses were performed at the IGP (ETHZ, Zurich, Switzerland) using a
Nu plasma MC-ICP-MS (Nu instrument Ltd.) coupled to an Excimer laser (GeoLas ArF, wavelength
of 193 nm). A spot size of 60 µm in diameter was chosen to analyze already dated domains of the
detrital zircon grains. The laser repetition rate was 4 Hz with an energy range of 10–20 J/cm2. Again,
helium was used as carrier gas (0.95 L/min), and the baseline was measured within 30 s and analytical
signal within 60 s. Measurement of 171Yb (176Yb/171Yb = 0.897145) and 175Lu (176Lu/175Lu = 0.026549)
allows the correction of the isobaric interference on 176Hf of 176Yb and 176Lu, respectively. Age
correction to calculate initial 176Hf/177Hf ratio (εHf (t)) were obtained using a 176Lu decay constant
of 1.867 × 10−11 year−1, the measured 176Lu/177Hf ratio and the chondritic values of 176Hf/177Hf
and 176Lu/177Hf (0.0332 and 0.282772, respectively [68]. Mud Tank and Temora zircon were used
as a reference standard. The complete analytical results are provided in Supplementary Materials
Tables S2–S4.
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4. Results and Discussion

A summary of our results is illustrated in Figure 3. Accordingly, the general pattern of
major and minor peaks of detrital zircon ages in Palaeozoic sandstones records two age groups:
(i) Cambrian-Silurian, and (ii) Carboniferous-Permian. Except for the Gurvansayhan, Atasbogd-Zoolen
and Tsagaan Uul terranes, which show Late Devonian peaks, the basins related to the other terranes
were impoverished of Devonian detrital zircon influx. Few minor Triassic peaks are observed but
are more evident in Jurassic and Cretaceous post-orogenic deposits. Figure 3 also informs about the
variable presence of Proterozoic basement rocks (detrital zircon ages >600 Ma) in the source terranes.
The obtained data sets are provided in Supplementary Materials Tables S1 and S2.

4.1. Adaatsag Terrane

Detrital zircons were analysed in four new samples (Table 1, Figure 3) and are combined with
three samples presented in [24]. Detrital zircon ages show that the inferred maximum ages of the
sandstones and mapped ages do not concur. Although, we can refer to one Ordovician-Silurian shale
(02BM08, low zircon yield because of very fine grain size) and three Permian sandstones. The modal
analyses of Permian sandstones reveal an arkosic to lithic arkosic composition suggesting basement
uplift detrital sources with frequent volcanic lithoclasts (Figure 4a,b,d).

Figure 4. Detrital modes of analysed sandstones according to point-counting in ternary plots of Folk [62],
(a) and Dickinson [63], (b–d) interpreting the composition and hypothetical plate tectonic position of
the detrital sources. Abbreviation code: Q, total quartz; F, feldspar; L, lithoclasts; Qm, monocrystalline
quartz; Lt, total lithoclasts (including quartzeous aphanitic ones); P, plagioclase; K, K-feldspar; Lvh,
volcanic-hypabbyssal lithoclasts; Ls, sedimentary lithoclasts; Lm, metamorphic lithoclasts.
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As already observed by Bussien et al. [24], zircons older than 660 Ma (Cryogenian and older)
are extremely rare (Figure 5). Regarding the detrital zircon age distribution, we observe that the
mostly Permian sandstones also provide insight to the earlier history of the involved source areas
(due to cannibalism). Therefore, we observe two main age clusters spanning the Ordovician-Silurian
and Carboniferous-Permian (Figure 5a). The new analyses here available emphasise the strong
Ordovician-Silurian population. Time corrected Epsilon Hf(t) ratios (εHf(t)) show most detrital zircons
to have been derived from moderately juvenile to juvenile melts. Including the negative ones and that
along the CHUR, we discern a slight positive εHf(t) trend in time.

It is to note, the Adaatsag terrane is an ophiolitic suture zone comprising mélanges. By definition,
suture zones may contain blocks and clastic formations, which were derived from both margins of
a closing oceanic domain (polygenic mélanges sensu Raymond, [69]). The detrital zircon age and
Hf-isotope results of Bussien et al. [24] and the present study stem from Permian-Jurassic maximum age
sandstones deposited during early stages and during collision of the Hangay-Hentey and Ereendavaa
margins of the Mongol-Okhotsk Belt, and therefore, we are not able to discriminate in detail the
detrital input from the involved margins. However, the analysed Permian sandstones represent early
collisional sandstones, because they are tectonically deformed in east-west striking belts (Figure 2A).
Considering the well pronounced Ordovician-Silurian detrital zircon age population and related
positive εHf(t) values, a strong similarity with results from the Hangay-Hentey terrane appears evident
(Figures 4a and 5h). Therefore, a predominant detrital supply from the northern convergent margin (in
modern coordinates) of the Mongol-Okhotsk Ocean is probable.

4.2. Ereendavaa-Kherlen-Idermeg Terrane Group and Middle Gobi Belt

For these terranes (called Ereendavaa-Middle Gobi for simplicity) we use mostly the data set
of Bussien et al. [24] and an additional new one (39BM08) (Table 1). According to detrital zircon
dating the analysed sandstones are of Ordovician to Jurassic maximum age (Figure 3). The Ordovician,
Devonian and Permian-Early Triassic sandstones reveal a quartz-rich (≥50%) arkosic composition,
which correlates approximately with continental basement sources (Figure 4).

The Silurian-Ordovician and Devonian sandstones likewise reveal scattered occurrence of detrital
zircons older than 660 Ma. The Ereendavaa-Middle Gobi terrane records two main detrital zircon age
clusters spanning the Late Neoproterozoic-Silurian, and the Carboniferous-Permian. While the former
is characterised mostly by negative and transitional εHf(t) numbers, the latter shows positive ones
in the range of +5 to +15 (Figure 5b). The Jurassic sandstone, unconformably topping the terrane,
matches a similar trend, i.e., further reworking of similar source rocks into the Jurassic continental
basin. Comparably to the Adaatsag samples, Devonian detrital zircons are rare again.

The trend depicted by the εHf(t) ratios infers a transition from evolved to moderately
juvenile/juvenile magma sources, in which the zircons crystallised. This can be correlated with
the change from extension-related (comprising a prasinitic sill; Figure 2C) to subduction-related
volcano-plutonic activity in the Carboniferous (as suggested by Bussien et al. [24]) along the southern
margin of the Mongol-Okhotsk Ocean. Some exceeding εHf(t) points of +10 to +20 in the age range of
500–380 Ma may suggest a connection with and transport from the adjacent Mandalovoo terrane to the
south, where subduction occurred at that time (see Figures 4b and 5c).
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Figure 5. U-Pb detrital zircon age populations represented by relative probability curves plotted
against age corrected epsilon Hafnium-isotope ratios as derived from sandstones in various terranes.
The stratigraphic sample ages are indicated according to mapped ages or sample maximum age from
detrital zircons presently analysed (see Table 1). Numbers in brackets after the sample numbers indicate
the the number of detrital zircons analysed.
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4.3. Mandalovoo-Gobi Altai Terranes

According to the obtained maximum detrital zircon ages, Silurian-Devonian and Carboniferous
sandstones were analysed (Figures 3 and 5). They show a feldspatic litharenite and litharenite
composition rich in volcanic clasts (Figure 4d). A sourcing in volcanic arc and recycled orogenic
rock units can be inferred (Figure 4b). In the detrital zircon age distribution two major clusters are
identified overlapping with the Cambrian to Silurian and Carboniferous periods. Again, Devonian
ages appear subordinate (Figures 3 and 4c). Except for a few negative ones, εHf(t) values mainly plot
in the moderately juvenile to depleted mantle source fields (Figure 5c).

The hafnium-isotope characteristics of the Mandalovoo terrane detrital zircons suggest a
subduction-related volcano-plutonic source of the sandstone deposits active from at least later
Cambrian until the Carboniferous. The positive trend in time suggests a successive depletion trend
of the zircon source magmas. Younger sediments, except the discordantly overlying Cretaceous red
beds of the Flaming Cliffs, we have not identified. These record reworking of Permian/Triassic detrital
zircons as commonly observed (Figure 5c). According to Badarch et al. [10] the deformed rock series
of the Mandalovoo terrane is unconformably overlain by Permian and Cretaceous clastic formations.
Our finding of Silurian to Carboniferous maximum ages of the sandstones confirms this and suggests that
the Mandalovoo depositional site was tectonically eliminated at the Carboniferous/Permian transition.
The facies association comprising pelagic/turbiditic, shallow water limestones and continental alluvial
fan deposits (Figure 2D) suggests that the terrane formed in a shallowing-upward forearc-accretionary
wedge environment.

4.4. Gurvansayhan Terrane

Two representative sandstone samples were point-counted for their modal composition. They are
very rich in volcanic lithoclasts and fall in the feldspatic litharenite and litharenite fields, virtually free
of detrital quartz (Figure 4). An undissected volcanic arc source [63] is implied. In spite of the basic to
intermediate chemistry of the supplying source, we were successful to obtain a reasonable number of
detrital zircons which ages span the Devonian and Carboniferous (Figures 3 and 5d). Peak ages lie
concurrently on the Devonian-Carboniferous transition. This compares well with the U-Pb average
detrital zircon peak age of ≈362 Ma obtained by Dolgopolova et al. [48]. Older zircons from continental
basement completely lack. The volcaniclastic facies and facies associations we studied in the Oyu
Tolgoi mining district, the absence of continental influx to the basin and the confined detrital zircon
age distributions corroborate an intra-oceanic arc environment [56], which soon after its construction
was eliminated by tectonic processes.

The εHf(t) results from the discordantly overlying, post-collisional continental red beds document
that moderate juvenile and juvenile volcano-plutonic sources continued activity during Mesozoic until
Early Cretaceous [70,71]. The ~160–120 Ma detrital zircon age data we obtained match the regionally
occurring surficial volcanic activity, which was sourced in a metasomatized depleted lithospheric
mantle with minor crustal contamination [70,71]. Other older detrital zircon ages presumably were
reworked from the short-lived Gurvansayhan intra-oceanic arc.

4.5. Nuhetdavaa (-Enshoo) Terrane

The area occupied by the Enshoo terrane is very narrow and characterised by poor outcrop
conditions in Mongolia. According to Badarch et al. [10], the Nuhetdavaa terrane is classified as back
or forearc basin and an island arc (Enshoo), respectively. We assume their common relationship and
consider our results from Nuhetdavaa as also applying to the Enshoo unit. Following the maximum
age attributions by our detrital zircon dating, the mapped ages are quite different (Table 1). We
present results from an Ordovician, a Permian-Triassic, and a not age-confirmed (detrital zircons)
Carboniferous sandstone (Figures 4 and 5e).
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Petrographically, the two older sandstones (Ordovician and Carboniferous) are litharenites poor
in quartz (≤10%), the Permian-Triassic one contains ≈40% of that grains. The former two plot in the
undissected volcanic arc, and the latter almost in the recycled orogenic field (Figure 4). The Ordovician
sandstone reveals εHf(t) values transitional along the CHUR line (ca. −3 to +8), which may indicate a
crustal contaminated continental volcanic arc source input. The Permian–Triassic sandstone shows
a main influx of later Carboniferous to Permian zircons derived from juvenile to depleted mantle
volcano-plutonic sources. No older grains than Cambrian became obvious from our data.

Another analysis of detrital zircons in the north eastern extension of the Nuhetdavaa terrane
on Chinese territory (Uliastai continental margin, Figure 1) is available from Xu et al. [42]. Therein,
Ordovician-Devonian sandstones record Neo-Proterozoic to Cambrian sources with a large spread of
εHf(t) from −10 to +20. This is interpreted by the authors to show derivation of the sands from mixed
sources in their Northern accretionary orogen (Hutag Uul terrane in our terminology). The detrital
zircon age data and Hafnium-isotope signatures of Xu et al. [42], and our results firstly corroborate the
correlation of the Nuhetdavaa terrane with the Uliastai terrane in the Xing’an block. Secondly, the
time trend depicted by the εHf(t) signatures suggests a Neo-Proterozoic rift/passive margin tectonic
environment which inverted from about late Cambrian to a subduction related continental margin.

4.6. Hutag Uul Terrane

From this terrane we can present detrital zircon results from three samples correlatable with
Permian and Permo-Triassic maximum ages (Table 1, Figure 3). Modal analysis of two sandstones
classify them as feldspathic litharenites and litharenites and plot in the transitional arc and recycled
orogenic fields (Figure 4). The zircon yield showed to be moderate but two age clusters appear
consistent, Silurian-Middle Devonian and Pennsylvanian-Permian (Figure 5f). These two populations
reveal very distinct hafnium-isotope ratios. The older one mostly has negative εHf(t) values down
to −15, the younger one positive up to +10. Consequently, the Silurian-Middle Devonian zircons
crystallised in crust-derived magmas, the Pennsylvanian-Permian ones in moderately juvenile and
juvenile magmas, significant for crustal contamination of rising mantle magmas.

In plate-tectonic terms, the Hutag Uul continental (block) terrane [10] first experienced extension
(rifting) during Silurian-Middle Devonian. It was inverted to a subduction regime environment with
the establishment of a continental margin arc from about Pennsylvanian (late Carboniferous) on. Due
to similar Permian-Triassic detrital zircon age distributions sandstones (Figure 5e,f), a common detrital
source in the Nuhetdavaa continental margin arc may have existed.

Because of possible affinity of the Atasbogd/Zoolen and Tsagaan Uul terranes with such in south
eastern Mongolia like Hutag Uul or Nuhetdavaa-Enshoo, some preliminary detrital zircon age dating
on two Late Devonian sandstones are provided (Figure 3). Both, by revealing major Devonian peaks
most likely cannot be correlated with the Hutag Uul and other terranes in the South Mongolian belt
south of the MML. A common genesis with sandstones of the same age in Gurvansayhan terrane is
impossible according to our sandstone framework data (Figure 4).

4.7. Sulinkheer-Duulgant Terrane

From this terrane (elsewhere also called Solonker multiple suture; e.g., [3,9]) a large data
set is available, however, mostly from Permian sandstones (Figures 3 and 5). The point-counted
Permian-Early Triassic sandstones have a feldspathic litharenite and litharenite composition quite rich
in quartz grains (≈50–75%). The detrital source from a recycled orogen is inferred (Figure 4). With
regard to the detrital zircon ages and εHf(t) measurements (Figure 5g), again a distinct bi-modal age
distribution is observed: (i) an older population overlapping with later Cambrian and Early Devonian
with major peaks in Ordovician and Silurian; the εHf(t) values are mostly positive up to +20, but a
certain crustal contamination of the magmas seems also displayed, (ii) the younger one correlates with
the Permian to Early Triassic. Less supported by the number of εHf(t) data points, a magma source of
the detrital zircon with crustal contamination may be assumed. An identical bi-modal age distribution
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was reported by Heumann et al. [21] in Permian deposits in the Nomgon area of that terrane (peaks at
≈300 and 450 Ma, respectively). All Permian sample spots showed tectonic tilting to vertical bedding
documenting post-depositional deformation.

4.8. Hangay-Hentey Terrane

In earlier project work we investigated the Mongol-Okhotsk Belt on the Mongolian territory [24,31].
The Hangay-Hentey accretionary complex comprises lithologic elements as oceanic basalts,
seamount capped by crinoidal limestones, pelagic radiolarites, shales and turbiditic fan and
forearc deposits [24,31,72,73]. Litho-, chrono- and biostratigraphic results clearly indicate that the
Mongol-Okhotsk Ocean opened in Silurian. In summary, the Hangay-Hentey terrane represents the
accretionary wedge and forearc that formed along the northern margin of the Mongol-Okhotsk Ocean.
Detrital zircon age and hafnium-isotope signatures (Figure 5h) document continuous clastic influx
from mainly moderately evolved volcano-plutonic continental arc source rocks [23,30], from Silurian
until Permian.

With regard to our results, there are two points to emphasise: (i) also the analysed Permian
sandstones give a precise insight into the earlier history of the terrane, i.e., no earlier collision has
modified the supplying source rock composition, (ii) the rifting and opening of the Mongol-Okhotsk
Ocean in Silurian is obviously not characterized by negative εHf(t) values of Silurian zircons as it
would be expected. In view of the large number of zircons that have been reliably dated, we do not
assume that the Hf values were biased by incorrect age attributions [74]. Presumably, the chemical
signature of the newly produced magmatism was inherited from repeated earlier orogenic processes.
In other words, the magmatic melts formed in a formerly (Cambrian) homogenised crust.

5. Palaeotectonic Evolution

5.1. General Trends

To distinguish between extensive and compressive plate tectonic processes we base our
interpretations mainly on the age populations and related εHf(t) signatures of the detrital zircons in
sandstones. Interestingly, it also turns out that the measured age populations in younger formations
(e.g., Permian) provide insight into earlier paleotectonic events through the recycling of older formations.

From the overview of the detrital zircon ages (Figure 3) in the different terranes in the Central
and South Mongolian belts it becomes evident that major magmatic (volcanic) activity took place in
two periods, from Cambrian to Silurian and from Late Devonian to Permian, respectively. We identify
two exceptions: (i) in the Gurvansayhan of Oyu Tolgoi detrital zircon ages are limited in majority
to Late Devonian and less to Carboniferous, and (ii) in the Hangay-Heney basin Late Devonian
to Carboniferous detrital zircon influx prevailed. Hence, this points to their distinctive geological
development compared to the other terranes, because in the latter deficits of Devonian zircons are
discerned (Figures 3 and 5). Another point to note is that our few data from the Zoolen and Tsaagan
Uul terranes indicate that they seemingly cannot be correlated with any formations east of the
Gurvansayhan terrane.

5.2. Development in Time

5.2.1. Late Cambrian-Silurian

According to our results, in the late Cambrian we are able to distinguish two composite continental
blocks along and within the Palaeo-Asian Ocean (Figure 6) which were separated by the Ondor
Sum Ocean as described in NW China (e.g., Miao et al. [12]; Wilhem et al. [6]): (i) to the north the
Late Cambrian collage (A in Figure 6) comprising the amalgamated Baikalids (e.g., [14,75]) with the
later Hangay-Hentey, Ereendavaa, Idermeg, Gobi Altai and Mandalovoo terranes, and the Kherlen
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oceanic suture (Miao et al. 2016); (ii) in the south a composite continental block including the later
Nuhetdavaa-Enshoo, Hutag Uul and Sulinkheer-Duulgant terranes bordered by the Solonker.

Figure 6. Palaeotectonic development of the Central Asian Orogenic Belt in Mongolia (oriented ≈N–S
in modern coordinates) in geologic time from late Cambrian to Jurassic. The inferred plate tectonic
environment of terranes and sources are highlighted in colour. Central Mongolian Superterrane, A;
Southeastern Mongolian Superterrane, B; Gurvansayhan Terrane, C.

Ocean in the south (B in Figure 6). The Solonker Ocean belongs to the Palaeo-Asian Ocean situated
between our block B and the North China Block.

Subduction took place at the southern edges of both blocks as the ages of the detrital zircon S and the
mostly positive εHf(t) signatures (Figure 5c,g) in the Mandalovoo-Gobi Altai and Sulinkheer-Duulgant
terranes infer. The two continental margins developed through the northward subduction of the Ondor
Sum and Solonker oceans, respectively. Mixed mantle and crust generated magmas were produced in
the sourcing continental volcanic arcs. Both units have in common that the volcanic influx decreased
during Devonian most likely due to decelerated subduction. This coincides with the Gurvansayhan
intra-oceanic arc generation and the initiation of subduction along the northern Mongol-Okhotsk
Ocean (Figure 6; see also below). The mostly recycled orogenic source signature in Permian-Triassic
sandstones in the Sulinkheer-Duulgant terrane (Figure 4b) reveal important presence of crustal rocks
in the arc at that time. Mandalovoo-Gobi Altai Palaeozoic sandstones reflect a higher contribution of
contemporaneous influx from the volcanic continental arc.

In the Nuhetdavaa (-Enshoo) terrane our sparse data are well completed by that of Xu et al. [43]
in the comparable Uliastai passive margin terrane in Inner Mongolia. Negative and intermediate
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εHf(t) values (Figure 5e) suggest crustal derived magmatic-volcanic activity in a passive margin setting.
However, it will be inverted later (see below).

Epsilon Hf ratios suggest that in the late Cambrian collage, during Ordovician-Silurian the
composite continental block, including the Hangay-Hentey, Ereendavaa and Idermeg terranes
experienced rifting, extension and generation of oceanic lithosphere of the Mongol-Okhotsk Ocean in
Silurian [24,27]. In the later Hangay-Hentey accretionary wedge terrane, the timing is well supported
by biostratigraphic dating and seamount stratigraphy [31,72,73]. Along the southern margin of the
Mongol-Okhotsk Ocean, in the Ereendava terrane, extension in a passive margin situation is suggested
by a monotonous turbiditic facies association (including prasinitic dykes) and negative εHf(t) values.
The spreading may have been driven by a mantle plume (Figure 6) rising from the mantle transition
zone. Such process commonly is associated with hot-spot generation [47].

During Silurian the Mongol-Okhotsk Ocean oceanic lithosphere was created bearing a prominent
volcanic seamount capped by crinoidal limestones which became progressively drowned and covered
by pelagic and turbiditic deposits [31]. The highly negative εHf(t) signatures in detrital zircons detected
by Xu et al. [43] and our measurements suggests the Nuhetdavaa (-Enshoo) and Uliastai passive
margins to have been inverted to a continental arc regime during Silurian by the southward subduction
of the Ondor Sum Ocean (Figure 6).

5.2.2. Devonian-Carboniferous

The Devonian period brought about great changes in the paleotectonic development of the
Palaeo-Asian Ocean. Viewed from north to south these were: (i) start of northward subduction of
the Mongol-Okhotsk Ocean under the Baikalids (see also [14,24,31]), (ii) the establishment of the
intra-oceanic Gurvansayhan island arc in the Ondor Sum Ocean by north-dipping intra-oceanic
subduction [6,53], and (iii) the opening of the Hegenshan Ocean [12]. The latter was preceded by the
Silurian rifting in the Hutag Uul area.

In the Carboniferous period the southern passive margin of the Mongol-Okhotsk Ocean
(Ereendavaa terrane) switched to subduction of the Mongol-Okhotsk Ocean with the establishment of
a continental arc [24]. Medium positive εHf(t) rates (Figure 5b) suggest a mixed mantle-crust source
of the melts. Similar εHf(t) signatures (0 to 15) of detrital zircons are observed in Hangay-Hentey
sandstones (Figure 5h) which corroborates their common beginning in the late Cambrian collage. In the
Hutag Uul terrane the εHf(t) data show a trend to positive values during the transition from Devonian
to Carboniferous. This suggests that the former passive continental margin has been inverted into a
subduction-linked one. The newly emerging continental volcanic arc obviously is continued in the
Sunid-Baolidao volcanic arc in Inner Mongolia [2,9,12].

5.2.3. Permian-Triassic

The Permo-Triassic time was characterized by the elimination of several oceanic domains, and the
collision of volcanic arcs as the youngest ages of the detrital zircons suggest (Figures 5 and 6). Due to
the obtained minimum Carboniferous ages of the detrital zircons in both terranes, the Gurvansayhan
intra-oceanic volcanic arc and the Gobi Altai-Mandalovoo continental island arc appear to have collided
with the Idermeg continental sliver in the Permian. Cretaceous continental red beds overlay these
terranes with unconformity. They partly show the reworking of older Palaeozoic material (Figure 5c,d)
and distinct peaks at the Permian-Triassic transition. Probably this material was supplied from the still
active Ereendavaa-Middle Gobi continental volcanic arc to the north. In the Baikalid realm, since the
Devonian the northward subduction of the Mongol-Okhotsk Ocean has driven back-arc extension and
mixed continental-marine sedimentation (e.g., Chiron basin; Popeko et al. [75]). Minor occurrence of
Triassic detrital zircons in sandstones of the Hangay-Hentey, Ereendavaa-Middle Gobi, Nuhetdavaa
(-Enshoo), Hutag Uul and Sulinkheer-Duulgant domains (Figure 3) attest their continued magmatic
and sedimentary activity during the Permian and Triassic period.
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5.2.4. Jurassic

The closure of the Mongol-Okhotsk Ocean and collision of the Hangay-Hentey accretionary
complex with the Ereendavaa margin is timely constrained by generally flat-lying Jurassic
continental sandstones and conglomerates, which unconformably cover deformed older series [22,24].
Both analysed Jurassic sandstones show peak detrital zircon ages at the Triassic-Jurassic transition
(Figure 3). According to our variable age and Hf-isotope results (Figure 5a) from the Adaatsag
suture, we infer that detrital debris from both margins was reworked into the analysed, tectonically
deformed Permian-Triassic sediment series. Consequently, the final closure of the Mongol-Okhotsk
Ocean was acquired at the Triassic-Jurassic transition (see also [44]). However, in other places (Noyon
Uul area) Dimitru and Hendrix [76] documented continued collisional deformation and exhumation
of Jurassic deposits. Our results from the southern realms (Nuhetdavaa-Enshoo, Hutag Uul and
Sulinkheer-Duulgant) record youngest detrital zircons in majority of Permian and minor Triassic age.
This explains the Late Triassic elimination of sedimentation sites associated with the consumption of
the Ondor Sum and Solonker oceans as earlier suggested by e.g., [5,9,11]. Finally, the Jurassic closure
of the Palaeo-Asian Ocean and collision of the terranes produced a peneplain surface, which stayed
passive for about 150 My [77].

5.2.5. Terrane Accretion in Relationship with Siberian Rotation

In spite of the well documented clock-wise rotation of the Siberian cratonal core of the Central
Asian Orogenic Belt [9,10], it is difficult to perceive the movements of the individual terranes.
According to our results, the Central Mongolia-Erguna belt terranes (Gobi Altai, Mandalovoo and
the Gurvansayhan) were welded to Siberia at the transition of late Carboniferous to Early Permian
(Figure 6). They should have experienced similar rotation with Siberia from the late Carboniferous until
end-Permian (e.g., [9,10]). For constraining the end of rotation, the results of Lehmann et al. [19] may
be useful. According to the structural analysis of these authors, in southwestern Mongolia all terranes
including the Baydrag block underwent S-N oriented tectonic shortening from ca. mid-Permian to
Late Triassic. This means the southern South Mongolia-Xing’an and Inner Mongolia-Xilin Belts could
have reached their position in the Jurassic without experiencing rotation. Later, during Jurassic and
Cretaceous important coulissage of terranes along preferentially left-lateral fault zones and sutures in
the range of tens to hundred kilometers occurred (e.g., [17,76,78]).

6. Conclusions

The present data set proves that detrital zircon age and Hf-isotope signatures strongly support
provenance analysis aimed at reconstructing palaeogeographic and -tectonic processes in orogenic
belts, and particularly in the Central Asian Orogenic Belt. Notably, the detrital zircon results from
pre-collisional sandstone formations (Permian-Triassic) partly open a window on palaeotectonic
processes even far in the past, because most larger blocks remained isolated during their history.
Based on earlier terrane subdivisions in central and southern Mongolia we infer a new, clearer terrane
subdivision by assembling smaller, genetically related terranes in larger superterranes.

A key element for the plate-tectonic reconstruction is the Gurvansayhan terrane. By its clear
intra-oceanic setting, the division into a northern superterrane analogous with the Mongol-Okhotsk
Belt and the Central Mongolia-Erguna Belt and a southern superterrane analogous with the South
Mongolia-Xing’an and Inner Mongolia-Jilin belts) is acceptable (Figure 6). However, it persists an open
question if and where the Gurvansayhan terrane can be traced into NW China.

These superterranes depict different tectonic and sedimentary evolutions in time and space.
Each superterrane represents a plate tectonic assemblage of continental basement slivers, continental
arc, forearc and backarc elements. However, there is no age or facies parallelism or repetition across
the entire belt obvious, which would support doubling of terranes by oroclinal bending as supposed
earlier (e.g., [33]).
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Over-all terranes and time (late Cambrian-Cretaceous), the εHf(t) values show a trend towards
positive numbers (see Supplementary Materials file). This suggests progressive removal of old crust
and lithospheric mantle with increasing contribution of juvenile crust to magma reservoirs [79].

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/10/880/s1,
Table S1: Table 1 extended providing informations on DGM sample positions, Table S2: All Terranes U-Pb and eHf
LA-ICP-MS results, Table S3: LA-ICP-MS U-Pb detrital zircon ages of Bussien et al. 2011, Table S4: LA-ICP-MS
eHf data of Bussien et al. 2011.
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Abstract: To test the previous hypothesis that upper Paleozoic sediments in the eastern Sino-Korean
Block were mostly derived from the paleo-orogen located to the east, we compared published and
new U–Pb age data of detrital zircons from Pennsylvanian strata distributed in the Sino-Korean Block
(SKB). The age distributions of detrital zircons from different localities of Pennsylvanian strata in
North China reflect varying contributions from the Inner Mongolia Paleo-uplift in the north and the
Central China Orogenic Belt in the south. The supply of detritus from the northern source to distant
areas, however, appears to have been limited during the Pennsylvanian times. The age distributions
of detrital zircons from Korean Pennsylvanian strata located in the east of the SKB are characterized
by a dense cluster of 1.84–1.90 Ga and differ from those of North China. The Korean age characteristic
is best explained by strong influences of the detritus derived from the Paleoproterozoic Yeongnam
Massif in southeastern Korea. Along with the significant number of zircons that record syn- to
near-depositional magmatic activities, this observation supports the hypothesis of the existence of
an active continental margin setting in the east of the SKB.

Keywords: Pennsylvanian; Sino-Korean Block; provenance; detrital zircons; U–Pb ages

1. Introduction

Detrital zircon U–Pb geochronology has greatly improved our understanding on the late
Paleozoic tectonic evolution of the Sino-Korean Block (SKB; also called the North China Block).
The upper Paleozoic succession in North China, particularly its lowermost strata deposited upon
the Late Ordovician–Pennsylvanian unconformity, has been rigorously analyzed in many different
localities [1–6]. Results pointed to two major source terrains, each carrying the “northern” and
“southern” signatures in the U–Pb age and Hf isotopic composition of detrital zircons: the uplifted
northern margin of the SKB, commonly referred to as the Inner Mongolian Paleo-uplift (IMPU), and the
Central China Orogenic Belt (CCOB) including the North Qinling Block (NQB) in the south, respectively
(Figure 1). It is increasingly accepted that both northern and southern terrains had contributed detritus
significantly to the Pennsylvanian deposits [7], while the former had dominant influence on the
overlying Permian deposits [8,9]. Wang et al. [7] described the Pennsylvanian depositional setting
as a “walled continental basin”, which was set before the Permian southward tilt of the basin due to
further uplift in the north [10].
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Figure 1. Simplified tectonic map of the Sino-Korean Block (gray color). Light gray color in the Korean
Peninsula represents the tectonic provinces under debate. Dark gray color outlines the distribution
of Pennsylvanian strata in the Sino-Korean Block (modified from [11,12]). Yellow star indicates the
Yeongwol site where the newly analyzed sample was obtained.

Paleozoic sedimentary successions in Korea are well correlatable to the equivalent strata in
North China [13–20], and thus they are widely recognized as being deposited on the SKB in various
tectonic models [21–24]. For the upper Paleozoic sediments in the southeastern Korean Peninsula, the
eastern derivation of detritus in a foreland basin setting has long been assumed based on paleocurrent
directions and sandstone composition [25–28]. Recent detrital zircon provenance studies have also
supported the presence of an active continental margin setting that had formed in the east [29–31].
However, as many previous detrital zircon provenance studies conducted in North China interpreted
their results simply upon north-south cross-section, the possible eastern source has been commonly
overlooked in the large-scale discussions on the SKB.

This study proposes the existence of a ‘third wall’ in the east of the SKB during the Pennsylvanian,
probably formed by the subduction of the paleo-Pacific plate beneath the eastern margin of the
SKB [32,33]. The general framework of this setting has been put forward earlier by Kim and Lee [20].
In this study, we elaborate the idea further by comprehensively comparing the detrital zircon age
populations reported from Pennsylvanian deposits spread over the SKB, with particular focus on their
localities in the eastern side of the block. The Pennsylvanian sediments in the SKB, the oldest upper
Paleozoic sedimentary strata deposited before the dominance of northern signature in the Permian,
provide the most suitable time record that can distinguish the potential eastern contribution.

2. Geological Background and Methods

The SKB is bounded to the north by the Central Asian Orogenic Belt (CAOB) and to the south
by the CCOB (Figure 1). Tectonic evolution of the southern CAOB is not fully understood, but
there is a broad consensus that the Paleo-Asian Ocean subducted southward beneath the northern
margin of the SKB during the Pennsylvanian–Permian times [34–36], which led to the uplifting and
exhumation of the IMPU [8,37]. The timing of complicated accretionary and collisional processes in
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the CCOB is also controversial, but it is widely accepted that the NQB, the northern part of CCOB,
had formed highlands along the southern margin of the SKB, at least by the Carboniferous [38–40].
Taking these into account, many previous studies on the provenance of upper Paleozoic sediments in
North China considered the IMPU and the CCOB as two primary potential source regions [8,9,41].
Archean–Paleoproterozoic basement rocks intruded by Devonian–Triassic plutons are widely exposed
in the IMPU [35,42], whereas multiple orogenies in the Meso- to Neoproterozoic and early Paleozoic
times are recorded in the highly metamorphosed rock assemblages in the CCOB [43,44].

The Paleozoic of the SKB is mostly represented by the Cambrian–Middle Ordovician marine
sediments and the Pennsylvanian–Triassic paralic to non-marine sediments. A regional unconformity
spanning more than 100 Ma separates the lower and upper Paleozoic sequences (Figure 2). In North
China, the basal stratigraphic unit of the upper Paleozoic succession is named the Benxi Formation. In
South Korea, it is called the Manhang Formation (and locally, the Yobong Formation). Both the Benxi
and Manhang formations are composed of siliciclastic sediments with some intercalated limestones,
and are unconformably underlain by Middle Ordovician limestones. The average thicknesses of the
Benxi and Manhang formations are known to be 10–150 m and 100–300 m, respectively, although they
reach more than 1 km in a few localities [10,20]. Correlatable fusulinid zones and floral assemblages
have been established for both formations, and indicate that they are Bashkirian–Moscovian (early
Pennsylvanian) in age [45–48]. However, in some localities in northern North China, several detrital
zircon grains that were dated as young as the earliest Permian times have been reported from the
Benxi Formation [2,37]. This might be due to the fact that the lowermost strata of the upper Paleozoic
succession are partly diachronous across the SKB [49] (Figure 2).

 

Figure 2. Middle Ordovician–Early Permian (Cisuralian) stratigraphy of North China and South Korea
(modified from references [20,49,50]). The gray color represents the strata from which the detrital zircon
U–Pb age data were obtained.

From the literature, we obtained data on the detrital zircon U–Pb age of the Pennsylvanian
deposits from two localities in South Korea and 19 localities in North China. Data collection was
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limited to the lowermost units of the upper Paleozoic succession (Figure 2). Three localities of the Benxi
Formation of possible earliest Permian age are included; however, caution needs to be exercised when
interpreting data derived from strata known to have such young ages. In addition to the literature
data, we analyzed detrital zircon U–Pb ages of one sandstone sample collected from the basal part of
the Yobong Formation in the Yeongwol area of central eastern Korea (Figure 1). Analytical methods for
detrital zircon U–Pb dating of the Yobong Formation sample are presented in Appendix A.

The collected literature and newly obtained age data were processed under the same measure
for accurate comparison of multiple dataset. For detrital zircon grains younger and older than
1000 Ma, 238U–206Pb dates and 207Pb–206Pb dates, respectively, were used for interpretation. Consistent
discordance cut (exclusion of ages with normal or reverse discordance >10%) was applied. Discordance
was calculated based on the difference between 238U–206Pb and 235U–207Pb dates (1-(238U–206Pb
date/235U–207Pb date)) for detrital zircon grains younger than 1000 Ma, and that between 238U–206Pb
and 206Pb–207Pb dates (1-(238U–206Pb date/206Pb–207Pb date)) for those older than 1000 Ma. Few grains
with apparent ages that passed the discordance cut, but were undeniably younger (e.g., 288 ± 2 Ma at
the Taebaek locality and 182 ± 21 Ma at the Pingquan locality) than the upper limit of depositional age
(Figure 2), or had excessively large analytic errors (e.g., 1594 ± 105 Ma) were removed from further
consideration. Only age data meeting all the listed criteria were used for plotting and interpretation.

3. Results

A total number of 1669 concordant or slightly discordant zircon U–Pb ages, including 49 newly
analyzed ages (Table S1), were obtained from the Pennsylvanian strata at 22 localities in the SKB.
A summary of the combined detrital zircon ages is presented in Figure 3. Six major age populations
were identified: (1) Carboniferous (ca. 310 Ma); (2) Devonian (ca. 390 Ma); (3) Ordovician–Silurian (ca.
440 Ma); (4) Neo- to Mesoproterozoic (a notable peak at ca. 960 Ma with several subordinate peaks);
(5) Late Paleoproterozoic (a wide peak centering at ca. 1870 Ma with a subsidiary peak at ca. 1930 Ma),
and (6) Early Paleoproterozoic to Neoarchean (a broad peak centering at ca. 2500 Ma).

 

Figure 3. Composite detrital zircon age spectrum (Kernel Density Estimate; Vermeesch [50]) from
the Pennsylvanian strata distributed in the Sino-Korean Block. Thick colored lines represent the
characteristic age ranges of zircons that are distributed in the respective source terrains, while dotted
lines represent that occurring in subordinate amount (modified from Zhu et al. [9]).

Figure 4 summarizes the distributions of detrital zircon ages of the Pennsylvanian strata deposited
in sedimentary basins on the SKB, represented by a pie diagram in each studied area. The full age data
are available in the online supplementary material (Table S2).
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Figure 4. Pie diagrams of detrital zircon age distribution over the Sino-Korean Block. Locations:
1. Taebaek; 2. Yeongwol; 3. Gangjin; 4. Benxi; 5. Qinhuangdao; 6. Nanpiao; 7. Pingquan;
8. Yingshouyingzi; 9. Western Beijing; 10. Qingshuihe; 11. Baode; 12. Shuozhou; 13. Yangquan;
14. southern Yangquan; 15. Wu’an; 16. Jinzhong; 17. Changzhi; 18. Gongyi; 19. Lushan; 20. Sanmenxia;
21. Hancheng; 22. Pingliang (see Table S2 for references). The empty rectangles indicate where the
Benxi Formation is supposed to be younger (see text for details).

4. Discussion

4.1. Sediment Dispersal over the SKB

4.1.1. Northern vs. Southern Signature

It is generally agreed that the Carboniferous, Devonian, and Late Paleoproterozoic zircon grains
represent the northern signature derived from the IMPU, whereas the Ordovician–Silurian (with
negative εHf(t)) and Neo- to Mesoproterozoic components represent the southern signature derived
from the CCOB [7–9,40], although such occurrences are not completely exclusive to each other. In this
regard, grains with the northern signature dominantly occur in areas close to the northern margin
(sites 6–11 in Figure 4). The Silurian to Mesoproterozoic grains mainly occupy the zircon population
in central to southern North China (sites 13–22), suggesting a sediment supply from the south. Such
distinct distributions of detrital zircon ages clearly show that competing northern and southern
signatures are reflected in Pennsylvanian deposits in North China.

Notably, the southern signature is visible at several northern sites, including the Benxi and
Qinhuangdao sites in northeastern China (sites 4 and 5), as well as the Shuozhou site in north-central
China (site 12). The occurrence of ca. 440 Ma zircon grains characterized by negative εHf(t) in northern
localities was deemed enigmatic by Liu et al. [2], because they only considered the source rocks in the
north. According to Wang et al. [7], these grains may be reinterpreted to have been originated from
the NQB. Significant southern signature in these three sites suggests that sediment supply from the
north was not dominant. In the frontal region of the eastern IMPU, it has been interpreted that the
Benxi Formation was deposited in coast–offshore settings, including fan deltas at the basin margin [49].
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Such environmental settings explain both the mixing of northern and southern influences in the distal
part (sites 4 and 5) and highly variable detrital zircon age distributions among sites in the proximal
part (sites 6–9), suggestive of the northern provenance being of local importance. Besides, some of the
zircon age records with the dominant northern signature (sites 7–9) may represent the earliest Permian
time instead of the Pennsylvanian (empty rectangles in Figure 4). It is therefore likely that the supply
of detritus from the northern margin of the SKB to the distant areas was rather limited during the
Pennsylvanian times, particularly in the northeastern side of the block.

4.1.2. Potential Eastern Signature

Based on the interpretation above, the northern signature-like detrital zircons from the
Pennsylvanian strata in southern Korea (sites 1–3) located in the eastern margin of the SKB are
difficult to interpret as being derived from the north. Consistent age distribution patterns are observed
in Taebaek, Yeongwol, and Gangjin localities (Figure 5a): major age groups at ca. 320 Ma and ca. 1.85 Ga,
and minor groups at ca. 390 Ma and ca. 2.5 Ga. The lack of southern signature is understandable
considering that these sites were located relatively far from the NQB. Given the presumed setting in
northern North China during the Pennsylvanian times, however, major sediment supply from the
northern margin of the SKB is not plausible, since it has to account for the large amount of sediments
reaching several hundred meters thick in these distant sites. An alternative explanation for the source
terrain is then required.

 

Figure 5. Probability density plot and age histograms of detrital zircons from the Pennsylvanian
strata in the eastern part of the Sino-Korean Block: (a) full age spectra, and (b) enlarged views of the
Neoarchean–Paleoproterozoic portion for selected localities. See Figure 4 for site locations.

Close looking into the Paleoproterozoic–Neoarchean age groups provides an important clue
(Figure 5b). Records from northern North China exhibit wide variance of Paleoproterozoic–Neoarchean
ages. The Pennsylvanian strata in Korea, in contrast, are characterized by a vast majority of Precambrian
grains belonging to narrow time spans of 1.84–1.90 Ga and 2.48–2.54 Ga, with the former being more
abundant than the latter. This observation is in line with a previous report on composite detrital
zircon ages of Upper Paleozoic sediments in southern Korean Peninsula [18]. The consistency of
1.84–1.90 Ga peak in all three localities in Korea suggests a regional characteristic, a signature that is best
explained by derivative sediments from the Precambrian massifs in the Korean Peninsula, particularly
the Yeongnam Massif located in the southeast. Besides the widespread distribution of basement rocks
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with these ages [51,52], sediments from the Nakdong River that drains the Yeongnam Massif prove that
the Yeongnam Massif indeed provides detritus that is dominantly composed of 1.84–1.90 Ga detrital
zircons [53]. This feature is distinct from the age characteristics of zircons from river sediments of the
Yongding and Luan rivers in eastern North China. Both latter rivers have a drainage area similar to
the Nakdong River, but their sediments contain much heterogeneous Paleoproterozoic detrital zircon
population [54]. In summary, the detrital zircon ages of the Pennsylvanian sediments in Korea may, at
first glance, be thought to have been derived from the IMPU, but are much likely to have been derived
from another source terrain.

4.2. Tectonic Implications

In general, the significant proportion of zircon grains that were young at the time of deposition
is considered as the characteristic of a basin close to the convergent plate margin [55]. In a situation
where major supplies from the northern and southern sources are not likely, another orogenic belt for
Pennsylvanian strata in the Korean Peninsula could be set to the east (Figure 6). This interpretation
is in agreement with the paleocurrent directions and inferred basin topography [25–27,56], and
better explains the generally euhedral shape of syndepositional zircons (Figure A1). Some of these
Carboniferous zircons also exhibit high Th/U values (Figure 7), which is typical of the zircons derived
from intermediate to mafic igneous rocks [57–59]. Previous detrital zircon provenance studies in
different localities in Korea [29–31] also favored the same interpretation. Our interpretation of the
eastern source terrains is supported by the hypothesis of previous studies that the subduction of the
paleo-Pacific plate took place beneath the eastern margin of the SKB during the Late Paleozoic [32,33].
Wider acceptance of this hypothesis is currently hindered by the limited occurrence of Pennsylvanian
plutons in the east, but some evidence for Pennsylvanian magmatism can be found in the Hida
Belt [60–62], a continental fragment in Japan [63]. Even if the subduction had taken place in the
eastern margin of the SKB, corresponding plutons might have been largely removed by later rapid
uplift of widespread Jurassic plutons (i.e., [64]), Cretaceous sedimentation in southeastern Korea, and
Upper Cretaceous regional exhumation of the Korean Peninsula [65] and the Japanese islands [66].
Recent U–Pb zircon age analysis on paragneiss in the Hida Belt reported inherited/detrital core ages
that cluster at ca. 300 and 330 Ma, which also accompany Paleoproterozoic zircon grains that almost
entirely fall within 1.81–1.90 Ga [67]. This finding is highly significant considering the pre-Cenozoic
configuration of the Hida–Oki Belt in Japan, which is believed to have been attached to the east of the
Korean Peninsula before the opening of the East Sea (Sea of Japan) [66,68,69].

 

Figure 6. Sediment dispersal patterns and inferred paleogeography and tectonic configuration of the
Sino-Korean Block (SKB) during the Pennsylvanian (modified from Liu [10]). YM = Yeongnam Massif,
HB = Hida Belt, OB = Oki Belt. Tectonic blocks are reconstructed to their inferred original position
before the Tanlu fault-movement and the opening of the East Sea (Sea of Japan).
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Figure 7. Th/U vs. Age plot for detrital zircon grains from the Pennsylvanian Yobong Formation in the
Yeongwol area, central eastern Korea.

Based on our new perspective, it is also noteworthy that the same characteristic 1.84–1.90 Ga-aged
zircons consistently dominate the detrital zircon populations throughout the overlying Permian–Lower
Triassic strata in Korea [31,70,71], whereas detrital zircons from the coeval successions in North China
generally show much wider spread of ca. 1.9 Ga peak and larger portion of ca. 2.5 Ga peak [9,37,72].
This comparison suggests that (1) high concentration in the 1.84–1.90 Ga range is the unique signature
of the eastern source terrain and (2) its influence on the proximal areas remained constant throughout
late Paleozoic times. How far this sedimentation regime in the east had expanded further to the inner
part of the SKB is unknown at present, partly due to the lack of data in areas adjacent to the western
Korean Peninsula. Overlap in U–Pb ages and εHf(t) values of the Yeongnam Massif zircons (i.e., as
reported previously [52]) with those of the IMPU makes it difficult to evaluate how much contribution
was from the eastern sources, but our findings may prove useful in case where the eastern signature is
suspected to occur. Reinterpretation of the existing detrital zircon U–Pb age data and future studies on
the upper Paleozoic strata in the SKB, especially for the eastern North China, are recommended to take
this potential contribution from the east into account.
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Appendix A

Zircon grains were extracted from a sandstone sample, by following the conventional heavy
mineral separation methods. After hand picking under binocular microscope, 100 randomly selected
zircon grains were embedded in a PFA teflon sheet. Cathodoluminescence (CL) images of each grain
were obtained by using a scanning electron microscope (JEOL JSM-5400, JEOL, Akishima, Japan). U–Pb
dating of zircons was conducted by using laser ablation inductively coupled plasma mass spectrometry
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(LA-ICP-MS) housed at the Korea Basic Science Institute (Cheongju, Korea, Nu Plasma II MC ICP-MS).
Detailed instrumental settings and analytical procedures are similar to those described by Lee et al. [73].
Laser ablation was conducted at a spot size of 15 µm, energy density of 2–3 J/cm3, and pulse repetition
rate of 5 Hz. The reference zircon 91,500 was used as the primary standard [74] and Plesovice as the
secondary standard. A single spot per grain was analyzed. Magmatic rim with oscillatory zoning
was preferred to core when selecting a spot for the age dating of zircon grains, unless the mixing of
different age domain was concerned. Metamorphic overgrowths were not usually present, and were
not analyzed (Figure A1).

μ

 

Figure A1. Representative SEM-CL images of detrital zircon grains from the Yobong Formation in the
Yeongwol area, central eastern Korea.
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