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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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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.
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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.

References

RGNS

Krynine, P.D. The megascopic study and field classification of sedimentary rocks. J. Geol. 1948, 56, 130-165. [CrossRef]

Folk, R.L. Petrography of Sedimentary Rocks; Hemphill’s Bookstore: Austin, TX, USA, 1964; p. 154.

Okada, H. Classification of sandstone: Analysis and proposal. J. Geol. 1971, 79, 509-525. [CrossRef]

Dickinson, W.R. Interpreting detrital modes of arkoses and greywackes. J. Sediment. Petrol. 1970, 40, 695-707.

Mange, M.A.; Maurer, HEW. Heavy Minerals in Colour; Chapman and Hall: London, UK, 1992; p. 147.

Weltje, G.J.; von Eynatten, H. Quantitative provenance analysis of sediments: Review and outlook. Sediment. Geol. 2004, 171, 1-11.
[CrossRef]

Mange, M.A.; Wright, D.T. (Eds.) Developments in Sedimentology. In Heavy Minerals in Use; Elsevier: Amsterdam, The
Netherlands, 2007; p. 1283.



Minerals 2022, 12, 580

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ruiz, G.M.H.; Seward, D.; Winkler, W. Evolution of the Amazon Basin in Ecuador with special reference to hinterland tectonics:
Data from zircon fission-track and heavy mineral analysis. In Heavy Minerals in Use; Mange, M.A., Wright, D.T., Eds.; Elsevier:
Amsterdam, The Netherlands, 2007; Volume 58, pp. 907-934.

Morton, A.C.; Claoue "-Long, ].C.; Berge, C. SHRIMP constraints on sediment provenance and transport history in the Mesozoic
Statfjord formation, North Sea. J. Geol. Soc. 1996, 153, 915-929. [CrossRef]

Jackson, S.E. The application of Nd:YAG lasers in LA-ICPMS. In Laser Ablation-ICP-Mass Spectrometry in the Earth Sciences:
Principles and Applications, Mineralog. Assoc; Sylvester, PJ., Ed.; Canada (MAC) Short Course Series; Mineralogical Association of
Canada: Québec, QC, Canada, 2001; Volume 29, pp. 29-45.

Amelin, Y; Lee, D.C.; Halliday, A.N.; Pidgeon, R.T. Nature of the Earth’s earliest crust from hafnium isotopes in single detrital
zircons. Nature 1999, 399, 252-255. [CrossRef]

Sun, X.; Kuiper, K.; Tian, Y.; Li, C.; Zhang, Z.; Wijbrans, ]. Comparison of Detrital Zircon U-Pb and Muscovite 40Ar/39Ar Ages in
the Yangtze Sediment: Implications for Provenance Studies. Minerals 2020, 10, 643. [CrossRef]

Huang, X.; Song, J.; Yue, W.; Wang, Z.; Mei, X.; Li, Y.; Li, F; Lian, E.; Yang, S. Detrital Zircon U-Pb Ages in the East China Seas:
Implications for Provenance Analysis and Sediment Budgeting. Minerals 2020, 10, 398. [CrossRef]

Kanouo, N.; Kouske, A.; Ngueutchoua, G.; Venkatesh, A.; Sahoo, P.; Basua, E. Eoarchean to Neoproterozoic Detrital Zircons
from the South of Meiganga Gold-Bearing Sediments (Adamawa, Cameroon): Their Closeness with Rocks of the Pan-African
Cameroon Mobile Belt and Congo Craton. Minerals 2021, 11, 77. [CrossRef]

Wang, C.; Zeng, L.; Lei, Y.; Su, M; Liang, X. Tracking the Detrital Zircon Provenance of Early Miocene Sediments in the Continental
Shelf of the Northwestern South China Sea. Minerals 2020, 10, 752. [CrossRef]

Vallejo, C.; Almagor, S.; Romero, C.; Herrera, J.; Escobar, V.; Spikings, R.; Winkler, W.; Vermeesch, P. Sedimentology, Provenance
and Radiometric Dating of the Silante Formation: Implications for the Cenozoic Evolution of the Western Andes of Ecuador.
Minerals 2020, 10, 929. [CrossRef]

Yin, J.; Zhang, S.; Wu, Z. Provenance Analysis of the Paleogene Strata in the Northern Qaidam Basin, China: Evidences from
Sediment Distribution, Heavy Mineral Assemblages and Detrital Zircon U—Pb Geochronology. Minerals 2020, 10, 854. [CrossRef]
Di Giulio, A.; Amadori, C.; Mueller, P.; Langone, A. Role of the Down-Bending Plate as a Detrital Source in Convergent Systems
Revealed by U-Pb Dating of Zircon Grains: Insights from the Southern Andes and Western Italian Alps. Minerals 2020, 10, 632.
[CrossRef]

Machevariani, M.; Alekseenko, A.; Bech, J. Complex Characteristic of Zircon from Granitoids of the Verkhneurmiysky Massif
(Amur Region). Minerals 2021, 11, 86. [CrossRef]

Lee, H.; Kwon, M.; Shin, S.; Cho, H.; Kim, J.; Roh, Y.; Huh, M.; Choi, T. Relationships between Alluvial Facies/Depositional
Environments, Detrital Zircon U-Pb Geochronology, and Bulk-Rock Geochemistry in the Cretaceous Neungju Basin (Southwest
Korea). Minerals 2020, 10, 1023. [CrossRef]

Shang, Z.; Chen, Y. Zircon U-Pb Geochronology, Geochemistry and Geological Significance of the Anisian Alkaline Basalts in
Gejiu District, Yunnan Province. Minerals 2020, 10, 1030. [CrossRef]

Li, Y; Yue, W.; Yu, X,; Huang, X.; Yao, Z.; Song, J.; Shan, X.; Yu, X.; Yang, S. Tectonic Evolution of the West Bogeda: Evidences
from Zircon U-Pb Geochronology and Geochemistry Proxies, NW China. Minerals 2020, 10, 341. [CrossRef]

Hadimi, L; Youbi, N.; Ait Lahna, A.; Bensalah, M.; Moutbir, O.; Mata, J.; Doblas, M.; Tassinari, C.; Gaggero, L.; Basei, M.; et al.
U-Pb Zircon Geochronological and Petrologic Constraints on the Post-Collisional Variscan Volcanism of the Tiddas-Souk Es-Sebt
des Ait Ikko Basin (Western Meseta, Morocco). Minerals 2021, 11, 1099. [CrossRef]

Miao, L.; Zhu, M,; Liu, C.; Baatar, M.; Anaad, C.; Yang, S.; Li, X. Detrital-Zircon Age Spectra of Neoproterozoic-Paleozoic
Sedimentary Rocks from the Ereendavaa Terrane in NE Mongolia: Implications for the Early-Stage Evolution of the Ereendavaa
Terrane and the Mongol-Okhotsk Ocean. Minerals 2020, 10, 742. [CrossRef]

Winkler, W.; Bussien, D.; Baatar, M.; Anaad, C.; von Quadt, A. Detrital Zircon Provenance Analysis in the Central Asian Orogenic
Belt of Central and Southeastern Mongolia—A Palaeotectonic Model for the Mongolian Collage. Minerals 2020, 10, 880. [CrossRef]
Bussien, D.; Gombojav, N.; Winkler, W.; von Quadt, A. The Mongol-Okhotsk Belt in Mongolia—An Appraisal of the Geodynamic
Development by the Study of Sandstone Provenance and Detrital Zircons. Tectonophysics 2011, 510, 132-150. [CrossRef]

Kim, M,; Lee, Y.; Choi, T. Tectonic Setting of the Eastern Margin of the Sino-Korean Block in the Pennsylvanian: Constraints from
Detrital Zircon Ages. Minerals 2020, 10, 527. [CrossRef]



minerals m\py

Article

Comparison of Detrital Zircon U-Pb and Muscovite
10Ar/P9Ar Ages in the Yangtze Sediment: Implications
for Provenance Studies

Xilin Sun 1>*0, Klaudia F. Kuiper 2, Yuntao Tian !, Chang’an Li 3, Zengjie Zhang !
and Jan R. Wijbrans 2

1 School of Earth Sciences and Engineering, Sun Yat-sen University, Guangzhou 510275, China;

tianyuntao@mail.sysu.edu.cn (Y.T.); zhangzj55@mail.sysu.edu.cn (Z.Z.)

Department of Earth Sciences, Cluster Geology and Geochemistry, Vrije Universiteit Amsterdam,

De Boelelaan 1085, 1081 HV Amsterdam, the Netherlands; k.f. kuiper@vu.nl (K.EK.);

jr.wijbrans@vu.nl (J.R.W.)

School of Geography and Information Engineering, China University of Geosciences, Wuhan 430074, China;
chanli@cug.edu.cn

Correspondence: sunxi-lin@163.com

Received: 30 June 2020; Accepted: 17 July 2020; Published: 20 July 2020

Abstract: Detrital zircon U-Pb and muscovite “°Ar/* Ar 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
20 Ar/3° Ar 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 4 Ar/* Ar 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 OAr/Ar 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 “°Ar/* Ar 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 °Ar/?’ Ar 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 WA/ Ar 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 *°Ar/*° Ar ages [16,21,24-26] from its trunk and Major tributaries.
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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 4°Ar/* Ar
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 ' Ar/*° Ar 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 2 Ar/*?Ar 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, 300450 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/?Ar (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,



Minerals 2020, 10, 643

300450 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, 300450 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 ’ Ar/%’ Ar 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 °Be 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) InFigure 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 “°Ar/> Ar 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.

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.
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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].

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.

The closure temperature is the temperature at which muscovite *’Ar/* Ar 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 (350425 °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 “’ Ar/*” Ar 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.

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 um, which are not selected for age analyses
in this study:.

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, ** Ar/*’ Ar in muscovite in general record only the later, post-peak
cooling history. The apparent age of muscovite ©°Ar/*’ Ar 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 6¢,d). Figure 6¢c
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 4° Ar/*’ Ar 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.

(a) Cartoon illustrating hypothical detrital provennce scenario (c) CL image of
zircons from
the Gongga shan
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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

14



Minerals 2020, 10, 643

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 ¥ Ar/*’ Ar 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 *Ar/*’ Ar 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 ** Ar/>’ Ar 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, 383481 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 176223 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).
. . Water Best Age
Sample ID Latitude Longitude Depth (m) Area 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
51456 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°4814” 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
51481 28°17'20"” 122°2672” 70 East China Sea 111 This study
51485 26°47'29" 122°1070” 90 East China Sea 231 This study
52582 23°56"27"" 120°2'58” 33 Taiwan Straight 267 This study
SHDB33 30°28"29” 127°20741" 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
BO 23°17'33" 117°1221” 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°2076” 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 pm
and a laser repletion of 6 Hz at fluence of 4 J-cm~2. After tuning, the sensitivity of mass 2*3U 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 PleSovice [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 um,
most of the samples were ablated at a spot size of 26 um. 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 PleSovice (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 20°Pb/238U age [9]. The discordance of 2%°Pb/>38U age less than 1.4 Ga is defined as 100 x
(1 —206Pp/238 U/297Pp/?35U) and the discordance of 2°°Pb/?38U age greater than 1.4 Ga is defined as
100 x (1 — 206Pb/238/207 Pp /206 PDy). Additionally, when a 206p},/238 U age is less than 300 Ma, the
206Pb/U238 age is set as the best age due to the low precision of 2’Pb [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]:

n
Dy =) MiP M
i=1

where P; is the ith parent or fluvial source age distribution and M; is the corresponding mixing
coefficient or relative contribution and Dy, 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 (R?) 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.

YR, n=270

- -

A YZR,n=380

\

A ‘
/ / y
/J \‘ - J'/ \» o £ : \\ I
I\

\\ OuJ, n=336

). |
MJ, n=145
/\A/\

JLJ, n=77

WTW, n=415

A

| KR, n=517

0 500 1000 1500 2000 2500 3000
Age (Ma)

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 R?* 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 74 0.0
T]87 0.47 82.8 3.7 13.5 0.0 0.0
5Y198 0.63 72 58.7 23.6 0.0 10.5
5Y86 0.76 38.2 45.0 3.9 0.0 13.0
51456 0.85 8.3 67.8 0.0 12.1 11.8
YEN-1-11 0.69 0.0 72.8 59 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 24 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 0.0 239
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
51481 0.85 0.0 88.9 11.1 0.0 0.0
51485 0.76 27.8 60.6 0.0 11.6 0.0
505-4 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
52582 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 29 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
Go62 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 0.0 154 67.7

* R? 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 203286 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 40-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.

115" 1200 125" 130°

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 52582, 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.

0.8
TJ8O _ —@TJ87
0.6 1
JY268
0.4 | Yellow River/Bohai Sea MJ 4
Pearl ~ \ BO
0.2 Jiuld 1

R4 C7ca uj

Yangtze River/East China Sea
and Yellow Sea

-0.6
-06 -04 -0.2 0 0.2 0.4 0.6
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 52582 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).

Tectonic event
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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 506-4, 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 CE. 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 um) 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 2°Pb 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
52582 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.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/5/398/s1,
Table S1: U-Pb ratios and ages of surface sediments in the east China seas.

Author Contributions: Conceptualization, X.H. and S.Y.; methodology, ].S., W.Y., Y.L. and EL.; resources, Z.W. and
X.M.; writing—original draft preparation, X.H.; writing—review and editing, E.L. and S.Y.; funding acquisition,
X.H., S.Y. and Z.W. All authors have read and agreed to the published version of the manuscript.

36



Minerals 2020, 10, 398

Funding: This research was funded by the National Natural Science Foundation of China (grant No. 41730531,
41991324, 41876059), Shanghai Committee of Science and Technology, China (grant No. 18ZR1440400) and China
Geology Survey (DD20190208).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Nittrouer, C.A.; Austin, J.A.; Field, M.E,; Kravitz, ].H.; Syvitski, ].PM.; Wiberg, P.L. Writing a Rosetta Stone:
Insights into Continental-Margin Sedimentary Processes and Strata. In Continental Margin Sedimentation;
Jarvis, I, Nittrouer, C.A., Austin, J.A., Field, M.E., Kravitz, ].H., Syvitski, ] PM., Wiberg, P.L., Eds.; Wiley:
Malden, MA, USA, 2007; pp. 1-48.

Allen, P.A. From landscapes into geological history. Nature 2008, 451, 274-276. [CrossRef]

Romans, B.W.; Castelltort, S.; Covault, J.A.; Fildani, A.; Walsh, J.P. Environmental signal propagation in
sedimentary systems across timescales. Earth-Sci. Rev. 2016, 153, 7-29. [CrossRef]

Mason, C.C.; Fildani, A.; Gerber, T.; Blum, M.D.; Clark, ].D.; Dykstra, M. Climatic and anthropogenic influences
on sediment mixing in the Mississippi source-to-sink system using detrital zircons: Late Pleistocene to recent.
Earth Planet. Sci. Lett. 2017, 466, 70-79. [CrossRef]

Hinderer, M. From gullies to mountain belts: A review of sediment budgets at various scales. Sediment. Geol.
2012, 280, 21-59. [CrossRef]

Cawood, P.A.; Hawkesworth, C.].; Dhuime, B. The continental record and the generation of continental crust.
Geol. Soc. Am. Bull. 2013, 125, 14-32. [CrossRef]

Cawood, P.A.; Nemchin, A.A.; Freeman, M.; Sircombe, K. Linking source and sedimentary basin: Detrital
zircon record of sediment flux along a modern river system and implications for provenance studies. Earth
Planet. Sci. Lett. 2003, 210, 259-268. [CrossRef]

Amidon, W.H.; Burbank, D.W.; Gehrels, G.E. Construction of detrital mineral populations: Insights from
mixing of U-Pb zircon ages in Himalayan Rivers. Basin Res. 2005, 17, 463-485. [CrossRef]

Gehrels, G. Detrital zircon U-Pb geochronology applied to tectonics. Annu. Rev. Earth Planet. Sci. 2014, 42,
127-149. [CrossRef]

Garzanti, E.; Vermeesch, P; Rittner, M.; Simmons, M. The zircon story of the Nile: Time-structure maps of
source rocks and discontinuous propagation of detrital signals. Basin Res. 2018, 30, 1098-1117. [CrossRef]
Saylor, ].E.; Knowles, ].N.; Horton, B.K.; Nie, J.; Mora, A. Mixing of Source Populations Recorded in Detrital
Zircon U-Pb Age Spectra of Modern River Sands. J. Geol. 2013, 121, 17-33. [CrossRef]

Sickmann, Z.T.; Paull, C.K.; Graham, S.A. Detrital-Zircon Mixing and Partitioning in Fluvial to Deep Marine
Systems, Central California, USA. |. Sediment. Res. 2016, 86, 1298-1307. [CrossRef]

Moecher, D.P,; Samson, S.D. Differential zircon fertility of source terranes and natural bias in the detrital
zircon record: Implications for sedimentary provenance analysis. Earth Planet. Sci. Lett. 2006, 247, 252-266.
[CrossRef]

Lawrence, R.L.; Cox, R.; Mapes, RW.; Coleman, D.S. Hydrodynamic fractionation of zircon age populations.
Geol. Soc. Am. Bull. 2011, 123, 295-305. [CrossRef]

Pullen, A.; Ibanez-Mejia, M.; Gehrels, G.E.; Ibanez-Mejia, J.C.; Pecha, M. What happens when n = 1000?
Creating large-n geochronological datasets with LA-ICP-MS for geologic investigations. ]. Anal. Atom.
Spectrom. 2014, 29, 971-980. [CrossRef]

Zhang, J.; Liu, C.L. Riverine composition and estuarine geochemistry of particulate metals in
China—Weathering features, anthropogenic impact and chemical fluxes. Estuar. Coast. Shelf Sci. 2002, 54,
1051-1070. [CrossRef]

Dadson, S.J.; Hovius, N.; Chen, H.; Dade, W.B.; Lin, J.C.; Hsu, M.L.; Lin, CW.; Horng, M.].; Chen, T.C,;
Milliman, J.; et al. Earthquake-triggered increase in sediment delivery from an active mountain belt. Geology
2004, 32, 733-736. [CrossRef]

Yang, S.L.; Belkin, LM.; Belkina, A.I; Zhao, Q.Y.; Zhu, J.; Ding, P. Delta response to decline in sediment
supply from the Yangtze River: Evidence of the recent four decades and expectations for the next half-century.
Estuar. Coast. Shelf Sci. 2003, 57, 689-699. [CrossRef]

Wang, H.J.; Saito, Y.; Zhang, Y.; Bi, N.S.; Sun, X.X,; Yang, Z.S. Recent changes of sediment flux to the western
Pacific Ocean from major rivers in East and Southeast Asia. Earth-Sci. Rev. 2011, 108, 80-100. [CrossRef]

37



Minerals 2020, 10, 398

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

He, M.Y.; Zheng, H.B.; Clift, PD. Zircon U-Pb geochronology and Hf isotope data from the Yangtze River
sands: Implications for major magmatic events and crustal evolution in Central China. Chem. Geol. 2013,
360, 186-203. [CrossRef]

Xu, X.S.; O'Reilly, S.Y.; Griffin, W.L.; Wang, X.L.; Pearson, N.J.; He, Z.Y. The crust of Cathaysia: Age, assembly
and reworking of two terranes. Precambrian Res. 2007, 158, 51-78. [CrossRef]

Xu, YH.; Sun, Q.Q.; Yi, L.; Yin, X.J.; Wang, A.; Li, Y.H.; Chen, J. Detrital Zircons U-Pb Age and Hf Isotope
from the Western Side of the Taiwan Strait: Implications for Sediment Provenance and Crustal Evolution of
the Northeast Cathaysia Block. Terr. Atmos. Ocean. Sci. 2014, 25, 505-535. [CrossRef]

Nie, J.S.; Stevens, T.; Rittner, M.; Stockli, D.; Garzanti, E.; Limonta, M.; Bird, A.; Ando, S.; Vermeesch, P.;
Saylor, ].; et al. Loess Plateau storage of Northeastern Tibetan Plateau-derived Yellow River sediment.
Nat. Commun. 2015, 6, 1-10. [CrossRef] [PubMed]

Choi, T.; Lee, Y.I.; Orihashi, Y. Crustal growth history of the Korean Peninsula: Constraints from detrital
zircon ages in modern river sediments. Geosci. Front. 2016, 7, 707-714. [CrossRef]

Deng, K; Yang, S.Y.; Li, C.; Su, N.; Bi, L.; Chang, Y.P.; Chang, S.C. Detrital zircon geochronology of river
sands from Taiwan: Implications for sedimentary provenance of Taiwan and its source link with the east
China mainland. Earth-Sci. Rev. 2017, 164, 31-47. [CrossRef]

Xu, K,; Li, A,; Liu, J.P; Milliman, ].D.; Yang, Z.; Liu, C.-S.; Kao, S.-J].; Wan, S.; Xu, F. Provenance, structure,
and formation of the mud wedge along inner continental shelf of the East China Sea: A synthesis of the
Yangtze dispersal system. Mar. Geol. 2012, 291, 176-191. [CrossRef]

Xu, K,; Milliman, ].D.; Li, A.; Liu, ].P; Kao, S.-J.; Wan, S. Yangtze- and Taiwan-derived sediments on the inner
shelf of East China Sea. Cont. Shelf Res. 2009, 29, 2240-2256. [CrossRef]

Li, Q;; Zhang, Q.; Li, G,; Liu, Q.; Chen, M.-T.; Xu, J.; Li, ]. A new perspective for the sediment provenance
evolution of the middle Okinawa Trough since the last deglaciation based on integrated methods. Earth
Planet. Sci. Lett. 2019, 528, 115839. [CrossRef]

Sharman, G.R.; Johnstone, S.A. Sediment unmixing using detrital geochronology. Earth Planet. Sci. Lett. 2017,
477,183-194. [CrossRef]

Li, G.X;; Li, P; Liu, Y.; Qiao, L.L.; Ma, Y.Y;; Xu, ].S.; Yang, Z.G. Sedimentary system response to the global
sea level change in the East China Seas since the last glacial maximum. Earth-Sci. Rev. 2014, 139, 390-405.
[CrossRef]

Hickox, R.; Belkin, I.; Cornillon, P.; Shan, Z. Climatology and seasonal variability of ocean fronts in the east
China, Yellow and Bohai Seas from satellite SST data. Geophys. Res. Lett. 2000, 27, 2945-2948. [CrossRef]
Choi, T,; Lee, Y.I; Orihashi, Y,; Yi, H.I. The provenance of the southeastern Yellow Sea sediments constrained
by detrital zircon U-Pb age. Mar. Geol. 2013, 337, 182-194. [CrossRef]

Milliman, ].D.; Syvitski, ].P.M. Geomorphic Tectonic Control of Sediment Discharge to the Ocean—The
Importance of Small Mountainous Rivers. J. Geol. 1992, 100, 525-544. [CrossRef]

Yang, S.L.; Zhang, J.; Zhu, J.; Smith, ].P; Dai, S.B.; Gao, A.; Li, P. Impact of dams on Yangtze River sediment
supply to the sea and delta intertidal wetland response. |. Geophys. Res.-Earth Surf. 2005, 110, 1-12. [CrossRef]
Dadson, S.J.; Hovius, N.; Chen, H.G.; Dade, W.B.; Hsieh, M.L.; Willett, S.D.; Hu, ].C.; Horng, M.].; Chen, M.C.;
Stark, C.P; et al. Links between erosion, runoff variability and seismicity in the Taiwan orogen. Nature 2003,
426, 648-651. [CrossRef]

Yang, S.Y.; Jung, H.S.; Lim, D.I; Li, C.X. A review on the provenance discrimination of sediments in the
Yellow Sea. Earth-Sci. Rev. 2003, 63, 93-120. [CrossRef]

Liu, J.P; Xu, K.H,; Li, A.C.; Milliman, ].D.; Velozzi, D.M.; Xiao, S.B.; Yang, Z.S. Flux and fate of Yangtze river
sediment delivered to the East China Sea. Geomorphology 2007, 85, 208-224. [CrossRef]

Isobe, A. Recent advances in ocean-circulation research on the Yellow Sea and East China Sea shelves.
J. Oceanogr. 2008, 64, 569-584. [CrossRef]

Berne, S.; Vagner, P; Guichard, F.; Lericolais, G.; Liu, Z.X.; Trentesaux, A.; Yin, P,; Yi, H.I. Pleistocene forced
regressions and tidal sand ridges in the East China Sea. Mar. Geol. 2002, 188, 293-315. [CrossRef]

Zhu, Y.R,; Chang, R.F. On the relationships between the radial tidal current field and the radial sand ridges
in the southern Yellow Sea: A numerical simulation. Geo-Mar. Lett. 2001, 21, 59-65. [CrossRef]

Zhao, G.C.; Wilde, S.A.; Cawood, P.A.; Sun, M. Archean blocks and their boundaries in the North China
Craton: Lithological, geochemical, structural and P-T path constraints and tectonic evolution. Precambrian
Res. 2001, 107, 45-73. [CrossRef]

38



Minerals 2020, 10, 398

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Xiong, S.Q.; Yang, H.; Ding, Y.Y.; Li, ZK.; Li, W. Distribution of igneous rocks in China revealed by
aeromagnetic data. J. Asian Earth Sci. 2016, 129, 231-242. [CrossRef]

Zhai, M.G.; Santosh, M. The early Precambrian odyssey of the North China Craton: A synoptic overview.
Gondwana Res. 2011, 20, 6-25. [CrossRef]

Zheng, Y.F; Xiao, W.J.; Zhao, G.C. Introduction to tectonics of China. Gondwana Res. 2013, 23, 1189-1206.
[CrossRef]

Zhu, R.X.; Yang, ].H.; Wu, EY. Timing of destruction of the North China Craton. Lithos 2012, 149, 51-60.
[CrossRef]

Zhou, X.M,; Sun, T,; Shen, W.Z; Shu, L.S.; Niu, Y.L. Petrogenesis of Mesozoic granitoids and volcanic rocks
in South China: A response to tectonic evolution. Episodes 2006, 29, 26-33. [CrossRef]

Xu, Y.-G.; Luo, Z.-Y.; Huang, X.-L.; He, B.; Xiao, L.; Xie, L.-W.; Shi, Y.-R. Zircon U-Pb and Hf isotope
constraints on crustal melting associated with the Emeishan mantle plume. Geochim. Cosmochim. Acta 2008,
72,3084-3104. [CrossRef]

Chen, L.; Zheng, Y.F; Zhao, Z.F. A common crustal component in the sources of bimodal magmatism:
Geochemical evidence from Mesozoic volcanics in the Middle-Lower Yangtze Valley, South China. Geol. Soc.
Am. Bull. 2018, 130, 1959-1980. [CrossRef]

Wang, Y.; Fan, W.; Zhang, G.; Zhang, Y. Phanerozoic tectonics of the South China Block: Key observations
and controversies. Gondwana Res. 2013, 23, 1273-1305. [CrossRef]

She, Z.; Ma, C.; Mason, R.; Li, J.; Wang, G.; Lei, Y. Provenance of the Triassic Songpan-Ganzi flysch, west
China. Chem. Geol. 2006, 231, 159-175. [CrossRef]

Chen, Y.L.; Li, D.P; Zhou, ] .; Liu, E; Zhang, H.F,; Nie, L.S; Jiang, L.T.; Song, B.; Liu, X.M.; Wang, Z. U-Pb
dating, geochemistry, and tectonic implications of the Songpan-Ganzi block and the Longmen Shan, China.
Geochem. |. 2009, 43, 77-99. [CrossRef]

Chen, C.H.; Lee, C.Y,; Lin, ].W.; Chu, ML.F. Provenance of sediments in western Foothills and Hsuehshan
Range (Taiwan): A new view based on the EMP monazite versus LA-ICPMS zircon geochronology of detrital
grains. Earth-Sci. Rev. 2019, 190, 224-246. [CrossRef]

Sagong, H.; Cheong, C.S.; Kwon, S.T. Paleoproterozoic orogeny in South Korea: Evidence from Sm-Nd and
Pb step-leaching garnet ages of Precambrian basement rocks. Precambrian Res. 2003, 122, 275-295. [CrossRef]
Kee, W.S.; Kim, S.W.; Jeong, Y.J.; Kwon, S. Characteristics of Jurassic Continental Arc Magmatism in South
Korea: Tectonic Implications. J. Geol. 2010, 118, 305-323. [CrossRef]

Wiedenbeck, M.; Alle, P; Corfu, F; Griffin, W.L.; Meier, M.; Oberli, E; Vonquadt, A.; Roddick, J.C.; Speigel, W.
Three Natural Zircon Standards for U-Th-Pb, Lu-Hf, Trace-Element and Ree Analyses. Geostand. Newsl. 1995,
19, 1-23. [CrossRef]

Slama, J.; Kosler, ].; Condon, D.J.; Crowley, J.L.; Gerdes, A.; Hanchar, ].M.; Horstwood, M.S.A.; Morris, G.A.;
Nasdala, L.; Norberg, N.; et al. Plesovice zircon—A new natural reference material for U-Pb and Hf isotopic
microanalysis. Chem. Geol. 2008, 249, 1-35. [CrossRef]

Fisher, C.M.; Longerich, H.P; Jackson, S.E.; Hanchar, ].M. Data acquisition and calculation of U-Pb isotopic
analyses using laser ablation (single collector) inductively coupled plasma mass spectrometry. J. Anal. Atom.
Spectrom. 2010, 25, 1905-1920. [CrossRef]

Spencer, C.J.; Kirkland, C.L.; Taylor, R.J.M. Strategies towards statistically robust interpretations of in situ
U-Pb zircon geochronology. Geosci. Front. 2016, 7, 581-589. [CrossRef]

Saylor, J.E.; Sundell, K.E. Quantifying comparison of large detrital geochronology data sets. Geosphere 2016,
12, 203-220. [CrossRef]

Vermeesch, P. Multi-sample comparison of detrital age distributions. Chem. Geol. 2013, 341, 140-146.
[CrossRef]

Yang, J.; Gao, S.; Chen, C.; Tang, Y.Y.; Yuan, H.L.; Gong, H.]J.; Xie, S.W.; Wang, J.Q. Episodic crustal growth
of North China as revealed by U-Pb age and Hf isotopes of detrital zircons from modern rivers. Geochim.
Cosmochim. Acta 2009, 73, 2660-2673. [CrossRef]

Shao, L.; Meng, A.; Li, Q.; Qiao, P; Cui, Y.; Cao, L.; Chen, S. Detrital zircon ages and elemental characteristics
of the Eocene sequence in IODP Hole U1435A: Implications for rifting and environmental changes before the
opening of the South China Sea. Mar. Geol. 2017, 394, 39-51. [CrossRef]

Zheng, H.B.; Clift, P.D.; Wang, P; Tada, R.J.; Jia, ].T.; He, M.Y.; Jourdan, F. Pre-Miocene birth of the Yangtze
River. Proc. Natl. Acad. Sci. USA 2013, 110, 7556-7561. [CrossRef] [PubMed]

39



Minerals 2020, 10, 398

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Shang, Y.; Prins, M.A.; Beets, C.J.; Kaakinen, A.; Lahaye, Y.; Dijkstra, N.; Rits, D.S.; Wang, B.; Zheng, H.B.;
van Balen, R.T. Aeolian dust supply from the Yellow River floodplain to the Pleistocene loess deposits of the
Mangshan Plateau, central China: Evidence from zircon U-Pb age spectra. Quat. Sci. Rev. 2018, 182, 131-143.
[CrossRef]

Jia, ].T;; Zheng, H.B.; Huang, X.T.; Wu, EY,; Yang, S.Y.; Wang, K.; He, M..Y. Detrital zircon U-Pb ages of Late
Cenozoic sediments from the Yangtze delta: Implication for the evolution of the Yangtze River. Chin. Sci.
Bull. 2010, 55, 1520-1528. [CrossRef]

Paterson, G.A.; Heslop, D. New methods for unmixing sediment grain size data. Geochem. Geophys. Geosyst.
2015, 16, 4494-4506. [CrossRef]

Vermeesch, P. On the visualisation of detrital age distributions. Chem. Geol. 2012, 312, 190-194. [CrossRef]
Zhai, M.; Peng, P. Paleoproterozoic events in the north China craton. Acta Petrol. Sin. 2007, 23, 2665-2682.
Kusky, TM.; Windley, B.F.; Zhai, M.-G. Tectonic evolution of the North China Block: From orogen to craton
to orogen. Geol. Soc. Lond. Spec. Publ. 2007, 280, 1-34. [CrossRef]

Wan, T. Introduction. In The Tectonics of China: Data, Maps and Evolution; Wan, T., Ed.; Springer:
Berlin/Heidelberg, Germany, 2012; pp. 1-26.

Zhang, R.Q.; Sun, W.D,; Li, C.Y,; Lehmann, B.; Seltmann, R. Constraints on tin mineralization events by
cassiterite LA-ICP-MS U-Pb dating. Miner. Resour. Discov. 2017, 3, 1009-1012.

Ibanez-Mejia, M.; Pullen, A.; Pepper, M.; Urbani, F.; Ghoshal, G.; Ibanez-Mejia, J.C. Use and abuse of
detrital zircon U-Pb geochronology-A case from the Rio Orinoco delta, eastern Venezuela. Geology 2018, 46,
1019-1022. [CrossRef]

Bian, C.; Jiang, W.; Greatbatch, R.J. An exploratory model study of sediment transport sources and deposits
in the Bohai Sea, Yellow Sea, and East China Sea. ]. Geophys. Res.-Ocean. 2013, 118, 5908-5923. [CrossRef]
Sharman, G.R.; Covault, J.A.; Stockli, D.F; Wroblewski, A.E].; Bush, M.A. Early Cenozoic drainage
reorganization of the United States Western Interior-Gulf of Mexico sediment routing system. Geology 2017,
45,187-190. [CrossRef]

Qiao, S.Q.; Shi, X.E; Wang, G.Q.; Zhou, L.; Hu, B.Q.; Hu, LM.; Yang, G.; Liu, Y.G.; Yao, Z.Q.; Liu, S.F.
Sediment accumulation and budget in the Bohai Sea, Yellow Sea and East China Sea. Mar. Geol. 2017, 390,
270-281. [CrossRef]

Jia, J.J.; Gao, J.H.; Cai, T.L.; Li, Y,; Yang, Y.; Wang, Y.P,; Xia, X.M.; Li, J.; Wang, A.J.; Gao, S. Sediment
accumulation and retention of the Changjiang (Yangtze River) subaqueous delta and its distal muds over the
last century. Mar. Geol. 2018, 401, 2-16. [CrossRef]

Johnston, S.; Gehrels, G.; Valencia, V.; Ruiz, ]. Small-volume U-Pb zircon geochronology by laser
ablation-multicollector-ICP-MS. Chem. Geol. 2009, 259, 218-229. [CrossRef]

Blum, M.; Rogers, K.; Gleason, ].; Najman, Y.; Cruz, J.; Fox, L. Allogenic and Autogenic Signals in the
Stratigraphic Record of the Deep-Sea Bengal Fan. Sci. Rep. 2018, 8, 7973. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

40



minerals

Article

Eoarchean to Neoproterozoic Detrital Zircons from the South of
Meiganga Gold-Bearing Sediments (Adamawa, Cameroon):
Their Closeness with Rocks of the Pan-African Cameroon
Mobile Belt and Congo Craton

Nguo Sylvestre Kanouo "*, Arnaud Patrice Kouske 2, Gabriel Ngueutchoua 3, Akella Satya Venkatesh 4,

Prabodha Ranjan Sahoo  and Emmanuel Archelaus Afanga Basua

Citation: Kanouo, N.S.; Kouske, A.P,;
Ngueutchoua, G.; Venkatesh, A.S.;
Sahoo, PR.; Basua, E.A.A. Eoarchean
to Neoproterozoic Detrital Zircons from

the South of Meiganga Gold-Bearing

Sediments (Adamawa, Cameroon): Their

Closeness with Rocks of the Pan-African
Cameroon Mobile Belt and Congo Cra-
ton. Minerals 2021, 11, 77. https://
dx.doi.org/10.3390/min11010077

Received: 30 August 2020
Accepted: 11 November 2020
Published: 15 January 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional claims
in published maps and institutional

affiliations.

Copyright: © 2021 by the authors. Li-
censee MDPI, Basel, Switzerland. This
article is an open access article distributed
under the terms and conditions of the
Creative Commons Attribution (CC BY)
license (https:/ / creativecommons.org/
licenses /by /4.0/).

5

Department of Mining Engineering and Mineral Processing, Faculty of Mines and Petroleum Industries,
University of Maroua, Maroua 46, Cameroon

Department of Civil Engineering, University Institute of Technology (UIT), University of Douala,

Douala 1623, Cameroon; arnaudpatricek@gmail.com

Department of Earth Sciences, University of Yaoundé I, Yaoundé 812, Cameroon; ngueutchoua2@yahoo.fr
Department of Applied Geology, Indian Institute of Technology (Indian School of Mines),

Dhanbad 826004, India; asvenkatesh@iitism.ac.in (A.S.V.); prabodha@iitism.ac.in (P.R.S.)

Faculty of Earth Sciences, School of Earth Sciences, China University of Geosciences, Wuhan 430074, China;
basfanga@yahoo.com

*  Correspondence: sylvestrekanouo@yahoo.fr; Tel.: +237-678966240

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

41



Minerals 2021, 11, 77

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].
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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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Cenozoic to recent volcanism (<65 Ma)

Cretaceous to Paleozoic cover (25-145 Ma)
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Postectotic granitoids JSanga and west central Group
Syntectonic granitoids) (SGp, WCGp, 500-600 Ma)
Lom, Poli.Yaounde Groups(800-600)

Yokadouma, Dja Groups (1200-800 Ma)
Sembe Ouesso Group (1200-800 Ma)
Nyong Complex 1800-2100 Ma
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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,
5.0.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.

48



Minerals 2021, 11, 77

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/cm?,
a frequency of 4 Hz, and a spot size of 20 pm diameter, resulting in crater depths of ~9 um.
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 2%’Pb/2%Pb
ID-TIMS age and 1062.4 4 0.4 Ma 2%Pb /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 207pp /206 pp
and 601.7 + 1.3 Ma 206Pp /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 2/Pb/2%Pb date of 593 + 5 Ma, MSWD = 0.8
and a weighted mean 2%Pb /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 23U 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 2%“Pb /2%Pb and 2%°Pb /238U ratios.
For plotting and age interpretation purposes, the 20”Pb/20°Pb dates are used for analyses
older than 1000 Ma, whereas the 2°°Pb /233U 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 MSDZ(093) 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.

s:;‘_“l\f;fne Hf Th T . Nb St HEY N et
MSDzool 10750 15 87 116 1 011 38256 0822 733 50
MSDZ002 7820 79 30 15 22 027 56259 1421 861 88
MSDZ003 7210 48 73 046 06 018 72755 1202 717 79
MSDZ004 o860 341 10 346 33 018 10956 0966 746 40
MSDZ005 10260 177 209 175 21 722 18127 1222 820 76
MSDZ006 8930 165 89 192 18 022  136% 09l 735 66
MSDZ007 6750 16 6 035 06 015 12546 1848 700 60
MSDZ008 11440 268 47 178 23 031 21749 1283 915 135
MSDZ009 7000 70 98  0l6 05 011 10381 3315 744 87
MSDZ010 910 230 81 106 14 015 35217 1303 7% 71
MSDZ011 8310 217 148 123 15 023 13317 118 784 102
MSDZ012 7600 42 25 05 09 014 1505 158 630 84
MSDZ013 1139 299 163 154 11 003 5476 07 794 44
MSDZol4 1150 116 11 035 04 18 4424 1213 755 61
MSDZo15 10380 123 109 219 18 031 18703 0831 754 39
MSDZ016 50 12 107 037 03 008 2106 0885 7% 60
MSDZ017 %3 217 71 35 38 016 14038 1085 715 54
MSDZ018 7000 44 5 075 11 016 78547 153 685 98
MSDZ019 750 2 61 065 09 017 13915 1316 701 63
MSDZ020 7040 38 101 027 04 009 22564 1603 747 51
MSDZ021 o110 & 54 13 15 016 14717 1155 691 65
MSDZ022 o110 264 65 391 46 02 11016 1169 707 74
MSDZ023 910 253 116 158 22 007 223 1397 760 50
MSDZ024 %30 161 7 344 36 016 14658 1041 713 68
MSDZ025 10340 260 357 076 09 136 26649 124 881 48
MSDZ026 9570 263 81 317 44 019 9071 1394 726 76
MSDZ027 10520 155 § 225 28 014 23223 1259 725 79
MSDZ028 10470 155 101 311 39 011 21904 125 747 69
MSDZ029 7480 2 36 032 04 007 19947 1187 658 122
MSDZ030 770 70 79 144 08 003 20285 058 724 70
MSDZ031 7760 9 54 014 03 008 26667 2385 691 75
MSDZ032 7470 78 0 12 1 013 14792 0868 746 61
MSDZ033 3 71 67 233 22 021 1639 0958 710 40
MSDZ034 20 19 52 063 09 011 21683 135 688 56
MSDZ035 9080 466 258 225 16 014 10425 0703 843 2
MSDZ036 860 160 72 075 05 016 23158 0726 716 77
MSDZ037 10630 298 86 16 21 014 1582 1311 732 46
MSDZ038 8700 16 52 046 08 009 30742 1659 688 50
MSDZ039 8090 266 118 114 15 007  1elle 1338 762 7
MSDZ040 10 13 35 016 03 009 26053 2056 656 60
MSDZoa1 10120 3% 19 13 22 014 1087 1681 810 40
MSDZ042 9560 33 82 209 35 015 14914 1660 728 19
MSDZ043 §700 97 158 051 1 018 1068 1883 791 61
MSDZ044 9150 91 359 02 04 005 4893 153 882 66
MSDZ045 700 45 25 077 08 012 99162 1089 630 84
MSDZ046 o790 26 53 176 11 004 63161 0637 690 59
MSDZ047 980 180 99 124 16 008 40844 1295 745 54
MSDZ048 %30 203 62 266 35 019 10201 1327 703 62
MSDZ049 %60 145 209 18 17 01 3905 0965 820 97
MSDZ050 7980 36 27 046 08  0l6 12587 1702 636 73
MSDZos1 11750 100 56 167 18 018 1175 1064 694 73
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Table 2. Cont.

Sps(ftI-III\II):;e Hf Th Ti Ta Nb Sr Hf/Y Nb/Ta T"(IO“C')ZICZ";‘ T
MSDZ052 9930 347 7.1 443 44 0.23 14.56 0.982 715 78
MSDZ053 10,450 122 115 0.68 1 0.07 51.225 1412 759 56
MSDZ054 8030 91 6.7 0.46 15 0.28 6323 3213 710 67
MSDZ055 9810 153 256 1.23 29 15.99 15.046 2.393 1180 47
MSDZ056 10,190 363 44 1.93 2 02 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 41 02 8.339 1.534 700 60
MSDZ059 10,110 138 75 0.71 13 0.02 273984  1.842 720 57
MSDZ060 8710 19 3 0.44 04 0.12 16.75 0913 644 60
MSDZ061 10,540 17 2.1 0.6 04 0.09 57.127 0.747 618 81
MSDZ062 8080 17 43 0.35 0.3 0.09 33.115 0.777 672 52
MSDZ063 9890 67 28.7 0.67 11 0.14 32.426 1.695 856 70
MSDZ064 12,010 186 10.9 18 18 0.06 29.728 0.974 754 60
MSDZ065 9780 245 13.3 1.29 16 0.16 18.178 1.198 773 68
MSDZ066 10,220 304 36 1.26 16 0.15 14.898 1.245 882 234
MSDZ067 10,570 103 15.2 2.37 15 037 33.987 0.647 787 44
MSDZ068 7490 29 5.1 0.88 12 0.08 21.039 1.405 686 61
MSDZ069 10,130 399 42 1 16 0.16 8.393 1.59 670 61
MSDZ070 7850 31 24 0.84 14 0.17 12.189 1.672 627 73
MSDZ071 10,570 122 53 0.88 13 0.06 34,542 1.439 690 69
MSDZ072 8680 36 4 118 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 47 248 44 0.21 8.472 1.755 680 72
MSDZ076 6510 51 5 0.5 0.9 02 5.54 1.711 685 58
MSDZ077 7590 25 35 0.29 0.4 0.14 16.013 1.495 656 65
MSDZ078 7600 21 21 0.63 0.7 0.07 22.823 1.116 617 76
MSDZ079 9740 238 53 2.67 45 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 8.1 221 26 0.14 15.072 1.181 726 68
MSDZ082 9290 38 7.6 1.44 13 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 41 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 6 212 35 0.14 13.64 1.643 700 76
MSDZ087 9130 150 43 2.92 29 0.09 14.221 0.993 672 56
MSDZ088 8620 34 5.1 1.35 12 0.07 46.596 0.88 686 41
MSDZ089 10,930 110 48 16 14 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 55 2.44 39 0.16 7.431 1.608 693 54
MSDZ093 10,400 78 7.3 0.94 0.8 022 57.143 0.861 717 76
MSDZ094 9750 457 45 1.78 2.9 0.15 11.861 1.636 676 62
MSDZ095 5980 46 34 0.7 0.6 0.14 14.071 0.829 653 50
MSDZ096 7060 49 3.8 0.58 12 0.16 9.605 2.086 662 80
MSDZ097 10,890 275 10 221 15 031 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 14 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 45214 1.549 730 44
MSDZ103 9550 149 10.9 1.06 1.9 0.12 17.884 1.785 754 60
MSDZ104 7330 26 42 0.39 0.9 0.15 9.338 2.234 670 78
MSDZ105 8990 230 10.6 0.93 15 0.07 19.168 1.627 751 61
MSDZ106 7980 8 35 0.33 0.3 0.07 29.446 1.01 656 90
MSDZ107 10,040 273 6.5 1.03 17 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 17 0.24 0.8 0.05 80.439 3.187 824 54
MSDZ111 9460 31 46 111 11 0.07 29.379 0.999 678 61
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Number of zircongrains
cunws85LB8REHKSES

Group 4

Group 2 Group 3
Group of Zircon Th/U ratios

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).
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Figure 4. Geochemical correction of various elements/ratios within the southern Meiganga detrital zircons: (a) Th versus
U; (b) Th/U versus Th; (¢) 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
(XREE) 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.
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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 (4248 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 /2%Pb (3671 + 23 to 637 + 24 Ma), 20’Pb /235U (3428 + 79 to 615 + 13 Ma),
and 2%°Pb /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 2Pb /2%Pb dates are used for analyses older than 1000 Ma, whereas the 2°°Pb /238U
dates are used for analyses younger than 1000 Ma. The 2%”Pb/2%Pb 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 2°Pb /23U 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).
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Figure 6. U-Pb discordia diagram for the southern Meiganga detrital zircons.
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Figure 7. Plot showing the spatial distribution of 2”Pb/2%Pb 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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Figure 8. (a) Th/U ratio versus Ti-in-zircon temperature (°C) with some grouping of plots, and (b)
Y_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].
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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.
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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.
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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 MSDZ(093) 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).
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Figure 12. Ti-in-zircon temperature (°C) versus >/ Pb/20°Pb 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 2% Pb /2%Pb ages (2796 Ma, 2559 Ma, 2504 Ma, 2215 Ma,
and 2169 Ma) and 2°°Pb /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, 20’Pb/2%°Pb 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 2°Pb /23U 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 4= 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)

Middle Paleoproterozoic (2050-1993
Ma and 2232-2062 Ma)

2126-2000 Ma (meta-syenite,

orthopyroxene-garnet gneiss, charnockite,

amphibolite, metagranodiorites, and
magnetite-bearing quartzite)

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

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 ep(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 um. 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 207pp206 P ages were
selected if the 2°Pb/?8U 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 um; 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 17°Lu were used
to correct the isobaric interference of 7°Yb and 7°Lu on 76Hf. The 7°Hf/”7Hf was normalized to
I79H{/Y77Hf = 0.7325 using an exponential law for mass bias correction. The initial Hf isotope ratios
were denoted as ey¢(t) values that were calculated with the chondritic uniform reservoir (CHUR) at the
time of zircon crystallization, and the present-day 7°Hf/!””Hf and 17®Lu/!””Hf ratios of chondrite and
depleted mantle were at 0.28277 and 0.0332, 0.28325, and 0.0384, respectively [31]. Initial 76Hf/!”7Hf
values were calculated based on a 17°Lu decay constant of 1.865 x 10~!! year! [32]. Two-stage model
Hf ages (Tpmp) were computed using a 1761,u/"77Hf 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 um, 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.
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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 eyys (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 52 and are illustrated in Figure 5.
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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.
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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).
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Figure 5. Diagrams showing the relationships between ep¢(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 176H£/177Hf ratios from 0.280773 to 0.282527, with egy¢(t) values
from —25.7 to +8.5 (Figure 5). The two-stage Hf isotopic model ages (Tppr,) 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 176H£/777Hf ratios from 0.281269 to 0.282621, with ep(t) values
from —24.1 to +4.3 (Figure 5). The two-stage Hf isotopic model ages (Tpnp) 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 17Hf/!””Hf ratios from 0.281872 to 0.282901, with ep¢(t) values from —27.2 to +6.8
(Figure 5). The two-stage Hf isotopic model ages (Tpp2) 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).
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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 ey¢(t) values in different age populations
(Figure 5). The Phanerozoic zircons with significant positive ey¢(t) values suggests that the protolith
was formed in part from the juvenile component. In addition, the Precambrian zircons generally had
negative epy¢(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 e(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 epy(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 epye(t) values (most in —10 to 0), suggesting that they were formed from the remelting of the ancient
crust, which was consistent with the ey¢(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 eg(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 ep¢(t) values <10 fell within the ranges of both the Red River system and
drainage systems in the central Vietnamese rivers, other zircons with eg(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 ep¢(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 egy(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 eg(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).
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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 1.20-1, 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 176H£/777Hf ratios from 0.280773 to 0.282901, with e(t) values
of —27.2 to +8.5, suggesting that there were multiple sources for the sediments. Most of the zircon
grains had negative epy(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.

83



Minerals 2020, 10, 752

(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 Vietham, and may also be influenced by the evolution of the Red
River system.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/9/752/s1,
Table S1: LAICPMS UPb dating data of zircons in this study; Table S2: LA-MC-ICP-MS Hf isotopic compositions
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, Calacali-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 Calacali-Pujili 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 Tpq4e 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 Aléag-Santo Domingo highway. Egiiez [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
Aldag-Santo Domingo road indicate that the volcanic rocks erupted through isotopically juvenile
rocks [22,35].

Egtiez [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
Calacali-Nanegalito sections (Figure 4). These authors reported “’ At/ Ar 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,
Saquisili, Apagua, Unacota and Rumi Cruz formations [17,22].

The Pilalo Formation was defined by Egiiez and Bourgeois [36] as “Volcanicos Pilalo”. It contains
coarse-grained turbiditic sandstones, black shales, siltstones, reworked tuffs and matrix supported
breccias with andesitic fragments. Egiiez 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 Alambi River, which indicates a Paleocene age [22]. Vallejo [22] reported a 40Ar9Ar
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 Saquisili Formation includes dark grey micaceous sandstones, siltstones and some calcareous
strata [9,17] that were deposited as turbidites. The Saquisili 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 Pilatén 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 *°Ar/?? Ar plateau age (hornblende) of 32.9 + 1.2 Ma, from an andesite collected east of
the towns of Jijon and Caamano. 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 Aléag-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
Calacali-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.

Egiiez [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 Egiiez [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 Calacali-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 Calacali-Nanegalito road.

Vallejo [22] obtained “°Ar/%° Ar 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/cm?). The heavy minerals were mounted
on glass slides using piperine (refractive index = 1.68).
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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-Ziirich [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/cm? and a repetition
rate of 10 Hz. Repeated measurements of external zircon standard Plesovice [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 Calacali-Nanegalito Road Sections

The Nono-Tandayapa and Calacali-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 Calacali-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 Calacali-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 3 Ar/Ar 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 T,q4, 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 3 Ar/*0 Ar

100



Minerals 2020, 10, 929

plateau ages of two samples collected in the Calacali-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 Calacali-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 Calacali-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

Intercalations of dark grey laminated Silty-muddy turbidites (Bouma Tg4e subdivisions)

SMI siltstones and mudstones generated by low-density turblch.ty currents in the
distal part of a submarine fan

Massive sandstones with load cast, and Sandy tur}?ld.l te;s generated l.>y hlgh—(?lensrcy turbidity

MS . current infilling channels in the middle part of a
volcanic clasts .
submarine fan

Massive sandstones with floating clasts ~ Sandy debrites deposited by plastic flows in channels

DMS S : .
of volcanic origin of the middle part of a submarine fan

MSC Matrix-supported conglomerates with Conglomerates generated by debris flows. The

common association with turbidites and sandy

lcanic clast . .
Volcatic clasts debrites suggests the upper part of a submarine fan

Silante Formation

Reddish unstructured mudstones and
MM siltstones with poorly developed
parallel lamination.

Reddish color in mudstones suggest floodplain
deposits deposited under oxidizing conditions

EMS Reddish siltstones and fine-grained Distal facies of alluvial fan margins in semi-arid
sandstones continental environments
MSS Structureless fine-grained sandstones Sandy hthqfaaes dgposﬁed bya hyper-c'oncentrated
flow in the middle part of an alluvial fan
SPL Reddish to yellowish sandstones with Channels or sheet flood deposits deposited in the
parallel lamination middle part of an alluvial fan
GMM1 Massive matrix-supported Deposits produced by debris flows in the upper part
conglomerates of an alluvial fan
GCM1 Massive clast-supported conglomerates Deposits formed by deb.ns flows in the upper part of
an alluvial fan system
GMM?2 Matrix-supported conglomerates, Proximal facies of an alluvial fan depositional system,
poorly sorted 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 Tg, 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 T, 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 Calacali-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 GCML1 lithofacies infills channels in the upper part of an
alluvial fan system [68].

5.3.7. Lithofacies GMM2: Matrix Supported Conglomerates

Lithofacies GMM?2 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 Calacali-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 Calacali-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.

Fm., Sample | Heavy minerals |
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= 02SA027 |:]
L:l') Turmaline
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=
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K [
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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 025A019 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
Calacali-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 Aldéag-Santo Domingo road (00RS26), the Otavalo-Selva Alegre road (02CV99), and from the
Calacali-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).
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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)y 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)y 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 025A027, 025SA028, 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 (20) (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 (20) was obtained.
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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 025A027; (b) 025SA028;
(c) 02SA029; (d) JL1702. The t/o 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 12¢) is 16.51 + 0.056 Ma (20). 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 Aldag-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.

JL17003

mean = 10.31+0.2710.6010.33 (n=11/11) 80
MSWD = 0.31, p(x?) = 0.98

0.010 0.012 0.014

ZOGPb/ZSEU

0.004 0.006 0.008

0.00 0.02 0.04 0.06 0.08
207pyp/ 235y

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 20 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 *°Ar/?? Ar, 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].

[a] PALEOCENE Tandapi Arc
w Al

— Pilalo Fm. Saquisili U.
Y

(o] EOCENE
w

Macuchi
submarine arc Ansﬂﬂ;wa Group

EASTERN
CORDILLERA

\z‘ OLIGOCENE - MIOCENE
w

San Juan de Lachas Arc

EASTERN
CORDILLERA

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.

113



Minerals 2020, 10, 929

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.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/10/929/s1,
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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

(a) N\ Siberia
N 200 km e wﬂ re IbNort
T — j&/@ﬂa
e N N‘P tea! Sot_lth
o g AR g
- > =y~ T =
=1
. e

= A7 Indochin
* @
2, Qi 1

Tarim Block

Kumutag Fault

\
e y =
- /’:‘ ‘\,,, \7{' ! anzhou 9%
_ T E'isrP’l <> =0 Vg;
! e9t0°En ateau «100°E Figure lc E
- SN ‘-‘ '\‘\jm: o i Pleistocene [ Pre-Jurassic sedimentary

and metamorphic rocks
[ Pliocene [ Late Paleozoic and early

. Mesozoic granitic plutons
] Miocene Early and middle

X_ :| Oligocene Paleozmc‘gramtl'cAplutons
R :’ Paleocenc I '];}rt(l)ttgrrl(;zom granitie

-Eocene

retaceous | 27 trike-slip fault
B Cret Strike-slip faul
[ Jurassic [, Thrust fault

Qiliarq\Motkntains '
<< R

Qinghai Lake
Tl
¢ "

Ebl: the Eboliang outcrop
Ycg: the Yingcaogou outcrop

Qdq: the Quandonggou outcrop
Jls: the Jielvsu outcrop @ Wells
Llh: the Lulehe outcrop ® Outcrops
Dhg: the Dahonggou outcrop

(c)90FE 92°E

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
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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].

420 Qilian Mountain$
950 (n=168)

(b) Altyn Tagh Range

(n=155)

930

Eastern Kunlun Mountains
(n=195)

Relative probability

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
Zircon ages (Ma)
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 2°Pb/?3U ratios,
whereas ages older than ca. 1000 Ma were calculated from 27Pb/2%Pb 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.
. . . Heavy Mineral Zircon U-Pb
Samples Depth (m) Stratigraphic Units Analysis Dating Wells
B2u-s 3275 Xiaganchaigou Fm. v v Well B2
B2d-s 3532 Xiaganchaigou Fm. v v ¢
Mx3-s 1240 Lulehe Fm. vV v Well Mx3
Mx4-s 1317 Lulehe Fm. v v Well Mx4
Mx5u-s 1940 Xiaganchaigou Fm. v v
Mx5d-s 2287 Lulehe Fm. N Y Well Mx5
X4-s 1806 Shangganchaigou Fm. v v Well X4
Xxlu-s 4115 Xiaganchaigou Fm. v v
Xx1d-s 4852 Lulehe Fm. v Y Well Xx1
Mb13-s 1450 Xiaganchaigou Fm. v Well Mb13
Mb18-s 1553 Xiaganchaigou Fm. v 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).
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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 Lsl1,
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 ]JIs 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 587 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]).
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Figure 5. The Th/U ratios and detrital zircon ages of all analyzed samples.

129



Minerals 2020, 10, 854

90

501 (a) P Mx3-s, Lulehe Fm. %0 (b) 408 Mx4-s, Lulehe Fm.
40 70
60
g}() é 50
E S 40
=
Z 20 = 30
10 20
Lok 2624
0 0 rﬂ.,l prene o =N Ty,
50 40
(c) 426 Mx5d-s, Lulehe Fm. 35 (d) 415 Xx1d-s, Lulehe Fm.
40 L o 249]]
30
s 25
530 5
£ 22
220 256 2 15]
10 10, 2460
5 i
0ty e B
25 18 5 3
(e) B2u-s, Xiaganchaigou Fm. (f) 239 Xx1lu-s, Xiaganchaigou Fm.
244 ’ = 16 449
20 14
515
g 2341
=] 4
10 E
2 1846
5
0

Mx5u-s, Xiaganchaigou Fm. B2d-s, Xiaganchaigou Fm.
5]
2
E}
2
8 {™1778.0 24262
P R L O RSDO®
S S S S
(J) y=1.9261x
R:=0.9321 2
.
2
El ]\‘xSu-s

=
Z

0.5 1.5

Ratio 1

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
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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).
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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

133



Minerals 2020, 10, 854

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. 2°°Pb/?3¥U ages were used for grains younger than 1.2 Ga and
206pp,207Ph 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 (20). 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
Gebhrels [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 20. (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-Provencal succession to the west
and southwest and on the Brian¢onnais 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 WLE. (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: Brian¢onnais—-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 QtgoFa9Ly; 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:
QtyoFysL3), 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 Qtg3F5L1,). 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 WLEF. (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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e 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.

e 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.

e Inthe 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.

e  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.

(Neuquén Group)

Bordighera Sandstone

<95 Ma - Retro-Arc Foreland stage Campanian - Maastrichtian

e
~ Convergent drainage - - + - = I

+ -
+ + = Sa + +
T ) d"’cfion
position

100-95 Ma - Buckling (?) Coniacian - Santonian
(pre-Cenomanian unconformity) San Bartolomeo Fm.

Erosion

bulge

Ub, )
@ @ position

>100 Ma - Back-arc stage Qz-rich sand on Piedmont-Ligurian Hauterivian - (?) Turonian
paleo-European continental shelf Ocean I
(Bajada del Agrio Group) San Bartolomeo Fm.

Divergent drainage

Z

Sup, o
Vs, ) (> !
(‘p,on Thermal subsidence European I‘/OI; Ag‘v;tl:c

Block bulge
@ @ position

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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