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Preface to "Integrated Geophysical Methods for
Shallow Aquifers Characterization and Modelling”

This book collects recent and original contributions in the field of integrated geophysical
methods for the characterization and modeling of shallow aquifers. The readers will find the
contributions both interesting and inspiring when exploring the integration of different electrical,
electromagnetic, and seismic geophysical techniques, and/or the combination of geophysical
techniques and external data (e.g., geotechnical soundings logs, geochemical tracers, and physical
parameters) to reduce the ambiguity of interpretations and validate the geophysical models. The
findings and methods presented in these original contributions seek to be of interest concerning
some of the problems associated with achieving a holistic strategy to define aquifer geometry and
some transient groundwater features, which are necessary data to implement numerical tools for the
modeling of the dynamics of groundwater quantity (flow) and quality (salinity and pollution). The
Editors envision that these contributions will also be of interest to researchers and practitioners and

will help to identify further research initiatives.

Francisco Javier Alcald, Maria Catarina Paz, Pedro Martinez-Pagan, Fernando Monteiro Santos
Editors
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1. Introduction

Aquifers stock about 31.4% of the freshwater on the Earth, provide about 50% of
current potable water supply, constitute the sole water source in many areas, support
groundwater-dependent ecosystems, and present more resilience than surface watercourses
to the negative effects of climate change and anthropogenic activities. However, groundwa-
ter use is growing, and signs of degradation are increasingly reported.

Groundwater research is increasingly using geophysical prospecting surveys for
aquifer characterization in different hydrogeological environments. They have become
a part of the holistic strategy to define aquifer geometry and some transient groundwa-
ter features, which are necessary data to implement numerical tools for the modelling
of groundwater quantity (flow) and quality (salinity, pollution) dynamics. Geophysical
prospecting techniques are non-invasive, usually inexpensive to apply, and useful for
providing the accurate and fast subsurface information required for detailed groundwater
research over multiple observation scales.

Electrical, electromagnetic, and seismic geophysical techniques are widely used for
aquifer characterization. The first two are typically used to deduce aquifer geometry and
certain transient groundwater features such as piezometric level, freshwater-saltwater
interface, and pore water conductivity, whereas the latter are mostly used to deduce aquifer
geometry and certain steady aquifer hydraulic parameters. The integrated use of different
techniques reduces the ambiguity of interpretations, especially when the conductive struc-
tures and pore-filling fluids (natural and human-induced) are subjected to the temporal
dynamics of water content and dissolved ions. Integration can also be referred to using
external data (e.g., geotechnical soundings logs, geochemical tracers, physical parameters)
to improve and/or validate the geophysical models. Different scientific software platforms
with friendly interfaces, robust algorithms for data inversion, and tools for uncertainty
analysis are available.

In this broad hydro-geophysical framework, this Special Issue aimed to attract special-
ized researchers in applied geophysical prospecting techniques for groundwater research,
with a special focus on near-surface geophysical prospecting applications for shallow
groundwater research. The accepted papers included (i) geophysical prospecting surveys
as a part of the holistic strategy for aquifer conceptualization and modelling, (ii) integrated
near-surface geophysical prospecting techniques and time-lapse approaches to reduce the
ambiguity of hydrogeological interpretations, (iii) experimental field operational designs,
and (iv) case studies surveying saturated and unsaturated media for methodological and
conceptual purposes. Other papers contributed to the state of the art of the geophysical
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techniques through specific study cases covering (i) hydrogeological environments such as
groundwater-dependent ecosystems (GWEs) and urbanized areas in different countries;
(ii) aquifer typologies in coastal and inland areas such as weathered Paleozoic crystalline
bedrocks, Mesozoic to Neogene carbonated terrains, Neogene and Quaternary volcanic
formations, and Neogene and Quaternary detrital sediments; and (iii) climates includ-
ing humid, sub-humid and semiarid. The used techniques were (i) electrical, such as
electrical resistivity tomography (ERT), floating electrical resistivity (FER), and vertical
electrical sounding (VES); (ii) electromagnetic such as ground penetrating radar (GPR),
time-domain electromagnetic (TDEM), and frequency-domain electromagnetic (FDEM),
including low-frequency magnetotelluric sounding (L-MTS); and (iii) seismic, such as mul-
tichannel analysis of surface waves (MASW), refraction microtremor (REMI), and vertical
seismic refraction (VSR).

2. Contributions

Since the call for papers was announced in June 2019, a total of 11 manuscripts
were received. After a rigorous review process, eight papers have been accepted for
publication [1-8]. To gain a better insight into the essence of the Special Issue, we offer brief
highlights of the published papers below.

The paper “Integrated MASW and ERT Imaging for Geological Definition of an
Unconfined Alluvial Aquifer Sustaining a Coastal Groundwater-Dependent Ecosystem in
Southwest Portugal” [1] integrates MASW and time-lapse ERT to define aquifer geometry
and identify transient groundwater features of the Cascalheira Stream Basin Holocene
alluvial aquifer. This aquifer contributes to the Santo André Lagoon, which is part of
a coastal GDE in southwest Portugal. This paper contributes a way to disambiguate
geological structures in low electrical resistivity (ER) environments, such as coastal areas.
The methodology serves to improve the design of shallow groundwater research.

The paper “Geophysical Characterization of Aquifers in Southeast Spain Using ERT,
TDEM, and Vertical Seismic Reflection” [2] assesses the effectiveness of different geophysi-
cal prospecting techniques to study the Loma de Ubeda Jurassic dolomite-confined thick
aquifer in southern Spain. The VSR technique identified the high-amplitude seismic re-
flectors of the confined structure (aquifer) from the low-amplitude seismic reflectors of
the clay-rich confining lower and upper structures. The ERT technique identified lateral
changes in facies and small faults. The TDEM technique complemented the VSR and ERT
techniques to widen the prospecting depth range.

The paper “Characterization of a Shallow Coastal Aquifer in the Framework of a
Subsurface Storage and Soil Aquifer Treatment Project Using Electrical Resistivity Tomog-
raphy (Port de la Selva, Spain)” [3] couples ERT surveys with implicit modelling tools
to identify aquifer geometry and characterize the saltwater intrusion in the Port de la
Selva shallow alluvial aquifer in northeast Spain. With the aim to monitor the effects of
water percolation through infiltration ponds, the proposed approaches can improve the
commitment of stakeholders to the benefits of soil-aquifer treatment procedures for water
reuse as an additional non-conventional water source.

The paper “Identifying Changes in Sediment Texture along an Ephemeral Gravel-Bed
Stream Using Electrical Resistivity Tomography 2D and 3D” [4] combines the ERT technique
with datasets from borehole logs to analyze the inner geometry of channel cross-sections
in a gravel-bed ephemeral stream in southeast Spain. The ERT models were correlated
with sediment texture data, such as grain size distribution, effective grain size, sorting,
and particle shape (Zingg’s classification), in order to integrate the horizontal and vertical
ER distributions into a 3D model, thus facilitating the identification of layers according to
differential sediment supply at the basin scale.

The paper “Combining of MASW and GPR Imaging and Hydrogeological Surveys
for the Groundwater Resource Evaluation in a Coastal Urban Area in Southern Spain” [5]
conceptualizes and evaluates the groundwater resource in Adra town in southern Spain, a
coastal urban area hydrologically influenced by peri-urban irrigation agriculture. The study
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included a geological, hydrological, and hydrogeological data compilation, and MASW and
GPR surveys to define shallow geological structures and some hydrogeological features.
The paper also illustrates how urban groundwater reuse can alleviate the pressure on the
currently overexploited regional aquifers.

The paper “Temporal and Spatial Groundwater Contamination Assessment Using
Geophysical and Hydrochemical Methods: The Industrial Chemical Complex of Estarreja
(Portugal) Case Study” [6] presents data from several geophysical and hydrochemical
campaigns carried out to monitor groundwater contamination in the industrial chemical
complex of Estarreja in northern Portugal over a period of 30 years. With more than
a half-century in operation, this complex has left serious environmental liabilities in its
influencing area. Findings from geophysical surveys (using the FDEM technique) are part
of the research strategy for soil and groundwater remediation.

The paper “Usefulness of Compiled Geophysical Prospecting Surveys in Groundwater
Research in the Metropolitan District of Quito in Northern Ecuador” [7] compiles and
examines 23 geophysical prospecting surveys of interest in groundwater research in the
Metropolitan District of Quito, including 7 ERT, 8 VES, 4 REMI and 1 FDEM surveys for
shallow Holocene and late Pleistocene formations, and 3 L-MTS surveys for Holocene
to late Pliocene formations. No surveys exploring the complete saturated thickness of
the Pliocene aquifers could be compiled. This gap is impeding the assessment of the
groundwater fraction of these regional aquifers that can be exploited sustainably.

The paper “Geophysical Characterization in the Shallow Water Estuarine Lakes of
the Southern Everglades, Florida” [8] uses FER and TDEM techniques to understand
the spatiotemporal variations of surface water and shallow groundwater salinity in the
coastal lakes of the Everglades National Park (ENP) in south Florida in southeast USA.
Anthropogenic activities have altered freshwater flows through ENP, such that saltwater
has intruded inland from the coastline, causing coastal lakes and their ecosystems to be
exposed to higher salinity conditions. Geophysical surveys assessed the spatiotemporal
distribution of salinity needed to evaluate restoration efforts.

3. Conclusions

The Guest Editors envision that the published papers in this Special Issue would be of
interest to researchers and practitioners, and help identify further research initiatives. We
also hope that the readers can find the material of this Special Issue both interesting and
inspiring when exploring geophysical methods for shallow aquifers characterization and
modeling. The findings and techniques presented in this collection of papers contribute to
the increasing interest in groundwater research.
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Abstract: This paper integrates multichannel analysis of surface waves (MASW) and time-lapse
electrical resistivity tomography (ERT) to define aquifer geometry and identify transient groundwater
features of the Cascalheira Stream Basin Holocene alluvial aquifer (aquifer H), which contributes to the
Santo André Lagoon, part of a coastal groundwater-dependent ecosystem (GDE), located in southwest
Portugal. MASW measures shear-wave velocity (VS), allowing one to obtain steady geological models
of the subsurface, and ERT measures subsurface electrical resistivity (ER), being subjected to
ambient changes. MASW enables disambiguation of geological structures in low ER environments,
such as coastal areas. This research covered one natural year and involved one MASW campaign,
four ERT campaigns, and additional geological field surveys and groundwater monitoring to assist
interpretation of results. In the area, the conjugate NW-SE and NE-SW strike-slip fault systems
determine compartmentalization of geological structures and subsequent accommodation space for
Holocene sedimentation. MASW and ERT surveys show how the NW-SE system deepens these
structures toward the coast, whereas the NE-SW system generates small horsts and grabens, being one
of these occupied by aquifer H. From upstream to downstream, aquifer H thickness and width
increase from 10 m to 12 m and from 140 m to 240 m, respectively. Performance of VS and ER models
was satisfactory, with a normalized error of the VR and ER models in the 0.01-0.09 range, meaning
that a quantitative quota of uncertainty can be segregated from the overall uncertainty of groundwater
models without substantially affecting its simulations accuracy. This methodology seeks to improve
the design of shallow groundwater research in GDE preservation policies.

Keywords: multichannel analysis of surface waves; electrical resistivity tomography; time-lapse
inversion; aquifer geometry; groundwater-dependent ecosystem; Santo André Lagoon; Portugal
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1. Introduction

Aquifers play a critical role in sustaining the economy and the environment of coastal areas [1].
These areas are often subjected to high rates of groundwater drawing to meet the increasing urban,
tourism, industrial, and agricultural demands, adding stress to groundwater bodies and dependent
ecosystems [2,3]. The combination of global climate forces underlying human pressures threatens
the fragile balance between freshwater and saltwater and therefore the quantity and quality levels
required for a good functioning of groundwater-dependent ecosystems (GDE) [4]. These effects are
especially visible in small unconfined aquifers because their greater exposure to human impacts and
smaller storage capacity may limit a regular water provision to ecosystems during drier periods [5,6].

This is the case of the Santo André Lagoon (SAL), which, together with the Sancha Lagoon, form a
coastal GDE space in southwest Portugal whose hydrological functioning depends on regular inputs
of fresh surface water and groundwater [7,8]. This GDE space was catalogued in 1993 as a Special
Protection RAMSAR Area due to its ecological value for wildlife preservation [RAMSAR website:
https://www.ramsar.org/es/humedal/portugal]. This type of ecosystem is environmentally protected by
the European Water Framework Directive [9], which also establishes the obligation to permanently
characterize its hydrological functioning.

Preliminary findings from the Portuguese R&D Groundscene Project [10,11] showed that freshwater
contribution from tributary streams, which in turn are groundwater-dependent, regulates the water salinity
balance of the SAL ecosystem. The Groundscene Project left a blank in what concerns the detailed
hydrological functioning needed for predictive modeling under scenarios of climate change and subsequent
new land and water uses for human adaptation. This is a large task in progress that is being boarded
through implementing and coupling well suited rainfall-runoff and groundwater modeling tools [12-14].

Over the base of detailed and existing or compiled weather, land use, and water fluxes
datasets, implementation of groundwater modeling tools involves three general stages for aquifer
conceptualization [15-17]: (1) geometry definition, (2) acquisition of hydraulics data, and (3) evaluation
of water balance components. This paper is aimed at advancing the first stage, i.e., aquifer geometry
definition, and at qualifying some transient groundwater features subordinately. In flat coastal areas,
near-surface geophysical techniques have been widely used in groundwater research to acquire this
basic information [8,18-24]. These techniques are non-invasive, usually cheap to apply, and useful when
geotechnical sounding data are sparse or not able to provide detailed subsurface information required
for groundwater modeling, such as aquifer geometry and some transient groundwater features.

This paper integrates multichannel analysis of surface waves (MASW) and time-lapse electrical
resistivity tomography (ERT) to define aquifer geometry and qualitatively identify some transient
groundwater features of the alluvial aquifer contributing to the SAL. Integrated MASW and ERT
results were intentional for this purpose because the MASW technique responds to the steady shear
modulus of subsurface materials, expressing seismic shear-wave velocity (VS) [25-28], whereas ERT
responds to the electrical conductivity (EC) of subsurface media, which is subjected to transient ambient
changes [21,29-31].

The use of MASW in groundwater research is incipient [32-34] and has mostly addressed
disambiguation of the subsurface geological structures deduced from ERT in high EC environments,
such as coastal areas [33,35-37]. MASW and ERT show advantages and limitations in what concerns the
reached exploration depth and the resolution of the subsurface geological structures. MASW provides
higher exploration depths than ERT but less detailed resolution, whereas ERT is highly responsive to
detailed subsurface EC changes related to geological and hydrological heterogeneities [23,29,31,38].
The limited capability of ERT for geological definition contrasts with its ability to identify temporal
groundwater changes. This way, time-lapse ERT can be used to disambiguate steady features of
geological media (e.g., bulk density, clay content, and organic matter content) from transient features
of saturated media (e.g., groundwater storage, dissolved ions). These transient features result from the
variable combination of the non-evaporative fractions of precipitation [6] and atmospheric salinity
rates [39] reaching the water table over time.
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This research covered the natural year 2014 and involved a geophysical survey characterized by
one MASW campaign and four (quarterly) ERT campaigns. Besides this, two other complementary
tasks were: a geological survey to define the local faulting and its correspondence to the regional
structural setting; and aquifer monitoring, with quarterly piezometry measurements to draw water
table fluctuation along the preferential groundwater flow path, and some EC measurements to support
the hydrogeological interpretation of ERT surveys. Since the contributing area to the SAL is too large
for making up these tasks in detail, only the Cascalheira Stream Basin (CSB), the largest and most
representative tributary, was selected to define the geological structure and the preliminary hydrological
functioning of the Upper Miocene—Quaternary sedimentary body hydraulically connected to the SAL.
For a fluent reading, a description of acronyms used is in Table 1.

Table 1. Description of acronyms used.

Acronym Definition
Aquifer H Holocene alluvial aquifer
CSB Cascalheira Stream Basin
CVMAE Normalized MAE
CVRMSE Normalized RMSE
CVSTD Normalized STD
EC Electrical conductivity
ER Electrical resistivity
ERT Electrical resistivity tomography
GDE Groundwater-dependent ecosystem
GEC Groundwater electrical conductivity
GER Groundwater electrical resistivity
InNSE Logarithmic form of NSE
MAE Mean error
MASW Multichannel analysis of surface waves
MRE Mean relative error
NAO North Atlantic Oscillation
NSE Nash-Sutcliffe efficiency coefficient
PBIAS Percent bias
R? Coefficient of determination
RD Relative difference
RMSE Root-mean-square error
RSR RMSE relative to STD
SAL Santo André Lagoon
STD Standard deviation of the measured data
SWQM SAL water quality monitoring
\El Shear-wave velocity
WFD European Water Framework Directive

2. Study Area

2.1. Location and Climate

The study area is located at the outlet of the CSB (08°38'-08°47" W, 38°05’-38°07’ N) in the
southwest coast of Portugal (Figure 1a). The CSB covers an area of 31.5 km?, has a mean elevation
of 230 m a.s.l. (outletis 2 m a.s.l. on the West and peak elevation is 290 m a.s.l. on the East), and its
surface water and groundwater components flow westwards to the SAL [40]. The CSB is the main
tributary to the SAL.

Climate is warm-summer Mediterranean according to the Koppen classification, which means
temperate dry summers and rainy winters [11,41]. Weather data compiled from Sines and Monte
Velho meteorological stations (Figure 1a) show that precipitation (P) occurs in three distinctive phases:
(1) a predominant rainy phase from October to January with average monthly P from 70 to 90 mm,
which represents around 60% of annual P; (2) a moderately rainy phase from February to May with
average monthly P from 30 to 50 mm, which means around 30% of annual P; and (3) a dry phase from
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June to September with average monthly P below 10 mm and occasional rainfall events exceeding
30 mm [40]. Average annual P is around 505 mm with a coefficient of variation of 0.35 over the period
1970-2016. Average monthly temperature (T) varies from 10.6 °C in January to 19.5 °C in July. Average
minimum and maximum monthly T vary in the 5.8-15.4 °C and 14.1-24.9 °C ranges in January and
July, respectively [42]. Average annual T is around 15.1 °C with a coefficient of variation of 0.05 over
the period 1973-2007 [40]. Average annual actual evapotranspiration (E) is around 410 mm, thus the
E-to-P ratio is about 0.2 [42].
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-38°00'N — Quaternary

[] Holocene lagoon muds

[ Holocene alluvial

[ Pleistocene sand dunes

[ Preistocene fluvial terraces and colluvials
Pliocene

[ sandstones, biocalcarenites, and marls

Jurassic

[ Limestones, marls, and conglomerates
[l Calcareous marls and dolomites

[l Basic vulcano-sediments

Triassic

[l sandstones and dolomitic marls
Carboniferous

38°07'05"N|

and
7] [ Metapelites, vulcano-sediments, and tuffites

| Devonian

[ Metapelites and quartzites

—— Fault (identified)

~ Fault (inferred)

=== Fault (hidden)

—— Undifferentiated geological contact

Land Use

B urbanized areas

D Miscellaneous rainfed crops
[ Seasonal irrigated crops
B Pastures

[ Forest

Features
—— Boundary of CSB

4— Cascalheira Stream
Boundary of SAL
il —— Boundary of SAL Natural Reserve
=52 Boundary of Holocene alluvial aquifer
@ Meteorological station, S| and MV
§ W Openwell, W1 toWe
[B Geotechnical sounding, S$1to S3
© Stream water conductivity, C1
=+ MASW survey
ERT survey
SAL Santo André Lagoon
CSB Cascalheira Stream Basin
30548°N — N S| Sines meteorological station
MV Monte Velho meteorological station

08°46'16"W

Figure 1. (a) Location of the study area in southwest Portugal, showing the Santo André Lagoon
(SAL) and its contributing basin, the Cascalheira Stream Basin (CSB), and the Sines (SI) and Monte
Velho (MV) meteorological stations. (b) Geological map (scale 1:50,000) of the CSB according to [43]
and direct field observations. (c) Land-use units of the CSB according to [42], aerial photographs,
and direct field observations. (d) Holocene alluvial aquifer (aquifer H) contributing to the SAL,
showing geophysical surveys performed along the main groundwater flow path at sites 1 (MASW1,
ERT1), 2 (ERT2), and 3 (MASWS3, ERT3), aquifer monitoring points (handmade open wells W1 to
W6), geotechnical soundings S1 to S3 after [40], stream water EC measurements within the SAL Water
Quality Monitoring (SWQM) Programme, and geographical features and sites cited in the text.
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2.2. Geological and Hydrogeological Setting

The study area (Figure 1b) belongs to the western Mesozoic extensional margin of the Iberian
Plate, which has had a long distensive tectonic and magmatic history from the Late Triassic up to
the present [44,45]. Locally, the CSB includes the following synthetic succession from bottom to
top [40,46—49]: (1) Variscan crystalline bedrock includes (i) Devonian low-grade metapelites and
quartzites, and (ii) Carboniferous low-grade metapelites, vulcano-sediments, and tuffites underlying
to metapelites, greywakes, and conglomerates; (2) Mesozoic sedimentary cover includes (i) Triassic
continental sandstones intruded by basaltic and doleritic dikes, and (ii) Lower Jurassic platform
dolomites, carbonates, and marls; and (3) Upper Miocene to present sedimentary filling includes (i)
Pliocene marine sandstones, biocalcarenites, and marls, (ii) Pleistocene continental fluvial terraces and
clay-rich colluvials underlying to coastal sand dunes, and (iii) Holocene alluvial, lagoon, and beach
sands sediments.

In this extensional geological domain, the conjugate NE-SW and NW-SE strike-slip fault systems
affecting underlying formations since the Neogene determine the accommodation space for Holocene
sedimentation [43,47], the subject of this paper. As a result, the Holocene sedimentary record may
reach 20 m in thickness in the CSB-SAL boundary (Figure 1b) with the following detailed succession
from bottom to top (1) alternating marine muds and tidal sands below the SAL, (2) organic matter-rich
lagoon muds with more than 20% of bioclasts below the SAL, (3) fluvial coarse sands and sandy
loam with some bioclasts in the old (currently inland) lagoon space, and (4) coarse-grained deposits
occupying the current flood plain of the Cascalheira stream valley [40,46—48].

In hydrogeological terms, geological formations can be classified into four groups according to
the permeability type and the storage capacity reported by [46,50]: (1) Devonian and Carboniferous
metapelitics are low-permeability formations forming the impervious basement of local aquifers;
(2) Triassic sandstones and Lower Jurassic carbonates form moderately to highly permeable aquifers with
karst features and thickness up to 200 m; (3) Pliocene and Pleistocene sediments are low-to-moderate
permeable formations forming an unconfined multilayer aquifer of about 30 m in thickness hydraulically
connected to the uppermost Holocene formations; and (4) Holocene alluvial deposits comprise sand,
gravels, and silt of 10 m to 20 m in thickness filling the Cascalheira Stream valley, an unconfined aquifer
(hereafter aquifer H) of 1.46 km? at the CSB outlet that contributes to the SAL (Figure 1b).

The hydrogeological functioning of the CSB depends on water exchange between aquifer H and
underlying Pliocene and Pleistocene formations, the extent of weathered metapelitics slopes upstream,
and thickness and extent of aquifer H downstream (Figure 2). Recharge to aquifer H comes from direct
rainfall and runoff infiltration, interflow runoff from fissured and weathered metapelitics upstream,
transferences from underlying formations, and some irrigation return from agriculture. Discharge
from aquifer H depends on actual evapotranspiration and the scarce groundwater pumping in the
area. The resulting positive net groundwater balance from aquifer H sustains the freshwater-saltwater
balance of the SAL. However, groundwater contribution to the SAL is temporally retained at the aquifer
H outlet because the existence of low-permeability (clay-rich) interbedded lagoon sediments diminishes
the hydraulic connectivity between aquifer H and the SAL, and saltwater-freshwater interface within
the sediments underlying the SAL forces fresh groundwater to be discharged above it [7,51]. The result
is that the piezometric level of aquifer H rises above topography after rainfall-recharge events and
a significant fraction of groundwater flooding the CSB outlet is evacuated to the SAL as surface
runoff [7,8]. Additionally to this natural functioning, groundwater renovation depends on the annual
opening of the coastal sand bar that separates the SAL from the Atlantic Ocean to favor discharge
of temporary surface water retained at the aquifer H outlet and the subsequent groundwater level
depletion required for agricultural and livestock practices inland [11]. In 2014, the coastal sandbar was
opened on 28 February.
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Figure 2. Conceptualization of the hydrogeological functioning of aquifer H during (a) the dry phase
in summer and (b) predominant rainy phase in winter. Scale-out scheme after [7,46,51], and direct
field observations. SAL, Santo André lagoon; LPS, low-permeability (clay-rich) lagoon sediments; ITL,
inland temporary lagoon.

2.3. Land and Groundwater Use

In the CSB, land use is mostly devoted to different rainfed crops and forest, 7% is irrigated crops,
5% is pasture, and less than 1% is urbanized areas (Figure 1c). Irrigated crops (mainly corn) are
practically restricted to the aquifer H floodplain during spring season, after the coastal sandbar is
opened. In this irrigated land, the average soil texture is 53% sand, 31% silt, 14% clay, and 4% organic
matter, with maximum soil depth reaching up to 1.3 m. Water allocation for irrigation is around
6600 m? per hectare and year [42]. Irrigation water comes from upstream derivations, so the existing
hand-made open wells are scarcely used. Irrigation is done through drip systems, which reduce
evaporation and infiltration losses and increases salinity of irrigation return. At the west end of the
study area, the SAL and some neighboring spaces (Figure 1d) were catalogued in 1993 as a Special
Protection RAMSAR Area due to its ecological value for wildlife preservation [RAMSAR website:
https://www.ramsar.org/wetland/portugal].

3. Methods

3.1. Overall Framework for Data Collection

Frequency for geophysical surveying and subsequent groundwater monitoring was adapted
to the particular groundwater quantity (flow) and quality (EC) temporal dynamics of aquifer H.
In small, high-yielding alluvial aquifers having almost null groundwater exploitation such as aquifer
H, the average groundwater turnover time identifies well the infilling—emptying cycles produced from
rainy and dry phases, and consequently the minimum monitoring frequency required to characterize
groundwater flow and EC responses. The average groundwater turnover time was deduced from
preliminary aquifer geometry and hydraulics data by assuming a predominant piston (plug) flow
condition [5,6,52] as:
G=bAST, @

where G is average groundwater turnover time [T], b is a dimensionless flow-path form parameter
determined by the aquifer geometry, A is aquifer surface [L?], S is the dimensionless aquifer storage
coefficient or drainable porosity for unconfined aquifers, and T is aquifer transmissibility [L? T~'],
which is the product of aquifer hydraulic conductivity [L T~'] and saturated thickness [L].
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Aimed at interpreting the ERT surveys properly [23], aquifer monitoring included piezometry
and EC measurements in selected handmade open wells (Figure 1d). Piezometry was measured using
a level probe from Seba Hydrometrie, with a precision of 0.005 m. EC was measured each 1-m from
1 m below water table to 8 m depth using a multi parameter probe from Hanna Instruments, with a
precision of 0.01 mS cm™!; the average value of these measures was calculated for each well.

3.2. MASW Surveys

MASW is a seismic geophysical technique in which the Rayleigh wave fundamental mode
dispersion curve and higher modes (if present) are extracted from a shot record and then inverted to
generate a 1D VS [L T~} model [27,28]. This technique allows for analyzing the fundamental and higher
modes simultaneously, thus permitting to obtain more accurate VS models [25,26]. A roll-along setup
with a land-streamer acquisition system was used to obtain a continuous 2D VS model. This procedure
enables us to acquire data rapidly because it is not necessary to plant the geophones each time a
measurement is made.

MASW data were acquired using a 24-channel SUMMIT II Compact Seismograph by DMT,
Germany, with the following configuration: recording array of 24 vertical component geophones, 2-m
geophone spacing, 4-m separation between the source impact point and first geophone to minimize
near-source effects, two stacks, 10-m displacement between readings, and a sampling rate of 0.25 m s.
A 5 kg sledge hammer was used to generate the Rayleigh waves.

Data analysis was carried out with SurfSeis3 software® by the Kansas Geological Survey,
The University of Kansas, USA. Data processing consisted of geometry edition, data filtering, muting
(when needed), generation of overtones (frequency-time energy diagrams), and fundamental and
higher modes (if present) identification. Finally, dispersion curves were determined and then subjected
to a mathematical inversion process to obtain continuous 2D VS models. These were plotted using the
triangulation with linear interpolation method, which gives good results for evenly distributed data
over the mapping area.

3.3. ERT Surveys

ERT is an electrical geophysical technique that uses measurements of voltage between two
reading electrodes installed in land surface, once direct current in two other electrodes is injected.
This technique allows for calculating the subsurface electrical resistivity (ER) [(2 m], reciprocal of EC
[Sm™1][29,31,38], as:

ER =1/EC, (2)

Disposition of the electrodes changes depending on the array used, so a grid of subsurface
apparent resistivity values is obtained. These values are then mathematically inverted to obtain
subsurface ER models. Penetration depth depends on subsurface EC, which is a function of pore-water
EC and ground EC, the input voltage used, and the electrode spacing adopted [38].

ERT data were acquired using a GL-16 resistivity meter with a P-100-2 accumulator ® by PASI
Instruments. A dipole-dipole array was the electrode disposition used since it provides good resolution
both on vertical and horizontal directions. Configuration was: 6-m electrode spacing, 36-m maximum
separation between dipoles, and 200 V as the input voltage applied.

Since the resistivity meter used is not automatic, it was possible to repeat each measurement
in the field, whenever the data represented an outlier to the dataset, guaranteeing the acquisition of
good quality data. Data were preprocessed in order to calculate the apparent resistivity measured
in each node of the subsurface grid. Simultaneous space-time inversion of time-lapse ERT data
was carried out using the RES2DINV software® by Geotomo Software, with a blocky constraint to
minimize exaggeration of smooth model changes when subsurface changes are locally limited [53] and
a severe reduction of side blocks effects to minimize exaggeration from robust inversion [54]. Iterations
were limited to three so as not to create artifacts, since the inversion error had low reduction in third
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iteration comparatively to former iterations. In profiles ERT1 and ERT3, the electrode spacing unit was
reduced by half (3 m) to minimize the effect of large near-surface resistivity variations, as proposed
by [54]. Similarly to VS models, ER models were also plotted using the triangulation with linear
interpolation method.

3.4. Topographic Correction of 2D VS and ER Models

Topographic correction of 2D VS and ER models followed two steps. First, ground relief was
measured in the field using a leveled civil-work laser and a vertical leveled ruler. Height regarding the
ground was measured in equally spaced points along profiles. The first profile point was considered
the relative vertical zero from which the other measured heights were summed or subtracted to create
relative relief profiles. Later, relative relief profiles were converted into georeferenced elevation profiles
using the Earth Digital Model from the ArcGIS software® by ESRI.

4. Results

4.1. Frequency for Geophysical Surveying

Frequency for geophysical surveying and subsequent groundwater monitoring was calculated
through Equation (1). Geological information deduced from geotechnical soundings S1 to S3 (Figure 1d)
after [40] and hydrogeological data compiled from [7,10] were used for this attempt. Taking average
b = 1.1 for predominant longitudinal groundwater flow paths [55] such as in aquifer H, A = 1.46 km?
(Figure 1b), S = 0.05 [40], and T = 300 m? day~! and 800 m? day~!, measured respectively in dry and
rainy phases by [10], and G varied in the 3.2-8.9-month range.

All geophysical surveys were performed during 2014 (Figure 3). Long-term significance of
the selected year 2014 was evaluated from the analysis of the global North Atlantic Oscillation
index [NAO website: http://www.cpc.ncep.noaa.gov/] (Figure 3a). The NAO index controls
long-term precipitation and temperature regimes in southern Portugal [56], and therefore actual
evapotranspiration (E) and stream flow rates [41]. The selected year 2014 fits well to the average
hydrological condition deduced from the long-term P (Figure 3b) and E (Figure 3c) time series from
Sines meteorological station (Figure 1a). Thus, geophysical and hydrogeological interpretations should
be framed into the context of an average hydrological condition in the area.

In this context, three months was the optimal frequency adopted for ERT surveying (Table 2) and
subsequent groundwater monitoring (Table 3) at sites 1, 2, and 3 (Figure 1d). This frequency covers
adequately the about four-month long predominately rainy, moderately rainy, and dry phases taking
place in the area, as shown graphically in Figure 4. Only one MASW survey was performed at sites 1
and 3 (Table 2).

Table 2. Description of MASW and ERT surveys.

Site ProfileID'  Length, m Prospecting Depth, m Date

MASW1 230 30 23 June 2014
ERT1 90 13 13 March 2014
1 4 June 2014
12 September 2014
10 December 2014

ERT2 78 15 13 March 2014
4 June 2014
12 September 2014
10 December 2014

MASW3 310 27 23 June 2014
ERT3 108 13 12 March 2014
3 June 2014
10 September 2014

1D and location as in Figure 1d.
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Figure 3. For natural years 1997-2019 in the SAL area, (a) normalized North Atlantic Oscillation
(NAO) index (purple bars) [NAO website: http://www.cpc.ncep.noaa.gov/]; (b) annual precipitation (P)
time series from Sines meteorological station and cumulative deviation (CD) from average annual P,
mm year’l ; and (c) annual actual evapotranspiration (E) time series from Sines meteorological station
and CD from average annual E, mm year™. For (b,c), the average (0.5 percentile) of yearly data series
is indicated. Vertical dotted line indicates the study year 2014.

Table 3. Description of monitored variables in open wells.

Site ID!  Elevation,mas.l. Aquifer and Flow Zone Variable 2 GEC? GER*
Upstream Wo6 35.18 Pliocene, recharge PL, GEC 200 50
1 W5 14.06 Pleistocene, transit PL, GEC 500 20
W3 9.00 Pleistocene, discharge PL
W4 10.07 Holocene, recharge PL
2 w2 8.82 Holocene, transit PL
3 W1 4.57 Pliocene, discharge PL, GEC 393 25

1 ID and location as in Figure 1d. 2 PL is piezometric level as in Figure 4. > GEC is groundwater electrical conductivity
in uS cm™! measured on 20 August 2014 when the multi-parameter probe was available; wells W3 and W4 were not
accessible. * GER is groundwater electrical resistivity in Q m after GEC reversion using Equation (2).

4.2. Hydrogeophysical Basis for VS and ER Models Interpretation

When MASW and ERT are aimed at defining geological structures in porous saturated media,
a preliminary conceptualization of properties governing the magnitude of variables VS (MASW) and
ER (ERT) is needed. Some basic interpretative criteria are described below.
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Figure 4. For year 2014 in the SAL area, (a) 24-h P and T distribution, after P (mm) and T (°C) records from
Sines meteorological station (Figure 1a); (b) monthly distribution of average precipitation-weighed
EC after EC (uS cm™!) and P (mm) records from Monte Velho meteorological station (Figure 1a),
and some Cascalheira stream water EC (uS cm™!) measurements at site 2 after the SWQM Programme
(Figure 1d); and (c) piezometry (m a.s.l.) in handmade open wells W1 to W6 (Table 3) ordered according
to the monitored geological formation (Pliocene, Pleistocene, Holocene) and groundwater flow zone
(recharge, transit, discharge). Vertical black dotted lines indicate geophysical surveying (Table 2)
and groundwater monitoring (Table 3) as ERT (ER) and MASW (MA) surveys, and piezometry (PI).
Vertical green dotted lines indicate human actions modifying water dynamics as SAL aperture (SA)

and groundwater pumping for irrigation (IR).
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In soft coarse-grained sediments, VS propagation is considered a site-specific steady property
determined by effective compaction, and as such, it is dependent on the age and depth of each
geological material piled on vertical [57,58]. Table 4 summarizes some reference VS values for
soft and stiff geological materials equivalent to those described in the SAL area [34,59]. Different
relationships between VS and age and depth for other similar lithologies can be found in the scientific
literature [60-64], which can be used to enlarge the ranges reported in Table 4. For the sedimentary
formations in the study area, VS values in the 50-900 m s~ range are expected.

Table 4. Summary of some reference VS ranges compiled from the scientific literature for different
sediments and rocks, and its equivalence to the geological materials described in the SAL area.

Geomaterial VS, ms1 Reference Equivalence 1
Soft clay 80-200 [34] Holocene clay
Loose sand 80-250 [34] Holocene sand
Loose sand and gravel 100-200 [59] Holocene sand and gravel
Anthropogenic filling 50-100 [59] Holocene floodplain
Cropland and organic soil 50-150 [59] Holocene floodplain
Stiff clay 200-600 [34] Pleistocene clay
Dense sand 150-500 [34] Pleistocene sand dunes
Soft-stiff sand 300-500 [59] Pleistocene sand
Stiff gravel 300-600 [34] Pleistocene conglomerate
Cemented clay 600-1000 [59] Pliocene marl
Cemented sand 500-900 [59] Pliocene calcarenite
Cemented gravel 500-900 [34] Pliocene conglomerate
Weathered carbonate bedrock 600-1000 [34] Jurassic marls
Weathered crystalline bedrock 800-1200 [59] Variscan weathered metapelites
Hard carbonate bedrock 1200-2500 [34] Jurassic carbonates
Hard crystalline bedrock 1500-2500 [59] Variscan metapelites

1 Geological description and location in Figure 1c.

In porous saturated media, ER corresponds to EC inferred from certain intrinsic geological features
and groundwater salinity; the former remains unvaried, whereas the latter varies over time. In pristine
coastal areas, groundwater electrical resistivity (GRE) determines ER when salinity contribution from
subsurface geology is negligible. In this case, in time-lapse ER models, transient GER changes ultimately
depend on the variable combination of the non-evaporative fractions of precipitation and atmospheric
bulk deposition salinity reaching the water table over time, which are predictable, measurable variables.
For instance, atmospheric bulk deposition EC decreases inland, so inland GEC (recharge zone) is
typically less than coastal GEC [5,39]. How the GER changes extend over space and time is crucial to
define the hydraulic boundaries of aquifer H.

In the SAL coastal fringe, atmospheric bulk deposition EC was deduced from the long-term
Monte Velho meteorological station (Figure 1a), which belongs to the Co-operative Programme for
Monitoring and Evaluation of the Long-Range Transmission of Air Pollutants in Europe [EMEP network: http:
//www.emep.int/] aimed at providing chemical analysis of precipitation [5,39]. In year 2014, monthly
precipitation-weighed EC varied in the 39-138 uS cm™! range with typical values of 40-80 pS cm™! in
the rainy phase and higher than 100 uS cm™ in the dry phase (Figure 4b). The values in the rainy phase
determine the expected GEC in aquifer H since aquifer recharge from P in the dry phase is negligible
(Figure 4a). Applying the monthly E-to-P ratios deduced from daily P and T time series (Figure 3c) to
the atmospheric bulk deposition EC in the rainy phases, monthly GEC results in the 200400 puS cm™!
range; GER being in 25-50 () m range using Equation (2). In addition to this theoretical appraisal, GEC
was measured in pristine (without apparent human influence) Pliocene (W1 and W6) and Pleistocene
(W5) wells to corroborate this regional GEC baseline (Table 3). GEC varied in the 200-500 uS cm™!
range, which is similar to the theoretical range described above, thus GER being in 20-50 Q) m range.
Unfortunately, there are no inland atmospheric bulk deposition EC data, although values 0.2-fold
of the magnitude reported in the coastal fringe can be assumed after the decreasing inland gradient
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documented by [39]. Applying this decreasing gradient to the theoretical coastal GEC and GER, inland
GEC and GER can be tentatively proposed in the 40-100 uS cm™! and 100-250 Q m ranges, respectively.
This theoretical GER baseline is a reference for interpreting experimental ER models in the study area.

Piezometry in wells W1 to W6 enables us to deduce how rainy phases and human actions determine
GER changes in each geological formation (Figure 4; Table 3). This hydrodynamics information is
crucial to qualify transient GER changes in sequential time-lapse ERT. Piezometry in Pliocene wells
W1 and W6 follows the seasonal weather phases (Figure 4c). In the recharge zone (W6), delayed
responses of about two months and three months during the rainy and dry phases, respectively,
are observed. In the discharge zone (W1), piezometry lightly depletes after the SAL opened on 28
February. Piezometry in Pleistocene wells W3 and W5 coarsely follows the weather phases with a
delayed response of about three months during both rainy and dry phases in the transit zone (W5);
there is no data for the recharge zone (Figure 4c). In the discharge zone (W3), the lightly influence of
groundwater pumping after the rainy phase and of irrigation return after the dry phase are observed;
note that W3 is hydraulically connected to aquifer H. Piezometry in Holocene wells W2 and W4 is
especially influenced by human actions (Figure 4c). In the recharge zone (W4), the effects of SAL
opening (with depletion in March), groundwater pumping for irrigation (with depletion in June),
and return of a fraction of the imported irrigation water (with rising in September) are observed.
In the transit zone (W2), piezometry progressively depletes in the dry phase in response to these
human actions.

4.3. 2D VS Models

Figure 5 shows the 2D VS models obtained in sites 1 and 3 (Figure 1d) on 23 June 2014 (Table 2).
Prospecting depth was 30 m in MASW1 (Figure 5a) and 27 m in MASW3 (Figure 5b). There is not
MASW?2 survey in site 2 because the operation was cancelled due to a heavy storm occurred while
acquiring data, thus provoking a battery discharge that left the equipment inoperable. Both MASW1
and MASW3 were interpreted recurring to (i) reference VS values compiled from the scientific literature
for equivalent lithologies [34,59] as in Table 4, (ii) local geological information after [43,46-48], and (iii)
detailed geological data for Pliocene to Holocene formations deduced from geotechnical soundings S1
to S3 [40] as in Figure 1d.

In both MAWS1 and MASW3, VS is in the 50-950 m s~! range. In general, VS increases in depth
according to the increasing age and compaction of sediments, from less than 200 m s~! for Holocene,
200-500 m s~! for Pleistocene, to more than 500 m s™! for Pliocene formations. This vertical VS
distribution correlates well with regional geological information reported by [47,48] and geotechnical
data from soundings S1 to S3 [40]. The horizontal continuity of this vertical VS distribution is frequently
interrupted due to sedimentary processes (e.g., lateral facies changes, erosive channels) and action
of faults, which determine the accommodation space for Holocene sedimentation, as discussed in
Section 5.2.

In MASW1, the uppermost 8 m (northern and southern valley boundaries) and 10 m (central valley)
thick VS <200 m s™! values are attributed to aquifer H, the underlying 18 m (central valley) and 20 m (valley
boundaries) thick 200 < VS < 500 m s~! to Pleistocene sands and gravels, and the deeper 5 m (central valley)
and 10 m (valley boundaries) thick VS > 500 m s~! to Pliocene formations (Figure 5a).

In MASW3, VS data acquisition at distances 131-220 m was interrupted due to the impossibility
of the equipment to work in the inundated Cascalheira stream bed (Figure 5b). This VS model gap
does not compromise the geological interpretation because the ERT3 survey partially covered that
sector, as described in next Section 4.4. In MASW3, the uppermost 9 m (northern and southern
valley boundaries) and 12 m (central valley) thick VS < 200 m s~! values are attributed to aquifer H,
the underlying 20 m (central valley) and 15 m (northern valley boundary) thick 200 < VS < 500 m
s7! to Pleistocene sediments, and the deeper 7 m (northern valley boundary) thick VS > 500 m s™! to
Pliocene formations (Figure 5b). At distances 220-310 m, the Pleistocene-Pliocene boundary is not
identified because it is below the prospecting depth. As in site 1, site 3 shows contrasted VS values
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associated to geological formations having different age and compaction. However, at the southern
sector, Holocene sediments and underlying Pleistocene sand dunes show similar VS < 200 m s7},
thus limiting to identify its boundary. As described in next Section 4.4, ERT enables disambiguating

the boundary of these formations.

(a) MASWH, site 1
Pe Aquifer H Pe
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Time-lapse ERT
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JERE g g
E
A 0 s
= S
I}
]
VS, ms! i -
C T TN | 20 40 60 80 100 120 140 160 180 200 220
50 150 250 350 450 550 650 750 850 950 Digliinics, it
(b) MASWS3, site 3
Pe Aquifer H Pe
Time-lapse ERT
S1(Pj) W1 (Pj) _. F6 cs F7 F8—> sw
5 e " ae—n O
< =
Pe E .~ —ao |
= & - Llo‘;ls Pe-d
o L i ata,
- 45m.g ' S inferred
B 1 ? Ao ? geology
40m % 3 £ N ~—=
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Distance, m
Legend: \lODservad‘ deduced fault ',\ Inferred fault ---Observed, deduced geological contact - - - Inferred geological contact =— Water table

Figure 5. MASW1 and MASW3 surveys at sites 1 (a) and 3 (b), respectively. A preliminary geological
interpretation of VS values is included, showing projected (Pj) log of geotechnical sounding S1 after [40],
and water table recorded in September 2014 in wells W4 (site 1) and W1 (site 3) as in Figure 4. Profiles
are topographically corrected and its vertical-to-horizontal scale ratio is 1:1. CS, Cascalheira Stream; H,
Holocene; Pe, Pleistocene; Pe-d, Pleistocene sand dunes; Pi, Pliocene; and F1 to F3, NW-SE strike-slip
faults. The dotted-line rectangle is the area covered by time-lapse ERT surveys at sites 1 and 3.

The VS models statistics are in Table 5. Average VS lightly decreases from MASW1 to MASW3
as the influence of high VS values from Pliocene materials decreases because they were below its
prospecting depth. The coefficient of variation of VS shows similar natural variability of VS in both
MASW1 and MASW3 associated to a similar, predictable vertical geological structure. As deduced,
VS is predictable enough to produce a confident near-surface geological definition.

Table 5. VS models statistics.

Profile ID ! AV VS 2 SDVS?3 CVVS
MASW1 273.1 161.4 0.59
MASW3 215.1 126.8 0.59

1 ID and location as in Figure 1d. 2 AV and SD are average and standard deviation of VS in ms™'.  CV is dimensionless
coefficient of variation of VS (SD-to-AV ratio) as a fraction.

4.4. 2D ER Models

Sequential 2D ER models are used to refine geometry of aquifer H. As described in Section 4.2,
when porous geological media hardly contribute, ER changes can be attributed to transient GER
changes produced by temporal water transferences and fluxes [29,31]. The ER models showed in
Figure 6 were interpreted recurring to (i) previous VS models (Figure 5) and geological data [40,43,47,48]
to infer geology, and (ii) natural processes and some human actions modifying GER to deduce transient
water transferences and fluxes (Figure 4).
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Figure 6. At sites 1 (a), 2 (b), and 3 (c), time-lapse ERT1, ERT2, and ERT3 surveys in March, June,
September, and December 2014 (rows 1 to 4), and relative difference, RD = (z — z¥)/z*, of nodal ER data
from March, June, and December lapses (z) regarding nodal ER data from the September lapse (z*)
(rows 5 to 7). The projected (Pj) logs of geotechnical soundings S2 and S3 after [40], and water table
recorded in each lapse in sites 1 (well W4), 2 (well W2), and 3 (well W1) as in Figure 4 are shown; in the

top left-hand corner of plots, green and red vertical arrows show, respectively, water-table raise and

depletion relative to previous lapse. Preliminary geological and hydrogeological interpretations of ER

models after integration of geological findings from VS models (Figure 5) and aquifer conceptualization

(Figure 2) are included; red acronyms denotes groundwater types, and blue arrows and acronyms denote

natural processes and human-induced actions determining transient water transferences and fluxes.

Profiles are topographically corrected and its vertical-to-horizontal scale ratio is 1:1. CS, Cascalheira
Stream; H, Holocene; Pe, Pleistocene; and F8, NE-SW strike-slip fault.

In sites 1 to 3 (Figure 1d), time-lapse ERT were in March, June, September, and December 2014
(Table 1) attending to the minimum frequency for optimal ERT surveying calculated in Section 4.1.
For reliable comparisons in each site, the 2D ER models keep the same prospecting distance and depth
(same grid). Prospecting depth was 13 m in ERT1 (Figure 6a), 15 m in ERT2 (Figure 6b), and 13 m in
ERT3 (Figure 6c). In site 1, the December 2014 survey was cancelled because the SAL overflowed and

inundated the ERT space after heavy rainfall events while the coastal sandbar was closed.
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For all time lapses in ERT1 to ERT3 surveys, the ER dataset is positively skewed in the 1.6-237.9 () m
range; the average value being 41.03 Q) m (Figure 6). This experimental ER range agrees with the
theoretical GER baseline deduced in Section 4.2. Thus, ER datasets in sites 1 to 3 are hardly influenced
by subsurface geology. In general, ER is 32-49 () m in ERT1, 21-44 ) m in ERT2, and 37-38 Q' m
in ERT3. The 2D ER models identify well (i) the vertical distribution of Holocene and Pleistocene
formations deduced in Figure 5 and its horizontal interruptions mostly due to faults; and (ii) the
general groundwater types, both low-salinity Pleistocene and moderate salinity Holocene in sites 1
and 2 and saltwater Pleistocene and freshwater Holocene in site 3 as conceptualized in Figure 2. In site
3, sequential time-lapse ERT3 enabled to (i) infer geology due to interruption in VS acquisition at
distances 130-220 m in MASW3, and (ii) disambiguate aquifer H from Pleistocene sand dunes having
similar VS <200 m s~! (Figure 5b).

In detail, most of ER values in aquifer H are 2040 (2 m in ERT1 (inland site) and in ERT2,
and 40-60 () m in ERT3 (coastal site). This ER distribution apparently contradicts the expected
decreasing inland gradient of GEC inferred by the decreasing inland gradient of atmospheric bulk
deposition EC reported in the southwest coast of Portugal [39]. Thus, another process such as
low-salinity (high-resistivity) groundwater transference from the hydraulically connected underlying
Pleistocene formation through faults is proposed to explain this ER pattern, as illustrated in ERT2
(Figure 6b). Most of ER values in Pleistocene formations are 50-70 Q2 m in ERT1 (inland site) and in
ERT2, and 1-20 Q) m in ERT3 (coastal site) (Figure 6). In site 3, the lowest ER values in Pleistocene
formation are attributed to the saltwater lens conceptualized in Figure 2, whereas ER values in the
20-40 Q) m range are attributed to a thin freshwater-saltwater interface (Figure 6c¢).

As above described, ER changes inside steady ER shapes are associated to transient GER changes
due to water transferences and fluxes varying over time, both including natural processes such as
stream flow recharge, preferential flow through faults, lateral recharge, and freshwater discharge over
the saltwater lens, as well as human-induced actions such as irrigation return and organic matter-rich
leaching (Figure 6). In order to quantify how and where natural processes and human-induced actions
modify ER over time, in each site, nodal ER data from March, June, and December lapses (z) were
compared to nodal ER data from the September lapse (z*). The relative difference is:

RD = (z — z¥)/z*. 3)

RD is mapped in Figure 6. The rationale for reference lapse choosing was that geological formations
must have the lowest GEC mass flow and storage in order to minimize the influence of groundwater
transference among them. September 2014 was the selected reference lapse for comparisons (Figure 4c).
RD values enable to show both natural processes and human-induced actions modifying ER.

Statistics of time-lapse ER models and RD values are in Table 6. Average ER follows the same
evolution in sites 1 and 2, with higher values in March and June and lower in December regarding
those observed in September. In site 3, lower ER values in March are attributed to the delayed influence
of brackish groundwater discharge stored after the SAL opened, whereas in December 2014 (this site
cannot be surveyed), the same evolution to sites 1 and 2 is presumed. It is important to note that ER
models (Table 6) are delayed regarding atmospheric bulk deposition EC values (Figure 4b). This fact
corroborates that average groundwater turnover time is higher than three months, long after the
dry phase (December 2014), because the ER evidences of current aquifer recharge and groundwater
transference from underlying geological formations have not yet arrived to aquifer H. The coefficient
of variation of ER evidences this temporal predictability.
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Table 6. Time-lapse ER models statistics.

ProfileID!  Time-Lapse? AVER® SDER® CVER* AVEC3® RDERS®

ERT1 March 44.06 23.06 0.52 300 0.043
June 43.37 22.78 0.53 310 0.028
September 42.15 22.83 0.54 320 0
December 38.18 19.96 0.52 340 -0.104
ERT2 March 48.85 33.18 0.68 250 0.034
June 49.00 31.51 0.64 250 0.037
September 47.17 37.12 0.79 270 0
December 45.69 30.78 0.67 270 -0.032
ERT3 March 37.34 20.65 0.55 580 -0.027
June 38.40 22.69 0.59 580 0.002
September 38.33 22.87 0.60 590 0

1 ID and location as in Figure 1d. 2 Dates are referred to year 2014 as in Table 2. 3 AV and SD are average and
standard deviation of ER in QO m and of EC in uS cm™!. # CV is dimensionless coefficient of variation of ER (SD-to-AV
ratio) as a fraction. > RD = (z — z*)/z* is dimensionless relative difference of nodal ER data in a time-lapse ERT (z)
regarding nodal ER data in the September 2014 reference time-lapse ERT (z*), as a fraction.

5. Discussion

5.1. Performance of VS and ER Models

Performance analysis is crucial in measuring the quality of prognostics in different modeling fields
and consists of different statistical calculations between measured (M) and predicted (P) data. In this
paper, performance analysis allowed us to evaluate the prediction ability of the VS and ER models,
providing comparable quotas of uncertainty, which could not be done directly using the errors provided
by the geophysical software. In geosciences, there are no defined protocols or consensus on which
statistics or group of statistics are the best to evaluate performance of models [65-67]. For variables VS
and ER, multiple expressions for determining point distance between M and P data and comparable
quotas of the relative error between models are used to produce a complete evaluation of models
performance and error distribution, as proposed by [66-68].

Reliability of the performance and error expressions was analyzed, provided M and P data sets
were normal or lognormal distributed [6,52,67]. The Kolmogorov-Smirnov goodness-of-fit was used
for testing the data sets normality. The M and P data sets showed quite skewed distributions (rows 1
and 2 in Figure 7). Their logarithm proved to fit close-to-normal distributions (rows 3 and 4 in Figure 7).
The logarithm M and P data pairs were plotted and the results proved to fit close to the theoretical
linear 1:1 ratio (row 5 in Figure 7). After this analysis, normal M and P data sets were lognormal
converted, the performance statistics and error expressions were applied to these lognormal data sets,
and results were reverted to the original magnitude of variables.

For VS and ER models efficiency criteria, Nash-Sutcliffe efficiency coefficient (NSE), logarithmic
form of NSE (InNSE), coefficient of determination (R?), percent bias (PBIAS), root-mean-square error
(RMSE), RMSE relative to standard deviation of the measured data (RSR), mean absolute error (MAE),
and mean relative error (MRE) were used (Table 7). Description of statistics is detailed in [66,68-70].

Normalizing the statistics facilitates the comparison of VS and ER models having different
exploration scales, e.g., MASW and ERT surveys having equal spacing grid but different number of
nodes determining different exploration length and depth. Though there is no consistent means of
normalization in the literature, common choices are the mean, the range (the difference in maximum
and minimum values), and the interquartile range (the difference in 0.75 and 0.25 quartiles) of the M
data set. Here, the mean was selected as quotient despite that the interquartile range is less responsive
to outliers in [68]. The term coefficient of variation (CV) refers to a normalization using the mean value,
and may be used to avoid ambiguity regarding other normalizing procedures. This is analogous to the
coefficient of variation with a given absolute error statistics, taking the place of the standard deviation
of the measured data (STD), which is the most used statistics for normalizing errors [67]. CV facilitates
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comparable quotas of the relative error between models having different number of data. For this
purpose, CV must be additionally corrected by applying the factor #/n’, where n is the total number
of data of a given model and n’ is the total number of data of the biggest explored model: MASW3
for VS models (Figure 5) and ERT3 for ER models (Figure 6); n values are in Figure 7 and in Table 7.
Normalized MAE (CVMAE), RMSE (CVRMSE), and STD (CVSTD) were used (Table 7).
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Performance of VS and ER models for geological model conceptualization, aimed at supporting
groundwater flow modeling, departs from our initial ability to identify and segregate the influence of
possible outliers caused by natural heterogeneity of variables VS and ER. As described in Section 4.2,
VS is site-specific steady, whereas ER is site-specific transient, the latter varying over time and requiring
periodic monitoring. For this reason, frequency of time-lapse ERT surveying and groundwater
monitoring was adapted to the particular groundwater quantity (flow) and quality (EC) temporal
dynamics of aquifer H; see Section 4.1. The evaluation of this optimal surveying frequency is crucial
for the production of accurate geological models. Performance statistics of VS and ER models show
satisfactory or very satisfactory matches between M and P data sets (Table 7), i.e., P data are less biased
than their M counterparts, the relative difference being in the positive 0.01-0.02 range. Performance of
the VS models is somewhat greater than of the ER models (Table 7).

This performance analysis provides two important remarks: (1) theoretical fitting functions do
not introduce noticeable mismatching between M and P data, i.e., do not generate spurious values,
because the number and magnitude of original outliers is low to negligible; and (2) computation
and fitting processes reproduce well the homogeneity of this alluvial medium, in which a general
predictable behavior of variables VS and ER in non-surveyed sites can be anticipated from the results
obtained in the surveyed ones, as show in next Section 5.2. Performance of the VS and ER models was
better to that reported in similar experiences using the same methodology for MASW [59,63,64] and
ERT [71-73]. As deduced, the VS and ER models are reliable enough to produce a confident geological
model conceptualization for groundwater modeling purposes.

As introduced in Section 1, errors in data acquisition for aquifer conceptualization are
rarely segregated from the overall uncertainty appraisal of groundwater modeling tools. Aquifer
conceptualization includes three stages subjected to error: (1) geometry definition, (2) acquisition
of hydraulic data, and (3) evaluation of water balance components [15-17]. These errors combine
to generate a background error from which the groundwater model simulations add uncertainty
associated to the inherent natural variability of environmental variables, the possible smoothing and
bias introduced using fitting functions, and the mapping errors due to adopted spatial functions. In the
case of aquifer geometry definition, the use of geophysical techniques does not cancel nor reduce its
input error, but it generates a numerical data base (M and P data sets) that enables to deduce the
error produced during data inversion. This error can be measured when M and P data are compared,
and becomes an advantage comparatively to the sole use of raw geological data and qualitative,
large-scale geological mapping for the purpose of segregating the error of aquifer geometry.

Normalized errors (CVMAE, CVRMSE, CVSTD) of VS and ER models are in the 0.01-0.09 range
(Table 7). In particular, CVSTD is 0.01 for VS models and varies in the 0.05-0.08 range for ER models.
These magnitudes are lower than those that can be deduced from the VS data sets reported in similar
MASW experiences [59,63,64] and the normalized errors of ER models in diverse ERT surveys [68-70]
experiences. These values can be used as manageable quotas of the error that can be segregated from
overall groundwater models uncertainty without substantially affecting its simulations accuracy.

5.2. The Geological Model of the Cascalheira Stream Alluvial Aquifer

MASW and ERT geophysical techniques were integrated to define the geological model of aquifer
H. The VS models were intended to this purpose exclusively, whereas the ER models were used to
disambiguate geological structures having similar VS and different ER, and to complete geological
information in areas not covered by MASW.

As described in Section 2.3, local faulting narrowly reproduces the regional structural setting
determined by the conjugate NW-SE and NE-SW strike-slip fault systems (Figure 8a) [44,45].
These fault systems affect the Upper Miocene—Quaternary sedimentary record, thus determining
the accommodation space for Holocene sedimentation in valleys and plains in the southwest coast
of Portugal [43,47,48]. As shown in VS (Figure 5) and ER (Figure 6) models, the NW-SE strike-slip
fault system generates small horsts and grabens perpendicular to the coast (Figure 8b). From north to
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south, the VS and ER models identified three small NW-SE faults called F6, F7, and F8; F8 was also
inferred from regional geological mapping [43,47,48]. Out the area covered by MASW and ERT surveys,
another small NW-SE fault called F9 was inferred after regional geological mapping and direct field
observation. F6 and F8 are SW-vergent, whereas F7 and F9 are NE-vergent. The NE-SW strike-slip fault
system is NW-vergent, is younger than the NW-SE system, and determines the progressive deepening
of the geological formations toward the coast (Figure 8b). From East to West, two small NE-SW faults
called F1 and F2 were inferred from regional geological mapping [43,47,48], two others called F3 and F5
were deduced after direct field observation, and a fifth called F4 was inferred after analyzing time-lapse
ERT at site 2. The conjugation of NW-SE and NE-SW fault systems compartmentalizes the area into
small NW-vergent blocks. The Cascalheira Stream valley is the result of these conjugate strike-slip
fault systems; first, the NW-SE system generates a small graben, and later, the NE-SW system deepens
and widens the aquifer H toward the coast. This structural scheme is described in Figure 8b.

In detail, the NW-SE faults F6 and F7 at site 1 (MASW1) were identified (Figure 8c). At site 3,
the traces of NW-SE faults F6, F7, and F8 (MASW3) were also identified (Figure 8c). At sites 1 and 3,
no NE-SW fault was identified because the MASW and ERT surveys were almost parallel to these faults
(Figure 8c). However, at site 2, the ER model enabled us to deduce the NE-SW fault F4 as a preferential
path for low-salinity water transference from Pleistocene formations to aquifer H (Figure 6b). At site 3,
the ER model enabled us to infer geology after VS model gap in MASW3 at distances 130220 m and to
disambiguate the geological structure of this profile sector, which is infilled by Holocene sediments
and Pleistocene sand dunes having similar VS (MASWS3, Figure 5b) but different ER (ERT3, Figure 6¢).
After the ER models, some sedimentological features of hydrological interest have been deduced.
At site 1, the current stream channel appears migrated towards the southern valley boundary, probably
as the central valley was progressively infilled since early Holocene. This feature is also observed at
site 3, determining that freshwater discharge from aquifer H over the saltwater lens in Pleistocene
formations flow through what seems to be two incisive paleochannels (Figure 6c).

Figure 8c presents the geological model of aquifer H. As shown, the Cascalheira Stream valley
is encased into a small graben structure contoured by small NW-SE and NE-SW strike-slip fault
systems. In detail, aquifer H occupies one small graben bounded by faults F6 and F7 upstream and
two small grabens (bounded by faults F6-F7 and F8-F9) separated by a small horst (bounded by faults
F7-F8) downstream. The increasing accommodation space for Holocene sedimentation is attributed to
the distensive motion of (i) faults F6 to F9 which progressively deepen the Pliocene and Pleistocene
materials enclosed into the two small grabens, and (ii) faults F1 to F5 which progressively deepen
the geological structures toward the coast. The consequence of this faulting is a typical estuarine
morphology infilled by Upper Miocene to Quaternary sediments whose thickness and width increase
downstream. The aquifer H thickness passes from 3-10 m at site 1, 5-10 m at site 2, to 8-12 m at site 3,
with some VS increase (Figure 5) and ER decrease (Figure 6) in this bearing as expected in a coastal
alluvial where clay-rich materials (higher VS) can be dragged bigger distances than coarse ones and
salinity of marine aerosol decreases inland (higher GER), respectively. Width passes from 140 m at site
1 to 240 m at site 3.

Despite that, the described NW-SE and NE-SW faults are too small to be included into the Official
Geological Mapping of Portugal at scale 1:50,000 [43]—only the NW-SE F6 and F9 and the NE-SW
F1 and F2 appear in this official mapping—its strike-slip motions are long enough to produce the
accommodation space for aquifer H (Figure 8c). This unconfined alluvial aquifer sustains the SAL,
a protected GDE space.
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Figure 8. (a) Regional tectonic setting of CSB area, after [43—45], showing rose diagrams of faults
orientation clustered by age of geological domains as in Figure 1b. (b) Local tectonic setting of aquifer
H after [40,43,47], direct field observations, aerial photographs, and MASW and ERT surveys, showing
theoretical structural and deformation schemes, and the conjugate NW-SE and NE-SW strike-slip fault
systems. (c) Geological model of aquifer H, showing geological cross-sections 01 (site 1), 02 (site 2),
and 03 (site 3) from integrated MASW (Figure 5) and time-lapse ERT (Figure 6) surveys at sites 1 to
3 and direct field observations, and a new geological cross-section called 00 and the southern end of
the geological cross-section 03 inferred from geological mapping and direct field observation only;
the vertical-to-horizontal scale ratio being 1:2.

6. Conclusions

Integrated MASW and time-lapse ERT geophysical techniques enabled building a predictive
geological model and deducing some transient groundwater features of the CSB Holocene alluvial
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aquifer (aquifer H) in the southwest coast of Portugal. Findings from 2D VS and ER models were
completed with official regional geological information, geological and geophysical data compiled from
the scientific literature, and direct field observations. The conjugate NW-SE and NE-SW strike-slip
fault systems determine compartmentalization of underlying geological structures and the subsequent
accommodation space for Holocene sedimentation. The NW-SE system deepens the geological
structures toward the coast, whereas the NE-SW system generates small horsts and grabens, the aquifer
H being encased into one of these small grabens. From upstream to downstream, aquifer H thickness
and width increase from 10 m to 12 m and from 140 m to 240 m, respectively.

The two 2D VS models in sites 1 (upstream) and 3 (downstream) were addressed at defining the
near-surface geological structure of aquifer H and underlying Pleistocene and Pliocene formations.
Since VS is a site-specific steady variable which does not depend on ambient changes, the VS models can
be used to interpret geological structures without the groundwater component influence. In interpreting
VS models, some reference VS values compiled from scientific literature for equivalent lithologies
were used. The ER models were aimed at inferring some shallowest geological structures after some
VS gaps and disambiguating geological structures having different age, similar VS, and different ER.
Unlike VS, ER is a site-specific variable which is subjected to ambient changes. In coastal porous media,
ER is primarily governed by GER, which in turn depends on the recharge water salinity resulting
from the variable combination of atmospheric bulk deposition salinity and actual evapotranspiration
rates, which are predictable variables over space and time. These predictive variations allowed us
to disambiguate inland recharged Holocene alluvial from locally recharged coastal Pleistocene sand
dunes at the aquifer H outlet. For proper disambiguating, the time-lapse ERT from September 2014,
in which GEC mass flow and aquifer storage variations are minimal, was selected.

Groundwater predictions from numerical models can be quite inaccurate when inherent uncertainty
of data used for aquifer conceptualization is neither appraised nor considered. In contrast to the
sole use of qualitative raw geological data and mapping to prepare a geological model, normalized
errors of the VS and ER models mean a quantitative quota of uncertainty from which groundwater
models will add other types of uncertainty. The performance analysis of the VS and ER models shows
satisfactory to very satisfactory matches between measured and predicted data. This means that
the Pliocene to Holocene geological structures were well-conceptualized and they are homogeneous
enough to predict the magnitude of VR and ER in non-surveyed areas from the results obtained in the
surveyed ones. Normalized errors of the VR and ER models are in the 0.01-0.09 range, which means
a manageable quota of error that can be segregated from overall groundwater models uncertainty
without substantially affecting its simulations accuracy. The geological model of aquifer H is aimed at
supporting the CSB—SAL groundwater numerical model, which is in progress for ecological purposes.
This multidisciplinary methodology seeks to improve the design of shallow groundwater research in
GDE preservation policies.
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Abstract: We assess the effectiveness of complementary geophysical techniques to characterize a
Jurassic dolomite confined aquifer at Loma de Ubeda, Spain. This aquifer, which is penetrated by
wells in the 100-600-m depth range, is confined by Triassic clays (bottom) and Miocene marls (top).
The Jurassic dolomite is characterized by prominent seismic reflectors of high amplitude. Thus,
it is readily differentiated from the low-amplitude reflectors of the confining clay-rich Triassic and
Miocene materials. Electrical resistivity tomography (ERT) allowed us to detail the characteristics of
the aquifer up to a maximum depth of 220 m. Lateral changes in facies and small faults have been
identified using ERT. Time-domain electromagnetic (TDEM) is an excellent complement to the two
above-mentioned techniques in order to widen the analyzed depth range. We acquire TDEM data
with different configurations at multiple study sites while simultaneously varying measurement
parameters. In doing so and by comparing the effectiveness of these different configurations, we
expand the use of TDEM for aquifer characterization.

Keywords: Jurassic dolomite aquifer; seismic reflection; electrical resistivity tomography;
time-domain electromagnetic; loma de Ubeda; Spain

1. Introduction

Geophysical prospecting techniques for groundwater exploration have evolved considerably in
recent years. The automatic data acquisition systems, the availability of powerful computers, and the
development of two- and three-dimensional modeling software have greatly improved the resolution
of complex geological models [1-4].

A great diversity of geophysical methods (gravimetric, magnetic, electrical, electromagnetic,
and seismic) can contribute to the groundwater exploration. Electrical, electromagnetic, and seismic
methods are the most efficient techniques in this kind of setting and they are more cost-effective.

Electrical methods are particularly suitable for groundwater research because hydrogeological
parameters, such as porosity and permeability, can be correlated to electrical resistivity values.
In addition, they are cheap and easy to implement techniques [5]. Electromagnetic sounding techniques,
on the other hand, have not been used as extensively as electrical methods for groundwater research
because the equipment is more expensive and the interpretation methods are more complicated.
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The use has focused on detecting the interface between fresh groundwater and saline seawater
intrusion into coastal aquifers [6]. These two techniques have been used recently in an unconfined
sandstone aquifer in semiarid southwestern Niger [7]. This study is a good example of the efficiency of
using complementary geophysical techniques.

Herein, we analyze the effectiveness of electrical (electrical resistivity tomography, ERT),
electromagnetic (time-domain electromagnetic, TDEM), and reflection seismic techniques to characterize
dolomite aquifers. Our study area (Figure 1) not only has detailed surface geological information,
but also numerous pumping boreholes and seismic lines, which were employed to verify and correlate
the new geophysical data collected in this research.
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Figure 1. Regional hydrogeological map. The location of the study area is shown. Legend:
(1) Paleozoic basement (Phyllites). (2) Paleozoic basement (Granite). (3) Triassic clays from Chiclana de
Segura Formation (Impervious base). (4) Jurassic tabular dolomites (Aquifer). (5) Prebetic Jurassic
dolomites (Aquifer). (6) Late Miocene marls with detrital levels. (7) Pliocene-Quaternary clays, marls,
and conglomerates. (8) Undifferentiated stratigraphic contact. (9) Undifferentiated tectonic contact.
(10) Groundwater flow paths.

The economy of Loma de Ubeda area in Southern Spain is based almost exclusively on the
cultivation of olive groves. Groundwater exploitation has increased olive production and ensured the
survival of crops during the severe droughts that affect this region.

Until the late 1980s, only a Miocene shallow aquifer was exploited, with pumping flows on
the order of 1 L/s. In the early 1990s, the Loma de Ubeda Jurassic dolomite aquifer began to be
exploited at depths between 100 m and 600 m, with pumping rates exceeding 40 L/s in some cases [8].
Numerous deep boreholes were drilled, many of them without the mandatory permits from the Water
Authorities. Estimated irrigation in 2005 exceeded 35 hm?®/year over an irrigation area of 24,050 ha
of olive groves [9]. The aquifer has an average annual deficit close to 13.3 hm? and it is clearly
overexploited [10]. We applied different geophysical techniques to make comparisons with existing
boreholes and surface geologic data. This allowed us to verify the effectiveness of each technique
to investigate this aquifer. We emphasized TDEM and we used different configurations to find the
optimal parameters. The different techniques used here can be applied to investigate other carbonate
aquifers showing similar behavioral.
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2. Description of the Study Region

2.1. Geological Setting

Two geological units can be differentiated in the study area: the Paleozoic basement and the
post-Hercynian sedimentary cover. The first unit is dominated by intensely folded phyllites intruded
by a granitic batholith (Figure 1: 1,2). Subhorizontal to gently dipping, the post-Hercynian sedimentary
cover unconformably overlies the basement. It is composed of Triassic, Jurassic, and Neogene
formations (Figure 1). Sparse Quaternary alluvial sediments are also present.

The Triassic strata belongs to the Chiclana de Segura Formation [11,12], which extensively outcrops
at the north of the Guadalimar River (Figure 1: 3). This formation varies in thickness (50-400 m) and is
essentially horizontal or dips gently southward. In these rocks, their reddish hues and the presence
of shales and sandstones are characteristic (Figure 2). The lower part of the Triassic series is mostly
composed by sandstones levels. Towards the upper-middle part, the number and thick of clayey facies
increases, and gypsum and salt levels intercalations appear (Figure 2).
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Figure 2. (A) Geological mapping of the studied sector. The positions of the electrical resistivity
tomography (ERT) line of the seismic reflection profile S84-68 and the time-domain electromagnetic
(TDEM) are marked. For this profile, 10 measuring stations (S1 to S10) were set up. Legend: (a) Triassic
clays and sandstones (Chiclana de Segura Formation), (b) Jurassic dolomites, (c) Miocene (Tortonian)
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marl and marly limestones, (d) Miocene (Messinian) sandstones and marls, (e) boreholes, and (f) normal
faults. (B) Synthetic stratigraphic column. Legend as (1) phyllites, (2) rudites, (3) sandstones, (4) clays,
(5) gypsum, (6) dolomites, (7) gravel-rich sediments, (8) marls, and (9) marls and marly limestones.

In the Guadalimar River valley, the Jurassic dolomites directly outcrop over the Triassic materials
in apparent stratigraphic continuity (Figure 1: 4). They appear subhorizontal or with small dips,
generally towards the south—-southeast. These are strongly brecciated and dolomitized carbonates,
thus causing an important secondary porosity that must affect the aquifer storability. The thickness,
highly variable in the 0-70-m range, generally decreases towards the west. Although there are no
biostratigraphic criteria, this lithological unit has been attributed to the Lower Jurassic following facies
and stratigraphic position criteria [12,13].

Jurassic strata dip slightly towards the south-southeast and they folded gently on NE-SW axes [5].
On the other hand, two NE-SW and NNW-SSE fault directions in both the basement and the dolomites.
The orientations of theses faults overall influenced large-scale regional patterns of early Tortonian
sedimentation [14-16]. Jurassic strata pinch out towards the west-northwest. Several pumping
boreholes near Rus-Canena document this trend (Figure 1). West of Ibros, Jurassic strata are absent
and the Miocene strata rest directly over the Triassic ones. The disappearance of Jurassic dolomites
also marks the western limit of the aquifer [8].

Three Miocene units are differentiated (Figure 1: 6): at the base, the Early Tortonian, which crops
out locally, filling a small trough and pinching out laterally (Figure 2). These are gravel-rich sediments
with dolomite fragments and siliceous sands, with little or no cementation, alternating with marls [14].
Late Tortonian strata either directly overlie the Early Tortonian ones or they overlie the Jurassic
dolomites. They average 200 m in thickness, attaining a maximum thickness of 500 m. These strata
consist chiefly of marls and marly limestone, but there are also minor calcarenite intercalations [13,17].
Messinian strata with more abundant calcarenites overlie the Late Tortonian strata [13,17] (Figure 2).

2.2. Hydrogeological Context

The Jurassic dolomites constitute an important hydrogeological unit underlying nearly 800 km?
(Figure 1: 4). This aquifer behaves as unconfined in the northwestern portion of the study area
(Figure 2). Towards the south, it is confined by Miocene marls, while it is limited by dipping faults of
the Prebetic units to the east, by the olistostromic units of the Guadalquivir River depression to the
south and west it pinches out [8,18]. In the western sector, the general groundwater flow path is NNW
to SSE. Fracture systems compartmentalize the aquifer, changing piezometry levels and groundwater
flow paths from place to place [18].

Diffuse recharge occurs by direct infiltration from precipitation whereas preferential recharge
from the Guadalimar River streamflow infiltration occurs in those northern sectors where riverbed
intersects the carbonate formations (Figure 1). It is also worth considering the existence of lateral
transferences from eastern Prebetic units (Figure 1: 5).

The exploitation of the confined sector of the aquifer began in the early 1990s. The mechanical
drilling methods before that data did not exceed 100 m depth from shallow Miocene strata only.
The Jurassic dolomite aquifer has been exploited with pumping rates between 15 and 40 L/s only since
10 years ago thanks to deeper boreholes with depths in the 200-600-m range. Today, the pumping rate
is much lower given the overexploitation that the aquifer unit suffers.

Different groundwater chemical facies can be differentiated. Shallow boreholes (dolomites pumped
at 200-300 m) generally yield slightly mineralized waters. Salinity increases considerably with depth,
and deeper chemical facies pass from magnesium-calcium sulfate, sodium bicarbonate-sulfate, sodium
bicarbonate, to sodium chloride [18]. Chemical reduction processes in the deeper confined parts [18]
and mixing of groundwater from Triassic, Jurassic, and Miocene aquifers have been described [9,19].
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3. Methods

3.1. Seismic Reflection

Chevron Oil Company of Spain acquired seismic profiles in southeastern Spain in 1983 and 1984.
These surveys used arrays of 18 geophones (two chains of nine geophones per trace) at intervals of 20 m.
The processing flow followed a standard processing sequence, including migration. The information
was processed by the ‘Compagnie Générale de Géophysique’. The integrated information of the
different seismic lines, together with the direct data from the pumping boreholes, allowed a first
reconstruction of the 3D geometry of the Jurassic dolomite unit [8].

This study focuses on seismic profile S84-68 (Figure 2). A correction speed of 2000 m/s was applied
to the two-way travel time/depth transformation in Miocene strata. This is the wave velocity that
is marked in the processing of the line. The thicknesses that result applying this wave velocity are
correlated in pumping boreholes.

3.2. Electrical Resistivity Tomography

This geophysical prospecting technique consists of determining the distribution of the electrical
resistivity of the subsoil from a very large number of measurements collected from the ground
surface. The electrical resistivity quantifies how a material resists or conducts electric current [20,21].
The different electrical behavior of geological materials allows us to obtain 2D resistivity models,
making ERT one of the most effective non-destructive tools to study and characterize subsurface
discontinuities [20,22]. In recent years, this technique has attained widespread success in stratigraphic,
hydrogeological, and environmental studies [3,23-29].

ERT involves the installation of numerous electrodes along a line (profile), with a given separation
that determines the resolution and prospecting depth to be reached. A smaller separation between
electrodes increases resolution, whereas a larger separation increases prospecting depth [22]. To make
one measurement, only four electrodes are needed. Two of them act as ‘current electrodes” and
the other two act as ‘potential electrodes’. The way in which the electrodes are selected is termed
‘electrode configuration’. In stratigraphic studies, the Wenner-Schlumberger configuration is usually
selected [30,31]. This configuration has good behavior and stability against resistivity changes,
both vertical and horizontal ones, so it is useful for the investigation of horizontal or slightly inclined
layers that can present lateral changes of facies and/or verticalized structures, as in our case [30,31].

Electrodes are connected to the measuring equipment (resistivity-meter), and through a predefined
sequence, the groups of electrodes are selected. For each electrode quadrupole, a voltage and an
intensity measurement are made. With these two readings, the ‘apparent’ resistivity of the ground is
calculated, which is attributed to a certain geometric point in the subsoil.

We used a multi-channel, multi-electrode DC resistivity meter system manufactured by Deutsche
Montan Technologie (RESECS model). The apparent resistivity values measured in the field were
inverted to obtain electrical resistivity models by using the RES2DINV software [2]. This software
applies a least-squares method with a damped smoothing, modified with the quasi-Newton
optimization method. This inversion method constructs a subsoil model using rectangular prisms and
determines the resistivity values for each of them, minimizing the difference between the observed
and calculated apparent resistivity values [2,32]. We produced a NW-SE electrical tomography profile,
with a total length of 1110 m using 112 electrodes spaced at 10 m (Figure 2).

3.3. Time-Domain Electromagnetic

The operating principle of the time-domain electromagnetic (TDEM) method is to circulate an
electric current through a transmitter coil (usually square in shape) for short time intervals. When the
current flow is abruptly interrupted, a magnetic field is produced that induces, according to Faraday’s
law, a variable electric current in the subsurface, which in turn generates a transient secondary magnetic
field. These currents flow in closed paths and migrate at depth, decreasing in intensity over time.
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Changes in the secondary magnetic field over time induce a transient voltage in the receiving coil.
The shape of the decay of this voltage provides information on the conductivity distribution of the
subsoil, which can be used to characterize it [21,33-35]. TDEM has been typically applied to finding
mineral deposits [36-38], to investigate groundwater bodies [35,39], and to analyze sedimentary
basins [40,41]. In recent years, this method has also been used in environmental studies [42,43] and to
characterize marine intrusion [44,45].

The maximum prospecting depth depends on the decay time of the signal from the current cut,
the current intensity, the loop size, the signal frequency, and the conductivity of the subsoil [33-35].
Although there are various measurement configurations, the most common one is to place the (smaller)
receiving coil in the center of the (much larger) transmitting coil (central-loop configuration). Another
option is to use the same coil to carry out both functions (single-loop configuration).

We used a TEM measuring system developed and produced by ELGEO Research & Production
Company (AIE-2 model). It is a device with a maximum output power of 200 W and a current intensity
of up to 10 A. The TDEM receiver is based on a 16-bit analogue-to-digital converter and a signal
processor that provides an analogue-to-digital conversion immune to input voltage noise and real-time
signal pre-processing. It offers a range of measurements between 5 us and 10 ps, with an input voltage
of 5-20 V with signal compensation.

In the field campaign, a total of 10 TDEM measurement stations were acquired along a north-south
profile. The points located in Figure 2 refer to the center of the measuring stations for square loops
of 200 m on each side. At each of these points, measurements were collected with central-loop and
single-loop configurations, and the measurement parameters (intensity, time, voltage) were varied,
which allowed us to compare the effectiveness of the different setups. To reach prospecting depths on
the order of 400 m, transmission loops of 200 m X 200 m are needed. A 6-mm? section copper wire
was used. This (larger than usual) wire decreased the resistance and thereby allowed it to obtain a
higher effective current intensity. When the central-loop configuration was used, the receiving coil had
a dimension of 20 m X 20 m, using a 5-turn cable and a X10 amplifier. For the visualization and editing
of the different curves, the TEMBIN software was used. The modeling and inversion processes were
performed with ZondTEM1D and ZondTEM2D software http://zond-geo.com/english/zond-software/
electromagnetic-sounding/zondtem1d;/.

4. Results and Discussion

4.1. Seismic Reflection

The sedimentary cover sequence at the top of the seismic profiles produces reflectors of moderate
amplitude, which we interpreted as Miocene sandstones and marls. The seismic response of the
Jurassic dolomites consists of prominent reflectors of high amplitude and continuity. This different
response allows us to trace both the upper and lower boundaries of the Jurassic aquifer. Under the
Jurassic unit, locally discontinuous reflectors of low amplitude are associated to the Late Triassic unit,
which contains clays and evaporates (gypsum and halite). At the base of the Triassic unit, continuous
levels of greater amplitude are detected, which we have correlated with the basal, thick Triassic
sandstones levels. The acoustic material is the Paleozoic basement, which is characterized by chaotic
features and disorganized seismic facies.

Different criteria to calculate the stratigraphic units’ thickness were used. A criterion, namely
the measured thicknesses of stratigraphic units, was measured in the field. The other criterion was
velocity values included with the profiles. These two criteria generally coincided. Finally, surveys
carried out in the area provide some direct assessment of local hydrogeological conditions.

The seismic profile selected in this study (Figures 2 and 3A) shows Jurassic dolomites dip
approximately 20° S-SE. The unit outcrops in the northern sector and occupies deeper positions in the
southernmost sectors. The resolution of the profile is very low near the land surface, so the dolomites
are not readily identifiable to the north (Figure 3A).
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Figure 3. Seismic reflection profile and interpretation (see location in Figure 2). The positions of the
pumping boreholes and the TDEM (S1 to S10) measuring stations are indicated. M.a.s.l. (metres above
sea level) (A). Electrical resistivity tomography (ERT) profile (B).

Using a correction speed of 2000 m/s, the dolomites can be identified at 200 m depth near the
pumping boreholes, as pointed out in Figure 3A. This depth is confirmed from borehole drilling
information. Under the dolomites, higher-amplitude reflectors in the lower part of the Triassic unit
correspond to sandstones. Some of the faults detected with ERT techniques affecting the sedimentary
cover are also identified by seismic methods.

4.2. Electrical Resistivity Tomography

The ERT profile was acquired at the northernmost end (Figure 2), just where the dolomite aquifer
is too shallow to be discerned in the seismic profile (Figure 3A). Figure 3B shows the ERT profile,
which reaches a depth of 220 m in the maximum penetration zone. From geoelectrical records,
three resistivity ranges are differentiated. The first is characterized by high resistivity values in the
100-500 Om range and corresponds to the Jurassic dolomite aquifer. These geoelectrical facies outcrops
at the northern profile end and dip gently towards the south-southeast. The ERT results trace this
facies up to 500 m where it suddenly ends, and this could be explained by the presence of a normal
fault. In the local outcrops, normal faults affecting the Jurassic dolomites have been detected. In the
same ERT profile, normal faults affecting this unit can be deduced. Field observations and geological
maps (Figure 2) corroborate these interpretations. This Jurassic aquifer crops out in the northern sector
and it is also found under the Miocene strata in the southern sector.

Over the dolomite aquifer, the ERT profile also shows a discontinuous unit of variable thickness
characterized by resistivity values in the 40-80 OOm range. This electrical behavior of this second
unit may correspond to Early Tortonian sandy and gravel-rich sediments with dolostone fragments.
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The presence of pre-Late Tortonian faults determines the accommodation space for these syntectonic
facies (Figure 2), as interpreted in previous studies [14]. In the northernmost sector, some of these
facies having similar resistivity values could also correspond to weathered dolomites, conferring some
uncertainty in the interpretation.

A third unit characterized by resistivity values in the 5-20 (dm range can be identified at shallow
depth from 400 m onwards. Based on its electrical behavior, this unit is interpreted to be Tortonian
marls and marly limestones, which have great thickness in the southern sector. As can be deduced
from the geological map (Figure 2), the Messinian facies are absent in the ERT profile.

The resistivity of the different lithologies is related to different physical parameters of the geological
materials, such as texture, pore fluids, density, etc. [21]. As deduced, if knowledge of the subsoil
is scarce, results are more uncertainty. In contrast, if the information available is abundant, these
techniques can have multiple applications, for instance to identify lateral changes of facies, thickness
variations of stratigraphic units, water-table positions, or degree of saline contamination of an aquifer.

4.3. Time-Domain Electromagnetic

For each of the measurement stations of the TDEM profile, the configuration parameters of loops,
current injection, voltage, or measurement time were varied. Figure 4A shows the different induced
voltage decay curves measured at station 1 (S1) for a single-loop configuration and obtained using the
TEMBIN software.

A . Station File | TxArea | RxArea | Current | Range | Time-off
V/T_uV/A (m) (m) ) ) (ms)
C O.bem | 40000 | 40000 | 1 10 20
108 fae——em C Lbem | 40000 | 40000 |8 10 100
5 C 2.bem | 40000 [ 40000 [ 8 1 100
10— by E C 3.bem | 40000 | 40000 | 8 0.1 100
- 8

C 4.bem | 40000 40000 1 500

0,01 0,1 Time (ms) 1
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10° et e, Eentrat Center_1bem | 40000 20000 8 1 100
\ s Center 2.bem | 40000: | 20000 |1 10 100
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0,01 0,1 Time (ms)

Figure 4. Different induced voltage curves as a function of time, all collected at station S1. Different
measurement parameters were used in each of the curves (variations in Current, Voltage, Time). (A) The
curves represent a single-loop configuration so that the transmitter area (Tx) and the receiver area (Rx)
coincide (200 m x 200 m = 40,000 m?). (B) The curves represent a central-loop configuration, where
the same transmitter loop is maintained, but the receiver loop (Rx) has dimensions of 20 m x 20 m;
in this case, a five-wire cable and an amplifier of X10 were used, so the effective area of Rx in this case is
20 x 20 X 5 x 10 = 20,000 m?.
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In each of the tests, the ramp time is directly proportional to the current used [46]. In our study,
according to the technical specifications of the equipment, the ramp time was 12 ps or 30 us, depending
on whether the injected current was 1 or 8 A (for loops of 200 m x 200 m). In station S1, when comparing
the curves ‘C_0.bem’ and ‘C_1.bem’ (Figure 4A), currents of low amperage led the plateau at the top
of the curve to be lower, and this increases with increasing amperage. Therefore, the information
of the surface part decreases with the amplitude of the current. However, the capacity for in-depth
investigation increases with the magnetic moment (I * A). According to Spies [34]:

[

d ~0.55( [xA )

o*Nr

where: d is depth in m, I is current of the transmitter in Amps, A the effective area of the transmitter in
m?, ¢ is electrical conductivity of the medium in S/m, and Nr is noise level in V/m2.

By keeping the surface of the transmitter loop constant (Tx =200 m x 200 m), the magnetic moment
and the penetration capability remain proportional to the current, as deduced when curves ‘C_0.bem’
and ‘C_l.bem’ are compared (Figure 4A). Therefore, high currents are used even if information is
lost near the top of the profile. Such information from very shallow depths is not relevant to the
hydrogeological interpretation.

Another important aspect to consider is the voltage range. We compare the response with the
measurements at 0.1, 1, and 10 V at station S1 (Figure 4A). The superposition of the different curves
allows us to deduce that greater stability is achieved in the depth of the induced voltage curve using
low voltages as 0.1 V in the ‘C_3.bem’ curve of Figure 4A.

Another factor analyzed was the measurement time window; longer time windows produce
larger depths of investigation [34]. In our case, different time-offs at station S1 (20, 100, and 500 ms)
were used. When the ‘C_2.bem’ and ‘C_4.bem’ curves are compared, times greater than 100 ms are
observed, the noise level increases considerably, and the voltage values are extremely low, so time
intervals in this range should be ignored due to their low reliability.

All the aforementioned curves were obtained with a single loop. The readings were repeated at
station S1 (Figure 4B) for the measurements with the different set-ups but using a central-loop device.
As in the previous case, the data for research at deeper levels show that the magnetic moment must
be increased (if the area remains constant, it will be proportional to the increase in current) and the
voltage must be decreased. The measurement time was held constant at 100 ms.

In all the stations indicated in the profile (Figure 2), the previously mentioned parameters were
used. Figure 5 shows the fit between the induced voltage curves measured in the field (dots) and
those generated (curves) by the resistivity model (thick red line). The figure also shows the apparent
resistivity obtained as a function of time in the first and last of these stations (S-1 and S-10). For each of
these curves, the fit between the field and the model (by the ZONDTEMID software) lines is observed.

The curves observed in the field at station S1 and the modeled ones (Figure 2) are represented
and compared when we use a central-loop device (‘Center 1” in Figure 5A) and a single-loop device
(‘C_3 in Figure 5B). First, the good fit of the curves stands out in both cases, with a root mean square
(RMS) error of 2.7% and 3.3%, respectively. After the data inversion in both cases, similar results in the
resistivity/depth curves are observed. In both cases, at shallow depths, there is an increase in resistivity
values that correlates with the Jurassic dolomite aquifer, unit that outcrop in nearby sectors (Figure 2).
Under this unit, a set of more conductive facies appears that would correspond to the Triassic clays.
Within the Triassic unit, generally in the upper part, the increase in resistivity can be associated with the
increase in evaporitic layers (Figure 5A,B). Below 400 m, the sharp increase in resistivity is associated
with phyllites of the Paleozoic basement. This interpretation is corroborated by the information of
the thicknesses observed in the nearby outcrops (Figure 2B) and to the information provided by the
seismic profile in Figure 3A. Therefore, TDEM curves could determine the thickness of a geological
unit accurately. However, TDEM curves do not allow to establish the correct resistivity value for
each level, as other authors have already pointed out. In this study, Figure 5 represents resistivity
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values after inversion; their abrupt increases or decreases allow deducing the presence of different
lithologies. Nevertheless, the modeled resistivity values do not correspond to the real resistivity of the
proposed lithologies.
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Figure 5. Induced voltage curves (blue line) and apparent resistivity (red line) as a function of time.
For each of them, the fit between the field and the model (by the ZONDTEMID software) lines is
indicated. The interpretation after the inversion of the data is also included; red straight lines represent
the resistivity as a function of the depth. In charts A and B, data collected at station S1 (see Figure 2)
using two different devices are represented: central-loop (A) and single-loop (B). In charts (C,D),

data collected at station S10 (see Figure 2) using central-loop (C) and single-loop (D) devices are
also shown.

It should be noticed that the shape of the curve, with changes in the tendency of increase or
decrease in resistivity, allows detecting lithological changes. However, absolute values should not be
taken into account: the dolomites offer average resistivity values in the 200-400 OOm range (Figure 5),
that can be lower than 100 Om in some stations (S1, S8, S9, and S10) and greater than 10° Om in
others (S4). On the other hand, despite the overall similarity in the models of Figure 5A,B, a significant
difference must be highlighted: the slope change of the decay curve of the induced potential. In the
case of the central-loop device, the slope of the curve is lower, reaching depths of approximately 600 m
with induced potential data on the order of 10 uV. With much lower voltage values, the curve continues
to show a highly stable trend. However, using the single-loop device, the slope of the potential decay
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curve is greater. Thus, from approximately 150 m depth, the induced voltage values would be less
than 10 uV.

The same comparison is performed at station S10 (see its location in Figure 2). Again, the good fit
of the curves stands out, having an RMS error of 0.6% with a central loop (‘qcenter_8” in Figure 5C) and
1.6% with a single loop (‘q_2" in Figure 5D). With the central-loop device, three units are differentiated
in depth: the shallowest (around 100 m depth) is characterized by a drop in resistivity values, although
the local rises appearance would be associated to Messinian marls with sandstones interbedded.
Between 100 and 300 m, conductive facies appear associated to Late Tortonian marls. Under these
facies, the increase in resistivity values is associated to Jurassic dolomite aquifer. This interpretation
also agrees with the information from direct data obtained in nearby outcrops (Figure 2B) and with the
information provided by the seismic profile of Figure 3B.

In the case of the central-loop device, the potential curve reaches approximately a depth of 510 m
with stable values (at approximately 150 m, the voltages are approximately 10 uV). In contrast, using
the single-loop device, it offers values above 10 1V only up to 65 m, and the curve is no longer stable at
a depth of 250. Therefore, at this station, the Jurassic aquifer is not reached with this configuration.
From all this, it can be deduced that the central-loop device performs better than the single-loop device
for deep aquifer research (Figures 5 and 6).

For the rest of the stations (52 to S9), measurements with both configurations were made.
For brevity, only the curves obtained by the central loop are shown (Figure 6). In all of them,
the position of the Jurassic aquifer is detected at variable depths. In Figure 3A, the position of each of
the TDEM stations on the seismic profile is shown. This allows us to compare the depth of Jurassic
dolomites obtained by seismic (Figure 3) and electromagnetic methods (Figures 5 and 6).

Figure 7A shows the resistivity section obtained with the electromagnetic method, resulting from
the joint inversion of data from the ten measurement stations through the ZondTem2D software. At the
northern end of the section, the method is able to detect both the Jurassic dolomites and the contact
with the underlying Paleozoic basement. In the southern sector, the Jurassic unit is also detected by a
change in the trend of conductive to resistive materials. The method fits poorly in the central sector of
the profile, where is unable to detect the decrease in resistivity values associated to the Triassic facies at
deeper levels. The seismic reflection profile and the resistivity profile obtained by the TDEM method
are represented together in Figure 7B. A good correlation can be observed between the two techniques
for modeling the Jurassic unit. For the upper 200 m, at the northern end of the section, the TDEM
resistivity profile and the profile obtained by the electrical resistivity tomography (ERT) method are
also compared (Figure 7C). The superposition of the ERT and TDEM profiles allows deducing a good
correlation in the lateral and vertical variations of the resistivity values obtained in both techniques.
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Figure 6. Representation of the induced voltage curves (blue line) and apparent resistivity (red line)
as a function of time at stations S2 (A), S3 (B), S4 (C), S5 (D), S6 (E), S7 (F), S8 (G), and S9 (H) using a
central-loop device. For each of them, the fit between the field line and the line of the ZONDTEM1D
software model has been represented. The straight red lines represent the resistivity as a function of the
depth, interpreted after data inversion. A good fit is deduced, with RMS error value ranges between

1.7% and 5.6%.
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Figure 7. 2D section showing resistivity distribution as a result of smooth-model inversion implemented
in the program ZondTEM2D (A). Seismic reflection profile and TDEM section correlation (B). Correlation
of seismic reflection and electrical resistivity tomography (C).

5. Conclusions

In the seismic reflection profiles, abrupt changes in the amplitude of the wave associated to
the upper and lower boundaries of the Jurassic dolomite aquifer are observed, making it easy to
identify thickness variations at depth. Due to attenuation, such sudden changes in amplitude cannot
be discerned in places where the aquifer is very shallow. At depths not exceeding 200 m, variations
in resistivity values within ERT profiles allow identifying this aquifer level clearly. Simultaneously,
the technique allows deductions of the lateral changes in facies, the thickness of the different units,
structural dips, and the presence of faults.

The TDEM technique is versatile and can be used with different amplitudes, voltages, times,
devices, and loop sizes, depending on the target penetration depths at which the research is scheduled.
In our study, to reach more than 300 m depth, low voltages, high magnetic moments (increasing the
amplitudes and the area of the loop), and central-loop-type devices were used. The thickness of the
layer can be determined using TDEM curves, but not its real resistivity. In general, there is a good fit
between seismic, electrical, and electromagnetic data.
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Abstract: Water percolation through infiltration ponds is creating significant synergies for the broad
adoption of water reuse as an additional non-conventional water supply. Despite the apparent sim-
plicity of the soil aquifer treatment (SAT) approaches, the complexity of site-specific hydrogeological
conditions and the processes occurring at various scales require an exhaustive understanding of
the system’s response. The non-saturated zone and underlying aquifers cannot be considered as a
black box, nor accept its characterization from few boreholes not well distributed over the area to be
investigated. Electrical resistivity tomography (ERT) is a non-invasive technology, highly respon-
sive to geological heterogeneities that has demonstrated useful to provide the detailed subsurface
information required for groundwater modeling. The relationships between the electrical resistivity
of the alluvial sediments and the bedrock and the difference in salinity of groundwater highlight
the potential of geophysical methods over other more costly subsurface exploration techniques. The
results of our research show that ERT coupled with implicit modeling tools provides information
that can significantly help to identify aquifer geometry and characterize the saltwater intrusion of
shallow alluvial aquifers. The proposed approaches could improve the reliability of groundwater
models and the commitment of stakeholders to the benefits of SAT procedures.

Keywords: aquifer geometry; electrical resistivity tomography; managed aquifer recharge; saltwater
intrusion; soil aquifer treatment; sustainable development goal 6

1. Introduction

Surface water resources in coastal areas are often scarce and groundwater plays a
pivotal role in managing the complex issue of water supply [1]. Urbanization and climate
change are causing several side effects for the sustainable management of groundwater
resources and in parallel, the volume of wastewater rises as the population increases [2—4].
Moreover, coastal area development is often intensive and subject to salinity problems [5].
The intensive extraction of groundwater from coastal aquifers reduces freshwater outflow
to the sea and creates local water table depression, causing seawater to migrate inland
and rising toward the wells [6]. This phenomenon is called seawater intrusion. It is
the consequence of meeting the increasingly urban, tourism, industrial, and agricultural
demands and adds stress to groundwater bodies and dependent ecosystems [7].

These effects are especially visible in small unconfined aquifers because of their greater
exposure to human impacts and smaller storage capacity, which may limit a regular water
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provision to ecosystems during drier periods. They will require efficient adaptations at the
scale of the municipality or group of municipalities to supply the demand, to deal with
the expected more irregular periods of rain, a decrease of aquifer recharge, and to manage
wastewater properly. The most obvious is the provision of an alternative water resource
and the second is the reduction of environmental impacts by reducing or eliminating
wastewater disposal, which results in the preservation of ecosystems downstream [8].

To address these water resilience challenges, managed aquifer recharge schemes us-
ing recycled water have been utilized during the last few decades [9]. Water reuse is
thus a means for increasing water resources and the subsoil possesses key advantages
to help water operators. Aquifers offer a reservoir—where there is no room for surface
storage—and uses the capacity for inter-seasonal and inter-year storage that natural sys-
tems provide [10,11]. Systems like direct well injection or infiltration with either ponds,
basins, or shallow buried trenches have been successfully implemented in small to large
scale projects [12-14]. Furthermore, in coastal areas affected by saltwater intrusion, both
systems may endure a particularly efficient way to tackle contamination because the wa-
ter infiltration acts as a barrier to saline encroachment and, at the same time, allows the
recovery of salinized aquifers [15].

Well injection offers advantages such as no evaporative losses, algae, or mosquitoes,
and no loss of prime land. Alternatively, surface infiltration offers a potentially low-cost
way to reclaim wastewater during the migration of recycled water through the vadose
zone, which can result in improved water quality via biological, chemical, and physical
processes before reaching the water table [16].

Schemes using the favorable characteristics of soil, subsoil, and aquifer for further
(advanced) treatment of the infiltrated water are called SAT (Soil Aquifer Treatment) and
usually have severe restrictions in terms of water quality used for the procedure [17]. Water
percolation through infiltration basins is currently creating significant synergies for the
broad adoption of water reuse as an alternate water supply and could foster sustainable
water consumption in a transition to a circular economy.

Despite the apparent simplicity of the surface SAT approaches, the complexity of
site-specific hydrogeological conditions and the processes occurring at various scales,
combined with different objectives, requires an excellent understanding of the system’s
response [18,19]. A groundwater model is required according to published guidelines for
managed aquifer recharge and water recycling [20].

Groundwater modeling tools involve three general stages for aquifer conceptual-
ization: (1) geometry definition, (2) acquisition of hydraulics data, and (3) evaluation
of water balance components [21]. The paper’s general objective is advancing the first
stage, i.e., aquifer geometry definition, and qualifying some transient groundwater features
subordinately (saltwater intrusion). Classical hydrogeological approaches such as using
lithological logs, aquifer water sampling, and measuring water tables require the existence
of available detailed drilling reports of wells and piezometers and/or drill and equipping
new ones. Besides, such logs provide only punctual assessments of the aquifer geometry
and hydraulic data.

In flat coastal areas, near-surface geophysical techniques have been widely used
in groundwater research to acquire this basic information. Geophysical techniques are
high-resolution tools that provide information on the spatial distribution of the physical
parameters of the subsoil. These techniques are non-invasive and become useful when
lithological data are sparse or not able to provide detailed subsurface information required
for groundwater modeling [21,22]. The advantage of the surface geophysical methods,
compared with borehole methods, is that they allow denser and faster data coverage at a
much lower cost [23], reduce risks to interconnect different water bodies during drilling
operations, and can provide a way to improve the subsurface characterization from a set
of boreholes.

The most widely used method for hydrological applications and shallow aquifers
characterization is probably the direct-current (DC) resistivity, which is highly responsive
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to detailed subsurface electrical conductivity changes related to geological and hydrological
heterogeneities [24]. Electrical resistivity (also called DC resistivity) methods measure the
apparent electrical resistivity of the formation and have been widely used to delineate
the geometry of shallow aquifers [25-27] and saltwater intrusion [28-32]. However, ERT
has rarely been used in SAT projects framework and it could define better the boundary
conditions in its hydrogeological models, which is important for understanding and
predicting subsurface flow and transport.

The specific aim of our research was to develop a fast and non-invasive methodology
to improve the characterization of the Port de la Selva shallow coastal aquifer and delineate
the saltwater intrusion. To this end, we propose an approach using electrical resistivity
tomography and implicit 3D modeling tools [33] to define the aquifer geometry and the
saltwater intrusion. Particularly, a 2D ERT campaign was conducted to assess the thickness
and lateral extent of the alluvial formation below the profiles acquired and to gather data
for subsequent 3D modeling. Placing ERT data in the same tool framework allowed to
delimit a saltwater intrusion phenomenon. The information from the geological map and
research boreholes was also integrated to define boundary model conditions and to obtain
the aquifer geometry of the whole studied area respectively.

2. Study Area
2.1. Geographical, Climate, and Water Management Overview

The study area is located on the northeast coast of the Iberian Peninsula, at Port de la
Selva valley. The valley covers an area of 10.5 km?, and mainly extends over the north and
east slope of the Rodas Mountains (with a peak elevation of 670 m above sea level) until
they reach the Mediterranean Sea.

The area is characterized by a Mediterranean climate with a warm thermal regime
in summer and moderate cold in winter. Average monthly temperatures have varied
from 8.8 °C in February to 23.7 °C in July over the period 2007-2016. The annual rainfall
is moderate, with an average of 570 mm/year, but below 450 mm/year in dry years.
Rainwater is distributed irregularly during the year. Maximum rain values are recorded in
the October-November period (more than 160 mm on average) and the driest month is
July (below 20 mm), coinciding with the highest potential evapotranspiration values [34].

The rainfall is assumed to be mainly incorporated into surface run-off (60%) while
evapotranspiration (25%) and aquifer infiltration (15% or equivalent to 2000 m3/ day)
completed the water balance of the Port de la Selva basin [35].

Similar to other Mediterranean coastal areas, Port de la Selva municipality has experi-
enced extensive urbanization and an associated shift away from an agricultural and fishing
economy to one governed by the growth of tourism from the 1950s to the present (Figure 1).
Water demands and wastewater effluents in the area have therefore greatly increased—due
to the rise of water consumption for recreational uses and tourists—especially in summer,
when its population reaches 10,000 inhabitants compared to 1000 inhabitants during winter
or non-tourist season. The average annual supply water abstraction in El Port de la Selva
basin is about 400,000 m3, while the average annual volume of treated wastewater is in
the range of 220,000 m®. Both abstraction and wastewater volumes have large fluctua-
tions between summer and winter [36]. Furthermore, chloride concentrations in water
abstracted from the municipal well were recurringly above the regional drinking water
limit of 250 mg/L [37]—during the autumn months—probably triggered by saltwater
intrusion after summer’s high water demand period (Figure 2).
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Figure 1. (a) Location sketch of the studied area; (b) landscape image of Port de la Selva (1956)
showing the extensive agricultural use of soil in the 1950s compared to the current urbanization
setting; (c) location of main hydrological features and water management facilities over current
landscape image of Port de la Selva.

To increase the security of water supplies and to improve the water quality, Port
de la Selva’s town council have constructed an SAT—pioneering in Europe in the usage
of recycled wastewater for recharging an aquifer dedicated to human consumption—
and joined the European Commission DEMOWARE project. The DEMOWARE project
involves the public perception in water reuse, artificial recharge of water into aquifers and
disseminate investigations related to wastewater recycling.

The innovation and significance of the project were to demonstrate the SAT commis-
sioning without the need for advanced treatment such as ozonation or reverse osmosis,
relying on the natural treatment capacity of the soil and aquifer only. The used waters of
the municipality of Port de la Selva are connected to the sanitation system consisting of a
wastewater treatment plant (WWTP) with biological flocculation, tertiary double-filtration,
and UV disinfection treatments. Most of the water entering the WWTP receives biological
treatment with nitrogen removal (approximately 70%) and the effluent is discharged into
the Romanyac stream (during the period October to May) or directly into the sea through
the marine emissary (the months of June, July, August, and September). The Romanyac
stream outlets to the mid part of the beach and the point of discharge of the effluent of the
WWTP is about 300 m from the coastline. DEMOWARE project proposes that wastewater,
after receiving an appropriate tertiary treatment could be reused for aquifer recharge SAT
system. For this purpose, the reclaimed wastewater would be pumped to the SAT infiltra-
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tion ponds where the subsoil acts as a low-cost/low-energy filtration/disinfection scheme
including seasonal storage. To close the circle, artificially recharged water—diluted into
the natural groundwater flow—is pumped on wells placed on the same alluvial aquifer
about 1 km downstream.

Risk analysis results derived from the DEMOWARE project showed that the system
was efficient for reducing mononuclear phagocyte system (MPS) bacteria content below
the World Health Organization (WHO) and Spanish regulations and removed after 50 m
of flow through the subsoil. Nevertheless, the start-up of the recharging system is still
dependent on obtaining authorization from the appropriate health care authorities.

Handling a flow and transport model, the migration of the water infiltrated in the
aquifer from the recharge ponds was simulated by Amphos21 to analyze the sensitivity of
travel times and dilution factors related to different scenarios [38]. Moreover, the numerical
model was capable of simulating aquifer response to rainfall events and pumping in water
supply wells and reproduces the observed hydraulic heads with reasonable accuracy [35].
The model has been constrained from 12 monitoring wells. Nevertheless, it is expected that
geophysical data could improve the reliability of the groundwater models representing the
heterogeneity of the shallow aquifer.
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Figure 2. (a) Seasonal fluctuations of treated and abstracted water volumes and measured chloride
concentration in Port de la Selva’s public water supply well [39]. The graph shows the correlation
between water demand and wastewater generation and the deferred effect between maximum
exploitation and salinization of the water supply well. The dashed line represents the chloride
concentration limit defined by the Spanish sanitary guidelines for the quality of water for human
consumption [37]; (b) rainfall for the period 2011-2016. The summer season corresponds to the dry
months of the year and the highest water demand.
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2.2. Geological and Hydrogeological Setting

The study area belongs to the easternmost outcrop of the Hercynian basement of the
Axial Zone of the Pyrenees. The Axial Zone consists of an elongated structure along the
Pyrenean chain. In this Axial Zone, together with the North Pyrenean massifs, rocks from
the Hercynian basement outcrop due to both Hercynian and Alpine tectonic uplift [40].
Locally, two geological units can be differentiated in the study area: (1) Palaeozoic basement
includes (i) schists, slates, and phyllites and (ii) amphybolites all affected by the Hercynian
regional metamorphism, and (2) Pos-Hercynian sedimentary cover includes (i) Upper
Pleistocene deposits of colluvial and aeolian origin and (ii) Holocene alluvial deposits [41].

In hydrogeological terms, lithological units can be classified also into two groups
according to their permeability [42]: (1) Cambro-Ordivician schists and phyllites of low-
hydraulic conductivity forming the impervious basement of the alluvial aquifer; (2) quater-
nary deposits of gravel and sand with variable silt content (water stream alluvial deposits)
and sand and clay with pebbles of high hydraulic conductivity acting as an unconfined
aquifer (Figure 3). The contact between the two formations was identified at depths ranging
from eight to 14 m in the Port de la Selva site, but there is a lack of additional data in the
overall studied area (1-10® m?) as the exploration boreholes (Figure 4) are mainly clustered
around the SAT facilities (3-10° m?).
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Figure 3. (a) Hydrogeological setting of Port de la Selva; (b) simplified geological cross-sections of
Port de la Selva coastal area. Modified from References [42,43].
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Figure 4. Location of the electrical resistivity tomography profiles and boreholes (Port de la Selva).

Groundwater flow through the metamorphic substrate is controlled by faults and
joints (secondary porosity) of the otherwise impermeable rock. For this reason, the flow
and water storage capacity of this considered secondary aquifer is limited to discrete planes.
Then, for practical purposes, the water resources of the secondary aquifer are irrelevant,
except for the most important faults.

The alluvial aquifer is located at the bottom of the valley, over the metamorphic
bedrock. It has a surface of 0.66 km? and could reach 30 m in thickness [43]. The hydraulic
conductivity values range from 50 to 250 m/day. The relatively small total volume and high
topographic gradient at the top of the basin mean that it does not have a very high storage
capacity [35]. It is assessed as moderate to high on groundwater pollution vulnerability [43].
Recharge to alluvial aquifer comes from direct rainfall and runoff from intermittent water
streams of Riera de la Selva and Riera de Romanyac and water outflows are due to pumping
and discharge to the Mediterranean Sea. Water supply wells operate in this section of the
alluvial aquifer with estimated groundwater withdrawn of 500-600 m3/ day in winter and
2500 m3/day in summer.

3. Materials and Methods
3.1. Electrical Resistivity Tomography

In order to assess the thickness and lateral extent of the alluvial aquifer, an electrical
resistivity survey (ERT) was conducted. The resistivity method is based on measuring the
potentials between one electrode pair while transmitting DC between another electrode
pair. The depth of penetration is proportional to the separation between the electrodes, and
by varying the electrode separation, information is provided on the subsurface stratifica-
tion. This geophysical technique can be considered the modern evolution of the classical
geoelectrical methods, as the vertical electrical sounding. In fact, the physical principle
is the same, but in this case, instead of using only four electrodes (two for energizing
and two for measuring the potential generated), multiple electrodes that change function
automatically are fixed in the soil surface. All possible combinations of electrode pairs are
considered, resulting in a dataset of apparent resistivities at the so-called pseudo-depth at
different locations. The large amount of data produced by multielectrode systems requires
automated data handling and processing [44].
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In the present study, the Wenner-Schlumberger array was used. The apparent resistiv-
ity for the array is given by p, = mn(n + 1)-a-R, where R represents the resistance, a is the
spacing between the potential electrodes, and n is the ratio of the distances between the
current and potential electrodes [28]. The depth study range increases with increasing space
between the current electrodes, whereas a shorter separation increases resolution [45].

The software for the inversion of the ERT data was RES2DInv [46]. The subsurface
is divided into cells of fixed dimensions and the inversion procedure is based on the
smoothness-constrained least-squares method. The resistivities are adjusted iteratively
until a satisfactory agreement between the experimental data and the model responses is
achieved, based on a nonlinear optimization technique by least-squares fitting [47]. During
the inversion process, the root-mean-square value of the difference between experimental
data and the updated model response is used as a criterion to assess the convergence.

In the present paper, the smooth constraint method was selected, after making a
comparison with the robust method. The method assumes the subsurface consists of a few
homogeneous regions with a smooth interface between them. Such an inversion scheme
is the logical choice where the subsurface comprises units with smooth boundaries in
order to determine both layer boundary locations and layer resistivities accurately. Indeed,
it produces models by minimizing the absolute value of data misfit, making it more efficient
in removing noise compared to other inversion methods [48].

The subsequent subsurface characterization using electrical conductivity or resistivity
depends on several factors, such as soil water content, grain size distribution, porosity,
and permeability. For instance, an air-filled void soil type will have higher geoelectrical
resistivity values contrary to a water-filled void soil type [49].

Resistivity decreases with increasing salinity. A high-salinity pore fluid has a greater
concentration of ions available for conduction. Besides, igneous and metamorphic rocks
typically have high resistivity values while resistivity decreases as grain size particles
decrease in unconsolidated sediments.

Lastly, the geological interpretation of the resistivity cross-section is performed incor-
porating, as far as possible, prior knowledge based on outcrops, supporting geophysical
or borehole data, and any information gained from laboratory studies of the electrical
resistivity of geological materials [50].

3.2. Electrical Resistivity Tomography Surveys

ERT data was acquired with a Syscal Pro resistivity meter (IRIS instruments, Orléans,
France). The system features an internal switching board for 72 electrodes and an internal
250 W power source. The Wenner-Schulmberger array was chosen because it is prop-
erly sensitive to both horizontal and vertical structures and has a relatively good signal
strength [51]. The configuration has high performance and stability in high electrical resis-
tivity environments such as dry gravels and it is useful for the investigation of horizontal or
slightly inclined layers that can present lateral facies changes and/or verticalized structures,
as is the case of the studied site [52,53].

The design of geophysical surveys and the selection of the multi-electrode arrays
was planned considering the length available for the acquisition, depth of investiga-
tion, the resolution required, and the expected structure derived from hydrogeological
background knowledge. Lithological logs of boreholes drilled for DEMOWARE Project
(borehole S3 to S7) and from a new building project (borehole S8) have been an invaluable
support for our research (Figure 4).

The distribution of the 17 ERT acquired profiles was affected by the site physical
barriers (buildings, fences, roads ... ) and the availability of space to extend the arrays
along an almost straight line. Acquiring ERT using straight lines increases the efficiency of
the survey as it is not necessary adapting on-site the array to a different geometry setting.
The objective was to cover the study area with a representative network of the variability
of electrical resistivity values with profiles distributed as homogeneously as possible in
the area. As a result, six cross-sections were acquired perpendicular, seven transversal,
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and two obliques to the direction of the main water streams. Additionally, two detailed
cross-sections (P11 and P12) were gathered near piezometers S3 to S7 and cross-section
P1. Their purpose was to increase the resolution in the area with more geological data and
correlate resistivity values and lithologic changes (Table 1).

Table 1. Main characteristics of the ERT profiles (Port de la Selva).

D Number of Length (m) Electrode Orientation to
Profiles Interval (m) Water Stream
P1and P2 2 235 5 parallel and
transverse
P3 1 188 4 oblique
P4, P5 and P6 3 235 5 parallel and
transverse
P7 1 94 2 transverse
P8 1 235 5 parallel
P9 and P10 2 235 5 transverse and
parallel
P11 and P12 2 94 2 parallel
transverse,
P13 to P17 5 235 5 parallel and
oblique

The 235 m long 2D ERT cross-sections allowed us to reach a research-depth close
to 50 m—allowing to characterize the expected maximum aquifer thickness of 30 m—
and a resolution of one point every five meters in both directions. The 94 m length 2D
ERT detailed cross-sections allowed to reach a research-depth close to 20 m—the aquifer
boundary was assumed at 10-15 m depth—and a resolution of two meters apart between
geoelectrical values.

3.3. Aquifer Geometry and Saltwater Intrusion

The aquifer geometry is used to define boundary conditions in hydrogeological mod-
eling and outlining saltwater intrusion to characterize transient groundwater features in
coastal aquifers. We have used Leapforg Geo v 6.0. software [54] for deriving the aquifer
geometry model from discrete variables such as lithological information from boreholes
and ERT data and ERT data for deriving a saltwater intrusion model.

Geoelectrical electrical data was positioning first using a differential GRS1 GPS in-
strument (Topcon, Itabashi, Japan), and relative relief profiles of ERT cross-sections were
converted into georeferenced elevation profiles using an earth digital elevation model
provided by the Catalan Geographical and Geological Institute (ICGC). The elevation
model has a 2 x 2 m resolution and its estimated absolute vertical accuracy corresponds to
an average mean quadratic error of 0.15 m in flat and low vegetation areas.

Placing all this data in the same framework allowed to delimit the aquifer-aquiclude
contact in the software. First, the ERT data contrasts—in the resistivity values—mark the
boundary as 2D lines and provide great detail. Next, the 1D information from the boreholes
reaching the substratum was incorporated. Finally, the geologic map data [41] were also
integrated into the model to include the plan view contact of the two units as an additional
boundary condition.

Leapfrog workflow is based on an implicit modeling method and on creating contact
surfaces between different lithologies. Afterward, these surfaces are activated, and they
“cut” finite volume into respective units. Adopting this approach of starting with a finite
volume and using contact surfaces to “cut” it into units means that, inherently, there will
be no void space or overlapping volumes in the geological model.

Leapfrog geo was also used to interpolate the ERT data. Leapfrog Geo uses FastRBF™,
a mathematical algorithm developed from radial basis functions (RBF). FastRBF employs
the numerical or categorical data and parameters supplied to derive any one of a number
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of variables to be modeled in 3D space. RBFs are a family of interpolation functions that
were first introduced into the geological literature by Hardy [55] to interpolate scattered
topographic data. RBF techniques have been considered good surface interpolators due
to their attempt to honor raw data [56] and their ability to provide the smoothest surface
of interpolation [57,58], which is ideally suited for geological modeling [59,60]. Implicit
geologic modeling using RBFs is also comparable in quality to modeling using popular
co-kriging approaches [61,62]. ERT data were interpolated using this method inside the
boundaries of the geological model created in the previous steps.

Moreover, new information from borehole and resistivity data has been progressive,
fast, and dynamically incorporated into the aquifer geometry and saltwater intrusion
models using implicit modeling tools. Fast 3D geological modeling tools technological
breakthrough has not been successful so far in traditionally oriented near-surface or aquifer
characterization, except in the mining and oil exploration markets with budgets on many
different scales [63-65].

With the advent of fast 3D interpolation methods [66], the construction of geological
surfaces using volume functions such as RBFs is now a practical alternative to explicit
modeling of surfaces. Unlike explicit modeling, surfaces contained in volume functions
are not explicitly defined or digitized. Instead, the existence of surfaces in the volume
function is implicit. Based on recent advances in fast scattered data interpolation methods,
implicit modeling first defines a continuous three-dimensional function that describes the
rock changes distribution. This volumetric function is interrogated for a geological surface,
thus allowing the extraction of the 3D object to be automated and eliminating the need to
manually digitize surfaces. Since the function is continuous throughout space and does
not depend on a mesh or grid for its definition, the extracted geological wireframe can be
constructed at any desired resolution in the specific volume of interest [67]. Nevertheless,
it must be considered that direct implicit modeling yielded better fitting near the constraint
line but worse fitting far from the constraint line [68], and where traditional wireframing
allows the user to manipulate the modeling process, on a local scale to overcome data
density issues, the implicit modeling process is entirely reliant on the input data accuracy
and the modeling parameters for the geological interpretation.

4. Results
4.1. Electrical Resistivity Models

Two inversion methods have been used for the P1 to P7 ERT cross-sections: smoothing-
constrained and robust. In all cases, the results of the mathematical inversion process have
been satisfactory, as the convergence criterion used (root mean square or RMS) has values
always below 5%. However, after comparing the two sections obtained in each case, the
smooth method was chosen for interpreting ERT results and for modeling. The smoothing-
constrained method has shown a more consistent geological interpretation and better
definition of the geometry of the identified lithological units, especially the contact between
the aquifer and the basement.

The electrical resistivity values obtained from the inversion of the 17 ERT cross-
sections mainly ranged between 13 and 5000 (2-m. From geoelectrical records, three layers
can be distinguished according to their electrical resistivity values. The shallowest layer
is characterized by resistivity values higher than 600 (3:m and can be identified at the
upper part of geoelectrical cross-sections. The level is interpreted as gravels and sands
from the shallow aquifer above the water table and has a thickness always identified
below 15 m. At this layer, there were important lateral variations in the resistivity values.
These variations reflect lateral changes in the facies, which are usually transitions to fine-
grained sediments.

Below, the ERT cross-sections show a unit of variable thickness from 3 to 45 m thickness
characterized by 20-600 ()-m resistivity values. These electrical resistivity values are
interpreted as fine particles or saturated sediments from the shallow aquifer.
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The third unit is characterized by high resistivity values in the 600-2500 ()-m range
and corresponds to the schists of the basement and their top limit has been used to infer the
aquifer/aquiclude contact. The contact is identified as a long amplitude irregular surface
in most of the cases, but in particular, some sections show a stepped morphology as can be
identified in Figure 5.
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Figure 5. Examples of electrical resistivity tomography (ERT) cross-section results obtained at Port de la Selva site. (a) ERT
cross-section P8; (b) ERT cross-section P1. B: bedrock (aquiclude unit); SZ: Saturated shallow aquifer; black dashed line
represents the inferred hydrogeological contact.

4.2. Aquifer Geometry

The 6342 electrical resistivity values obtained from the ERT cross-sections and data
of lithological logs from six boreholes were used to delineate the geometry of the contact
between the shallow aquifer and the basement and to infer the potential aquifer thickness
all over the studied area. Lithological logs from water-supply wells or other boreholes
gathered were not used as they do not reach the contact depth. The area characterized was
10 km? and the volume of the aquifer estimated by the model is close to 180-10° m®.

The geometry of the contact between the aquifer and the metamorphic bedrock is
quite irregular and is located at an average depth of about 18 m. The maximum depth
contact or equivalent aquifer’s maximum thickness (53 m) is located at the mouth of
Romanyanc Stream and close to the municipal water supply wells. It shows a progressive
increase of thickness along the Selva Stream path towards the Port de la Selva beach. The
general trend is also identified in the Riera de Romanyac, up to about 400 m downstream
from the position of SAT facilities. From this point, the base morphology becomes more
irregular and values close to 35 m thickness are obtained within the SAT ponds facilities
and more densely ERT and borehole data area (Figure 6). The volume modeling method has
worked then on scattered drill hole data of any data density, including processing combined
information from dense control data in SAT facilities area (providing higher resolution) as
well as sparse resource drilling outside SAT data (showing more smoothed boundaries).

4.3. Saltwater Intrusion

According to the authors of [69], the electrical resistivity values of the saturated
zone in alluvial coastal aquifers range from 10 to 100 Ohm-m, depending on the total
dissolved solids (TDS) concentration. The TDS content in groundwater is an indication
of its salinity and the electrical resistivity decreases progressively with an increase in the
levels of ionic concentrations or salinity in groundwater. The presence of a low resistivity
zone in ERT sections (lower than 10 Ohm-m) can be interpreted as indicating the presence
of a seawater intrusion [70-72] because freshwater typically has a resistivity of between 50
and 100 Ohm-m [73], with a resistivity of 10 to 50 Ohm-m corresponding to the transition,
or brackish water zone [32]. In terms of the study area, we have selected values smaller
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than 10 Ohm-m for mapping the saltwater intrusion and in the range of 10-50 Ohm-m to
infer a transition zone using implicit modeling tools.
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Figure 6. Shallow aquifer base depth model inferred from ERT and borehole data (Port de la
Selva, Spain).

The 3D implicit model obtained shows a general resistivity increasing trend towards
the hills. An inward feature wedge-shaped with low resistivity values (below 10 Ohm-m) is
identified at the seaside—until 310 m inland—which highlights possible marine intrusion
(Figure 7). Resistivities in the range of 10-100 Ohm-m are also mainly located close to the
coastline, reach 400 m inland, and should include a brackish or mixed water zone. The
model also showed a low resistivity anomaly 1-100 O)-m beneath and towards the location
of the municipality water-supply well reflecting a low resistivity anomaly as a result of a
rising deep saline water effect (upcoming) from intensive water pumping.
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Figure 7. 3D resistivity plain view and cross-section model of the study area inferred from ERT data.
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Distances are in meters.

5. Discussion
5.1. Aquifer Geometry

Aquifer geometry assessment was performed using two conceptual hydrogeological
cross-sections from the ICGC [42,43] and comparing data from the detailed 2D ERT cross-
sections and lithological logs of boreholes from SAT facilities project.

Among the geometry model (Figure 6) and hydrogeological cross-sections (Figure 3),
there are thickness and general morphology discrepancies. However, the model shows
a similar contact morphology when compared to longitudinal geological cross-section
and similar maximum depth when comparing to transverse conceptual section. In both
directions, average aquifer thickness is consistent.

Based on the information from the lithological logs of research piezometers, we
identify also issues in correlating geoelectrical response and lithological logs if boreholes
are more than eight meters apart. As an example, the ERT cross-section P12 results are
easy to correlate with the lithological log of piezometer S3 located eight meters apart.
We could identify an increment in resistivity values at two meters above sea level (masl)
and a lithological change at the same position. On the other hand, the P11 ERT cross-
section and the borehole S6 have 40 m distance among them. The ERT results show a
resistivity change at five masl and borehole log S6 identifies a lithological change at three
meters below sea level (Figure 8). This fact is probably due to high heterogeneity and
non-regular contact between aquifer/aquiclude in the studied area and the majority of
classical quantitative hydrogeophysical studies do not specify the issue as they have been
performed at the local scale (~10 m), where the scale disparity between direct (wellbore)
and indirect (geophysical) measurements is often not significant [74].
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Figure 8. (a) P11 and P12 inverted resistivity cross-section and its lithological interpretation; (b) loca-
tion sketch of boreholes S3 and S8 and ERT cross-sections P11 and P12 (Port de la Selva).

As stated by de Marsilly [75], subsurface imaging is a convenient asset, as it can help
describe the geometry of a heterogeneous geological system and as previously stated by
the authors of [76,77], small-scale data obtained using only wellbore-based methods and
in any case simple correlation of layers identified in stratigraphic logs may not provide
information about the full 3D geometries of the aquifers to be reconstructed.

5.2. Saltwater Intrusion

Previous modeling studies on the area were focused on simulating aquifer response to
rainfall events and pumping in water-supply wells and testing the sensitivity of travel time
and dilution rate to several aspects such as rainfall scenarios, infiltration rates, pumping
rates in water supply wells, and (uncertain) aquifer parameters such as porosity and
hydraulic conductivity [35]. Specific studies delineating saltwater intrusion have not been
previously published. The delineation generally requires multiple depth sampling at
different water control points or implies combining flow and solute transport equations
which are not easy to model even though numerically.

The saltwater intrusion model was obtained by combining ERT data from two different
acquisition campaigns and unveiled an image of the issue. The model of Port de la
Selva’s shallow aquifer shows an area of low resistivity values close to the coastline. The
existence of current groundwater salinity at this area is confirmed by the results provided
by the town council from supply water wells and the Catalan Water Agency (ACA) from
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the groundwater control point (Figure 7). The control point is sampled once a year—
in September—coinciding with the end of the main holiday season. The indicators of
salinity used are some ionic concentrations and the electrical conductivity of water samples
(Table 2). Additionally, chloride concertation’s up to 700 mg/L have been reported during
summer 2018. Therefore, it was necessary to contract a portable desalination plant to
guarantee standard quality for drinking water. Periodically, groundwater analysis clearly
exceed the local regulations for human water supply without any additional treatment and
the range for being considered freshwater according to World Health Organization [31].

Table 2. Salinity indicators results of Port de la Selva aquifer control point compared to World Health Organization

suggested groundwater classification and Spanish sanitary guidelines for the quality of water for human consumption.

i i WHO Range for Aquifers !
Phylf;;’ﬂ';l::cal Units 2017 2018 2019 = & - 4 - RD 14/2013 %
resh Brackish Saline
Na* (mg/L) 361 >1000 >1000 <200 200400 >400 200
K* (mg/L) 9 67 30 <55 55-70 >70 —
Cl- (mg/L) 683 8518 4329 <250 250-1000 >1000 250
S04 (mg/L) 129 1008 536 <200 200-500 >500 250
EC?3 (uS/cm) 2315 24,271 12,342 <1500 1500-3000 >3000 2500

! World Health Organization (WHO) suggested groundwater classification [78]. 2 Spanish sanitary guidelines for the quality of water for
human consumption [37]. 3 Laboratory electrical conductivity at 20 °C.

However, the delineation must be used as a qualitative image of the saltwater intrusion
and to assist the straightforward design of optimal and cost-effective acquisition future
field surveys. At this stage, the use of a constant resistivity threshold to improve the
delineation of seawater intrusion must include additional information about the geological
heterogeneity of the aquifer and direct estimation of TDS in the low salinity (high resistivity)
region should be avoided as it is highly sensitive to clay content which is not properly
defined [22].

Future research results could be fast incorporated such as other data from other geo-
physical techniques such as electromagnetic techniques, and seismic methods successfully
applied as by the authors of [21] in characterizing coastal shallow aquifers and new research
boreholes specifically drill on Port de la Selva coastal area for saltwater delineation scope.
Moreover, the use of the ERT methodology could be implemented to other shallow coastal
aquifer sites for qualitative saltwater identification and monitoring and in groundwater
models used for decision-making management of freshwater resources.

Finally, we are convinced that the methodology has yielded information that can
greatly help us to define better the aquifer salinization extension and apply the geometry
coupled with numerical groundwater model, major ions, and isotope data to determine
travel time and dilution rate with more acceptable reliability [38]. Furthermore, in projects
where it is necessary to follow up on a timeline, it would be possible to re-evaluate new
conditions (salinity, phreatic changes, new geophysics data, water environment changes
... ) and remediation or response time could be drastically reduced. All the proposed
approaches could improve the commitment of stakeholders to the benefits of SAT and/or
adopting the methodology on a larger scale.

6. Conclusions

The geometry of the Port de la Selva shallow aquifer is irregular and the correlation
between the data from boreholes and electrical resistivity tomography shows that the latter
geophysical prospecting technique is a suitable tool for in-depth analysis of shallow aquifers
geometry. It provides a high-resolution geological correlation as well as uninterrupted
monitoring of the thickness of aquifer zones. The 17 obtained geoelectric cross-sections
had variable values of resistivity, both laterally and in-depth. In the vertical dimension,
three layers can be distinguished. The superficial level had high resistivity values, which
correlated with gravels and sands above the water table. The second level had very low

63



Appl. Sci. 2021, 11, 2448

resistivity values, corresponding to water-saturated aquifer sediments. The thickness of this
intermediate area is highly variable, ranging from 3 to 45 m at nearby points. Finally, the
lowest level corresponds to the Paleozoic substrate and was characterized by a progressive
increase in resistivity values.

The lithological data from borehole and resistivity data from ERT have been progres-
sively and fast incorporated into the 3D aquifer geometry and saltwater intrusion models
using implicit modeling tools. We have used implicit modeling software for deriving
the aquifer geometry model from discrete variables such as lithological information and
ground resistivity and a saltwater intrusion model from the same resistivity data.

The aquifer geometry model shows the contact between the shallow aquifer and
aquiclude unit and infer the potential aquifer thickness all over the studied area. The
geometry of the contact between the aquifer and the metamorphic bedrock is quite irregular
and located at an average depth of about 18 m. The 3D saltwater intrusion model shows a
general electrical resistivity increasing trend towards the hills. An inward feature wedge-
shaped with low resistivity values (below 10 Ohm-m) is identified at the seaside which
highlights possible marine intrusion. Electrical resistivities in the range of 10-100 Ohm-m
are also mainly located close to the coastline and should include a brackish or mixed water
zone. The model also showed a low resistivity anomaly 1-100 Q3-m beneath and towards
the municipality well position reflecting an upcoming that is believed to be triggered by
water over-pumping.

The geological model obtained can easily incorporate data from other complementary
geophysical techniques, such as electromagnetic and seismic methods. However, we believe
that the methodology applied has provided fundamental information on aquifer geometry
and the extent of saltwater intrusion, which can greatly help improve the reliability of
mathematical models of the aquifer and more accurately determine travel time and dilution
rate for artificial recharge projects.
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Abstract: Differences in deposit geometry and texture with depth along ephemeral gravel-bed
streams strongly reflect fluctuations in bedload which are due to environmental changes at the
basin scale and to morphological channel adjustments. This study combines electrical resistivity
tomography (ERT) with datasets from borehole logs to analyse the internal geometry of channel
cross-sections in a gravel-bed ephemeral stream (southeast Spain). The survey was performed
through longitudinal and transverse profiles in the upper channel stretch, of 14 to 30 m in length and
3 to 6 m in depth, approximately. ERT values were correlated with data on sediment texture as grain
size distribution, effective grain sizes, sorting, and particle shape (Zingg’s classification). The alluvial
channel-fills showed the superposition of four layers with uneven thickness and arrangement:
(1) the softer rocky substrate (<1000 Q2.m); (2) a thicker intermediate layer (1000 to 2000 Q).m);
and (3) an upper set composed of coarse gravel and supported matrix, ranging above 2000 ().m,
and a narrow subsurface layer, which is the most resistive (>5000 2.m), corresponding to the most
recent armoured deposits (gravel and pebbles). The ERT results coupled with borehole data allowed
for determining the horizontal and vertical behaviour of the materials in a 3D model, facilitating the
layer identification.

Keywords: deposition patterns; climate change; ephemeral gravel-bed stream; electrical resistivity
tomography; borehole samples

1. Introduction

Ephemeral streams are watercourses of arid and semi-arid environments with unsta-
ble morphology and high temporal variability of runoff. Sudden, extreme discharge events,
that are isolated in time and alternate with long dry periods. These types of streams are
particularly sensitive to short-term climatic changes, and human impacts may alter their
degree of response, sometimes leading to large morphological adjustments during flash
floods [1-3]. As a result, the ephemeral channels show a changing geometry, highly con-
ditioned by differences in slope and textural variations in the bed materials and banks.
Often along their upper reaches and on alluvial fans, these channels have a steep slope
which promotes a fast hydraulic regime. Under such conditions, and considering the
abundant sediment stored within the channel, important transport rates contribute to
most of the morphological changes in the channel. This dynamic is especially complex in
gravel-bed ephemeral channels, subject to sporadic and torrential transport. A product
of this is the mixture of sand, gravel, and pebbles laid in layers of irregular thicknesses
and geometries. The bed material also shows high spatial variability in texture between
bedforms, between channel reaches, and between the surface and the subsurface. An un-
certainty in bedload estimates for this type of streams is largely driven by the inability to
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characterise arrangement, orientation, and resultant forces of fluvial sediment in river beds.
Water working of grains leads to textural differences between areas of the bed through
particle sorting, packing, imbrication, mortaring, and the degree of bed armouring.

This study intends to solve the uncertainty related to the spatial variability of the
thickness. Therefore, non-destructive electrical resistivity tomography (ERT) imaging in
2D and 3D is used to visualise, quantify, and assess the internal geometry of cross-sections
of an ephemeral gravel-bed stream in combination with datasets extracted from borehole
samples. The chosen pilot study area is the upper reach of the Rambla de la Azohia,
a gravel-bed channel subjected to great recent geomorphological activity.

In general, the electrical resistivity tomography method provides indirect information
that need to be validated by direct measurements (borehole samples), this combination
offers satisfactory results. Some studies utilised this synergetic combination for identifying
specific elements [4,5], determining deposition material paths [6] or even determining the
stratigraphy of fluvial channels [7]. Electrical resistivity tomography (ERT) is a non-invasive
method of rapid application, which is usually used to generate models of distributions of
electrical properties of the subsurface, from which the geological structure and hydrogeo-
logical variations can be inferred [7-9]. Additionally, ERT can be employed to map spatial
variations of qualities within a mineral deposit in 3D [10,11]. Several authors conducted
ERT surveys to study loose materials, assess mine tailings, and so forth [12-15].

ERT can provide spatial mapping models of the subsurface at the site scale, in compar-
ison with intrusive sampling methods, the information from which is only valid for discrete
locations. Various studies have focused on the detail achieving high-resolution results
with low electrode spacing [16-19]. This method is sensitive to variations in lithological
composition with depth and can be used to distinguish between different types of materials,
e.g., gravels and pebbles (characterised by high resistivity), or silts and clay (characterised
by low resistivity) [20,21].

In the absence of direct porosity data, the objective of this research is to: (i) assess the
grain shape, particle size distribution, and sorting in heterogeneous alluvial deposits; (ii) as-
sess the vertical and lateral behaviour by creating a 3D model based on electrical resistivity
tomography; and (iii) set a methodology to evaluate this type of ephemeral channels.

2. Study Area: Geomorphological and Climatic Setting

This study was carried out in an upper stretch of the ephemeral gravel-bed channel
known as “Rambla de la Azohia”. The Rambla de la Azohia is located in the Murcia Region,
in southeastern Spain (Figure 1). The climate of the study area has strong seasonal contrasts,
providing extreme drought patterns with mean annual precipitation values of 300 mm,
and ETP values higher than 140 mm per month in the summer season. The rains are very
irregular and intense, which can cause large and rapid floods [10]. The land cover shows a
low anthropic impact, associated with extensive scrub areas with shrub canopy typically
lower than 20% of total vegetation.

Geomorphological activity is particularly active as a consequence of intense weath-
ering of metamorphic materials (e.g., phyllites, schists, and quartzites) on hillslopes and
the installation of a dense network of gullies in the headwater areas that supply large
amounts of coarse sediments to the ephemeral channels. High rates of bedload trans-
port and significant morphological adjustments are produced by sporadic torrential flows.
Consequently, complex bed-forms and sedimentary structures have developed, also associ-
ated with recent changes in the magnitude and frequency of hydrological events.

Often, these bed-forms are composed on poorly sorted sediments with mixed grain
sizes (sand, gravel, and pebbles). Deposits of different textures alternate in depth with a
general tendency to increase in grain size from the bottom up [11]. This alluvial fill rests
mainly on a Miocene marl substrate, the fine texture of which contrasts with that of the
overlying coarse detrital materials.
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Figure 1. Study area. ERT profiles distribution, red marker determines the beginning of the electrical profile.

3. Materials and Methods
3.1. Electrical Resistivity Tomography (ERT)

Electrical resistivity tomography method is a non-invasive technique. This method
is based on a combination of electrical vertical sounding and profiling techniques for
gathering subsurface information. ERT uses a basis of four electrodes for acquiring ap-
parent resistivity values in the field. Electrical currents injected into the subsurface em-
ploy two electrodes, named current electrodes, which are commonly labelled as A and B.
Simultaneously, potential measurements are addressed using another pair of electrodes,
named potential electrodes, which are labelled as M and N [12,13]. The four-electrode-
based measurement unit principle applies all along the electrical profile, resulting in an
over-lapping of layers, allowing for the generation of 2D electrical sections. For 3D models,
parallel profiles were conducted, enabling the creation of 3D-format files, which were
processed through a next stage by means of an inversion algorithm [14,22].

By using the ERT method, the collection of information from the subsurface will
depend on several parameters that are affected by the electrical contrast that defines the
subsurface materials. One of these parameters is the investigation depth, where the length
of the profile will have a considerable influence on the investigation depth since the more
distance is covered by the profile, the deeper the obtained data is [15]. Another key
parameter is the type of measurement array, which determines how the measurements
will be conducted. Among the different available arrays, this study employed a dipole-
dipole array, which offers higher resolution and more detailed imaging. A dipole-dipole
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array allows for gathering a wider range of measuring points with the same quantity
of electrodes [23].

The field data acquisition was conducted with a SuperSting resistivimeter from AGI
(Austin, TX, USA) and a gasoline-based power generator from Honda (Valencia, Spain) as
a continuous and suitable power supply. The SuperStingTM Wi-Fi R4/IP multielectrode
resistivimeter from AGI (Austin, TX, USA) is equipped with 4 channels and 56 stainless
steel electrodes, a 56 switch box and measurement resolution for max. 30 nV, which vary
according to the voltage level [24].

Figure 1 shows the situation of the ERT profiles and their distributions and covered
area. In this case study, a total of four electrical tomography profiles were conducted,
where three of which were laid out parallel with a separation of 1.5 m. Those profiles are
referred to as ERT1, ERT2, and ERT3, respectively. On the other hand, the ERT profile,
named as ERT4, was laid out perpendicular to the others.

ERT4 profile used 56 stainless steel electrodes with a spacing of 0.55 m and a length
of 30.25 m. ERT1, ERT2, and ERT3 profiles used 28 stainless steel electrodes with a
spacing of 0.55 m and a length of 14.85 m. The investigation depth was ~6 and 3 m,
respectively. Additionally, each electrode was suitably georeferenced using a Leica Zeno 20
GPS equipment (accuracy of -1 cm) from Leica (Barcelona, Spain).

Before the inversion process, the whole dataset was submitted to pre-processing,
consisting of a filtering stage for removing anomalous values and static correction,
normalising the variations in resistivity due to the difference in height between electrodes.
Then, the terrain topography was incorporated, since any change in the morphology of the
terrain affects ERT measurements considerably; and here, the subsequent data inversion
was processed [15]. Finally, the dataset was inverted with AGIUSA’s EarthImager2D y 3D
software (ver. 2.4.4, 1.5.5) which uses the least squares approach [25].

Not only does the software use the finite-element method to solve the inversion,
but it also considers the terrain topography. The inversion process computes a model that
fits with the observed data. The inversion computes a theoretical initial model which is
compared with the measured data. This initial model is progressively modified for reducing
discrepancies between the model response and the measured data. The mean absolute
misfit error value quantifies the number of differences between models. The iterative
process finishes when the computed and measured data achieve an acceptable convergence
value. By using L2-norm (smooth), an accurate model of the subsurface of the channel was
generated which fitted coherently with the data acquired from the boreholes [22,26].

Soil moisture values, a determining factor for electrical resistivity tests, should be low
to minimize artificial variation in resistivity records. To carry out the tomography (prepared
on the 3rd of October 2020), the absence of significant rainfall at least one month before
the field campaign was considered. In addition, the reference evapotranspiration (ETo)
values shown by the nearest meteorological stations provided high values close to 100 mm
in September, which, when combined with the high drainage capacity of the sediments of
the riverbed, ensured a low humidity of the soil for proper data collection [27].

3.2. Sediment Texture Analysis from Datasets of Borehole Samples

Stratigraphic alluvial units were sampled from four boreholes of 3 m depth in the
upper channel reach of the Rambla de la Azohia. The drilling sites selected correspond
to representative bed forms along this stream stretch: two boreholes were located in
a longitudinal alluvial bar and another two in lateral channels (main and secondary).
Samples were collected from each sedimentary structure for grain size analysis and the
calculation of particle shape (Figure 2).
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Figure 2. Sediment texture observed on the surface ((a): active channel, (b): transition area between active channel and
central alluvial bar, (c): central bar platform) and in the depth of the trench sections ((d): sub-surface layer 1 m deep in the
active channel area, (e-h): sub-surface layers 1-1.5 m thick from top to bottom in a bar sedimentary sequence), and (i):
representative texture of the alluvial fan body cut by the Rambla de la Azohia in its upper reach.

Most of these sediments are unconsolidated materials, whose porosity is closely
related to the types of packing, grain shape, arrangement, and particle-size distribu-
tion [28]. Finer particles have a more significant effect on porosity than coarse particles [29].
For spherical particles of uniform sizes, the porosity is 47.6% by cubical packing, and 26.0%
by rhombohedral packing, which is the most compact packing type [28]. The porosity
falls between these two values for other packing classes. However, for porous media in
clastic deposits consisting of particles of non-uniform sizes, as in our case, porosity cannot
be calculated directly, and other physical properties must be taken into account in addi-
tion to the packing effect, such as grain shape, particle size, sorting, and roundness [30].
The primary porosity usually increases as the grain size increases, the sediment is better
sorted and more loosely packed, the grains become better rounded, and the clay content
decreases [31]. For example, poorly sorted grains generally have closer packing and lower
porosity across a wide range of grain sizes, as fine grains tend to fill the void space between
large grains. Well-rounded grains with high sphericity should pack with a minimum of
pore space [32]. Jin et al. [30] considered four classes of grain packs from different aspect
ratios (L/I=1.0, 1.5, 2.0, 2.5), L/I being defined as the ratio of the length of the longest
axis of a grain (L) to that of its shortest axis (I). Its results showed that the spherical grain
pack exhibits a higher porosity compared to ellipsoidal grain packs. This effect is also
shown in average permeability calculations, where the spherical grain pack exhibits lower
permeability. Some typical porosity values of natural sedimentary materials are shown in
Table 1.
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Table 1. Typical porosity values of natural sedimentary materials [28].

Sedimentary Materials Porosity (%) Sedimentary Materials Porosity (%)
peat soil 60-80 fine-to-medium mixed sand 30-35
soils 50-60 gravel 3040
clay 45-55 gravel and sand 30-35
silt 40-50 sandstone 10-20
medium-to-coarse mixed sand 35-40 shale 1-10
uniform sand 30-40 limestone 1-10

The median grain size (Dsp) and 84th percentile (Dgy) were calculated for each sample.
As effective grain sizes were used the 10th (Dyp) and 20th (Dyp) percentiles, that is to say,
the particle diameter (mm) of 10 and 20% of all sediment is the smallest, respectively by
weight. Many authors [33-36] have already regularly used these diameters to calculate
hydraulic conductivity (HC) in detritical deposits. The application Dy as an effective grain
size in this case has been limited to uniform sands [37]. However, in the case of gravels and
pebbles, we have found a greater relationship between D, and the ERT results, which can
probably be maintained with the HC values. A sorting index (o) was also adopted as a
measure of granulometric dispersion, which takes the expression ¢ = (Dgs/ Dyg)05.

The derived metrics, particle-shape indices, maximum projection sphericity index
(MPSI), and characterisation of sediment textures lead to improved bedload estimates
with reduced uncertainty, as well as improved understanding of the relationships between
sediment texture, grain size distribution, and electrical resistivity. To calculate the particle-
shape, the Zingg (1935) and the Sneed and Folk (1958) methods were used in this study.
Both methods are based on the combination of three orthogonal axial lengths: L, I, and S
(respectively, the lengths of the longest, intermediate, and shortest axes of individual clasts),
so that L > I > S. The Zingg (1935) method allows for differentiating four classes of shapes
(spheroids, blades, discoids, and rods) through a Cartesian coordinate system using the
indices S/I and I/L. The ratio S/I discriminates blades and discs (low values) from rods
and spheres (high values), while the ratio I/L separates blades and rods (low values) from
discs and spheres (high values).

To exhibit shape-sorting properties, the disc:rod index from Sneed and Folk
(DRI = (L —I)/(L — S)) was applied. These authors separated oblate (discoid) shapes from
prolate (blade and rod) shapes and suggested the combination of DRI with the ratio S/L
to produce three end members of shape (disc, rod, and sphere) in a triangular diagram.
In addition, we used the effective settling sphericity index of Sneed and Folk (1958) as
the maximum projection sphericity of a particle (p), which is given by the equation
P = (S2/L-D)V3,

Void ratios were estimated from the grain size distribution, sphericity and roundness
indices, and slenderness ratio [38]. These relationships have already been proven by
various authors [39,40]. A wider grain size distribution allows the particles to compact more
densely, as the smaller particles fill in the gaps between their larger neighbors. Particles that
are more angular pack less tightly, as sharp corners pull them apart. Increasing the
slenderness of the particles can decrease the density as the thin particles close the gaps
between the grains and create large open voids. To calculate hydraulic conductivity (HK)
(m.s~!) we used the Kozeny-Carman equation from effective porosity and characteristic
grain sizes, according to its most simplified form [35].

3.3. Statistical Relationship between Texture Parameters and Electrical Resistivity

The Past program was used for the statistical analysis [41]. Shapiro-Wilk W was
applied for testing normal distribution. Univariate analysis included examining Pearson’s
correlation between sediment texture from borehole logs and the values of resistivity from
ETR. The resistivity values correspond to the average of ETR records for each depth section
with a homogeneous structure and materials extracted from the boreholes. The tests took
two levels of significance for the p value (p < 0.05 ** and p < 0.1 *).
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The variables with the highest correlation were selected to develop linear regression
models using the least squares method. The values of the texture analysis as dependent
variables and the resistivity data as explanatory variables were applied. To further explore
the relationship between these variables, the results were adjusted to polynomial models,
which served to minimise the variance of the unbiased estimators of the coefficients.

4. Results and Discussion
4.1. Changes in Sediment Texture from Borehole Sample Datasets

Table 2 shows the characteristic particle sizes and sorting indices obtained for all
clastic sediment samples that were extracted from the boreholes. According to these data,
different patterns in thickness and sediment texture were found in the alluvial channel-fill:
the pattern located in the active channel, characterised by a progressive decrease in the
median grain size, and an increase in the sorting index with depth, passing from medium-
sized gravels at the surface level to sands and small gravels at the bottom (BH3); the pattern
defined in the lateral bars (BH1 and BH4) by a single layer 1 to 1.5 m thick composed
of medium and coarse gravels and moderate heterometry (2.1 < o < 2.4), directly lying
on a softer rocky substrate; and a third pattern in the edge and tail part of a central bar
(BH2), where a subsurface level of coarse material is prevalent, mainly gravels with a
size dispersion index somewhat smaller than in the previous cases, but noting an abrupt
change in texture in depth (a layer with abundant sand 1 m thick and a deeper and
slightly thinner mixed layer of sands, gravels, and pebbles). In general, except in the BH2
case, the subsurface detritical layer has a homogeneous thickness, between 1 and 1.5 m,
and consists of coarser materials than deep deposits.

Table 2. Representative grain sizes and sorting estimated for clastic sediments in borehole logs.
Rambla de la Azohia.

Grain Sizes

Depth (m) D1 (mm) Dy (mm) Ds5p (mm) Dg4 (mm) o
BH1 0.0-1.1 0.4 21 15 36 237
1.1-3.0 0.01 0.02 0.04 0.06 0.08
BH2 0.0-1.4 0.4 2.5 12 27 2.09
1.4-23 0.2 11 1.9 15 221
2.3-3.0 0.5 2.6 17 32 222
BH3 0.0-1.2 0.4 3.3 10 17 1.86
1.2-1.6 0.3 1.9 8 18 2.08
1.6-2.5 0.4 14 6 26 2.20
2.5-3.0 0.1 0.5 4 12 2.73
BH4 0.0-1.5 0.5 32 17 27 2.11

BH is the borehole code, Dy and Dy are the effective grain sizes corresponding to 10% and 20% of the total
sample weight (mm), Ds is the median grain size (mm), Dg, is the particle size for 84% of the sample weight
(mm), and o is the inclusive graphic standard deviation (sorting) after Folk (1974).

Average values of the Zingg and the Sneed and Folk shape and sphericity indices
for each depth interval are shown in Table 3. A common feature in all borehole logs is
the decrease in the percentage of rod particles as depth increases. This fact may have
conditioned the void ratio and the effective porosity in a similar proportion, also affecting
the obtained electrical resistivity values. It is also worth noting the progressive decrease
in the I/L ratio in the discoid or oblate class obtained according to the depth for the
BH3 borehole. The highest percentages reached in the subsurface layer correspond to
the discoid /oblate and rod classes (>80% between both classes), which tend to increase
the degree of porosity at this level. On the other hand, the disc-rod index (DRI) and the
effective settling sphericity (p) do not seem to be decisive for differentiating sediment
textures, since they range between 0.38 and 0.51 in the first case and between 0.60 and 0.69
in the second.
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Table 3. Average values of the Zingg and the Sneed and Folk shape and sphericity indices, estimated for gravels and pebbles
in borehole logs. Rambla de la Azohia.

Zingg Shape Classes Shape—Sphericity
Depth Discoid or Oblate Equid.—Spheroid Blade Rod (Sneed & Folk, 1958)

(m) % /L S/L % /L S/L % /L S/L % /L S/L S/L DRI Vp

BH1 0.0-1.1 571 081 0.55 0.0 - - 143 045 060 286 058 075 042 051 0.63

1.1-3.0 Loamy substrate

BH2 0.0-14 500 082 050 167 080 071 0.0 - - 333 047 071 0.41 049  0.62
1423 500 072 050 167 070 089 167 0.60 050 167 063 068 040 055 0.62
23-3.0 500 080 054 0.0 - - 50.0 0.61 059 0.0 - - 039 047  0.60

BH3 0.0-1.2 333 093 046 0.0 - - 167 059 058 500 059 074 042 051 0.63
12-16 500 089 054 500 076 072 0.0 - - 0.0 - - 0.51 0.38  0.69
1.6-25 1000 0.77 0.60 0.0 - - 0.0 - - 0.0 - - 046 042 065
25-30 500 073 049 333 074 075 00 - - 16.7 062 0.81 044 054 065

BH4 0.0-15 571 076 0.60 143 083 084 286 0.63 055 0.0 - - 045 049 065

S, I and L are measurements of the short, intermediate, and long orthogonal axes of clasts, made from selected sieve intervals that
represent the spread in the size distribution of the natural gravel and pebbles; DRI is the disc-rod index (L — I)/(L — S); Wy, is the effective

settling sphericity.

@ Electrode #1

0.00

4.2. Electrical Resistivity Tomography 2D Survey

As a general rule, the penetration depth is approximately 15-25% of the longest array
length for any four-electrode array [42]. Resistivity results of this study present higher
values owing to the sort and material type as Grygar et al. [43] and Chaudhuri et al. [44]
have alluded in their study. The ERT4 profile is the largest profile of the whole study that
reaches around 6 m of investigation depth. This profile identifies the internal structure
of the gravel-bed channel. BH4 was made as to coincide with the ERT4 profile approxi-
mately in the central part of the profile, as expected [6,7]. The depth at which the marl
substrate is encountered is 1.1 m. Additionally, profile ERT4 intersects with profiles ERT1,
ERT2, and ERT3 at 11 m, maintaining a uniform distribution of the position of the marl
substrate (Figure 3).

Profile ERT4
ERT3 ERT2 ERT1 Resistivity
NE Qm

10,000

3162

1000

Marl substrate

Length (m)

Figure 3. Perpendicular ERT profile ERT4. The other three profiles intersect vertical with arrows to mark the position of

ERT1-ERT3.

At the top, an alluvial channel-fill is identified with high values of resistivity above
~600 ().m, while at the bottom, the resistivity progressively decreases to low values
(<300 ().m), indicating the presence of the marl substrate. The white dashed line marks the
border between them, see Figure 3.

The ERT4 profile provides a general overview of the channel. The profiles ERT1-ERT3
were limited by the channel width, reaching a depth of investigation of only ~3 m. Figure 4
shows the resulting 2D geoelectrical sections of ERT1, ERT2, and ERT3 profiles. After the
eighth iteration, the ERT1 profile yielded a section with a root mean square (RMS) of 9.47%
and 1.05 of L2. In the case of the ERT2 profile, the RMS is 9.51% and L2 = 1.03, and finally,
the ERT3 profile presents RMS = 10.21% and L2 = 1.09.
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Figure 4. (a—c) Parallel ERT profiles (ERT1-ERT3). ERT4 intersects all profiles. BH1-BH4 are the boreholes drilled in the
study area. (d). Lithology from BH1-BH4.

Besides, the profiles ERT1-ERT3 identified the marl substrate featured with lower
resistivity values (blue-cyan in the colour bar), which confirms the results obtained from
the ERT4 profile. The 2D ERT study reproduced the physical structure of the channel,
it presented a central bar and two lateral channels. ERT1 was in the upstream while
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ERT3 was in the downstream direction. This distribution allowed us to identify the bar
geometry, which is wider in ERT1 but narrower in ERT3. The bar presents a triangular
form, indicating that the bar decreases in the downstream direction. Four mechanical
boreholes were drilled on ERT3 (Figure 4).

Figure 4 presents a horizontal layer with a relatively constant thickness of about ~1 m
which is associated with a high resistivity (>2000 (2.m). The results from boreholes support
ERT results and link this layer to the pattern located in the active channel composed of
medium and coarse gravels. The third pattern is related to BH2. In this pattern exists a
top layer composed of coarser materials (gravel), corresponding to resistivities > 5000 (2.m
(ERT3) and a second layer of sand layer 1 m thick. The sand layer does not appear in the
profile ERT 3 although it appears in profile ERT2 with resistivities > 3000 Q.m. It was
not possible to gather a sample from the material featured in ERT with a green colour
(1000-2000 ©).m); therefore, we cannot define the exact material type (Figure 4).

The results of the 2D study fit coherently with the texture datasets provided by the
borehole logs and what is expected for the study area. In general, at the top, a detrital layer,
1.2 m thick, showed especially high ERT values. However, this did not always match the
coarser grain sizes. BH3 resistivities between 4000 and 9000 (2.m were recorded in medium
gravels with a significant effective grain size (D) (3.3 mm), due to matrix composed of clay
and sand, which decreased the porosity estimates (¢ = 0.27) and hydraulic conductivity
(CH < 6 107* m.s~1). This high relationship between ERT and Dy was also found in
BH2 and BH4, where the highest resistivity (5000 to 8000 {2.m) occurred in the subsurface
deposits with greater Dy grain sizes (2.5 to 3.2 mm), and lower HC (<7 x 1074 m.s~1).
In BH1, located on the right part of the channel, the upper sedimentary layer (1 m thick)
showed moderate ERT values, associated with the presence of medium gravels and higher
porosity (¢ = 0.35). The central part a longitudinal bar has been developed, whose recent
evolution reflects a sedimentary pattern typical of several ephemeral gravel-bed streams,
which are subjected to the effects of climate change: a progressive decrease in particle size
with depth and strong surface armouring. Conversely, the sorting index increased towards
the deeper alluvial layers.

4.3. Electrical Resistivity Tomography 3D Modelling
4.3.1. Statistical Relationships

Some significant relationships between physical properties and electrical resistivity
tomography were found. Table 4 summarises the results. Four variables showed the most
significant correlation coefficients. One describes the grain size and the others are linked to
the particle shape. Among all, the most significant is Dyy with r = 0.67.

Table 4. Pearson’s correlation results.

Grain Sizes Zingg Shape Classes
Discoid or Equidimensional—
Dio Dz~ Dso D Oblate a Spheroid Blade Rod

(mm) (mm) (mm) (mm)
% /L S/L % 1/L S/L % 1/L S/L % 1/L S/L

p 048 005 031 052 043 009 009 014 064 0.11 096 069 0.66 088 0.07 0.66 0.38
r 027 067 036 023 028 —060 060 —053 —0.18 —-0.79 —0.03 0.15 027 —0.09 063 —0.27 —051
n 9 9 10 10 10 9 9 9 9 5 5 9 5 5 9 5 5

p: p value; r: Pearson’s coefficient correlation; n: sample size.

Following these correlations, we perform a regression analysis. Figure 5 shows the
four regression models obtained. Rod (%), Discoid (I/L), and Dyy (mm) present a direct
relationship with the resistivity. While one variable increases, the other variable has the
same behaviour. Discoid (%) presents an indirect relationship with resistivity, which means
that while the resistivity rises, the discoid variable reduces.

78



Appl. Sci. 2021, 11,3030

Rod (%)

Discoid or oblate (I/L)

60.0

45.0

3%.5

30.0

15.0

7.51

0.0

y=3.144x10°x2-0.01876%+36.31

p=0.057723 5
R2=0.61353 //

0.951

0.901

085

0.801

0.751

1500 2250 3000 3750 4500 5250 6000 6750
Resistivity (Q.m)

y=6.56x10-9x2-2.778x10x-0.8054
p=0.19522
R2=0.41989

1500 2250 3000 3750 4500 5250 6000 6750
Resistivity (Q.m)

Discoid or oblate (%)

d20 (mm)

1001

901

801

701

601

501

40

301

L y=2.76x10"7x2-0.009185%+83.54
p=0.26095
R2=0.36097
\\
. \\ .
[ oo \\‘\\ .
\‘\
\,\\
e

4.07

3.07

2.57

2.01

1500 2250 3000 3750 4500 5250 6000 6750
Resistivity (.m)

y=-5.024x2:0.0008189x-0.07991
. p=0.14693
R?=0.47232

1500 2250 3000 3750 4500 5250 6000 6750
Resistivity (Q.m)

Figure 5. Regression models showing the relationships between resistivity and particle-shape variables.

4.3.2. 3D Model

As direct measures for supporting the electrical resistivity tomography study, four bore-
holes were drilled on the ERT3 profile. These were distributed uniformly along the profile.
Table 5 contains the summary of the study results. Samples at different depths of each bore-
hole were employed to perform the analysis. A 3D model is a proven tool that contributes
significantly to identifying different subsurface structures used in several studies [45,46].
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Table 5. Resistivity results from the ERT study.

Resistivity Values in Q.m

Depth Max Min Mean SD cov
m %
BH1 0.0-1.1 2543.4 1590.3 2187.2 252.9 11.6
1.1-3.0 1427.3 318.7 595.9 253.6 4.6
BH2 0.0-1.4 6923.6 3370.8 4695.5 1303.5 27.8
14-2.3 4304.8 3558.7 4023.4 211.6 53
2.3-3.0 3558.7 2919.3 3160.4 228.4 7.2
BH3 0.0-1.2 8599.2 3744.0 6623.5 1447 .4 21.9
1.2-1.6 3744.0 2694.3 3180.3 309.8 9.7
1.6-2.5 2694.3 1716.1 1984.3 276.4 13.9
2.5-3.0 1716.1 1706.3 1710.0 43 0.3
BH4 0.0-1.5 7183.5 1832.7 3843.7 1665.2 433

BH: Boreholes, SD: Standard deviation, COV: Coefficient of variation.

The 3D model computed with the electrical resistivity tomography data identified the
same changes in sediment texture (patterns) as those found in the grain size study [47].
The colour bar of the model was calibrated with 1000 Q).m as the step value. This value
allowed for the distinguishing of the underground formations previously found in the
2D study, and the visualising of the extent of them simultaneously. Figure 6 shows the
different patterns, which varied in accordance with the increase/decrease in the resistivity.

bar zone ., channel

- 12 11 —— BHo2
- g 8HO1 3h- T BHOI1
(@ o-10000m (@ 3000-a0000m

Sitpmid ol ! g o psaees '9.7 )
(©) 2000-30002m ® >s0000m
Resistivity Q.m
[ 2000 40‘00 6000 8000 2000 P

® Electrode #1 X v

Figure 6. 3D model. (a—f) illustrates the different layers detected by the electrical resistivity tomography survey.
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Figure 6 shows the 3D model; this model has four vertical sections in the same place
where the boreholes were drilled, aiming to facilitate the data interpreting process and
visualising how the material evolves in that space. Figure 6a—f presents the different
layers and body formations continuously. Notice that while the resistivity values rise,
materials tend to group in the central site of the model, which corresponds to bar place.

Figure 6a represents to the lowest resistivity values (0-1000 2.m) of the whole study.
These values belong to the softer rocky substrate, which is in line with BH1 results,
and show that the model is a realistic reproduction of the study area. Figure 6b presents a
new layer featured with the green colour (1000-2000 (2.m), which is spread in the whole
model. This layer, representing medium gravel with little clay matrix, cut the borehole
BH4 at 1.5 m deep. Since the samples collected from BH4 only reached to a depth of 1.5 m,
this pattern was not contemplated in the granulometric study; however, the ERT detected
its presence.

Figure 6¢—f, with values of resistivity >2000 ().m, represent the layer 1 to 1.5 m thick,
which is common in all boreholes, except in BH2, composed mainly of medium and coarse
gravels. The layer disposition in the 3D model adopts an onion-like shape, finding the least
resistivity values in the external part and the most resistant in the core. Values of resistivity
ranging from 2000 to 3000 (2.m (Figure 6¢) are linked to the green-yellow colour, forming a
layer in the model that constrains in the lateral direction of the bar by 6-8 m, acquiring a
shell form at the bottom of the model.

The inner part of the onion-like structure is represented in Figure 6d—f, which is
focused on BH2 (7.5 m). The upper part of the borehole (Figure 6f) corresponds to coarse
materials (gravel and pebbles) linked to resistivity values above 5000 Q.m. An intermediate
layer (Figure 6d,e), 1 m thick, composed of gravel with abundant sand, reduces the range
of resistivity at the middle stretch of BH2 (3000-5000 ().m).

In general, the 3D model detected in the central channel part an upper subsurface
layer of 1-1.2 m thick, with resistivities above 4500 (2.m, which corresponded to the
coarsest materials (gravel and pebbles) and gravels with a supported matrix. In addition,
resistivity reduces according to depth (Table 5), owing to a progressive decrease in the
median grain size and an increase in the sorting index with depth. The lateral parts,
close to the banks, have undergone a different geomorphological evolution: the right side
currently constitutes the active channel of low waters, with a uniform bed composed of
medium gravels, which, during much of the filling period, received finer-sized materials
(small gravels and sands). The resistivities in this case decreased from 4000 ().m at the
top to 500 ().m at the limit with the loamy substrate. On the other hand, the left part
shows a higher concentration of thicker sediments due to the presence of a lateral bar still
under development today, which is in accordance with the measured ERT values in the 3D
model (>4500 Q2.m).

5. Conclusions

The physical characterisation of the alluvial deposit was successfully completed.
The resistivity trend is high, owing to the presence of air and the loose nature of the
materials. The 3D ERT models obtained have allowed for the estimation of both the vertical
and horizontal variations of the thickness, and the characterisation of the different materials.
Borehole logs are a punctual sample, whereas electrical resistivity tomography allows for
inferring the 3D information of the deposit.

The combination of electrical resistivity tomography, 2D and 3D, with some borehole
logs have demonstrated that they are a useful methodology for assessing alluvial deposits.
Consequently, the ERT results coupled with borehole data suggest that from the channel
entrenchment in the Miocene marl substrate, different pulses of vertical sedimentary
accretion were produced, denoting a general trend of increasing grain size (coarsening
upwards) towards the top of the sedimentary sequence.
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Featured Application: Combining of geophysical and hydrogeological surveys provides basic
insights for the shallow groundwater resource evaluation in a coastal urban area.

Abstract: This paper conceptualizes and evaluates the groundwater resource in a coastal urban area
hydrologically influenced by peri-urban irrigation agriculture. Adra town in southern Spain was
the case study chosen to evaluate the groundwater resource contributed from the northern steep
urban sector (NSUS) to the southern flat urban sector (SFUS), which belongs to the Adra River
Delta Groundwater Body (ARDGB). The methodology included (1) geological and hydrogeological
data compilation; (2) thirteen Multichannel Analysis of Surface Waves (MASW), and eight Ground
Penetrating Radar (GPR) profiles to define shallow geological structures and some hydrogeological
features; (3) hydrogeological surveys for aquifer hydraulic definition; (4) conceptualization of the
hydrogeological functioning; and (5) the NSUS groundwater resource evaluation. All findings were
integrated to prepare a 1:5000 scale hydrogeological map and cross-sections. Ten hydrogeological
formations were defined, four of them (Paleozoic weathered bedrock, Pleistocene littoral facies,
Holocene colluvial, and anthropogenic filling) in the NSUS contributing to the SFUS. The NSUS
groundwater discharge and recharge are, respectively, around 0.28 Mm? year ! and 0.31 Mm? year?,
and the actual groundwater storage is around 0.47 Mm®. The groundwater renewability is high
enough to guarantee a durable small exploitation for specific current and future urban water uses
which can alleviate the pressure on the ARDGB.

Keywords: urban hydrogeology; hydrogeological map; multichannel analysis of surface waves;
ground penetrating radar; aquifer geometry; groundwater resource evaluation; Adra town; Spain

1. Introduction

Water scarcity in many coastal drylands with limited surface water resources has propiti-
ated high groundwater abstraction rates to supply the increasing urban, tourism, industrial,
and agriculture demands [1]. This is the case in some coastal areas in Spain where aquifers
play a critical role in sustaining the economy and the environment [2—4]. The combination of
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global climate forces underlying human pressures threatens the fragile equilibrium required
for a sustainable water supply and the good functioning of groundwater-dependent ecosys-
tems (GDE) [5-7]. In many densely populated and irrigated drylands, external water transfer
from other basins [8,9], and inner production of non-conventional resources such as urban
wastewater reuse and seawater and brackish groundwater desalination to cope with water
scarcity are being encouraged [10-12].

When water is used in urban areas for supply and in peri-urban areas for irrigation
agriculture, water fluxes from these areas to regional groundwater bodies occur. The mech-
anisms for urban wastewater leaching are known. Buried urban sanitation infrastructure
might not be watertight due to deterioration, and a fraction of wastewater may leach
before reaching the urban wastewater treatment facility. Irrigated agriculture also entails
an unavoidable loss of water during irrigation that may reach the aquifers. On favorable
topographic and hydrogeological conditions, for instance when steep topography and
low-permeability bedrock exist, urban and irrigation returns can be identified in water
quantity and quality changes of local springs. Although these mechanisms are well known,
the groundwater resource in most medium-sized urban and peri-urban areas is unknown
because they are typically ungauged settings. Therefore, conceptualization of the hydroge-
ological functioning of these areas is crucial to understand and evaluate how these water
fluxes can be used to alleviate the pressure on many stressed coastal groundwater bodjies.
However, geological exposure in urban areas is typically low to define aquifer geometry, es-
pecially in flat areas where geological exploration and groundwater monitoring is restricted
to some geotechnical soundings and pumping wells at most. The opposite happens in
towns with steep topography where geological formations and groundwater dynamics are
partially observable and evaluations are possible. These evaluations may serve to concep-
tualize the groundwater resource generated in neighboring towns having similar habits for
water consumption, but a flat topography that prevents direct groundwater observations.

Both steep topography and hydrogeological exposure are found in Adra town in
southern Spain. Adra town is placed in a steep versant over small aquifers that contribute
to the Adra River Delta Groundwater Body (ARDGB), which sustains GDEs, and includes
a northern peri-urban area devoted to irrigation agriculture in greenhouses [13-15].

On the basis of existing or compiled datasets, the groundwater resource evaluation
involves three general stages [16-18]: (1) Aquifer geometry and hydraulics definition,
(2) conceptualization of the hydrogeological functioning, and (3) evaluation of the water
balance components. This paper is aimed at developing the above two first general stages
in deep, whilst the third one evaluates the groundwater resource contributed from the
northern steep urban sector (NSUS) to the southern flat urban sector (SFUS), which belongs
to the ARDGB.

For aquifer geometry definition, previous geological information [19] was revisited
and near-surface geophysical techniques were applied. Near-surface geophysical tech-
niques have been widely used in groundwater research to acquire basic information on
aquifer geometry and some transient hydrogeological features [20-25]. This paper com-
bines the Multichannel Analysis of Surface Waves (MASW) [26-32] and Ground Penetrating
Radar (GPR) [33] techniques for these purposes. A basic Darcy’s Law formulation [34,35]
was used to assess the NSUS groundwater discharge. For a fluent reading, the description
for acronyms used is in Table 1.

Table 1. Description for acronyms used.

Acronym Description
AGS Actual groundwater storage
ARB Adra River basin
ARD Adra River Delta
ARDGB Adra River Delta Groundwater Body
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Table 1. Cont.

Acronym Description
gl Pleistocene colluvial 1
g2 Pleistocene colluvial 2
g3 Pleistocene colluvial 3
GDE Groundwater-dependent ecosystem
GPR Ground Penetrating Radar
MASW Multichannel Analysis of Surface Waves
NSUS Northern steep urban sector
PGS Potential groundwater storage
SFUS Southern flat urban sector
t1 Pleistocene littoral facies 1
2 Pleistocene littoral facies 2
VE Velocity of electromagnetic waves
\& Shear-wave velocity
WB Paleozoic weathered, fissured crystalline bedrock

2. Study Area
2.1. Location and Climate

Adra town (36°44/30”-36°45'30” N, 3°00'-3°02' W) is located at the outlet of the Adra
River basin (ARB) in the province of Almeria in southern Spain (Figure 1a). This coastal town
has a surface of 1.82 km? and is crossed by small temporary streams that flow to the sea
(Figure 1b). From a geomorphological point of view, these urban basins delimit a peri-urban
area (2.64 km? in the 50-436 m a.s.l. elevation range) that influences the hydrology of a
fraction of the urban area (0.97 km? in the 0-50 m a.s.l. elevation range) downstream [15]. The
peri-urban area is divided into a southern sector (1.41 km? in the 50~150 m a.s.l. elevation
range) devoted to irrigation agriculture in greenhouses and a northern sector (1.23 km? in the
150436 m a.s.]. range) with low human influence (Figure 1c).

Climate is warm-summer Mediterranean according to the Képpen classification [36],
which means a semiarid regime with hot dry summers and temperate rainy winters [14].
Insolation is high, 2900 h per year in low-lying places.

The 0.01° (~1-km) resolution nodal daily precipitation and temperature (maximum
and minimum) series from the Iberia01 grid over the period 1971-2015 [37] was used
to deduce weather conditions. Precipitation (P) occurs in three distinctive phases, each
about four-month long as (1) a predominant rainy phase from October to January which
represents around 50% of annual P; (2) a moderately rainy phase from February to May
which means around 40% of annual P; and (3) a dry phase from June to September which
records around 10% of annual P. Extreme rainfall events over 80 mm per day have been
documented. Temperature (T) shows a bimodal distribution, each period about six-month
long as (1) a warm period from May to October with average minimum and maximum
monthly T of 15 °C in October and 31 °C in July, respectively; and (2) a temperate period
from September to April with average minimum and maximum monthly T of 9 °C in
January and 20 °C in April, respectively.

2.2. Geological and Hydrogeological Setting

The study area (Figure 1b) belongs to the Alpujarride tectonic complex from the
Internal Domain of the Alpine Betic Cordillera [38,39]. The area is tectonically active as a
consequence of the convergence between the African and Eurasian Plates, which ended with
the collision of the Internal and External Betic domains during the early Miocene [39,40].
The combination of active tectonics and sea-level changes controls the accommodation space
for Upper Miocene to present sedimentation [39,41].
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== Adra town
— Adra River basin
— Rivers and streams
— Adra River Delta Groundwater Body
— Urban basins
e Coastal lagoons

Groundwater catchment to supply the

southern irrigation agriculture
peri-urban sector

Fuente de
Marbella

[I7] Natural peri-urban sector

[ tmigation agriculture §
perf-urban sector

[ urban area

~—— Urban boundary
— = NSUS—SFUS boundary
—— ARDGB boundary

FUTIN

Figure 1. (a) Location of the study area in southern Spain, showing geographical sites cited in the
text. (b) After the Geological Survey of Spain [38], the simplified 1:50,000-scale geological map of the
urban and peri-urban areas; legend as (1) Paleozoic metamorphic formations, (2) Pliocene formations,
(3) Pleistocene formations, (4) Holocene formations, (5) Undifferentiated geological contact, (6) Urban
area, (7) Roads, (8) Adra River, (9) Urban basins, and (10) ARDGB boundary. (c) After the Andalusian
Environmental Information Network [http://www.juntadeandalucia.es/medioambiente/site /rediam],
the 1:25,000 scale land-use map of the urban basins, accessed on 15 January 2021.

Alcala et al. (2002) [19] classified the geological record of Adra town into twelve geo-
logical formations attending to age, origin, and geometry. The two pre-orogenic formations
included Paleozoic low- and medium-grade mica-schists and quartz-schists (crystalline
bedrock). The ten post-orogenic formations included Pliocene to Quaternary sedimentary
formations unconformably deposited over the bedrock (Figure 1b) as (1) a Pliocene deltaic
formation; (2) five Pleistocene formations including two generations of littoral facies (t1
and t2) and colluvial (g1 and g2), and a cemented colluvial (g3); and (3) four Holocene
formations including colluvial, the Adra River Delta (ARD) alluvial, present littoral facies,
and anthropogenic filling. Direct field observations proved that the official 1:50,000-scale
geological mapping [38] is detailed enough to explain the hydrogeological functioning in
the peri-urban area (Figure 1b).

From a regional hydrogeological point of view, the eastern and southern sectors of
Adra town are emplaced on the ARDGB, which is located at the ARB outlet (Figure 1a).
The ARDGB has a surface of 49.2 km? and an average saturated thickness of 100 m. The
average groundwater recharge and discharge are around 25 Mm?3 year~! [14,42-44].

In the NSUS, Paleozoic weathered, fissured crystalline bedrock (WB), Pleistocene
t1 and t2, and Holocene colluvial form a marginal aquifer not officially catalogued as a
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groundwater body despite its historical relevance for water supply at homes and sparse
traditional irrigated crops [15]. These formations are the subject of this paper.

2.3. Land Use and Water Allocation

In the area covered by the urban basins (Figure 1c), 1.29 km? is occupied by marginal
rainfed crops, scrublands, and bare bedrock in the northern peri-urban sector, 1.41 km?
is devoted to irrigation agriculture in greenhouses in the southern peri-urban sector, and
0.97 km? is urban area (Figure 1c). Irrigation agriculture in greenhouses is the main eco-
nomic driver [13], which has attracted a new population in recent years. As a consequence,
new urbanizations have occupied the fertile plain of the ARD in the eastern and southern
sectors of the town (Figure 2). The Spanish National Institute for Statistics [45] reported
around 20,000 inhabitants in the main urban area in 2019.

MASW sections M1 to M13
GPR sections G1 to G8
Urban area

Operative (W1 to W5) and
historical open well

Pumping well (W6)
Operative (W7 to W11) and
sealed piezometer
Permanent spring (S1 to S5)
Temporary spring and oozing

Mediterranean Sea
3002'W

Figure 2. Satellite image of Adra town showing location of the MASW and GPR profiles, and selected groundwater

observation points.

Water use is mostly devoted to urban and irrigation agriculture supply. Water alloca-
tion for urban supply is around 1.24 Mm?3 per year; 0.97 Mm?3 is intended to water supply
at homes, 0.16 Mm? to auxiliary industry and services, and 0.11 Mm? to watering public
gardens and urban cleaning. For 20,000 inhabitants, the average urban water endowment
is 170 L per inhabitant and day [46]. Urban return from leakage in the sanitation network
is around 0.20, after personal communication from the local water authority. Urban water
allotment combines the ARDGW and the Fuente de Marbella spring from the Sierra de
Gador Groundwater Body in the mid-valley ARB (Figure 1a) [15]. In the peri-urban area,
average water allocation for irrigation agriculture is around 7850 m® per hectare and year,
from which 1800 m® are devoted to soil disinfestation in June when intensive crops rotate.
Greenhouses produce vegetables (pepper, eggplant, cucumber, and similar others) in the
winter-spring season, and melon and watermelon in the autumn-winter season. Irrigation
is done through drip systems, which reduce evaporation and infiltration losses. Average
irrigation efficiency is 0.85, thus the average irrigation return is 0.15 [47]. Irrigation wa-
ter comes from groundwater pumped in the lower-valley Adra River alluviums, which
belongs to the ARDWB (Figure 1a). Urban supply and irrigation agriculture do not use
groundwater from local aquifers in the NSUS, although some abandoned handmade open
wells evidence the historical use of this resource [15].
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3. Methods
3.1. Aquifer Geometry Definition
3.1.1. Hydrogeological Field Surveys

Over the base of previous geological [19], hydrological [48], and hydrogeological [15]
findings, and attending to the permeability type and storability reported by official re-
ports [43,44,46], technical reports [49,50], and the scientific literature [14,42,51,52], the
hydrogeological behavior of the geological formations is defined. Near-surface geophysical
surveys (MASW and GPR) and new hydraulic tests to refine the geometry and hydroge-
ological functioning of the NSUS were performed. Two flash campaigns for piezometry
and flow measurements in selected open wells (W1 to W6; Figure 2) and springs (S1 to S5;
Figure 2) were carried out in September 2014 and June 2015. Piezometry used a level probe
from Seba Hydrometrie with a precision of 0.005 m, whereas springs flow was measured
manually 10-times to provide a confident average value.

3.1.2. MASW Technique

MASW is a seismic geophysical technique in which the Rayleigh wave fundamental
mode dispersion curve and higher modes (if present) are extracted from a shot record
and then inverted to generate a 1D VS [L T~ 1] model [31,32]. This technique assesses the
fundamental and higher modes simultaneously, thus permitting to obtain more accurate
VS models [29,30]. A roll-along setup with a land-streamer acquisition system was used
for data acquisition.

MASW data were acquired using a 24-channel SUMMIT II Compact Seismograph by
DMT, Germany, with the following configuration: Recording array of 24 vertical component
geophones, 2-m geophone spacing, 4-m separation between the source impact point and
first geophone to minimize near-source effects, 2 stacks, 10-m displacement between
readings, and a sampling rate of 0.25 ms. A Wacker Neuson BS60-4s vibratory rammer was
used to generate the Rayleigh waves.

Data analysis was carried out with SurfSeis3 software® by the Kansas Geological
Survey, The University of Kansas, USA. Data processing consisted of geometry edition,
data filtering, muting (when needed), generation of overtones (frequency-time energy
diagrams), and fundamental and higher modes (if present) identification. Finally, disper-
sion curves were determined and then subjected to a mathematical inversion process to
obtain a continuous 2D VS model. Additional methodological details can be consulted in
Martinez-Pagan et al. (2018) [53].

3.1.3. GPR Technique

GPR is an electromagnetic geophysical technique which uses transmitting and receiv-
ing antennas to record the time of propagation of the electromagnetic signal in the subsoil.
In this study, the common or single offset antenna setup was used [33]. This technique
provides radargrams, which are a set of radar traces, each representing the acquisition of
the reflected signal in a point of the ground surface in time [54]. The propagation velocity of
electromagnetic waves (VE) [L T~!] and their amplitudes through the subsurface depends
on the electrical and magnetic properties of geological materials and the adopted antenna
frequency [55-58]. Penetration depth of the electromagnetic signal decreases as the clay
content and salinity of the media and the antenna center frequency increase [33,55,58-61].

A GSSI SIR-3000 system equipment with a 270-MHz shielded antenna mounted on a
cart with an encoder was used for data acquisition. The Reflexw software by Sandmeier
was used for data processing. Relative dielectric permittivity was set to 10 according
to near-surface subsoil characteristics, and later adjusted during processing. Processing
flow consisted of time-zero correction, velocity refinement through comparison with well-
known site features such as water table and bedrock depths, background removal, 1D
filtering—bandpass butterworth filter maintaining the 70400 MHz range, and topography
handling. Additional methodological details can be consulted in Paz et al. (2007) [33].
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3.2. Groundwater Resource Evalution

In the NSUS, groundwater exploitation is virtually null, and groundwater discharge
can be used as a reliable proxy of the groundwater resource contributed downstream. A
basic Darcy’s Law formulation [34,35] for groundwater discharge was implemented, as:

D=-Kdh/dl=iKb], 1)

where i is dimensionless hydraulic gradient; K is permeability expressed as the water flow
traveled distance per time [L T’l], in this case m da)F1 ; bis aquifer saturated thickness [L]
in m; and [ is aquifer discharge section [L] in m.

4. Results
4.1. Geophysical Data
4.1.1. MASW Survey

In February 2014, Martinez-Pagan et al. (2018) [53] completed thirteen MASW sections
(labelled from M1 to M13, Figure 2). The MASW survey covered all the geological forma-
tions defined in Adra town. Basic data for all VS models were frequency in the 2.8-43.0 Hz
range, phase velocity in the 259-1198 m s~! range, length from 40 m (section M7) to 810 m
(section M1), and prospecting depth from 43 m (section M9) to 84 m (section M1). From
active and passive MASW measurements, the 1D VS models were generated and inter-
polated to create 2D VS sections (called MASW sections) (Figure 3). The sections were
topographically corrected. The vertical-equispaced VS values from all MASW sections
were georeferenced and interpolated to create 2D VS layers at different elevations (called
MASW maps) (Figure 4).

(a) N—S section M10

200 250 300

(b) N—S sections M5 and M4

200 250 300 V350 400
Distance, m

(c) NW—SE section M3

AF, Anthropogenic filling

AL, Holocene Adra River Delta alluvial
€O, Holocene colluvial
g2, Pleistocene colluvial 2

Vs, ms § Open well and piezometer ;21, F;It::tocene gmi;?clies 2
383838538888 Pemeticion 1, Pleistocene lttoral facies 1
\\, Observed and inferred normal and strike-slip fault WB, Paleozoic weathered, fissured crystalline bedrock
~~. Observed and inferred geological contact BE, Paleozoic crystalline bedrock

Figure 3. MASW sections M10, M4, M5, and M3; location is in Figure 2. A geological interpretation of VS values after
Alcala et al. (2002) [19] and the projected piezometric level after the flash campaign carried out in September 2014 are
included; location of open well and piezometer W3, W4, and W10 is in Figure 2. Sections are topographically corrected and
its vertical-to-horizontal scale ratio is 1:1.
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Figure 4. Some MASW maps at different elevation regarding the sea level in Adra town, showing observed and inferred
normal and strike-slip fault systems, and location of MASW sections M1 to M13.

This paper uses the MASW sections and maps for geological definition following the
interpretative criteria reported by Paz et al. (2020) [62]. These authors propose that VS prop-
agation in sediments is a site-specific steady property determined by effective compaction
and as such it is dependent on the age and depth of each geological material piled on verti-
cal [63-66]. In Adra, the VS values obtained in previous studies [19,53,67] were <350 m st
for Holocene sediments, 350-600 m s~! for Pleistocene sediments, 600-900 m s~! for
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Pliocene sediments, 900-1200 m s~ ! for WB, and >1200 m s~ ! for bedrock. Some sedimen-
tary and tectonic processes can modify these ranges, such as cementation of coarse-grained
sediments increasing VS up to 800 m s~! or high fissuring and weathering of the bedrock
decreasing VS up to 700 m s~ ! [19,67]. For hydrogeological interpretation, the available
geological and hydrogeological information was superimposed on sections M1 to M13.
Four sections (M10, M4, M5, and M3) of special interest to deduce the hydrogeological
functioning of the NSUS are displayed in Figure 3.

Sections M10 (Figure 3a), M4 (Figure 3b), and M3 (Figure 3c) show the NSUS, whereas
section M5 (Figure 3b) shows the SFUS. Due to their continuity, sections M4 and M5
were interpreted together into a single section. A succinct description of these MASW
sections is below. The uppermost 1-8 m thick VS < 300 m s~! is attributed to anthropogenic
filling (sections M10, M4, M5, and M3), the underlying 2-10 m thick VS > 350 m s1
to Holocene colluvial and present littoral facies (section M5), the underlying 10-15 m
thick 300 < VS < 600 m s~ to clay-rich g1 and g2 and coarse grained t1 and t2 (t1 is not
identified in section M3), the underlying 5-10 m thick 600 < VS < 900 m s~ to cemented
levels at the bottom of t1 and t2, the underlying 15-20 m thick 900 < VS < 1200 m s~ ! to
WB, and the deeper VS > 1200 m s~ ! to the bedrock. This overall vertical VS distribution
correlates well with the geological information, but some disruptions are observed. In M10,
punctual VS < 300 m s~! underlying t2 is due to a dig gallery built in the 19th century to
drain groundwater. In M10, M4, and M3, some patches embedded into gl and g2 with
VS > 1000 m s~! are attributed to isolated bedrock blocks. The pairs g1-t1 and g2-t2 show
similar 300 < VS < 600 m s~!, thus limiting identifications of the upper boundary of t1 and
t2 forming aquifers regarding the lower boundary of gl and g2 forming aquitards. The
lowermost part of t1 and t2 and the uppermost part of WB are cemented and show similar
VS <900 m s~ 1, thus preventing its boundary definition. As described in next Section 4.1.2,
radargrams help to disambiguate these boundaries.

MASW maps (Figure 4) show how spatial VS continuity is interrupted by NW-SE
normal and NE-SW strike-slip fault systems associated to active tectonics. The former
is a first-order fault system determining the accommodation space for the Quaternary
sedimentation whereas the latter is a second-order one that compartmentalizes the bedrock,
thus inducing interruptions of some geological formations such as t1 and t2. The MASW
maps identify geological boundaries of special hydrogeological interest, such as the (1)
bedrock bathymetry at the 0-m (Figure 4c), —10-m (Figure 4d), and —20-m (Figure 4e)
elevation maps; (2) NSUS-SFUS boundary at the 0-m (Figure 4c) and —10-m (Figure 4d)
elevation maps; and (3) WB extension at the 10-m elevation map (Figure 4b).

4.1.2. GPR Survey

In June 2015, Paz et al. (2017) [33] completed eight GPR sections (labelled from G1 to
G8, Figure 2). The GPR survey covered all the geological formations and coarsely followed
the trace of the MASW sections to (1) disambiguate the boundary of geological structures
having similar VS, such as the pairs t1-g1 and t2-g2; (2) deduce thickness of the shallowest
anthropogenic filling; and (3) delineate transient hydrogeological features such as water
table, capillary fringe, and seawater—freshwater interface. Basic data for all GPR sections
were 50-Hz T-rate, 150-ns range, 120 scans per second, 40 scans per meter, 512 samples per
scan, length from 88 m (section G3) to 652 m (section G6), and 4.5-m prospecting depth.
Radargrams were topographically corrected and hydrogeological data were superimposed
to refine shallow hydraulic features and geometry of the geological formations.

Three GPR sections (G2, G3, and G4) of special interest to deduce the hydrogeological
functioning of the NSUS are displayed in Figure 5. In Adra, steep topography determines
sub-horizontal reflections for Pleistocene sedimentation in the NSUS and horizontal ones
for Holocene sedimentation in the SFUS. The southern sector of section G2 (Figure 5b) and
the central sector of section G4 (Figure 5c) show how t2 produces stronger reflections than
g2 due to cementation, thus permitting its identification. Outside the displayed sectors, the
pair t1-g1 shows the same behavior. Bedrock and WB produce similar strong reflections,
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thus limiting its boundary definition in some cases. Some shallow hydrogeological features
are identified. An easily detected reflector inside the clay-rich g1 and g2 in G2 (Figure 5b)
and G4 (Figure 5c¢) is capillary fringe, which narrowly follows piezometry measured in
wells W1, W3, and W10 (Figure 2). This means that t1, t2, and the uppermost part of the
WB together form an unconfined aquifer whose upward groundwater flow determines the
capillary fringe position inside the clay-rich g1 and g2, which form an aquitard.
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Figure 5. Selected sectors from GPR sections G2, G3, and G4 of especial hydrogeological interest; location is in Figure 2. The
interpretation of radargrams was based on previous geological [19] and hydrogeological [15] data, and MASW sections
(Figure 3). The projected piezometric level after the flash campaign carried out in June 2015 is included; location of open well
and piezometer W1, W2, W3, W7, and W10 is in Figure 2. Profiles are topographically corrected and its vertical-to-horizontal
scale ratio is 1:2.

In the SFUS, section G3 (Figure 5a) and the southern sector of section G4 (Figure 5c)
show how the Holocene ARD Formation produces strong reflectors. In these coarse-grained
sediments, the first strong reflection associated to the saturated media detection is stronger
than the observed one in g1 and g2 and very closer to the water table, as deduced from
piezometry measured in wells W2 and W7 (Figure 2), thus corroborating the unconfined
behavior of this hydrogeological formation. In section G3 (Figure 5a), the VE signal loss
below the sea level is attributed to the seawater—freshwater interface.

4.2. Hydrogeological Conceptualization

This section completes the two first goals of this paper, i.e., geometry and hydraulics
definition of the geological formations in the NSUS. For geometry definition, geophysical
findings, and previous [19] and new geological data were integrated on GIS to prepare
the 1:5000 scale hydrogeological map of Adra town (Figure 6) and three representative
hydrogeological cross-sections (Figure 7). For hydraulics definition, a permeability and
effective porosity database was prepared from (1) compiled data from the literature de-
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scribed in Section 3.1.1, which included official publications devoted to the Holocene
ARD alluvial Formation in the SFUS, technical reports surveying the NSUS and SFUS,
and scientific publications covering the NSUS and SFUS; and (2) data from specific field
surveys in the NSUS, which included five double-ring infiltration tests in low-permeability
formations, three pumping tests in open wells in high-permeability formations, and nine
granulometric curves in different formations. On the basis of this information, the twelve
geological formations have been classified into ten hydrogeological formations attending to
the permeability type and storability (Table 2). The potential groundwater storage (PGS) of
each hydrogeological formation is defined as the product of surface (direct and underlying
outcrops), thickness (saturated and unsaturated), and effective porosity (Table 2). PGS must
be considered a tentative magnitude of the maximum storability, not the actual storability.
PGS has been calculated for all formations in the total urban area and for the existing ones
in the NSUS.
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Anthropogenic filling [ Deltaic facies open well ‘i -
Present marine terrace Paleozoic % Pumping well (W6) ;“,”,
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{111 colluvial [ Crystalline (quartz-schists) bedrock piezometer b3
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Colluvial (g2) 51‘/ =) Groundwater discharge
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Figure 6. Hydrogeological map of Adra town at scale 1:5000, showing operative and historical groundwater observation

points, sites where groundwater discharge to the sea is observable, and hydrogeological cross-sections I-I’, II-1I", and ITI-1II"

as in Figure 7.

The Paleozoic crystalline (mica-schists and quartz-schists) bedrock is a low-permeability
formation constituting the impervious base of aquifers in the urban area (Table 2). This is
catalogued as aquiclude. The MASW sections (Figure 3) and maps (Figure 4) delineate the
bedrock geometry through VS > 1200 m s~

The WB Formation is a porous media forming a moderate- to high-permeability
aquifer. In the NSUS, the surface is 0.68 km?, thickness is in the 1-18 m range, and its
average PGS is around 0.27 Mm?3 (Table 2). The geometry of WB can be deduced through VS
in the 800-1200 m s~ ! range from MASW sections (Figure 3) and maps (Figure 4). Recharge
comes from direct rainfall and runoff infiltration, and urban and irrigation returns.

The Pliocene deltaic facies formation is unconformably deposited over the bedrock
in the SFUS. This formation is catalogued as a moderate- to high-permeability aquifer
(Figure 6) of 0.09 km?, thickness in the 4-31 m range, and average PGS around 0.03 Mm?
(Table 2). Recharge comes from transference from the Holocene ARD alluvial formation.
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Figure 7. Three hydrogeological cross-sections I-I’, II-II’, and III-1II" (see location in Figure 6), showing the distances
covered by MASW (double sided arrow blue lines) and GPR (double sided arrow red lines) sections, operative and historical
groundwater observation points, and the projected piezometric level after the flash campaign carried out in June 2015.
Cross sections are topographically corrected, and its vertical-to-horizontal scale ratio is 1:2.

The Pleistocene record includes two littoral-continental sedimentary sequences in the
NSUS and a continental sequence in the SFUS (Figure 6). A brief description is below.

In the NSUS, the two littoral-continental sequences are unconformably deposited
over the bedrock (Figure 7). Each sequence includes littoral facies (t1 and t2) underlying
clay-rich colluvial (g1 and g2) (Figures 6 and 7). t1 and t2 form a high-permeability aquifer
of 0.41 km?, thickness in the 1-8 m range, and average PGS around 0.21 Mm? (Table 2).
tl and t2 are hydraulically connected to WB and partially disconnected between them,
as deduced from the studied MASW (Figure 3) and GPR (Figure 5) sections. The normal
and strike-slip fault systems compartmentalize t1 and t2, but do not interrupt apparently
the continuity of WB, as deduced from the 10-m elevation MASW map (Figure 4b). The
result is groundwater flowing throughout WB, t1, and t2, thus forming together a confined
aquifer in the NSUS. Geometry, piezometry in open wells, and groundwater discharge
in springs at different elevations corroborate this confined hydraulic behavior (Figure 7).
This aquifer is hydraulically connected (and discharges) to the unconfined Holocene ARD
alluvial formation. Recharge comes from direct rainfall and runoff infiltration, and urban
and irrigation returns. gl and g2 are low-permeability formations catalogued as aquitards
that confine t1 and t2, respectively (Figures 6 and 7). Surface is 0.58 km?, thickness is in the
1-32 m range, and its average PGS is around 0.04 Mm? (Table 2).

In the SFUS, the third Pleistocene continental sequence includes a cemented colluvial
(g3) unconformably deposited over the Pliocene deltaic facies Formation. This is a moderate-
to low-permeability formation cataloged as an aquitard (Figure 6). Surface is 0.10 km?,
thickness is in the 1-29 m range, and its average PGS is around 0.03 Mm? (Table 2). Recharge
comes from direct rainfall and runoff infiltration, and transference from the Holocene ARD
alluvial formation.

The Holocene sedimentary record includes four formations: Colluvial, ARD alluvial,
present littoral facies, and anthropogenic filling. A brief description is below.

The colluvial formation is emplaced on the NSUS-SFUS boundary unconformably
deposited over the bedrock and the pair t2—-g2 (Figures 6 and 7). It is catalogued as a
moderate- to high-permeability aquifer. In the NSUS, surface is 0.11 km?, thickness is in
the 1-21 m range, and its average PGS is around 0.07 Mm? (Table 2). Recharge comes from
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discharge from upstream hydrogeological formations, direct rainfall and runoff infiltration,
and urban return. Discharge is done to the Holocene ARD alluvial formation and the sea.

The ARD alluvial Formation is in the SFUS and belongs to the ARDGB. It is cataloged
as a high-permeability aquifer (Figure 6). The surface is 0.59 km?, thickness is in the 1-35 m
range, and its average PGS is around 0.78 Mm? (Table 2). Recharge comes from upstream
infiltration in the Adra River valley alluviums, and irrigation and urban returns. Discharge
is produced by pumping, transference to other hydrogeological formations, and to the sea.

The present littoral facies formation is in the SFUS and results from civil works to
prevent coastal erosion [19]. Only the western beaches have hydrological interest, forming
a shallow high-permeability aquifer of 0.17 km?, thickness in the 1-9 m range, and average
PGS of around 0.09 Mm? (Table 2). Recharge comes from rainfall and runoff infiltration,
and discharge from other upstream hydrogeological formations.

The anthropogenic filling formation appears as high-permeability patches that con-
tribute to urban runoff or groundwater storage when overlying low- or high-permeability
formations, respectively. In the NSUS, surface is 0.05 km?2, thickness is in the 1-6 m range,
and the average PGS is around 0.03 Mm? (Table 2). Recharge comes from rainfall and
runoff infiltration, and urban return.

4.3. Groundwater Resource Evaluation

This section completes the third goal of this paper, i.e., the groundwater resource eval-
uation in the NSUS. Excluding formations behaving as aquicludes (bedrock) and aquitards
(g1, g2, and g3), the average PGS in Adra town is around 1.77 Mm3. This figure varies in the
0.12-5.49 Mm? range when the minimum and maximum thickness and effective porosity
values are used (Table 2). In the NSUS, g1 and g2 confine the aquifer formed by WB, t1,
and t2. Excluding bedrock, g1, and g2, average PGS is around 0.58 Mm? and its range is
0.05-1.71 Mm?3 (Table 2). The actual groundwater contribution to the SFUS must be less
than average PGS, which is the theoretical maximum value.

Since groundwater exploitation is virtually null, the NSUS groundwater discharge
can be considered a reliable proxy of the groundwater contributed from the NSUS to
the SFUS. For groundwater discharge evaluation through the Darcy’s Law formulation,
the hydrogeological formations in the NSUS were grouped into three aquifers (1) that
formed by WB, t1, and t2 (called NSUS aquifer); (2) the northern sector of the colluvial
formation; and (3) the anthropogenic filling patches. In each aquifer, input data were
saturated thickness, discharge section, hydraulic gradient, and permeability (Table 3).

Average saturated thickness is total thickness minus the difference in topography
and piezometry deduced from open wells and springs. Average saturated thickness of
the NSUS aquifer is around 0.85-fold the average total thickness described in Table 2.
This figure results from weighting full-saturated aquifer sectors such as those shown in
the hydrogeological cross-sections I-I" to III-III" (Figure 7) and others fully desaturated.
Average saturated thickness of colluvial and anthropogenic filling formations are 0.7- and
0.5-fold the average total thickness, respectively. The aquifer discharge sections were
deduced from the hydrogeological map (Figure 6). The desaturated aquifer sectors were
excluded from this calculation.

After the two flash campaigns carried out in September 2014 and June 2015, piezometry
in open wells W1 to W6 (Figure 2) and groundwater discharge elevation in springs S1 to S5
(Figure 2) were used to delineate the piezometric level and define the hydraulic gradient.
Average hydraulic gradients varied in the 0.017-0.044 range and coarsely followed the
topographic gradient as 0.035 in the NSUS aquifer, 0.017 in the colluvial formation, and
0.004 in the anthropogenic filling formation (Table 3). Average permeability for these
formations is in Table 2.
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Table 3. NSUS groundwater discharge after the Darcy’s Law formulation.

H};drogeo.logllcal ;2 K2 b2 12 D2 AGS 2
ormation
Weathserg‘rl(’)f;s“md 0.035 09-15(1.1)n=3 0.8-15.3 (6.8) 1860 0.02-0.55(0.18)  0.01-0.73 (0.23)
Littoral facies (1, t2) 0.035 23-93(42)n=4 0.8-6.8 (3.4) 450 0.01-0.36 (0.08)  0.02-0.47 (0.18)
Detrital colluvial (g1, g2)  0.035 0.05-0.09 (0.07)n=3  05-160(45 1610 <0.01-0.03 <0.01-0.10
&8 : AR n= RO (<0.01) (0.02)
) <0.01-0.11 <0.01-0.14
Colluvial 0.017 0.8-29(14)n=3 0.6-12.6 (5.4) 480 0.02) 0.0
Anthropogenic filling 0.004 52-82(6.7)n=2 0.5-3.0 (1.5) 110 <0.01 <0'(gl(;10)'03

1 In Table 2, age, lithological description, and PGS of each hydrogeological formation. 2i= average dimensionless hydraulic gradient;
K = permeability in m day~! (Table 2); b = aquifer saturated thickness in m; I = aquifer discharge section in m; D = NSUS groundwater
discharge in Mm® year~!; and AGS = actual groundwater storage in Mm? as the product of b, surface (Table 2), and effective porosity
(Table 2). K, b, D, and AGS include range and average value into parenthesis.

Excluding g1 and g2 behaving as aquitards, the average NSUS groundwater discharge
is around 0.28 Mm? year~. This figure varies in the 0.03-1.02 Mm? year~! range when the
minimum and maximum values of saturated thickness and permeability are considered
(Table 3). Average actual groundwater storage (AGS), which is expressed as the product of
surface (direct and underlying outcrops as in Table 2), saturated thickness, and effective
porosity (Table 2), is around 0.47 Mm?3 (Table 3).

NSUS groundwater discharge was compared to groundwater recharge produced
from precipitation in the peri-urban area (2.64 km?2) and NSUS (0.77 km?), irrigation
return in the southern peri-urban sector devoted to irrigation agriculture in greenhouses
(1.41 km?), and urban return in the NSUS (Table 4). Using tracer and physical techniques,
Alcala et al. (2008) [15] tentatively evaluated the average recharge rate from precipitation
in the peri-urban and urban areas as 10 mm year~'. This figure is similar to that reported
by Andreu et al. (2011) [68] in coastal areas in southern Almeria province. The average
recharge from precipitation is 0.03 Mm? year~!. As described in Section 2.3, average
water allocation for urban supply is 1.24 Mm3 year~! [46] After checking a similar
inhabitant density along the main urban area, this figure was linearly approached
as 0.52 Mm? year~! for the 0.77-km? NSUS. Applying the urban return coefficient of
around 0.20 informed by the local water authority, the urban return contributing to
recharge is around 0.10 Mm?® year~!. Average water allocation for irrigation agriculture
is around 7850 m? per hectare and year and the average irrigation return coefficient
is 0.15 [47]. The irrigation return contributing to recharge is around 0.17 Mm? yeaf1
(Table 4). Average groundwater recharge is around 0.31 Mm? year~! (Table 4). This
figure is 0.03 Mm?® year~! higher than average groundwater discharge.

Table 4. Groundwater recharge in the NSUS.

Recharge Component Area Covered ! Surface, km? Recharge, Mm? year—1 Reference
Precipitation PUA, NSUS 341 0.03 [15]
Urban return NSUS 0.77 0.10 [46]
Irrigation return SPUS 1.41 0.17 [47]

1 PUA = peri-urban area; NSUS = northern steep urban sector; SPUS = southern peri-urban area devoted to irrigation agriculture
in greenhouses.

5. Discussion
5.1. The MASW Technique for Geological Definition

The MASW technique has widely been used in seismic hazard research, especially
in urban areas [29-32,53,69]. The experience in shallow groundwater research is incipi-
ent [26-28] and has mostly focused to disambiguate geological structures when other
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near-surface geophysical techniques fail to obtain a reliable interpretation [26,27,62].
This paper widens the experience in shallow groundwater research to define the geome-
try of geological structures once reference VS values are available. In Adra town, the
confident use of the MASW technique had the VS values assigned to each geological
formation in previous research [19,53,67], e.g., VS > 1200 m s~ 1 for Paleozoic bedrock,
800-1200 m s~ for WB, 500-900 m s~ for Pliocene deltaic facies, 350-600 m s~! for
Pleistocene formations, and <350 m s~! for Holocene formations.

However, the MASW technique must be used together with other near-surface geo-
physical techniques relying on other subsurface properties other than VS in order to solve
potential constraints imposed by the possible similar VS response of different geological
structures. For instance, g1 and g2 show similar VS values than t1 and t2 (Figure 3), mean-
ing a handicap at defining the geometry of the confined NSUS aquifer formed by WB, t1,
and t2 (Figure 7). Adra town is a low-resistivity coastal area having high environmental
salinity and clay-rich formations such as g1 and g2, so the geophysical electrical techniques
do not seem to be suitable for disambiguating the pairs gl-t1 and g2—t2. The GPR tech-
nique was chosen to disambiguate these structures having similar VS values, as well as
to identify key hydrogeological features, such as piezometric level, capillary fringe, and
seawater—freshwater interface (Figure 5). MASW provides higher exploration depths than
GPR, but less detailed resolution, whereas GPR is highly responsive to detailed subsurface
electrical and magnetic changes related to natural and human-induced geological and
hydrological heterogeneities [33,55,58-60].

This paper introduces a novelty in VS data post-treatment. Several vertical-equispaced
MASW maps from -35-m to 30-m elevation regarding the sea level were created to identify
continuity of the geological structures. This VS data post-treatment has enabled us to
display where and why the boundary between the bedrock and the Pliocene to Quaternary
sedimentary formations changes at different depths, for instance, abruptly due to normal
and strike-slip fault systems or smoothly due to sedimentary processes (Figure 4). The
bedrock bathymetry determines the accommodation space for sedimentary formations
forming aquifers. These applications are of particular interest in urban areas where the
capability for direct subsoil observations is typically quite limited. In Adra town, MASW
sections (Figure 3) and maps (Figure 4) helped to create the 1:5000 scale hydrogeological
map (Figure 6) and cross-sections I-I" to III-III" (Figure 7). This paper proposes the MASW
technique for geological definition in urban shallow groundwater research, taking into
account that other techniques to solve possible constraints imposed by the explored media
features may be needed.

5.2. Use of the Groundwater Resource

The sources and mechanisms for groundwater recharge and discharge in urban areas
are more numerous and complex than in natural environments, as documented many
urban groundwater research [70-75]. Buildings and civil works combine with human-
made drainage networks, sanitation systems, and paving to introduce new recharge and
discharge components or modify the existing ones. In Adra town, this problematic increase
because the study area must be extended to include a peri-urban area devoted to natural
uses and irrigation agriculture that influences the urban hydrology downstream. In the
NSUS, irrigation (0.17 Mm? year~!) and urban (0.10 Mm? year~!) returns are clearly
higher than the recharge from precipitation (0.03 Mm? year~!). The consequence is an
uncatalogued groundwater resource contributing to the SFUS. The ARDGB, where the
SFUS is emplaced, provides most of the usable water, sustains some GDEs catalogued in the
Ramsar Convention list [14], and is officially protected to avoid new exploitations [43,44,46].
However, the NSUS and the southern irrigation agriculture peri-urban sector form a not
officially catalogued marginal hydrogeological system that contributes to the SFUS and
therefore to the ARDGB. This groundwater resource discharges to the sea under Adra town.
This paper conceptualizes the functioning of this marginal hydrogeological system and
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provides a preliminary evaluation of the groundwater resource contributed to the SFUS.
This resource could sustainably be exploited downstream.

Average groundwater discharge is around 0.28 Mm® year~!, and may vary in the
0.03-1.02 Mm? year~! range when the minimum and maximum values of saturated thickness
and permeability are considered (Table 3). Average aquifer recharge is around 0.31 Mm® year—!.
As expected in unexploited aquifers, the magnitude of average groundwater discharge and
recharge in the NSUS is similar and lower than the calculated AGS of around 0.47 Mm?
(Table 3). Three conclusions regarding the conceptualization of the NSUS aquifer functioning
are gained: (1) The recharge-to-discharge absolute difference is 0.03 Mm?® year—, so other
sources and mechanisms for groundwater discharge probably occur and must be characterized,
for instance occasional groundwater pumping to lower the piezometric level during building
construction, groundwater up-take by phreatophytes and deep-rooted vegetation, and direct
groundwater evaporation in sites having a quite shallow piezometry; (2) average saturated
thickness is about 0.5-0.9-fold the total thickness of the hydrogeological formations, but there
are desaturated sectors that must be characterized; and (3) renewability of the groundwater
resource is high enough to sustain a durable small exploitation downstream, as deduced
from an average groundwater turnover time less than one year, here tentatively expressed by
means of the groundwater recharge (0.31 Mm? year’1 ; Table 4) to AGS (0.47 Mm?; Table 3)
ratio [76,77]. This exploitation may guarantee the permanent water supply to watering public
gardens and urban cleaning, currently around 0.11 Mm? per year and tending to increase in
coming years as new urbanized areas are being planned. Other ecological uses could be also
considered.

Other hydrogeological gaps to resolve in future research are (1) definition of the
hydraulic behavior of fault as water-bearing or water-tight, (2) characterization of the
hydraulic effect of civil works on groundwater flow, and (3) how climate change and
subsequent land-use adaptations can affect this groundwater resource.

6. Conclusions

The favorable climate in the Mediterranean coastal area has potentiated an increasing
urbanization and occupation of peri-urban areas for profitable irrigation agriculture. The
new land uses and water demands have evidenced the controversy of having a scarce
conventional water resource, while the intensive water use generates a difficult-to-manage
non-conventional water resource that may complement the conventional one. In the context
of global change and growing water demands, the small marginal aquifers in urban and
peri-urban areas may play a role in complementing the urban allotment for specific uses.
The smart cities in the near future will consider new paradigms for sustainability such as
“water recycling and reusing”.

Adra town in southern Spain was the case study chosen to show this problematic
and introduce a feasible methodology to conceptualize the NSUS aquifer functioning
and provide a tentative magnitude of the groundwater resource contributed to the SFUS.
For this, findings from the geological, geophysical, hydrological, and hydrogeological
surveys were combined to create a 1:5000 scale hydrogeological map and cross-sections,
which are basic tools to design a proper urban water planning. The MASW and GPR
geophysical techniques were especially useful for aquifer geometry definition. The NSUS
average groundwater discharge was evaluated around 0.28 Mm? year—!. Among other
uses, this resource may guarantee a permanent water supply to watering public gardens
and urban cleaning, which is currently around 0.11 Mm3 year—! and will increase due to
new urbanized areas, thus alleviating the pressure on the ARDGB.

This paper seeks to offer a feasible methodology for groundwater research in medium-
size urban areas having steep topography, low-permeability bedrock underlying shallow
urban aquifers, and peri-urban areas influencing the urban hydrology. The authors found
that the introduced basic formulation for groundwater discharge enables for a tentative
evaluation of this resource at most. For this reason, solving of the discussed hydrogeological
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gaps and designating of suitable sites for a sustainable groundwater exploitation regime
will be subjects of future research.
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Abstract: With more than a half-century in operation, the industrial chemical complex of Estarreja
(ICCE) in northern Portugal has left serious environmental liabilities in the region. Although protec-
tive measures were implemented, soils, surface, and groundwater contamination caused by persistent
pollutants are still prevalent. This study presents data from several geophysical and hydrochemical
campaigns carried out to monitor groundwater contamination in the Estarreja region over a period
of 30 years. Both geophysical and hydrochemical data showed a good agreement and revealed an
important anomaly caused by groundwater contamination (high levels of Na, Cl, SO4, and Fe, among
others) in 2006-2007, likely caused by the remobilization of waste pollutants (roasted pyrites, soils,
and sludge) during their deposition in a sealed landfill (operating between 2003 and 2005). More
recently, in 2016, this impact persists, but was more attenuated and showed a general migration
pattern from E to SW according to one of the main groundwater flow paths. Groundwater flow in
this region has a local radial behaviour. Drainage effluent systems, such as ditches and buried pipes
formerly used by ICCE, are also likely to contribute to some contamination “hotspots”. Finally, the
results obtained by the combined use of these two approaches allowed for the delineation of the
contamination plume for future monitoring.

Keywords: groundwater; contamination; time-space; geophysics; hydrochemistry

1. Introduction

Chemical industry can cause severe environmental damages, especially those that
operated in the past when environmental protection measures were scarce or absent. This
degradation is often not limited to the area next to the industries themselves, but instead
is likely to affect a much larger area. This is particularly relevant when saturated media
is affected, since its limited adsorption capability and continuous movement result in the
subsurface migration and easy dispersion of contaminants.

In aquifers, particularly those formed by unconsolidated materials, which are highly
porous and permeable, diffusion is the most important process in contaminant migration [1].
Once in the saturated media, pollutants move according to groundwater flow paths, unless
physicochemical interactions with sediments affect their mobility.

Contamination effects can persist over long periods, even after their sources are
isolated or removed. This can be instigated by back diffusion processes, i.e., the reverse
diffusion of pollutants from low permeability layers (e.g., clayey formations, where contam-
inants were preferably adsorbed during high polluting water periods) to high permeability
zones [2]. On the other hand, the persistence of a pollutant is also a factor of its intrinsic
characteristics. Unlike several hazardous organic constituents, metal(loid)s cannot be
degraded [3,4], while there are cases of non-biodegradable organic compounds [4] and
others that exhibit half-lives of hundreds to thousands of years, depending on the hydraulic
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behaviour [5]. The low microbial activity in groundwater is also a factor limiting biodegra-
dation processes. Furthermore, the characteristics of many degradation products formed
are still poorly understood and can present different reactivity under field conditions [5].

Although technical advances, environmental laws, and public awareness have im-
posed new procedures and legal restrictions to industry operations, the environmental
legacy of the past is frequently difficult to overcome. That is why, in several cases, moni-
toring natural attenuation is the more reliable alternative to groundwater decontamina-
tion [5,6]. A complete study of groundwater contamination requires the investigation of
larger areas (i.e., not only the immediate vicinity of known pollution sources), through the
evaluation of relevant physical and chemical properties and parameters, as well as their
variation in time throughout the region. In this sense, geophysical exploration methods
have been applied with great success in the investigation of environmental problems [7,8].
These methods are particularly suited to produce fast and reliable spatial maps of physical
properties related with groundwater contamination issues, but they are unable to identify
the contaminant. Electrical resistivity or its inverse, electrical conductivity, is an important
physical property and there are many examples and case studies in the literature regarding
the use of resistivity-based methods for aquifer characterization. Typically, resistivity
can vary from 1 to 10 for contaminated and pristine groundwater, respectively, [9] and,
therefore, resistivity can be used to map contaminated areas.

Traditional resistivity methods using DC currents, or galvanic methods, have long
been used for this purpose. At first, conventional resistivity soundings (VES) were used,
but they provide 1D information [7]. Contamination plumes have a 3D character and
the combination of traditional electrode arrays (Schlumberger, Wenner, dipole-dipole and
others) along lines, electrical resistivity tomography (ERT), and grids provide 2D and 3D
images of the areas under investigation [7,10]. However, resistivity methods imply physical
contact with the ground, requiring the use of electrodes to pass current into the ground,
and the setup of a complete field apparatus usually takes considerable time and effort.
Furthermore, places with high contact or superficial resistivity, such as dry conditions,
sand, rock outcrops, and paved areas, will cause additional field problems.

Alternatively, electromagnetic methods using AC currents, or induction methods,
do not require physical contact with the ground and measurements can be done as the
operator walks. These methods can also be adapted for airborne use [10]. They are fast and
easy to operate and can provide 2D and 3D images of the area under investigation with
less field effort. However, if there are sources of electrical noise in the area, such as power
lines, they can provide unstable, if not completely improper, data.

Groundwater contamination is a dynamic phenomenon. Thus, if reliable information
is to be obtained, a 4D approach, namely, time-lapse studies, are required.

The use of time-lapse resistivity in groundwater contamination, as well as algorithms
for inversion and model resistivity data, have long been discussed [11,12]. These problems
have been recently addressed by a number of authors [13-17].

However, if data from different epochs are to be used, they must be compared and
normalized to a known background, so that resistivity variations can be attributed solely
to the variation of groundwater contamination.

The apparent electrical conductivity of sediments and soil layers is complex due to
the interaction of several factors, such as pore-water salinity, water content, and particle
size distribution [18]. Hydrochemical parameters are a useful and complementary tool for
assessing environmental aquifer conditions by providing information about chemical signa-
tures of groundwater, distinguishing geological formations with similar hydrogeochemical
characteristics, and understanding element mobility and dispersion patterns [19].

Therefore, the use of both electrical exploration methods, to delimit contaminated
areas as well as to estimate their temporal and spatial evolution, and hydrochemical
parameters, to access the level and type of groundwater contamination, have been applied
with success in several studies [20-23].
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The industrial chemical complex of Estarreja (ICCE) in northern Portugal has been
operating for almost 70 years. During this period, environmental laws have evolved from
non-existent to strict regulations in accordance with the EU regulations. Thus, in the past,
effluents were discharged in local streams, man-made ditches, and buried metal pipes,
which were easily corroded, playing a major role in the contamination of local aquifers and
soils. Approximately 70% of the population living near the ICCE has water wells that are
widely used for agriculture (~81%) and domestic (about 24% for drinking) supplies [24].
For this reason, the understanding of the spatiotemporal groundwater contamination is of
paramount interest for the population, as well as for authorities and technicians in charge
of remediation operations.

Since there is a large volume of geophysical and hydrochemical data acquired over
several decades in the region, this study integrated such information to investigate temporal
(a time span of about 30 years) groundwater contamination in the ICCE region in order to:

(a) Map contamination plume(s) and evaluate its/their progression;

(b) Estimate the propagation velocity of plume(s) and its/their variation during the
study period;

(c) Investigate the sources of contamination and their evolution (type and intensity);

(d) Carry out an assessment of the remediation works implemented in the early 2000s;

(e) Evaluate the benefits of this joint approach in future monitoring and remediation
operations, so that the findings of this work can have a wider use and applicability to
other case studies.

2. Site Characterisation
2.1. The Industrial Study Site

The industrial chemical complex of Estarreja (ICCE) occupies an area of approximately
2 km? (Figure 1), and is located 1 km east of Estarreja and 20 km north of Aveiro city in
northern Portugal.

This industrial complex started operations in the 1950s and, since then, has gone
through different production cycles. The more relevant products have been [25]: am-
monium sulphate (1952-1990s) manufactured from sulphuric acid (obtained by pyrite
roasting) and ammonia; nitric acid and ammonium nitrate (1974-1990s); nitric acid, ani-
line, and nitrobenzene (1978-present); sodium and chlorate compounds using mercury
cathodes (1956-2002); polyvinyl chloride—PVC (1963-1983); and isocyanide polymers of
aromatic base (1978—present). Consequently, large amounts of solid wastes, some enriched
in metal(loid)s (e.g., As, Cu, Pb, Hg, and Zn) were produced, which were latter deposited in
a sealed landfill, while others were deposited in a calcium hydroxide mud dam (Figure 1).
In addition, effluents are also responsible for a high pollution load containing organic
compounds (namely, aniline, benzene, monochlorobenzene, and mononitrobenzene) as
well as metal(loid)s (e.g., As, Hg, Pb and Zn). Until 1975, these effluents were transported
by artificial (open and permeable) ditches (Vala de S. Filipe, Vala da Breja, and Vala do
Canedo), which discharged into the natural surface water streams [25]. In the present, they
are transported by an emissary pipe to a water treatment plant and only then discharged
into natural water systems.

The main environmental remediation interventions were undertaken from 1994 on-
wards by a joint effort of the local council, industries, and national environmental authori-
ties. Since that time, chemical plants have also adopted procedures to control the emission
of effluents and solid wastes to reduce their environmental impacts. Examples of the
interventions carried out at the ICCE include the replacement of Hg cells with membrane
cells in 2002 and the containment of about 300,000 tons of waste and contaminated soils in
a confined landfill (2003—2005), supported by the ERASE project, an association between
industry and local authorities [26].

Groundwater contamination studies in the ICCE started in the last quarter of the 20th
century [27-29], and since then many other works have been carried out, devoted either to
the environmental impacts [25,30-34] or to the potential associated health risks [35-37].
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Figure 1. (a) Location of the Aveiro aquifer boundary and the industrial chemical complex of Estarreja, northern Portugal;
(b) Simplified geological map of the study area (adapted from Teixeira and Zbyszewski [38]) and main groundwater flow
paths (compiled data from measurements made in 2015 and from Ordens [33]); map coordinates: UTM; WGS84—29N zone.

However, in parallel to the intense industrial activity, agriculture and farming have
also been intensive and must be accounted for in terms of the contamination process in
the area. In fact, these activities exert further pressure on local ecosystems because of the
widespread use of agrochemicals and the effluents from cattle breeding.

2.2. Geology and Hydrogeology

The study area is part of the so-called Aveiro sedimentary basin, located in the north-
ern sector of the western Meso-Cenozoic Margin. The stratigraphic sequence of this basin
is discontinuous, consisting mainly of Holocene-Pleistocene units and, with less repre-
sentation, Cretaceous and Triassic formations. These sedimentary units are deposited
on a substrate of Neoproterozoic age, the Aradas shales formation, mainly composed
of fine-grained metapelites of low metamorphic grade, which constitutes the Hercynian
basement (Figure 1) [38].

In detail, the sedimentary sequences (from bottom to top) begin with a red-coloured
polygenic conglomerate superimposed by Triassic fine and red sandstones. The Cretaceous
units show a greater development towards the Atlantic coast and are deposited over Tri-
assic materials or directly on the Hercynian bedrock. The predominant lithology of this
sequence are sandstones with depositional characteristics that vary in depth, allowing for
the individualization of different formations. Thus, the base of the sequence is composed
of sandstones of variable grain size interbedded with clays and superimposed by a thick
clayey layer. Covering this there is a white sandstones sequence, interspersed with clays
and conglomerates, and an uppermost layer containing sandstones and clay-silt lagoon fa-
cies. Finally, the Quaternary deposits include Pleistocene beach and fluvial deposits related
to two sedimentary cycles: (a) the lower unit shows a coarsening downward sequence,
with coarse sands and pebbles at the base; and (b) the upper sequence is composed mainly
of organic muds, clays, and clayey sands. The most recent Holocene sedimentary units
include alluvium and sand-dunes.
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Based on the texture and structure of different sedimentary sequences, two main
aquifer systems are defined in this region: the Aveiro Cretaceous confined multilayer
aquifer system, and the Aveiro Quaternary unconfined (locally semi-confined) multilayer
aquifer system [39]. In the studied area, only the Aveiro Quaternary aquifer system is of
interest, since the Cretaceous sequences are only expressed to the west of this location
(Figure 2). The Aveiro Quaternary aquifer system comprises of three hydrogeological
units [39]. The uppermost unit consists of a Holocene shallow unconfined aquifer with
thickness varying between 8 and 10 m. This aquifer is highly permeable and shows a
main flow path from east to west. Below this exists a semi-confined aquifer, composed
of coarse and permeable sediments (sand and gravel), with groundwater flowing from
east to west. The top of this aquifer consists of a low permeability mud and fine silt layer
that constitutes the top of the Plio-Pleistocene sequence. Lastly is a semi-confined aquifer,
formed by old beach and alluvial coarse, permeable sediments (sands, gravel, and pebbles),
with groundwater flowing from west to east in opposition to the previous aquifers.
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Figure 2. Simplified vertical profile (section AB marked in Figure 1) of the main units of the Quaternary aquifer system in
the Estarreja region (adapted [33]). The vertical-to-horizontal scale ratio is 10:1.

It should be noted that recharge of this aquifer system is done mainly by rainfall
infiltration and irrigation return. In Estarreja, the annual average precipitation is about
1050 mm, the annual average evapotranspiration is 650 mm, and the annual average
bulk runoff (including surface runoff and aquifer recharge) is 400 mm [40]. The high
permeability and porosity of the aquifer layers favours recharge and the groundwater flow
gradient, but this also represents a potential contamination risk since the ICCE is in direct
contact with the unconfined aquifer, which facilitates contaminants migration.

3. Materials and Methods
3.1. Antecedents

Over a period of almost 30 years, several geophysical and hydrochemical surveys,
aimed at studying contamination and pollutants dispersion in the ICCE, were conducted
in the Estarreja region.

Geophysical mapping of the area to investigate groundwater contamination started
in 1975 [27] and continued later [31], but the density of observations was low and is not
suitable to compare with later, denser observations or with hydrochemical data. Therefore,
in order to obtain the best temporal and spatial representation of groundwater contamina-
tion in the ICCE area, several geophysical and hydrochemical campaigns were selected.
The campaigns were those that best fit in terms of the area covered and those representing
the pre- and post-environmental remediation operation periods, that is, before and after
2003-2005.
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3.2. Geophysical Survey

The use of electromagnetic methods (EM) in the study of environmental problems
have proved very suitable at identifying the boundaries of contamination plumes and
their transport pathways in the saturated zone. There are numerous equipment and field
strategies that can be used to carry out such an investigation [41]. Since the studied area
has about 25 km?, EM methods, being fast and reliable, were selected to map the electrical
conductivity. The extensively tested EM34 was used by repeating the measurements in the
same position and measuring both vertical fields (VF) with horizontal coils, and horizontal
fields (HF) with vertical coils. Measurements were taken along local pathways with a 20 m
interval, or inter coil spacing.

Over the period of ICCE area monitoring, several geophysical field surveys were
conducted via resistivity, frequency domain electromagnetics, seismic refraction, and
ground probing radar methods. In this work, frequency domain measurements from
three surveys, Taunt [42], Ordens [33], and Marques [34], were chosen to evaluate the
electrical conductivity evolution in the area surrounding the ICCE, and to compare with
the hydrochemical findings gained in field campaigns. The choice of these surveys is
justified as they covered the whole area in a very similar way. Furthermore, in 2016, two
EM campaigns were carried out, one at the end of the wet season (February) and another
at the end of the dry season (September) to investigate seasonal changes caused by the
precipitation regime and subsequent groundwater level oscillations.

3.3. Hydrochemical Survey

Three groundwater sampling campaigns (1989, 2007, and 2016), carried out in the
same area as that of the geophysical surveys, were considered in this study. Ground-
water hydrochemical data of the selected campaigns were obtained from Barradas [43],
Ordens [33], and Marques [34] in 1989, 2007, and 2016, respectively. Groundwater samples
were collected in both holes and pumping wells. It should be noted that some of these
wells are now abandoned due to unsafe levels of contamination.

The physicochemical parameters (temperature, electrical conductivity, and pH) were
measured in situ using specific electrodes for each parameter. For chemical analysis,
the water samples were filtered through a 0.45 um pore size filter and stored in high-
density polyethylene bottles, which were kept refrigerated in coolers during transport to
the laboratory.

The analyses of chloride (C1™) and sulphate (SO42~) were done by ion chromatography,
while major cations and trace elements were determined by atomic absorption spectrometry
(after a pre-concentration of waters by lyophilisation) for the 1989 sampling campaign, and
by inductively coupled plasma mass spectrometry (ICP-MS) for the samples collected in
2007 and 2016.

4. Results and Discussion
4.1. Geophysical Survey
4.1.1. Influence of Seasonal Variations on Geophysical Data

The rainfall distribution in the region includes a rainy season from November to
March (values over 150 mm/month) and a dry season from July to September (values
less than 20 mm/month) [40]. These data, in conjunction with the high porosity and
permeability of shallow geological formations, induce changes in the unconfined aquifer
storage and groundwater quality. Therefore, it was necessary to investigate seasonal effects
in shallow geophysical measurements if readings taken at different times of the year are to
be compared.

The electrical conductivity measurements for two profiles (1 and 2; Figure 3A) obtained
in the dry (September 2016) and in the wet (February 2016) seasons at sites with distinct
features (south of the mud dam and close to the ditch Vala da Breja, respectively) and with
different directions (W-E and NW-SE, respectively) are shown in Figure 3B.
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Figure 3. (A) Location of profiles 1 and 2 (map coordinates: UTM; WGS84—29N zone); (B) Seasonal
variation of electrical conductivity in profiles 1 and 2 in the dry (September) and wet (February)
season of 2016 (HF—horizontal fields; VF—vertical fields).

Since the reported estimated depths of exploration for the vertical and horizontal
coils surveys were 15 m and 30 m, respectively [44], data from the vertical coils survey
was expected to be influenced by the unconfined aquifer, while data obtained from the
horizontal coils survey should be related to a deeper area, including the semi-confined
aquifer (Figure 2).

According to the data, no striking differences between the surveys carried out in
February and September of 2016 were obtained, proving that geophysical data are not
markedly influenced by seasonal variations in this area.

4.1.2. Temporal Variation of Conductivity in the Area

Considering that seasonal changes in the geophysical data are not significant for the
EM34 geometry used, the spatial variations of electrical conductivity for the area in the
vicinity of ICCE were compared for 2001, 2006, and 2016 (Figure 4) regardless of the period
of the year the measurements were taken. As observed, for all the periods considered, the
highest conductivity values were found near the ICCE with an overall gentle decrease as
the distance from this site increases. In general, these values distribution over the area
replicate the main groundwater flow paths (i.e., E-W and E-SW).
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In addition, data measured with vertical coils (referring to shallower investigation
depths, corresponding to the unsaturated and saturated zones of the unconfined aquifer)
and data obtained with horizontal coils (reaching deeper depths of the unconfined and
semi-confined aquifers) showed similar locations for the main electrical conductivity
hotspots (Figure 4). Thus, the most important hotspots were located: (a) in the vicinity of
the mud dam (Figure 4, area A), at first to the southwest (maps representing 2001 data),
and then to the west and south; (b) the region to the east of the Veiros pond (Figure 4,
area B on the maps from 2006 and 2016), whose anomaly later extends to the east, towards
the anomaly of the mud dam generating a large contaminated area; (c) anomalies located
near the ditches that carried effluents away from the ICCE, (Figure 4, area C on the bottom
maps); and (d) a linear anomaly to the south, located over the expected position of an old
buried pipe also used to carry effluents away from the ICCE (Figure 4, area D on the maps
representing data from 2016). Another important feature on the maps of Figure 4 is the
low intensity anomaly just to the west of the sealed landfill. This anomaly is very weak
in the earlier maps, but increases in intensity in the central maps (Figure 4, area E on the
2006 maps). Afterwards, this anomaly showed an evident decrease, both in intensity and
spatially, proving the efficiency of the remediation works.

The differences in the hotspots for vertical coils (Figure 4; maps on the left) and hori-
zontal coils (Figure 4; maps on the right), mostly refer to the intensity values. The horizontal
fields showed lower conductivity values due to the greater relative representation that
the non-saturated zone has at the depths reached by the vertical coils. Notwithstanding,
both HF and VF maps showed that the unconfined and the semi-confined aquifers were
impacted, which was particularly evident in the measurements for 2006 and 2016, and
clearly revealed the extension and evolution of the contamination plume, providing a
general qualitative image of the impacts near the ICCE. From 2006 onwards, data revealed
remarkably high conductivity values just to the east of the Veiros pond, which were not
observed in 2001, and thus must correspond to some event that subsequently occurred.

As several remediation actions took place and industrial processes altered over time, it
is necessary to investigate the effects, if any, of these measures in the contamination process
of the area.

The information provided by the maps in Figure 4 is qualitative and reveals contam-
inated areas, hotspots, and their general geographic extension. However, it is difficult
to extract quantitative information concerning contamination spread. Therefore, further
data analysis is required if detailed information on preferential paths, velocities, and
contamination spread are to be obtained.

Locally, groundwater roughly follows a divergent radial flow from the ICCE to the
west (Figure 1; [33]). In addition, to the east of the ICCE, the thickness of the Quaternary
formations decreases (Figure 2), which means that the importance of the unconfined aquifer
is limited and there are no pumping wells. Therefore, a good approach to investigate
temporal and spatial variations of geophysical data can be accomplished by gathering
information along the lines forming a radial network from the ICCE, as shown in Figure 5.
In this figure, the yellow lines depict the directions from N30° W to N120° W (with a 15°
angular spacing) used to evaluate the variation of the measured conductivity values. The
E-W line was not included because it runs into the Veiros pond.

For two orientations, N75° W and N105° W, the spatiotemporal variations correspond
to the areas depicting the highest conductivity values, as shown in Figure 6. This figure
was constructed by plotting field conductivity values in accordance with the time of
measurement and the distance from the beginning of the profiles near the ICCE. These two
orientations were chosen to illustrate the procedure, but they also correspond to important
directions of contamination propagation, which was obtained by crossing information from
Figure 4 with the main local radial flow directions of groundwater presented in Figure 1.
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Figure 6. Electrical conductivity variation along profiles N75° W and N105° W over time.

Data from orientation N75° W, on the left of Figure 6, showed an increase of conduc-
tivity with distance until 2006. Afterwards, VF data (Figure 6, top left) depicted a gradual
decrease in conductivity values and, hence, an expected decrease in contamination as a
result of the implemented remediation works. For HF (Figure 6, bottom left), or shallower
information, a similar behaviour was observed, in particular for the higher conductive
curves. Hence, it seemed that the contamination also decreased at shallower depths, but
there were still some signs of progression at lower levels of conductivity. This could be
explained by surface runoff or very shallow contamination from an origin other than
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industrial sources. Therefore, for this orientation, the 2003-2005 remediation works appear
to have been effective.

On the right of Figure 6, data from orientation N105° W are depicted. In this case,
for both horizontal and vertical fields, contamination is shown to progress as distance
increases in both graphs. However, there is a distinct change in the dip of the lines. This
dip is gentler after 2006, revealing a lower propagation velocity of contamination, both for
shallower and deeper areas. Therefore, remediation works also showed some degree of
efficiency, although lower than that observed for N75° W.

Data from all the orientations in Figure 5 are summarized in Table 1. Data analysis
showed similar behaviour for both shallower and deeper investigations, suggesting there
is a hydraulic connection between the upper unconfined aquifer and the deeper semi-
confined aquifer. This can be explained by discontinuous mud layers or their disturbing by
human intervention, such as through the opening of wells or boreholes.

Table 1. Calculated dislocation of the conductivity (o) contouring lines for vertical fields (VF) and horizontal (HF).

VF—Vertical Fields

1994-2001

2001-2006 2006-2016

o

N60°  N75°

N120°

N30° N45° N60° N75° NI105° NI120° N30° N45° N60° N75° N105° N120°

S/m Y W W \% Y W W \ Y w W \ Y W W
10 —11 86 10 5 4 12 28
20 -10 18 1 24 1 1 38 127 33 91 31 82 19
30 -10 35 14 14 2 1 5 136 25 77 35 8 31
40 -12 36 5 1 1 12 121 70 68 28 —-22 19 22
50 —15 27 -12 -3 -1 42 110 129 21 63 30 —-22 22 10
60 -20 66 -29 -12 -2 35 75 29 62 31 —18 20
70 —44 1 59 35 51 4
80 —55 39
90 —62
HF—Horizontal Fields
1994-2001 2001-2006 2006-2016
o N60° N75° N120° N30° N45° N60° N75° N105° N120° N30° N45° N60° N75° NI105° N120°
S/m 4 W w W W w w % 4 w w \ Y w \%
10 4 25 29 9 -1 59 36
20 3 33 8 10 -1 -3 80 -12 35 77 40 69 38 23
30 -3 57 39 -1 -5 59 122 44 6 64 19 —63 34 30
40 -11 25 —-12 3 —12 126 100 130 14 22 12 —64 38 38
50 -21 58 -9 17 —37 32 77 19 13 18 -20 43
60 -3 9 52 12 11 48
70 48 -2 45
80 —10 72

Notes: (1) propagation velocities are presented in metres/year; (2) negative values corresponding to a decrease in local contamination.

For particular directions, there was a difference before and after 2006, although the
behaviour varies with orientation.

Thus, until 2001, there was a general decrease in curve displacements velocity in
the direction N60° W, whereas for direction N75° W there was a general increase in
contamination spread for both horizontal and vertical coils. Profile N120° W depicts
residual displacements. Therefore, for this period, it seemed contamination receded to the
northwest, but increased to the west of the mud dam. Geophysical data available for this
period does not allow for any further discussion.

For 2001-2006, geophysical data provided a better scenario as measurements covered
the area comprehensively. For this period, contamination spread was shown to recede
for directions N30° W, N45° W, and N60° W, that is, the northern part of the area. This is
particularly evident for the higher conductivity curves. Thus, if high conductivity values
are attributed to contamination, it is likely that contamination receded during this period
in this region. On the other hand, directions N75° W, N105° W, and N120° W showed a
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general increase in contamination spreading, thus the highest velocities were estimated
and, furthermore, spreading affected all the conductivity curves in this region. In particular,
values for horizontal coils, or data containing information from the deeper aquifer, depicted
the highest calculated dislocations of conductivity curves.

From 2006 onwards, there was an increase in directions N30° W, N45° W, and N60° W,
possibly in association with the Vala da Breja ditch, which is in the northern part of the
region. For all the other directions, for example to the west and southwest, spreading
either receded or the calculated velocity decreased significantly, possibly because of the
remediation works carried out in the 2003-2005 period.

4.2. Hydrochemical Surveys and Water Quality

The most relevant physicochemical parameter indicators of the main inorganic con-
tamination processes, caused by ICCE in the groundwater from the topmost layers of the
Aveiro Quaternary aquifer system (i.e., the unconfined aquifer), are shown in Table 2. As
observed, mean and median values for the analysed parameters were considerable higher
in the 2007 sampling campaign than in the others. The exception was pH, which exhibited
a slight decrease in the 2007 campaign. It should be noted that the 2007 campaign also
showed the highest data variation for several parameters such as pH (4.4-10.1), electrical
conductivity (EC; 50-26,800 uS cm 1), CI (814,840 mg L~1), Na (6.1-10,600 mg L1, and
Fe (10-167,000 ug L~1). Sulphate was the exception, showing an increase over the study
period, with a maximum value (3037 mg L) in the 2016 campaign (Table 2).

Table 2. For the selected periods (1989, 2007, and 2016), summary of statistics for analytical data and groundwater samples
in the study area.

Parameter Campaign Unit Minimum Mean Median Maximum Star.ldefrd Samples

Year Deviation

1989 143 574 470 1785 350 60

EC 2007 uScem~! 50 3849 1102 26,800 5812 34

2016 102 1687 613 13230 3087 32

1989 3.8 6.0 6.2 7.3 0.69 60

pH 2007 4.4 55 53 10.1 1.04 34

2016 3.5 6.0 6.3 7.8 0.97 32

1989 17 89.65 67.5 237 59.88 60

Cl 2007 mg L' 8 1268.28 183.0 14,840 2735.06 34

2016 17 387.44 72.6 2903 851.20 32

1989 10 82.53 69.0 297 56.20 60

SOy 2007 mg L1 15 364.07 147.0 2130 507.06 34

2016 13 232.88 60.5 3037 567.26 32

1989 8.0 56.0 46.0 145 384 60

Na 2007 mg L' 6.1 920.5 146.5 10,600.0 1984.7 34

2016 13.9 288.5 72.0 2366.8 615.3 32

1989 65.0 592.6 162.5 11,000.0 1609.9 60

Fe 2007 pg L1 10.0 9922.6 960.0 167,000.0 29,047.8 34

2016 3.6 144.3 21.0 1458.9 343.3 32

In general, the first campaign (1989) showed the lowest mean electrical conductiv-
ity value (574 uS cm 1), as well as the lowest concentration of the analysed ions (CI1™
89.65 mg L~1;50,% 8253 mg L—1; and Na* 56.0 mg L~1). However, for Fe the highest
mean value (9922.6 pg L~!) was recorded in the 2007 campaign. For the 1989 and 2016
campaigns, the mean and median pH values were almost the same (Table 2).

As expected, the EC and concentration variations of the analysed parameters were
positively correlated, while pH values were inversely correlated. In addition, the temporal
evolution of these parameters was in accordance with that obtained in the geophysical
surveys, which showed a substantial increase in the spread of contamination in the period
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of 2001-2006, and a general attenuation of electrical conductivity from then onwards.
However, there were new hotspots that emerged at different sites (mainly associated with
deeper aquifer measurement or vertical fields), as depicted in Figure 6 and Table 1.
Considering that groundwater EC is the parameter that best reflects contamination, a
spatial distribution map of this parameter, according to the range of values and including
the data from the three campaigns, is presented in Figure 7. As can be observed, the areas
showing higher EC values were located SW of ICCE, which is particularly evident for
2007 and 2016, and in agreement with the geophysical data (Figure 4). In general, the
contamination plume was likely to have migrated from E to the SW, away from the ICCE,
along one of the main groundwater flow paths, but it also showed some attenuation effects.
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Figure 7. Spatial distribution of electrical conductivity values in the studied area (map coordinates:
UTM; WGS84—29N zone).

This suggests that contamination spreads by diffusion because of the main geological
features hosting the aquifer system, namely, highly porous and permeable media. Never-
theless, significant changes in the EC values between nearby locations also occurred for
measurements carried out in the 2007 and 2016 campaigns, which reinforces the combi-
nation of the local divergent radial flow (Figure 1) with local superficial contamination
hotspots (Figure 7; A, B, and C sites). In addition, high EC values were also found to the
south of the sampling area, particularly in 1989 and 2016, closer to the end portion of the
industrial draining ditches (Figure 7, area D).

Considering the most important plume propagation path (E to SW), obtained by
both geophysical (Figure 4) and hydrochemical approaches (Figure 7), a group of samples
from each campaign along that path (Figure 8) were selected to illustrate the variation of
hydrochemical parameters, either in terms of time or distance from the ICCE (Figure 9).
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In Figure 9, each bar represents the element concentrations in the three different
campaigns. Electrical conductivity, Cl, Na, and SOy values showed a similar spatial trend
for each sampling campaign, revealing that Cl, Na (likely related to brines), and SOy,
(related to acid sulphuric production) were responsible for the EC changes. This is not
evident for Fe, which had highly variable values among campaigns and locations. In 2007,
Fe behaviour was similar to that found for Cl, Na, and SOy for locations 2, 3, and 4. The pH
was not a differentiating parameter for the spatial and temporal contamination evolution,
which can be explained by different production processes over time that generated either
acid effluents (e.g., H,SO4 production) or alkaline effluents as a result of sodium and
chlorate compounds production.

The most relevant aspect evidenced by these pictures is the huge increase in EC, Cl,
Na, SOy, and Fe values in 2007, in particular for points 2, 3, and 4. This is likely related to
the construction of a sealed landfill in the period of 2003-2005, which served as a deposit
of highly contaminated waste and soils. Operations associated with these works included
mechanical relocation and remobilization of materials, likely promoting the oxidation and
dissolution of contaminants hosted in those materials [25,45]. In 2016, this phenomenon
was not observed and the values for these parameters were closer to those in the 1989
campaign. However, the areas corresponding to points 4 and 5 displayed higher values
than those for points 2 and 3. This indicates that there was a dilution/attenuation of the
contamination from 2007 to 2016, and, at same time, a migration of the plume to the SW,
away from the ICCE.

5. Discussion

As demonstrated, geophysical methods provided an overall view of the area, but
could not identify pollutants in groundwater or soils. On the other hand, hydrochemistry
data could identify the pollutants present in the area. Before going into a more detailed
discussion, it must be noted that the two methods were not used simultaneously and, hence,
cannot be compared for the same fieldwork timeframe. Therefore, the discussion will be
focused on temporal (multiannual) trends. It must also be noted, that, over the period
under investigation, chemical plants changed production operations, while others closed
down or started operations. Furthermore, analysis of contamination by organic material
and by farming activities was not included because temporal data of these contaminants
were not available.

Bearing in mind these points, it is clear that, according to the results obtained by both
methodologies, ICCE activities have had a strong influence on the groundwater quality and
have contributed to its degradation, as shown by both geophysical maps (Figures 4 and 6;
Table 1) and hydrochemical data (Figures 5 and 9; Table 2).

Data from the pre-remediation period (before 2003—2005) showed lower levels of
groundwater contamination, as revealed by smaller areas of higher conductivity in Figure 4,
and some regression in contamination in some flow paths, but also a steady expansion of
contamination in other paths (Table 1).

From 2001 to 2007, groundwater contamination peaked, as demonstrated by the larger
high conductivity areas in Figure 4 and the increase in contamination velocity in Table 1,
which was mainly due to higher concentrations of Cl, SOy4, Na, and Fe (Figure 9 and Table 2).
During this period, the increase in concentrations may be explained by the remobilization
of highly contaminated waste and soils when the sealed landfill was constructed and then
filled. After this period, data from Figures 4-6 and Figure 9, as well as Tables 1 and 2,
show that contamination attenuated over time and some shifting in space occurred with
groundwater flow. In addition, some hotspots showed a spatial distribution (Figure 5)
linked to the old, but still operating drainage effluent systems (ditches and underground
pipes) used by the ICCE.

In conclusion, geophysics delivered an overall qualitative picture of the region, while
hydrochemistry allowed for the qualification of the contaminant species. Furthermore,
geophysical data provided information on the contamination spread velocity and paths,
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as well as on the effectiveness of remediation works and the impacts caused by wastes
remobilization. Both methods allowed for the division of contamination characteristics
in three periods: pre-remediation, the critical period while remediation works were im-
plemented, and the post-remediation period. Some hotspots were identified, even in
the 2016 campaign, pointing to new contamination sources associated with old effluent
drainage systems that must be monitored and possibly repaired to stem the migration
of contaminants.

Therefore, this combined methodology proved suitable in order to provide key infor-
mation to stakeholders, technicians, and authorities on the evaluation and remediation
operations carried out and those yet to be implemented. Finally, even if the methods are
not applied simultaneously, it is clear that the methodology proved to be effective, fast, and
reliable to predetermine location sampling points, and, thus, has a general applicability
that extends beyond this case study.
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Abstract: As in other large Andean cities, the population in the Metropolitan District of Quito (MDQ)
in northern Ecuador is growing, and groundwater is becoming essential to meet the increasing
urban water demand. Quito’s Public Water Supply Company (EPMAPS) is promoting groundwater
research for sustainable water supply, and geophysical prospecting surveys are used to define aquifer
geometry and certain transient groundwater features. This paper examines the usefulness of existing
geophysical prospecting surveys in groundwater research in the MDQ. A database was built using
23 representative geophysical prospecting surveys compiled from EPMAPS’ public repository, official
geotechnical research reports, and the scientific literature. Fifteen EPMAPS-promoted surveys used
near-surface electrical techniques (seven used electrical resistivity tomography and eight used vertical
electrical sounding) to explore Holocene and Pleistocene sedimentary and volcano-sedimentary
formations in the 25-500-m prospecting depth range, some of which form shallow aquifers used
for water supply. Four other surveys used near-surface seismic techniques (refraction microtremor)
for geotechnical research in civil works. These surveys have been reinterpreted to define shallow
aquifer geometry. Finally, four surveys compiled from the scientific literature used electromagnetic
techniques (magnetotelluric sounding and other very low-frequency methods) to explore Holocene
to late Pliocene formations, some of which form thick regional aquifers catalogued as the larger
freshwater reservoirs in the MDQ. However, no geophysical prospecting surveys exploring the
complete saturated thickness of the Pliocene aquifers could be compiled. Geophysical prospecting
surveys with greater penetration depth are proposed to bridge this research gap, which prevents the
accurate assessment of the renewable groundwater fraction of the regional aquifers in the MDQ that
can be exploited sustainably.

Keywords: geophysical prospecting techniques; groundwater research; urban water supply;
Metropolitan District of Quito; Ecuador

1. Introduction

The Andean Highlands roughly extend between latitudes 11° N and 8° S, are over
3000 m a.s.l., play an important role in regional freshwater supply, and are highly sensitive
to climate change [1-3]. As in other high mountain areas, most ecosystem typologies
are groundwater dependent [2,4-6]. The combined influence of global driving forces
and some anthropogenic activities (e.g., deforestation, overgrazing, soil degradation, and
water overdevelopment) is altering river flow and aquifer recharge regimes [4-8], with
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negative consequences for human water supply and the preservation of dependent ecosys-
tems [2,5,8]. Rivers and streams have traditionally been the main freshwater source to meet
the water demand of downstream urban areas [4,9,10]. Increased demand in many densely
populated Andean cities has driven water source diversification [2,4,6,10]. This is the case
in the Metropolitan District of Quito city (MDQ) in northern Ecuador, where groundwater
from the Andean Highlands and surface water transferred from the Amazonian watershed
supplement traditional surface water sources [8,10]. A question arises of how is increasing
groundwater extraction affecting reserves and dependent ecosystems? Applied ground-
water research aimed at defining the aquifer functioning is yet incipient to answer this
question accurately [11,12].

The Ecuador Water Authority and Quito’s Public Water Supply Company (EPMAPS)
are not immune to this problem. EPMAPS is responsible for prospecting, developing,
distributing, and managing potable water in the MDQ, and promotes groundwater re-
search to improve general hydrogeological knowledge as a prerequisite for a sustainable
water supply. Hydrogeological studies use geophysical prospecting surveys to define
aquifer geometry and certain transient groundwater features. Such studies typically cover
two observation scales associated with two aquifer typologies. EPMAPS has used near-
surface electrical geophysical techniques, such as electrical resistivity tomography (ERT)
and vertical electrical sounding (VES), to explore shallow aquifer geometry and transient
groundwater features required for drilling pumping wells intended to supply scattered
population nuclei. The water company has also supported other public agencies and
academic institutions can apply electromagnetic geophysical techniques for near-surface
(very low-frequency electromagnetic methods, VLF-EMs) and deep (low-frequency mag-
netotelluric sounding, MTS) explorations to deduce the structure of shallow and thick
regional geological formations catalogued as the larger freshwater reservoirs in the MDQ.
Near-surface seismic prospecting techniques, such as refraction microtremor (REMI), have
also been used to explore shallow geotechnical features.

Such geophysical prospecting techniques have proven useful in groundwater research
in different hydrogeological environments [13-18]. They are non-invasive, usually in-
expensive to apply, and useful when geotechnical sounding data is sparse or unable to
provide subsurface information required for detailed groundwater research over multiple
observation scales [15-17]. However, most geophysical prospecting surveys of interest in
groundwater research are unpublished. Therefore, these experiences must be compiled
and may need to be reinterpreted for groundwater research purposes. Such information
concerning the aquifer saturated thickness, piezometric level, and spatial distribution
of pore-water conductivity is essential to assess the fraction of groundwater that can
sustainably supplement the urban water demand in the MDQ.

This paper examines the feasibility of compiled geophysical prospecting surveys in
groundwater research in the MDQ, providing findings of interest to improve the hydroge-
ological conceptualization and identifying research gaps that can be bridged in the near
future. Twenty-three representative geophysical prospecting surveys were compiled from
EPMAPS’ public repository, official geotechnical research reports, and the scientific litera-
ture. The compiled information was arranged in a database for interpretation. This paper
does not intend to introduce new formulations, produce new data, discuss well-known
principles of applied geophysical prospecting techniques, or assess the quality of the inter-
pretations derived from the compiled surveys. This paper is organized as follows. Section 2
briefly describes the study area. Section 3 explains the steps followed to build the database.
Section 4 reports the overall findings of the database analysis and gives an example of each
geophysical prospecting technique. Section 5 discusses the geophysical prospecting scope,
including research findings and gaps. Section 6 presents the main conclusions.
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2. Study Area
2.1. Location and Climate

The MDQ is located in northern Ecuador at 0°14’ N to 0°35’ S and 78°10’ W to 78°56’ W
(Figure 1), covers a surface area of 4320 km?, and includes three main geomorphological
sectors (Figure 1a). The 40-km-wide northern elongated Inter-Andean Valley (IAV) has
an elevation ranging from 2100 to 3500 m a.s.l. and lies between the Western Andean
Cordillera (WAC) (peak elevation 4776 m a.s.l., at Guagua-Pichincha Volcano) and Eastern
Andean Cordillera (EAC) (peak elevation 4873 m a.s.l., at Sincholagua Volcano) (Figure 1b).
The Guayllamba River flows north through the IAV and is the main surface watercourse
(Figure 1b).

The MDQ exhibits a neo-tropical high-mountain climate, determined by the El Nifio-
Southern Oscillation and the Humboldt Current, and a steep orography [8,19,20]. Conse-
quently, it has a marked distribution of biozones and ecosystems at different elevations
including tropical mountain rainforests in the lowlands, wet alpine meadows (locally
named pdramo) in mid-slope areas, dry and cold scrublands in the highlands, and perma-
nent snow covers at volcanoes’ peaks [4,6,21].

Precipitation (P) follows a decreasing gradient from east to west, controlled by in-
coming Atlantic cloud fronts and elevation [22,23] and exhibits a positive gradient from
low-lying areas to around 3500 m a.s.l. and a negative gradient above that elevation [19,20].
Most P occurs in February-May. In contrast, the lowest amount is recorded in July—
September [23]. Annual mean P is around 1100 mm, with a coefficient of variation of
0.21 measured over the period 2003-2019. Annual mean temperature (T) is around 7.5 °C,
with daily minimums in June-September and maximums in February—April. The decreas-
ing T gradient with elevation is around 0.6-0.7 °C per 100 m elevation [21,22]. Insolation
increases from low-lying areas to summits due to cloudiness induced by the Foehn effect in
valleys from incoming Atlantic cloud fronts [7]. Annual mean potential evapotranspiration
is around 1000 mm.
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Figure 1. (a) Location of the study area. (b) The MDQ displayed using the 30 m-resolution Digital Elevation Model from
Shuttle Radar Topography Mission (http:/ /srtm.csi.cgiar.org/srtmdata/ (accessed on 11 February 2021), showing the
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location and typology of the compiled 23 geophysical prospecting surveys and additional geographical features cited in the
text: (1) MDQ, (2) Quito city, (3) Quito-Machachi Hydrogeological Unit [24-26], (4) Cayambe-Ruminahui Hydrogeological
Unit [24-26], and (5) the water transfer system used by EPMAPS to supply the MDQ [8]. ERT—Electrical Resistivity
Tomography; VES—Vertical Electrical Sounding; REMI—Refraction Microtremor; L-MTS—Low-frequency Magnetotelluric
Sounding; VLF-EM—Very low-frequency Electromagnetic Method. (c) Hydrogeological map (scale 1:250,000) of the
MDQ, updated and improved from [24-26], showing regional piezometry [24-26], and the location of the hydrogeological
cross-section A-A’ and a synthetic stratigraphic column of the IAV sector [18,24-26].

2.2. Geology and Hydrogeology

The study area belongs to the Pacific Ring of Fire, a highly active belt of volcanic and
seismic activity originating from the subduction of the oceanic Nazca Plate beneath the
South American Plate, which is the source of the compressive tectonics and arc magmatism
of the Andes Cordillera [27,28]. The MDQ is located in the westernmost part of the NNE-
trending fault-bounded Andean compressive structure, which includes the IAV between
the WAC and EAC (Figure 1b).

The basement of the MDQ includes a variety of geological formations (Figure 1c).
Upper Cretaceous oceanic, arc-island sequences, and volcano-sediments (codes 12-14 in
Figure 1c) form the non-metamorphic basement of the WAC, which underlies Paleocene to
Eocene marine turbidites and limestones (code 11 in Figure 1c), and is locally intruded by
Miocene granodiorites (code 10 in Figure 1c) [29]. Subparallel belts of Paleozoic metapelitic
rocks (code 15 in Figure 1c) and other volcanic-arc rocks accreted against the stable craton
during the early Cretaceous form the western metamorphic basement of the EAC [30].
At present, the IAV basement depth and typology remain unknown, although Bouguer
gravity anomaly data [31] would suggest an east-verging tectonic wedge of the Cretaceous
WAC basement [29], which is covered by Pliocene andesitic lavas (code 9 in Figure 1c), and
Pleistocene (codes 5-8 in Figure 1c) and Holocene (codes 1-4 in Figure 1c) sedimentary and
volcano-sedimentary formations [32].

The TAV and EAC sectors occupy a large portion of the Quito-Machachi Hydrogeolog-
ical Unit and a small part of the Cayambe-Rumifiahui Hydrogeological Unit (Figure 1b).
The WAC sector is officially catalogued as a regional impervious area. In hydrogeological
terms, the above geological formations can be classified into five groups attending to the
permeability type and effective porosity reported in the consulted literature [25,26,33,34]:
(1) the Paleozoic metapelitic EAC basement is a low-permeability formation representing
the impervious lower boundary of the eastern aquifers; (2) the Late Cretaceous sedimen-
tary and volcanic WAC basement is assumed to include low- to moderate-permeability
formations comprising the impervious lower boundary of the aquifers in the western IAV
sector; (3) the Pliocene and Pleistocene andesitic lavas and pyroclastic flows form thick
regional compartmentalized aquifers of moderate permeability, with yield dependent upon
the degree of fissuring and fracturing; (4) the Pleistocene and Holocene ash, tuff, and lahar
are low- to moderate-permeability formations, often confining the above Pliocene and
Pleistocene aquifers; and (5) the Pleistocene and Holocene fluvio-glacial formations form
high-permeability aquifers with intergranular porosity (Figure 1c). Table 1 summarizes the
compiled information regarding the permeability and effective porosity of representative
geological formations in the MDQ.

Hydrogeological functioning in the MDQ depends on: (1) the low permeability of the
EAC (metapelitic rocks) and WAC (sedimentary and volcanic rocks) basements; (2) the
compartmentalization, thickness, and degree of fissuring and fracturing in Pliocene and
Pleistocene andesitic lavas, which determine the storage capacity and permeability of
these aquifers in the IAV; (3) the extent and thickness of low-permeability Pleistocene and
Holocene volcano-sedimentary formations forming aquitards in the IAV; (4) the hydraulic
connectivity between Pliocene and Pleistocene aquifers and between Pleistocene and
Holocene aquitards, favoring the deep percolation of aquifer recharge and localized aquifer
discharge; and (5) the extent and thickness of Pleistocene and Holocene coarse-grained
sediments for draining runoff and aquifer discharge [9,11,12,18,26,35,36].
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Table 1. Compiled information regarding the permeability and effective porosity of representative geological formations in

the MDQ.
. Permeability * Effective
Lithology Age MDQ Sector ! Magnitude Type Porosity 3 Reference
Metapelites Paleozoic EAC 10741072 (nd) frfi nd [25,26]
Andesites and basalts Cretaceous WAC 10741072 (nd) frfi nd [25]
Sandstones and siltstones Cretaceous WAC 1072-10"" (nd) frfi nd [25]
Andesitic lavas early Pleistocene 1AV 10721071 (0.04) frfi nd [26]
Andesitic lavas middle Pleistocene 1AV 1072-10"1 (0.04) frfi 0.02-0.08 [26,33,34]
Pyroclastic flows middle Pleistocene 1AV 0.13-0.86 (nd) fr,fi nd [25,26]
Ash middle Pleistocene 1AV 103-10"1 (0.01) fr,fi nd [25,26]
Ash late Pleistocene 1AV 10-3-10"1 (0.01) frfi <0.01 [26,33,34]
Fluvio-glacial deposits late Pleistocene TIAV 0.05-10 (1.02) fi,ip 0.01-0.03 [25,26]
Ash Holocene 1AV 107310~ (nd) frfi nd [25,26]
Avalanche flows Holocene TIAV 1072-10"" (nd) fr.fi nd [25,26]
Lahar Holocene 1AV 10731072 (0.01) fr,fi 0.01-0.06 [26,33,34]
Alluvial Holocene IAV 0.05-0.18 (0.12) ip 0.05-0.12 [25,26]
Glacier and moraines Holocene 1AV 0.05-0.15 (0.09) ip 0.05-0.15 [25,26]

! EAC—Eastern Andean Cordillera, WAC—Western Andean Cordillera, and IAV—Inter-Andean Valley. > Permeability in m d~!; magnitude
refers to theoretical ranges and experimental values after borehole surveying (in parenthesis); fr—fracturation, fi—fissuration, and ip—
intergranular porosity. > Effective porosity as a fraction; magnitude refers to experimental values after borehole surveying. nd—no data.

2.3. Urban Water Demand

Quito has historically been supplied from local rivers and streams. Since the 1990s,
internal migration has produced rapid population growth in the MDQ), leading to increased
water demand and the need to diversify water sources [37]. The MDQ currently has around
2.7 million inhabitants. Groundwater from the highlands (the EAC sector) and surface
water transferred from the Amazonian watershed supplement the traditional surface water
sources [8,10]. Groundwater exploitation began in the 1960s when the first pumping wells
were drilled to supply northern urban districts [37]. Since then, EPMAPS has drilled more
than 120 pumping wells to supply the increasing water demand [26]. The water supply
system currently covers about 99% of the inhabitants, making the MDQ one of the best-
served urban areas in Latin America. Groundwater meets around 16% of the total urban
water demand. This figure will undoubtedly increase due to the noticeable population
increase projected for the period 2020-2040 [37].

3. Data Compilation

A data search was conducted to examine the feasibility of existing geophysical
prospecting surveys in groundwater research in the MDQ. The rationale was to create a
database to cover as many geological formations (preferably those catalogued as aquifers),
research interests, and prospecting techniques as possible. The selection prioritized geo-
physical surveys that explored depths of at least 10 m and used external validation data,
such as geotechnical soundings logs and/or additional prospecting techniques. The selec-
tion also considered those surveys developed or promoted by the EPMAPS in sites where it
has (or intends to have) operative water catchments. Therefore, EPMAPS’ public repository
(information available on request), official geotechnical research reports, and the scientific
literature were consulted. Finally, 23 representative surveys covering the abovementioned
scopes and priorities were selected to build the database in Table 2. Most of the compiled
surveys were performed in the IAV sector (Figure 1b).
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Survey information was catalogued according to: (1) the applied prospecting tech-
nique; (2) the explored aquifer typology; (3) deduced transient groundwater features; and
(4) additional technical information, such as the magnitude of the geophysical variables in
geological formations catalogued as aquifers and aquitards, and prospecting length and
depth (Table 2). The compiled data were initially checked to ensure a suitable statistical
sample of the range of field technical conditions allowed by each geophysical technique.
In all surveys, the original interpretations were examined to (i) standardize the age, litho-
logical description, and hydrogeological behavior of the geological formations; (ii) adapt
the achieved transient groundwater features to the scope of this paper; and (iii) adjust
the drawing style to the scientific editing requirements. In the REMI and low-frequency
MTS surveys, the original geotechnical and geodynamic findings were reinterpreted for
groundwater research purposes.

Section 4 examines and classifies the compiled 23 surveys into three main groups
of techniques (electrical, seismic, and electromagnetic) used to explore two main aquifer
typologies (shallow and regional) and deduce two main research interests (aquifer geometry
and transient groundwater features). This section also provides a representative survey of
each technique. This survey represents an average condition of (i) prospecting depth and
length, (ii) prospected geological formations, and (iii) deduced hydrogeological features
regarding the compiled surveys of each technique.

4. Results
4.1. Near-Surface Electrical Surveys

Near-surface electrical techniques take voltage measurements between two potential
electrodes installed on the land surface once direct current is injected into two current
electrodes. Such techniques allow the calculation of subsurface electrical resistivity (ER)
[© m], reciprocal of subsurface electrical conductivity (EC). Penetration depth and resolu-
tion depend on subsurface EC, which is a function of transient pore-water EC and steady
ground EC, the input voltage used, and the electrode spacing adopted [53-55].

Fifteen surveys used near-surface electrical techniques; of these, eight surveys used
VES for 1D ER models, and seven used ERT for 2D ER models. The VES surveys were part
of groundwater research technical reports [38,42,43,46-48,51], whereas the ERT surveys
included groundwater research technical reports [40,41,49,50] and scientific documents [39]
(Table 2). The VES surveys aimed to define the punctual thickness of Holocene and
late Pleistocene shallow aquifers. The ERT surveys aimed to explore the geometry of
shallow aquifers and transient groundwater features, such as first groundwater observation,
regional piezometric level, and pore-water conductivity. Both the VES and ERT surveys
used Schlumberger, Wenner, and dipole—dipole arrays as the typical electrode configuration.
The prospecting length range was 400-1000 m for the VES and 110-880 m for the ERT
surveys, and the prospecting depth range was 150-500 m for the VES and 25-160 m for the
ERT surveys (Table 2). For the geological formations catalogued as aquifers, the ER range
was 17-203 (3 m for VES and 3-150 () m for ERT. For the geological formations catalogued
as aquitards, the ER range was 215-850 Q2 m for VES and 210-320 Q) m for ERT.

The ERT survey labelled 19 in Figure 1b and Table 2 was selected (Figure 2). This sur-
vey was performed in January 2016 and included three NNE-SSW ERT profiles (Figure 2b)
covering a total prospecting length of 715 m [49]. The survey was part of groundwater
research promoted by EPMAPS to supply scattered areas in the northern district of Quito
city. Research interests were the geometry of shallow geological formations (some forming
aquifers) and transient groundwater features, such as first groundwater observation.
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Figure 2. (a) General location of the selected ERT survey labelled 19 in Figure 1b and Table 2, updated and reinterpreted
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and ERT2 profiles. The first groundwater observation (in this survey equivalent to the regional piezometric level) is singled
out. Hydrogeological reinterpretation of ER models after [49] and local hydrogeological information [26,33,34]. Profiles are
topographically corrected, and the vertical-to-horizontal scale ratio is 1:1.

The ER data were acquired using the SuperSting R8/IP eight-channels and the SuperSt-
ing R1/1IP single-channel Memory Earth Resistivity and IP Meter by Advanced Geosciences
Inc., Austin, TX. Fifty-six electrodes were placed along each ERT profile using a variable
3-6-m spacing and applying an input voltage of 200 V. A Schlumberger electrode array
was used. See Yautibug and Herrera [49] for further methodological details.

Figure 2b shows the location of selected ERT profiles, here called ERT1 and ERT2. The
profile features were prospecting lengths of 330 (ERT1) and 165 m (ERT2), prospecting
depths of 59 (ERT1) and 28 m (ERT2), ER in the ranges of 20-175 (ERT1) and 25-330 () m
(ERT2), and average root-mean-square errors (RMSE) of 1.80 (ERT1) and 2.94 (ERT2). Both
ERT1 and ERT2 exposed quite similar horizontal and vertical ER distributions (Figure 2c).
The ER values were typical of sedimentary and volcano-sedimentary rocks with a variable
degree of saturation [56].

Local hydrogeological information [26,33,34] was used to reinterpret the ER models.
From top to bottom, the vertical ER distribution was as follows: (i) 1-5 (ERT1) and 1-8 m
(ERT2) of discontinuous porous soils and anthropogenic fillings with ER in the 70-300 O m
range; (ii) 3-5 (ERT1) and 6-15 m (ERT2) of tuff and ash formation catalogued as aquitard
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with ER in the 20-50 Q) m range; (iii) 5-10 (ERT1) and 10-20 m (ERT2) of silty alluvial
formation catalogued as aquitard with ER in the 40-80 () m range; (iv) 5-50 (ERT1) and
10-50 m (ERT?2) of coarse-grained alluvial formation catalogued as aquifer with ER in the
80-120 Q) m range; and (v) 5-10 m (ERT1) of silty alluvial formation catalogued as aquitard
with ER in the 40-80 QQ m range. The interbedded coarse-grained alluvial formation
between the above silty alluvial formation (which includes items iii and v) is part of a
shallow aquifer that provided the first groundwater observation corresponding to the
regional piezometric level. Changes in the thickness and spatial continuity in the vertical
ER distribution are due to sedimentary processes (e.g., lateral facies changes and erosive
channels) and the action of minor-order normal faults described in the area [26,33,34].

4.2. Near-Surface Seismic Surveys

Near-surface seismic techniques respond to the steady shear modulus of subsurface
materials, expressing seismic shear-wave velocity (VS) [L T™], in which the Rayleigh wave
fundamental mode dispersion curve and higher modes (if present) are extracted from a shot
record and then inverted to generate 1D VS models [57-62]. A succession of geophones
records ambient microtremor to generate the Rayleigh waves from which a 2D VS model is
obtained [61,62].

REMI was the near-surface seismic technique used to acquire VS data and map 2D VS
models in four surveys designed to support geotechnical research in civil works (Table 2).
The total prospecting length was 22.2 km, the prospecting depth was 40-120 m, and VS
varied in the 95-1050 m s! range (Table 2).

This paper reinterpreted the 2D VS models for the shallow geological definition follow-
ing the interpretative criteria reported by Paz et al. [63] and Alcald et al. [64]. These authors
propose that subsurface VS propagation is a site-specific steady property determined by
effective compaction and therefore is dependent on the age and depth of each geological
material piled vertically [65-68]. The different relationships between VS and age and depth
in different lithologies described in the scientific literature [63-71] were used to reinterpret
the VS models.

The VS increased in depth according to the increasing age and compaction of geo-
logical materials, from less than 200 m s™! in recent anthropogenic fillings and lacustrine
formations, 200-550 m s~ in Holocene sedimentary and volcano-sedimentary formations,
and more than 550 m s7! in Pleistocene volcano-sedimentary formations. As in other near-
surface seismic techniques, REMI cannot disambiguate boundaries of different geological
formations with similar VS [63,64,70,71]. This limitation to make inner divisions was solved
by using external validation data, such as regional [24,25] and local [26,33,34] geological
information, geotechnical soundings logs, and other prospecting techniques [63,64].

The REMI surveys labelled 12 and 14 in Figure 1b and Table 2 were selected (Figure 3).
They were performed in November 2011 as part of the Quito Subway geotechnical research,
which included 201 REMI profiles grouped into three REMI surveys with prospecting
lengths of 8.6 (southern Quito), 3.2 (central Quito), and 10.3 km (northern Quito) [44]. Since
these prospecting lengths are too long to be drawn in detail, two 2.5-km sections from the
southern- and northern-Quito REMI surveys exploring the most representative geological
formations were selected (Figure 3b).

The VS data were acquired using the DAQIlink-4 24-channels Compact Seismograph
and the 4.5 Hz Geo-Space geophones by Seismic Source Co., Ponca city, OK, USA. The
following configuration was applied: a recording array of 24 vertical component geophones,
4-m geophone spacing for a prospecting depth of around 40 m, 10-m displacement between
readings, and a sampling rate of 0.25 m s71. See Cataldi [44] for further details about the
data processing and mathematical inversion.
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Figure 3. (a) General location of the selected southern- and northern-Quito REMI surveys labelled 12 and 14 in Figure 1b
and Table 2, updated and reinterpreted from Cataldi [44]. (b) Detailed location of two selected 2.5-km sections from REMI
surveys 12 and 14, here called REMI1 and REMI2. (¢) REMI1 and REMI2 profiles’ sections. The first groundwater observation
(in these surveys equivalent to the regional piezometric level) is singled out. Hydrogeological reinterpretation of the two
VS models after [44] and regional [24,25] and local [26,33,34] hydrogeological information. Profiles are topographically
corrected, and the vertical-to-horizontal scale ratio is 1:0.13.

Figure 3b shows the location of the two selected REMI surveys sections, here called
REMI1 from survey 12 and REMI2 from survey 14. The section features comprised an
imposed prospecting length of 2.5 km, a prospecting depth of 40 m, VS in the range
of 120-580 (REMI1) and 190-610 m s~! (REMI2), and average RMSEs of 10.83 (REMI1)
and 9.42 (REMI2) (Figure 3c). The VS values were typical of sedimentary [63,64] and
volcano-sedimentary [72] rocks.
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Based on geotechnical soundings logs and regional [24,25] and local [26,33,34] geo-
logical information, the vertical VS distribution was reinterpreted from top to bottom as
follows: (i) 5-15 (REMI1) and 1-5 m (REMI2) of anthropogenic fillings, soils, and lacustrine
deposits with VS less than 200 m s7'; (ii) 10-40 (REMI1) and 10-20 m (REMI2) of Holocene
tuff, ash, and avalanche flows with VS in the 200-400 m s~ range; (iii) 1-40 m (REMI1) and
less than 10 m (REMI2) of Holocene paleo-soils, fluvio-glacial deposits, and microbreccias
with VS in the 400-550 m s7! range; and (iv) 10-50 (REMI1) and 10-30 m (REMI2) of Pleis-
tocene pyroclastic flows with VS higher than 550 m s~1. The Pleistocene formations were
only occasionally identified. The horizontal continuity of the vertical VS distribution was
frequently interrupted by sedimentary processes (e.g., lateral facies changes and erosive
channels) and the action of minor-order normal faults described in the urban area of Quito
city [26,33,34].

4.3. Electromagnetic Surveys

Four surveys used electromagnetic techniques, specifically VLF-EM and low-frequency
MTS, for the geometry and structure of Holocene to late Pliocene formations resulting
from the action of first-order thrusts and strike-slip faults [18,39,45,52]. In general, elec-
tromagnetic techniques infer subsurface ER from measurements of natural geomagnetic
and geoelectric field variations at the ground surface [73,74]. In particular, VLF-EM and
low-frequency MTS use a fixed grounded dipole or horizontal loop as an artificial signal
source to determine ER [75,76]. Both natural and controlled-source electromagnetic signals
are used to obtain 1D ER models beneath the measurement site [77]. The ER dataset at the
corresponding depths and signal-source distances are mathematically inverted to produce
a 2D ER model [75,77].

One survey used VLF-EM (<10 Hz) in 13 profiles with a prospecting length in the
160-750 m range, a maximum prospecting depth of 130 m, and ER in the 15-280 O m
range [39]. Three surveys used low-frequency MTS (>10 Hz) [18,45,52] with a total prospect-
ing length of 33.3 km, a maximum prospecting depth of 4000 m, and ER in the ranges
of 10220 Q) m for geological formations catalogued as aquifers and 220-27,100 (2 m for
geological formations catalogued as aquitards (Table 2).

The low-frequency MTS survey labelled 01 in Figure 1b and Table 2 was selected
(Figure 4). This survey was performed in 2016 and included 13 measurement sites aligned
in an NNE-SSW profile perpendicular to the Saguanchi Gorge strike-slip fault in the
southern border of the MDQ (Figure 4b) [18]. Strike-slip faulting produces additional
extensional areas disposed perpendicular to the primary shortening tectonic component
evidenced by the Quito Fault System, which has implications for the drainage network and
the extension and thickness of aquifers in the IAV [18].

The ER data were acquired using the StrataGem EH-4 four-channels Hybrid Source
with a TxIM2 transmitter and electric BE-26 and magnetic G100k sensors by Geometrics,
Inc., San Jose, CA, USA. The configuration was as follows: 13 measurement sites were set
up using a variable 40-170 m array spacing and applying three frequencies in the 10-50 Hz
range to record ER from depths of 0.6 to 1.8 km. The recorded ER data were mathematically
inverted to obtain a 2D ER model. See Penafiel et al. [18] for further methodological details.

Figure 4b shows the location of the selected low-frequency MTS profile, here called
MTS1 (Figure 4c). The profile features included a prospecting length of 1300 m, a prospect-
ing depth of 1800 m, ER in the 10-8010 () m range, and an average RMSE of 14.32. The ER
values were similar to that reported for similar volcano-sedimentary rocks with variable
degrees of fissuring, fracturing, and saturation [52,56].
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The ER model displayed (i) high-resistivity southern and northern sectors with an
average ER around 1000 () m and several anomalies higher than 3000 (2 m, and (ii) a
low-resistivity central sector bounded by strike-slip faults with an average ER lower than
1000 Oy m. In detail, ER values in the 10-50 () m range are associated with (i) strongly
fractured volcanic rocks of different ages and high saturation degrees within the strike-
slip fault zone, and (ii) sub-horizontal contacts within the Pleistocene and late Pliocene
formations inferred by first-order thrusts observed at other sites (Figure 4c). ER values in
the 50-200 (2 m range are associated with Holocene and Pleistocene volcano-sedimentary
formations with moderate degrees of fissuring, fracturing, and saturation. ER values in
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the 200-1000 Q) m range are attributed to Pleistocene and late Pliocene volcanic formations
with moderate fissuring and fracturing and low to moderate degrees of saturation. ER
values higher than 1000 () m are interpreted as Pleistocene and late Pliocene volcanic rocks
with low fissuring, fracturing, and saturation degrees.

5. Discussion

For the period 2020-2040, climate change projections foresee declining surface water
sources in the Andean highlands, while the population in the MDQ could increase from 2.7
to about 4.2 million inhabitants [6,8,10]. The consequence is more groundwater exploitation
to supplement the increasing urban water demand [37]. Water Authority of Ecuador
and EPMAPS are aware of this problem and have already begun to promote applied
groundwater research for sustainable use. Geophysical prospecting surveys can contribute
to improve the hydrological conceptualization. However, the existing geophysical surveys
explored different observations scales aimed to cover different research interests. So, the
geophysical information must be examined and integrated before use in groundwater
research. Most geophysical surveys have been performed in the most populated IAV
sector (Figure 1b, Table 2), where groundwater exploitation is concentrated and signs of
degradation have been reported [36,78].

To examine the usefulness of the subsurface geophysical information in groundwater
research in the IAV, the area covered by each geophysical prospecting survey (defined
by the corresponding prospecting length and depth) (Table 2) was superimposed onto
a synthetic stratigraphic column in the southern border of the MDQ (Figure 1c). Of the
compiled 23 geophysical prospecting surveys (Table 2), only the 20 ones located in the IAV
(Figure 5) were selected and classified into three methodological groups (electrical, seismic,
and electromagnetic) covering two observation scales and two aquifer typologies: shallow
Holocene and late Pleistocene aquifers and thick regional middle-early Pleistocene and
late Pliocene aquifers.

The VES and ERT surveys were used to define the geometry of shallow Holocene and
late Pleistocene aquifers, deduce the regional piezometric level, and qualify pore-water
conductivity. The prospecting depth was 150-500 m for the VES and 25-165 m for the ERT
surveys (Figure 5). Reinterpretation of the 2D ER models shows that the ER range was
17-203 Q3 m for VES and 3-150 Q) m for ERT in those geological formations catalogued as
aquifers. These figures agree with the expected EC variability in saturated media associated
with variable contributions of natural (e.g., recharge, thermalism, mineral dissolution)
and anthropogenic (e.g., domestic, agriculture, industry) salinity sources. Groundwater
conductivity deduced in shallow aquifers was higher than in thick regional aquifers. In
those geological formations catalogued as aquitards, the ER range was 215-850 (2 m for
VES and 210-320 Q) m for ERT. These figures agree with the expected lower variability of
conductivity induced by the homogeneous clay content and barely variable lower pore-
water content. The regional piezometric level varied depending on the aquifer hydraulic
functioning, explored aquifer zone (recharge, transit, and discharge), and topography
(Table 2).

REMI surveys were originally performed in geotechnical research for civil works. The
2D VS models were reinterpreted for the geometric definition of shallow Holocene and
late Pleistocene aquifers, which is an innovative research application. The prospecting
depth was 40 m (Figure 5). The VS values were less than 200 m s™! in recent anthropogenic
fillings, soils, and lacustrine formations; 200-550 m s in Holocene formations; and more
than 500 m s7! in late Pleistocene formations.
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Figure 5. (a) General location of the 20 geophysical prospecting surveys in the IAV sector as shown in Figure 1b and
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synthetic stratigraphic column of the IAV sector, as shown in Figure 1lc. The typology and area covered by each geophysical
prospecting survey are indicated. Acronyms ERT, VES, REMI, L-MTS, and VLF-EM are defined in Figure 1b.

VLF-EM and low-frequency MTS surveys provided the geometry and structure of
Holocene to late Pliocene formations resulting from the action of first-order thrusts and
strike-slip faults. The prospecting depths were 130 m for the VLF-EM survey and 1500,
1800, and 4000 m for the three low-frequency MTS surveys, of which only the first two were
in the IAV sector (Figure 1b, Table 2). The hydrogeological reinterpretation of these two
low-frequency MTS surveys [18,52] provided two significant findings: (i) the delineation of
first-order thrusts and strike-slip faults controlling the geometry and stacking structure
of Holocene to late Pliocene formations; and (ii) the identification of hitherto unknown
disconnections (evidenced as high-resistivity fringes) between aquifers (evidenced as low-
resistivity spaces) previously defined as hydraulically connected [26,36], resulting in less
groundwater storage than previously known. An example is given in Figure 4c.

Despite the geophysical prospecting findings (Figure 5), three relevant gaps limiting a
suitable hydrogeological conceptualization in the IAV sector still remain: (i) identifying the
complete saturated thickness of Pliocene formations; (ii) elucidating the existence of older
underlying Neogene formations of unknown hydrogeological behavior; and (iii) defining
the IAV basement depth and typology, which is assumed to be equivalent to the WAC
basement, after Bouguer gravity wedge data [31]. These gaps should be the subject of
future research. Geophysical prospecting surveys with greater penetration depth could
provide this basic aquifer information to assess the groundwater resource of Pleistocene
and Pliocene andesitic lavas catalogued as the larger freshwater reservoirs in the MDQ.

6. Conclusions

The MDQ is a sparse-data area where definition of shallow and thick regional aquifers
functioning, as well as their hydraulic relationships, is yet incipient. Different geophysical
prospecting surveys originally devoted to different research interests can be integrated

139



Appl. Sci. 2021, 11, 11144

to provide subsurface information of interest in groundwater research. However, the
published geophysical information is restricted to some research papers and scientific
documents that aimed to investigate the transient groundwater features of shallow aquifers
and the structure of deep (but not the deepest) geological formations. The compilation and
examination of unpublished geophysical prospecting surveys contribute to improving the
hydrogeological conceptualization, as well as to proposing additional research to bridge
important gaps, which prevents the implementation of robust hydrological numerical tools
to assess the groundwater resource.

A data search was conducted to examine the feasibility of existing geophysical
prospecting surveys in groundwater research in the MDQ. Sources of information were the
EPMAPS’ public repository for near-surface electrical techniques (ERT and VES surveys),
official geotechnical research reports in civil works for near-surface seismic techniques
(REMI surveys), and scientific documents for electromagnetic techniques (MTS surveys).
Finally, 23 representative geophysical prospecting surveys were compiled. Most of the
surveys were performed in the [AV sector, where groundwater exploitation is concentrated.
The ERT and VES surveys explored aquifer geometry and transient groundwater features
of Holocene and late Pleistocene formations (some forming shallow aquifers), such as
the aquifer saturated thickness, piezometric level, and spatial distribution of pore-water
conductivity. The REMI surveys were reinterpreted to deduce the geometry of Holocene
formations and, occasionally, late Pleistocene formations. The VLF-EM and low-frequency
MTS surveys provided the structure of Holocene to late Pliocene formations in the IAV
sector. No geophysical prospecting surveys exploring the complete saturated thickness of
the Pliocene aquifers, other possible older underlying Neogene formations of unknown
hydrogeological behavior, and the IAV basement depth and typology could be compiled.
However, three surveys partially explored these features in the EAC and WAC sectors.
Therefore, this basic information remains unknown, preventing an accurate assessment
of the groundwater resource from which to deduce the renewable fraction of thick re-
gional Pleistocene and Pliocene aquifers that can be exploited sustainably. Geophysical
prospecting surveys with greater penetration depth could provide this basic information.

This paper demonstrates the need to systematize the use of geophysical prospecting
techniques, including the most widely used technique described here to deduce shallow
aquifer typologies and transient groundwater features and other specifics to explore the
complete saturated thickness of Pleistocene and Pliocene aquifers forming the larger
freshwater reservoirs in the MDQ. The above findings and research gaps, together with
the generated database, seek to improve the design of geophysical prospecting surveys to
explore groundwater resources in the MDQ and other large Andean urban areas.
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Abstract: Anthropogenic activities have greatly modified freshwater flows through Everglades
National Park (ENP) such that saltwater has intruded extensively inland from the coastline, causing
coastal lakes and their ecosystems to be exposed to varying salinity conditions. The Comprehensive
Everglades Restoration Plan (CERP) makes an effort to restore the quantity, quality, timing, and
distribution of freshwater flow in ENP with a goal of reducing salinity conditions within the coastal
communities and adjacent estuaries. An understanding of the temporal and spatial variations of
surface water and shallow groundwater salinity in the coastal lakes of ENP is needed to evaluate
restoration efforts. Geophysical surveys were conducted between 2016 to 2019 using electrical
resistivity and electromagnetic (EM) methods in the coastal lakes of ENP. A mean local formation
factor of 10.7 + 1.8 was calculated for the region by comparing the lakes” bottom formation inverted
electrical resistivity soundings with coincident pore water resistivity measured in groundwater
wells. The conductivity of surface and groundwater increased during the dry season, reflecting
decreased precipitation, increased evapotranspiration, and the increasing influence of saline water
from Florida Bay. Spatially, salinity in the lakes increased from west to east in the surface water with
an opposite trend observed in the shallow groundwater. Along the south to north inland direction,
the salinity of both surface water and groundwater decreased. This study demonstrates that floating
electrical resistivity and EM methods can characterize the subsurface formation resistivity and
describe temporal and spatial patterns of surface and shallow groundwater conductivity.

Keywords: Everglades National Park (ENP); electrical resistivity; electromagnetism; formation factor;
salinity and constrained inversion

1. Introduction

During the past century, Everglades National Park (ENP) has been adversely impacted
by past human activities that have altered the flow of freshwater through the system [1].
Moreover, the underlying highly permeable limestone aquifer is susceptible to saltwater
intrusion (SWI) along the coastline [2]. In the 1950s, the U.S. Army Corps of Engineers
developed canals, levees, and water conservation areas for flood protection. Even though
this development plan has succeeded in controlling floods, South Florida does not receive
sufficient quantity and distribution of water, which results in ecosystem degradation and
extensive saltwater intrusion [1].

In 2000, the U.S. Congress authorized the Comprehensive Everglades Restoration Plan
(CERP) to restore, preserve, and protect the South Florida ecosystem. The CERP makes an
effort to restore the quantity, quality, timing, and distribution of freshwater in the region [3].
Major activities of the CERP are expected to increase the flow of freshwater and modify
the groundwater chemistry in the ENP. Freshwater input to the ENP comes from direct
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rainfall and inflows from the water conservation area (WCA) reservoirs to the north [4]
(Figure 1). The two main flow drainage paths in ENP are the Shark River Slough (SRS)
and Taylor Slough (TS) (Figure 1). The two lake regions studied in this project are located
between these two main flow pathways. Salinity in Florida Bay varies in time and space
and is governed by the influence of precipitation, evapotranspiration, runoff, and mass
exchange with the surrounding basins [5]. Evapotranspiration rates are high in this region
and affect the freshwater input balance negatively [4]. The author also suggests freshwater
inflow is critical to compensate for the net loss.

The degree of saltwater intrusion along the coast varies widely and is affected by the
hydroclimate variability, hydrogeological setting, history of groundwater development,
and sources of saline water within a particular area [6]. Under natural conditions, the
seaward flow of freshwater prevents saltwater from encroaching coastal aquifers. However,
in comparison with the historical flow of freshwater, the flow of freshwater through
the Everglades has been reduced by approximately 70%. Due to this, water quality has
degraded, and nearshore dry-season salinities increased by 20 to 30 PSU [7]. This reduced
historical flow of freshwater input to the Florida Bay followed by drought in South Florida
between 2014 and 2015 produced a substantial die-off of the seagrass [8].

Most commonly, mapping of saltwater intrusion in coastal aquifers has been conducted
by collecting water samples from wells. Even though this approach provides reliable re-
sults, it is restricted to the existing and accessible wells. Geophysical methods have been
developed to identify and map the lateral and vertical distribution of shallow freshwater
and saline water interface. These methods provide powerful tools to identify the position
of saline or brackish water in an aquifer [9]. Electrical resistivity and electromagnetics are
the most commonly used geophysical methods to study saltwater intrusion. Integrated ap-
proaches of electromagnetics (EM) and direct current resistivity were applied in the coastal
wetland of Tampa Bay, Florida [10] and Azan Basin, Jordan [11]. Monsoor et al. [12] used
EM 31 for rapid characterization of shallow water, the contaminated wetlands of Kearny
Marsh, New Jersey. EM methods have been used for imaging saltwater intrusion in coastal
aquifers—namely the seaside groundwater basin, California [13]—and for characterizing
the chemical properties of soil in Sidrolandia, MS, Brazil [14].

Electrical resistivity has an advantage because the non-uniqueness of the resistivity
method is less compared with other geophysical methods such as electromagnetic meth-
ods [15]. The electrical resistivity method is superior for imaging the electrical resistivity
structure compared to other non-invasive geophysical imaging techniques. DC resistivity
offers several advantages over EM methods because the array is in direct galvanic contact
with the water or earth and is not affected by external magnetic fields and nearby conduct-
ing bodies such as the boat and operator. The EM method provides a faster alternative
to DC soundings [16], but it is sensitive to electromagnetic noise produced by metals,
pipelines, etc. Therefore, the DC resistivity sounding remains the preferred method, though
an integrated approach using both methods is complementary.

The integrated approaches of EM, electrical resistivity, and well data are the most
effective technique to estimate a formation factor, which is used to produce a regional map
of groundwater salinity. A formation factor is the ratio of the resistivity (conductivity)
of a rock filled with water to the resistivity (conductivity) of that water. It can be deter-
mined by coincident measurements of groundwater and formation conductivity or from
empirical relationships such as Archie’s Law [17]. An effective technique to map pore
water conductivities is to compute a formation factor from resistivity surveys and pore
water samples. An integrated approach of EM and electrical resistivity was conducted on
the wetland of Tampa Bay, Florida [10] and computes a formation factor from resistivity
surveys and pore water samples. The study conducted by [18] estimated a formation
factor of 5.1 by comparing EM induction logs and water samples from wells in eastern
Miami-Dade County. Similarly, in other studies, Ref. [19] estimated a formation factor of
9.65 in Everglades National Park using similar methods and [20] estimated a formation
factor of 9.8 for Big Pine Key using ERT and water samples from wells. The formation factor
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depends on several parameters such as porosity, the degree of saturation, cementation, and
pore fluid resistivity and heterogeneity.
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Figure 1. Map of South Florida showing the location of Everglades National Park (ENP), Everglades
Agricultural Areas (EEA), Water Conservation Area (WCA), Shark River Slough (SRS), Taylor Slough
(TS), Meteorologic NCL station (Red Pin), well stations, and geophysical survey. The SRS flows
from the north to the southwest into the Gulf of Mexico, and the TS flows south into Florida Bay.
The geophysical survey includes EM survey denoted by lines and floating array electrical resistivity
denoted by letters from a to r. Map coordinates are in UTM, Zone 17N.
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A number of geophysical studies have been conducted in the ENP. A study conducted
in the southern ENP [19] aimed to assess saltwater intrusion and prepared a subsurface
resistivity map using airborne electromagnetic methods (FDEM) and borehole geophysical
measurements. The authors established correlations between formation resistivity and
water-specific conductance for the region and provided a baseline for further studies. In
2011, a TDEM survey was conducted in Miami-Dade County and delineated the location of
the freshwater/saltwater interface, as well as showing the influence of canals and roadbeds
on the hydrologic regime [19,21]. Surveys of surface water salinities of the coastal lakes
within ENP indicated brackish to hypersaline salinities that varied according to season
(higher in the summer following the dry season), and proximity of upstream freshwater
sources and exchange with Florida Bay marine waters downstream [22,23].

This paper aims to present the relationship between the freshwater input and hydro-
chemistry of surface waters and lake-bottom groundwater in shallow (1-2 m) brackish
lakes within the southern Everglades known as the Mangrove Lakes (Figure 1). It explores
the spatial and temporal changes in groundwater chemistry using electrical resistivity, EM
methods, surface water, and groundwater sampling. The EM surveys were conducted from
2016 to 2017 using a GSSI EMP-400 Profiler multi-frequency [24] EM conductivity meter
integrated with a GPS receiver deployed in a flat-bottomed plastic kayak towed behind a
motorized jon boat. In addition, electrical resistivity soundings were conducted at spot lo-
cations in July 2019 using a floating electrode array connected to an Advanced Geosciences,
Inc. (AGI) Super Sting resistivity meter [25]. During the survey, at various spot locations,
the surface water conductivity, temperature, pH, and salinity were recorded using a YSI
water quality data sonde. Water depths were also measured. Groundwater-specific conduc-
tivity was continuously monitored at four shallow wells on the shorelines of the lakes and
was compared to nearby inverted lake bottom resistivity to calculate a formation factor
for the Lakes region. This formation factor was used to convert the inverted formation
resistivity to groundwater resistivity and produce a regional map of groundwater salinity.
This study investigated the spatial and temporal changes in the surface water and ground-
water salinity in the Mangrove Lakes of ENP using electrical resistivity and EM methods.
Understanding the hydrochemistry of the aquifer can help to establish sustainable water
resources management, and regularly monitoring the hydrological conditions is required
for proper water management practice and conservation actions. This study showed that
floating electrical resistivity arrays and EM ground conductivity meters can effectively
characterize the lake bottom salinity and can be used regularly in monitoring the surface
water and groundwater salinity in shallow water bodies.

2. Electrical and Electromagnetic Methods

Geophysical methods such as electrical resistivity and electromagnetics are rapid and
noninvasive geophysical methods for measuring groundwater properties and character-
izing the spatial and temporal variability of subsurface formations [26]. These methods
include electrical resistivity methods such as vertical electrical soundings (VES) and electri-
cal resistivity tomography (ERT), and electromagnetic (EM) methods such as frequency-
domain electromagnetic (FDEM) and time-domain electromagnetic (TDEM) soundings
and profiling. These methods are commonly used in near-surface geophysics because the
subsurface electrical properties are easily correlated to the physical and chemical properties
of fluids within the pore space [27]. These methods can produce a high-resolution image
of the shallow subsurface formation and have been widely used in hydrogeology and
environmental studies.

In electrical resistivity, a current is injected across a pair of electrodes, and the volt-
age difference between the potential electrodes is measured. The voltage difference is
a function of the injected current and the resistivity beneath the electrode array. In the
electrical resistivity method, commonly used electrode configurations include the Wenner,
Schlumberger, and dipole—dipole arrays. In dipole—dipole arrays, the dipoles are equal in
width (a) and separated by a distance n x a, where n is an integer multiplier (Figure 2B).
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Electromagnetism uses the principles of electromagnetic induction to map variations in elec-
trical conductivity. EM waves from a transmitting coil induce eddy currents in subsurface
conductors, resulting in a secondary magnetic field detected in a receiver coil. The electrical
resistivity and EM data are modeled to infer the electrical conductivity of the subsurface.

EM Conductivity Tow boat YSI
Plastic Kayak Meter -
Surface Water
GSW(st)
Groundwater
_ oew(Sew)
Orock = _F_

na

Figure 2. Geophysical experimental set up in West Lake, Everglades National Park, FL. (A) EM
experimental set up. (B) Electrical resistivity experimental set up. In the dipole—dipole array, A,B are
the current electrodes. M and N are the potential electrodes.
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Different regularization optimization techniques have been developed to invert and
model these data, including Occam’s inversion [28], layered and laterally constrained
inversion [29], and ridge regression [30,31]. For example, Occam’s inversion solution fits
the measurement with the smoothest possible model, and the inverted models generally
do not show sharp changes [29]. Occam’s inversion trades off the roughness of the model
improvement and the least-squares error predicted from the linearized forward problem,
whereas the ridge regression trades off the size of the model improvement [30,31]. In
the ridge regression, for each iteration, a model correction is calculated using the best
damping factor available for that iteration [30]. Equivalency analysis shows the possible
range of models that can fit the data. The results obtained from the inverse model need
careful interpretation.

In porous media, currents are carried by electrolytic conduction of ions in the pore
waters. The pore fluid conductivity, oy, and the bulk conductivity of the rock oy, are
related by ogw = Foyock, Where F is the formation factor. The formation factor can be
determined by coincident measurements of groundwater and formation conductivity or
from empirical relationships such as Archie’s Law [17]. The estimated formation factor
can be used to infer the electrical conductivity of the pore fluids. Then, the salinity of the
subsurface formation can be calculated using the general equation given by [32-34].

3. Data and Methods of Analysis
3.1. Data Collection

A GSSI Profiler EMP-400 multi-frequency EM conductivity meter integrated with
a GPS receiver was deployed in an unmanned, flat-bottomed plastic kayak towed 6 m
behind a motorized skiff (Figure 2A). The instrument was initially calibrated at the GSSI
factory by suspending it well above the ground and zeroing the field values. Immediately
before data acquisition, field calibrations were performed on-site. The field calibration
procedure removes any electromagnetic effects of the operator and other equipment in
the surrounding area. However, since the kayak contained no conducting materials and
was towed 6 m behind the skiff, little if any external effects affected the data. The EM
data were recorded in a vertical dipole moment (VDM) at 1, 4, and 16 KHz frequencies.
Six electromagnetic surveys were conducted in West Lake and Seven Palm from January
2016 to February 2017 (Table 1, Figure 2A) to assess the seasonal variability in conductivity
between wet and dry seasons.

Table 1. EM survey times (V).

Year 2016 2017
Month Jan Feb Mar Apr Jan Feb
West Lake 4 4
Seven Palm 4 4 4 4

During the EM survey, at different localities and different intervals of time, the surface
water conductivity, temperature, pH, and salinity were measured using a YSI water quality
data sonde. Water depths were measured continuously using a sonar transducer and at
spot locations using a calibrated rod.

VES surveys were conducted at spot locations in the Seven Palm and West Lake
systems in July 2019 using a floating 14-electrode cable with a 1 m electrode spacing
(Figure 1). The cable was suspended at the water surface using foam floats (noodles)
attached in between the electrodes (Figure 2B). Each survey consisted of a set of 48 dipole—
dipole measurements recorded with both 1 m and 2 m dipole lengths. The dipoles were
spaced at distances ranging from 1 to 11 m (n, Figure 2B). Reciprocal measurements where
the current and potential electrode pairs are exchanged were included in each survey. These
reciprocal measurements provide redundancy and the ability to estimate measurement
uncertainty. The measurements from the evenly spaced electrodes were repeated multiple
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times. The dipole measurements were averaged from either 2 or 4 measurements. The
average value of the measurements and the reciprocal measurements were used. This
resulted in a set of 11 dipole—dipole VES measurements at each spot location.

Continuous measurements of water level, temperature, and conductivity were recorded
using Aqua troll 200 data sondes in four shallow monitoring wells and at four adjacent
locations within the lakes [35] (Figure 1). Coincident conductivity measurements recorded
from the wells and resistivity measurements produced using the floating dipole-dipole
electrical resistivity array in July 2019 were used to estimate the formation factor. Similar
to the EM survey, at different localities and different intervals of time, the surface water
conductivity, temperature, pH, and salinity were measured using a YSI water quality data
sonde at the electrical resistivity measurement sites. Water depths were measured using a
calibrated rod during the electrical resistivity surveys.

3.2. Data Analysis

In frequency domain electromagnetic (FDEM) methods, the EM instrument measures
the in-phase (real) and out-of-phase (quadrature) components of the secondary magnetic
field (Hs) to the primary magnetic field (Hy). The ratio of the secondary to the primary
field of a vertical dipole (horizontal coils) homogenous half-space is expressed as:

II__;—; = % [9 - (9 +97s + 49252 + 73s3> 6775} (1)
where ¢ = /iwpyo is a complex wave number and s is coil spacing (m) [36,37]. The ratio
of the secondary to the primary magnetic field (Hs/Hp) is a complex function that depends
on inter-coil spacing (s), frequency (f), and conductivity (¢). Apparent conductivity was
calculated by inverting the quadrature (imaginary) field ratio for a homogenous half-
space [36,37]. The EM data were recorded at frequencies of 1, 4, and 16 KHz. The depth
penetration of the data is related to the input frequency. The higher frequencies (e.g.,
16 KHz) have shallow penetration and represent the conductivity of the surface water.
The lower-frequency (e.g., 4 and 1 KHz) data have deeper penetration and reflect an
average of the conductivity of the surface water and groundwater. The calculated apparent
conductivity was used to assess the spatial and temporal variability.

EM data often contain noise that must be removed to produce consistent results. Spikes
in the data often occur near the beginning and end of the collection segment when the kayak
drifts close to the boat. These outliers were removed by eliminating measurements differing
by greater than 3 standard deviations from a 100-sample window (Figure 3, Table 2).

High-frequency noise is produced by the roll and pitch of the kayak caused by waves.
After outlier removal, this noise was removed with a 100-point moving average convolution
filter (Figure 3, Table 2). This random high-frequency noise (estimated standard error of
the mean) was on the order of 0.6-10 mS/m, which is less than 1% of the field values. An
example of how this technique was applied to data collected in the Seven Palm system
is shown in Figure 3, and the descriptive statistical analysis is summarized in Table 2. A
similar approach of a data filtering technique called “rolling ball algorithm” was applied to
a terrain conductivity measurement, where the problems are anomaly complexity, noise
spikes, and background conductivity variation [38].

VES soundings data were inverted to two-layer models (water column and lake bottom
resistivity) by constraining the depth of the water column using IX1DV3 software [30]. The
VES data were inverted using a ridge regression algorithm [30,31]. In the inversion, the
water layer thickness was constrained and fixed using the measured depth by a calibrated
rod. In addition, the resistivity measured using a YSI probe was used as a starting model
for the surface water resistivity, and the lake bottom resistivity value was assumed to have
a five-times-higher water column resistivity. Occam’s inversion with 10 layers was used,
with minimum and maximum depths ranging between 0.1 m and 5 m.
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Figure 3. EM data reduction and smoothing in Seven Palm system on 6 April 2019 at (A). 1 KHz,
(B). 4 KHz and (C) 16 KHz. The black and aqua colors indicate the in-phase and quadrature raw EM
data. The red and pink colors indicate the In-phase and quadrature raw EM data after outliers were
removed. The lime and blue colors indicate the in-phase and quadrature filtered EM data.

In the Seven Palm system, on 10 July 2019, high winds caused considerable chops in
the water which introduced noise into the resistivity measurements associated with the
larger spacings (n = 10 and 11). Those outlying datapoints were masked from the analyses.
The average value of the measurements and reciprocals was used in the inversion. Water
depth in the model was constrained to a rod measurement at the array center, but the water
layer and lake bottom layer resistivity were left unconstrained in the inversion. Finally,
the inverted resistivity was converted to salinity using the general equation defined in the
Practical Salinity Scale of 1978 (S;) [32-34]

5 o 5
=Y a;(R)"? (tes /°C — 15) o
Sp = igoﬂz(Rt) 400162 (feg /°C—15)] i;ob’ (Ry) o)

where (tg3 /°C) is the measured temperature, r is the measured conductivity in (uS/cm)/
42,914, and R; is the conductivity ratio r/r;. The factor r; is given by

ci(tes /°C)’ 3)

ry =

R

i=0

and the coefficients a;, b;, and c; are provided in Table 3 below. The salinity equation
is approximately valid for salinity values that range between 2 to 42 PSU, where the
temperature is between —2 to 35 °C [32-34].
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Table 3. The coefficients used to calculate salinity.

i a; b; ¢

0 0.008 0.0005 6.766097 x 10~1
1 —0.1692 —0.0056 2.00564 x 102
2 25.3851 —0.0066 1.104259 x 104
3 14.0941 —0.0375 —6.9698 x 1077
4 —7.0261 0.0636 1.0031 x 10~
5 2.7081 —0.0144

The formation factor for the study area was estimated using the bulk resistivity mea-
sured by the floating VES and coincident resistivity (inversely proportional to conductivity)
data measured in the groundwater wells. The average daily conductivity (uS/cm) mea-
surement in the groundwater wells was converted to resistivity, where the resistivity
(Q2'm) = 10,000/ Conductivity water (uS/cm). Then, the formation factor was calculated
from the average value of the ratio of bulk resistivity modeled from the geophysical data
and the pore water resistivity measured in the shallow groundwater wells. This estimated
formation factor was used to produce a regional map of groundwater salinity.

4. Results

4.1. Electromagnetism

4.1.1. Spatio-Temporal EM Apparent Conductivity Changes during the 2016 Dry Season in
the Seven Palm System

In the Seven Palm system at monthly intervals during the 2016 dry season, the apparent
conductivity measurements increased from February to April (Figure 4). The 1 KHz
apparent conductivity ranged from 800 mS/m at the northern end of Seven Palm Lake
to 1400 mS/m at southern end in February 2016, whereas in April 2016, it ranged from
930 to 2150 mS/m. Similarly, the apparent conductivity along 4 KHz ranged from 900 to
1500 mS/m in February 2016 to a range of 1000 to 2800 mS/m in April 2016 (Figure 4). This
showed that the apparent conductivities increased from north to south at all frequencies.
In addition, for example, in northwest Seven Palm Lake, the 1 KHz apparent conductivities
increase from around 800 mS/m in February to around 1070 mS/m in March to over
1100 mS/m in April. In Middle Lake, the apparent conductivities increased from around
1500 mS/m in February to 1700 mS/m in March to over 1800 mS/m in April. In Monroe
Lake, it increased from around 2300 mS/m in March to over 2500 in April. This trend is
consistent for 4 KHz data as well.

The apparent conductivity of the 16 KHz data varies from 1100 to 2000 mS/m in
February 2016 and from 1200 to 2400 mS/m in March 2016 and from 1400 to 3200 mS/m in
April 2016 from north to south along the profile line. This is consistent with the increase in
conductivity and salinity seen in the surface probe measurements.

In general, during the 2016 dry season, the median apparent conductivity measure-
ments increased from February to April at all frequencies as shown in the boxplot (Figure 5).
In the boxplot, the interquartile range (IQR) of the March 2016 data is highly dispersed
compared to the other EM data set, because the survey line covered a larger portion of
Monroe Lake (Figure 5), which is highly influenced by Florida Bay (Figure 1).

4.1.2. Spatio-Temporal EM Apparent Conductivity Changes between 2016 and 2017 in the
Coastal Lakes of ENP

The EM data show a considerable decrease in apparent conductivity between February
2016 and January 2017 in both the Seven Palm and West Lake systems. In the Seven Palm
system, the apparent conductivity showed a general decrease of 150 mS/m in the Seven
Palm system and 300 mS/m in the Middle Lake (Figure 6A,B). In the Seven Palm system,
the 1 KHz apparent conductivity ranged from 800 mS/m at the northern end of Seven Palm
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Lake to 1400 mS/m at the southern end in February 2016 (Figure 6A), whereas in January
2017, it ranged from 740 to 1200 mS/m (Figure 6B). Similarly, the apparent conductivity
along 4 KHz ranged from 870 to 4000 mS/m in 2016 (Figure 6C) to a range of 800 to
2400 mS/m in 2017 (Figure 6D).

4 KHz 16 KHz
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Figure 4. Map of apparent conductivities at 1, 4, and 16 KHz in 2016 in the Seven Palm system,
Middle Lake and Monroe Lake. The star shows the location of the monitoring well.
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Figure 5. The box plot shows the mean (white dot), the median (white line), the interquartile range

(IQR blue or red box) (i.e., the range between the 25th and 75th percentile), the upper and lower
fence (range within 1.5 IQR), and outliers (asterisks). The EM data are not normally distributed,

and the outliers (greater than 3 standard deviations of the consequent 100 samples) of the EM data

were removed before the exploratory data analysis (boxplot). We considered the outliers marked by

asterisks as field values.

The EM results show the same trend in the West Lake system. The apparent con-

ductivity of the 1 KHz data decreases from a range of 1200 to 1700 mS/m in 2016 to 950
to 1850 mS/m in 2017 (Figure 6A,B). In addition, the result along 4 KHz dropped from
1600 mS/m in 2016 to 1500 mS/m in 2017 (Figure 6C,D). Similarly, the result along 16 KHz
dropped from 1800 mS/m in 2016 to 1600 mS/ in 2017 (Figure 6E,F). In the West Lake
system in January 2016, the highest apparent conductivities (2000 mS/m) were seen at the
eastern end of the Long Lake and southern West Lake with the lowest conductivities in
northern Cuthbert Lake.

In the West Lake system, the mean, median, and IQR of the apparent conductivity

measurements decreased between February 2016 and January 2017 (Figure 7). Similarly,

the median apparent conductivity measurements decreased between February 2016 and
January 2017 in the Seven Palm system (Figure 5).
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Figure 6. Map of apparent conductivities at West Lake and Seven Palm system: (A) 1 KHz in 2016,
(B) 1 KHz in 2017, (C) 4 KHz in 2016, (D) 4 KHz in 2017, (E) 16 KHz in 2016, and (F) 16 KHz in 2017.
At West Lake, the data were collected on 25 January 2016 and 10 February 2017. At Seven Palm,
the data were collected on 6 February 2016 and 20 January 2017. The star shows the location of the
monitoring well.

The apparent conductivity change between 2016 and 2017 in Seven Palm system is
more significant than the West Lake system. The apparent conductivity change between
2017 to 2016, at all frequencies, decreased on average by 30% in Seven Palm system and
10% in West Lake system (Figure 8). At Seven Palm, the apparent conductivity change
decreased by 20% at the northern end of Seven Palm Lake near the well and 30% at the
southern end and clearly showed the trend from north to south. However, at the northern
tip of Seven Palm there was an increase from 30 to 40%. Similarly, in the West Lake system,
there was a gradual change from north to south and a significant change of 30% observed
on the northern tip of Long Lake. In addition, the apparent conductivity change of the
surface water is significant compared to the groundwater. For example, near the well at
1 KHz, 4 KHz, and 16 KHz, the apparent conductivity change decreased by 18%, 21%, and
26%, respectively (Figure 8A-C).

4.2. Electrical Resistivity

The resistivity data collected on 10 July 2019 in Seven Palm Lake and on 15 July 2019
in West Lake were inverted to a two-layer constrained water depth model. In this section,
we focus on the spatial —temporal change in groundwater and surface water.

In the constrained water depth inversion, the best fit (red color) and Occam’s inversion
(olive color) showed a good agreement in estimating the water column resistivity measured
using the YSI probe (Figure 9). In the figures, the equivalence analysis (dashed green
line) produced a more tightly constrained result in the West Lake system (Figure 9a—j)
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compared to the Seven Palm system (Figure 9k-r). In the West Lake system, the surface
water resistivity measured using the YSI probe decreased between 0.37 ()-m and 0.28 (2-m
from west to east. In the Seven Palm system, the resistivity varies from 0.27 ()-m at the
north end to 0.17 Q)-m at the south end (Figures 9a—j and 10A). Similarly, the inverted
surface water resistivity in the West Lake system decreased between 0.33 ()-m at the west
end and 0.26 ()-m at the east end. In the Seven Palm system, the resistivity varies from
0.23 Q2-m at the north end to 0.16 Q2-m at the south end (Figures 9k-r and 10B). Generally,
the data showed west to east and north to south decreases in surface water resistivity.

The lake bottom resistivity in the West Lake system varies between 1.69 ()-m at the
west end and 3.74 ()-m at the east end. In the Seven Palm system, the resistivity is 32.85 ()-m
in the north and decreases gradually toward the south to 1.5 Q-m (Figure 10C). The lake
bottom resistivity generally increased from west to east while it decreased from north
to south.
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Figure 9. Constrained resistivity inverse model in West Lake system (a—j) and Seven Palm system
(k—1). The left panel shows the observed and calculated data (lines), and the right panel shows the
inverted model. In the left panel, the square dots indicate the observed data, the purple line indicates
the best fit calculated data, and the olive color indicates Occam’s inversion. In the right panel, the red
line indicates the best fit model, the green dashed lines indicate the equivalency analysis, and the
olive line represents Occam’s inversion model. The outlier measurements represented by asterisks

were masked during inversion.

162



Appl. Sci. 2022, 12, 1154

Legend

Q @ té:i) Resistivity (ohm-m)
o = ® 0.14-0.17

A. Surface water Resistivity --YSI Probz Seven Palm System ® 0.18-0.19
0.20-0.22
0.23-0.25
0.26-0.28

® 029-0.30
® 031-040

Resistivity (ohm-m)

® 15-17
® 18-21
22-32
\ 33-48
N 49-63
Q @?&\ % ® 64-127
>~ = 3 (ol 0 2 4 ® 128-329
C. Lake Bottom Resistivity -- Inverse Model Kilometers

Figure 10. Resistivity in West Lake and Seven Palm. (A) Surface water using YSI probe. (B) Surface
water from the inverse model. (C) Lake bottom resistivity from the inverse model. The star shows
the location of the monitoring well.

In the inverse model, the minimum and maximum lake bottom resistivity varied
between 1.4 )-m and 3.7 ()-m at West Lake and between 1.4 ()-m and 32.8 ()-m at Seven
Palm. Based on equivalency analysis, at West Lake, the model showed a highly constrained
model with the lower and upper limit between 1.1 (2-m and 4.9 ()-m (Figure 11), whereas in
Seven Palm, the model showed a poorly constrained model with the lower and upper limit
between 1.4 ()-m and 362 ()-m (Figure 11). This model is poorly constrained mainly on the
upper bound. The lower and upper limits in West Lake are highly constrained compared
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Resistivity (£2-m)

with the Seven Palm system (Figure 11). This uncertainty on the upper bound could be due
to measurement errors induced by wind or wave action.
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Figure 11. West—east profile showing the inverted lake-bottom resistivity from the VES surveys.
Error bars indicate the lower and upper acceptable limits derived from equivalence analysis. West
Lake system is located between 515,000 and 525,000 m and the Seven Palm system is located between
525,000 and 530,000 m.

4.2.1. Formation Factor

One method of estimating the formation factor of the lake bottom formation is by
comparing groundwater resistivity (o, ) measured in the shallow groundwater wells with
nearby values of lake bottom resistivity ( ps ) modeled from the geophysical data. In this
study, the West Lake data collected on 15 July 2019, was used to calculate a formation factor
for the coastal lakes of ENP. A mean local formation factor of 10.7 4 1.8 is estimated for the
Mangrove Lakes of ENP. This estimated formation factor is calculated from the average
formation factor of West Lake, Long Lake, and Cuthbert Lake (Table 4). The formation
factor of Seven Palm was not considered in the calculation as the resistivity of the model
was poorly constrained due to the noise in the data (Figure 9).

4.2.2. Salinity

The surface water salinity measured using the YSI probe varies from 15 PSU in the
west in West Lake to 21 PSU in the east in Seven Palm (Figure 12A). In the Seven Palm
system, the surface water salinity measured using the YSI probe varies from 21 PSU in the
north to 33 PSU in the south (Figure 12A).
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Table 4. Formation factors in the coastal lakes of ENP.

Distance from Well Data Geophysical Model
Site Date the Well F
(m) Surface Water ~ Groundwater p;, Surface Water ~ Lake Bottom py
West Lake 15 July 2019 68 0.32 0.26 0.29 3.23 12.6
Long Lake 15 July 2019 807 0.19 0.20 0.14 211 10.6
Cuthbert Lake 15 July 2019 48 0.28 0.31 0.27 2.77 9.0
Seven Palm 10 July 2019 41 0.23 1.12 0.22 32.85 29.41
N
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Figure 12. Salinity in West Lake and Seven Palm. (A) Surface water using YSI probe. (B) Surface
water from the inverse model. (C) Groundwater from the inverse model.
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The inverted surface water salinity has the same trend and increased from 19 PSU to
27 PSU from west to east and from 27 PSU to 35 PSU from north to south (Figure 12B). In
contrast, the inverted groundwater salinity decreased from 42 PSU in the west in West Lake
to 2 PSU in the east in Seven Palm. In the Seven Palm system, the groundwater salinity
increased from 2 PSU in the north to 49 PSU in the south (Figure 12C).

5. Discussion

During the 2016 dry season, the apparent conductivity measurements at 1 KHz and
4 KHz increased from February to April (Figures 4 and 5) in the Seven Palm system at
monthly intervals. This reflects a general increase in apparent conductivities (salinity) in
the groundwater over the dry season. This change is in response to decreased precipitation
(Figure 13). Similarly, the apparent conductivity of the 16 KHz data indicates a general
increase in apparent conductivities (salinity) in the surface water over the dry season and
from north to south along the profile line of the Seven Palm system. This change is due to
reduced precipitation and increased potential evapotranspiration, which results in a sharp
decrease in the water level as well (Figure 13). The surface water salinities of the coastal
lakes of ENP showed brackish to hypersaline salinities with higher salinities in the summer
following the dry season [22,23]. Salinity variation in time and space in the Florida Bay is
governed by the influence of precipitation [35] evapotranspiration, runoff, mass exchange
with the surrounding basins [5], proximity of upstream freshwater sources, and exchange
with Florida Bay marine waters downstream [22,23].
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Figure 13. Water level, rainfall, and evapotranspiration data between January 2015 and December
2017 at the NCL station, Everglades National Park. The red rectangle indicates the decrease in rainfall
during the EM survey period in 2016 and 2017. The data source is the Everglades Depth Estimation
Network (EDEN), USGS website http://sofia.usgs.gov/eden/station.php (accessed on 15 July 2020).

Between February 2016 and January 2017, the EM data show a considerable decrease
in apparent conductivity in both the Seven Palm and West Lake system. A general decrease
of 150 mS/m in Seven Palm system and 300 mS/m in Middle Lake (Figure 6a,b) suggests
a freshening of the groundwater and may reflect the effects of increased flow due to
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restoration efforts. Lower conductivities observed in Cuthbert Lake compared to West Lake
and Long Lake may reflect increases in freshwater flows from upstream sources, possibly
from increased flows due to restoration efforts.

The apparent conductivity change between 2016 and 2017 in the Seven Palm system is
more significant than the West Lake system. The apparent conductivity change decreased
on average by 30% in the Seven Palm system and 10% in the West Lake system (Figure 8) at
all frequencies. In general, in the coastal lakes of ENP, the decrease in apparent conductivity
change is pronounced from west to east at all frequencies. This suggests the restoration
efforts may have made a more observable contribution to the Seven Palm system but not yet
in the West Lake system. Similarly, other studies conducted by the U.S. Geological Survey
to map saltwater intrusion using helicopter electromagnetic (HEM) surveys identified
variations in the apparent conductivity that were associated with changes in groundwater
quality [39]. The apparent resistivity map (inversely related to conductivity) from the HEM
survey showed a transition from low to high resistivity from West Lake to Seven Palm,
i.e., high to low conductivity from west to east, which is consistent with the results of this
study. The authors concluded the change is due to the influence of freshwater flowing
in the Taylor Slough which pushes the transition in a southwesterly direction in the area
of maximum flow [40]. A mean local formation factor of 10.7 4 1.8 is estimated for the
Mangrove Lakes of ENP. This estimated formation factor is similar to previously published
estimates of formation factor 9.65 for the ENP [19]. We used the estimated formation
factor 10.7 in this study to calculate the salinity of the groundwater. This approach has
the advantage of forcing the geophysics derived salinities to be consistent with the in situ
well measurements.

The surface water salinity increased from west to east, and the groundwater salinity
decreased from west to east. In another study conducted by [41], in the Seven Palm system
in July 2015, the surface water salinity ranged from 25 PSU in the northern tip of Seven
Palm and gradually increased to 45 PSU in Monroe Lake. These hyper-salinity conditions
are associated with drought and produced seagrass die-off [8,41]. In July 2019, the surface
water salinity ranged from 5 PSU in the northern tip of Seven Palm and gradually increased
to 49 PSU in Monroe Lake. Generally, in the West Lake system, the surface water salinity
is lower than the groundwater salinity, but in the Seven Palm system, the surface water
salinity is higher than the groundwater salinity (Figure 12A). In addition, in both lakes, the
salinity of the surface water and groundwater increased from north to south. This result
suggests a freshening of the groundwater and may reflect the effects of increased flow due
to restoration efforts.

In the Mangrove Lakes of END, surface water salinity is driven by seasonally variable
winds and evaporation, whereas groundwater salinity is less temporally variable and
reflects regional groundwater flow. In the EM data, the apparent conductivity change
of the surface water is significant compared to the groundwater (Figure 7). In the VES
data, viewed in a west to east profile, less saline surface water in West Lake overlies
more saline groundwater (Figure 11). In contrast, in Seven Palm Lake, the vertical salinity
profile is inverted with denser, more saline surface water overlying less dense, fresher
groundwater. This inverted salinity profile is gravitationally unstable and likely has a pro-
found effect on recharge and discharge mechanisms to and from the aquifer. These results
suggest the floating electrical resistivity array can map the resistivity of the subsurface
formation effectively.

Some limitations of the estimated formation factor and EM measurements include
the following. In the Mangrove Lakes of ENP, the shallow wells only extended to the base
of the peat layer and did not penetrate the underlying limestone. This method assumes
that the groundwater sampled from the wells is derived from the underlying limestone.
Furthermore, repeated measurements would be useful to determine the accuracy of the
estimated formation factor value with minimum standard deviation.

In the EM data, the apparent conductivities at certain locations where the EM survey
line crosses have different measurements. This difference could be due to instrument
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drift, the operator changing position during the survey which affects the position of the
coils, and calibration problems after Bluetooth connection failure which causes a new
calibration in different environmental settings. Furthermore, the EM result is not inverted
as the inverted model is not consistently reliable. As a result, the EM data are presented
in apparent conductivity. The authors of [42] suggested that discrepancies in inversion
for soils having a high surface electrical conductivity relative to deeper depths using EM
38 can be compensated through the vertical or horizontal coil configuration response curve.
The EM method provides a faster alternative to DC soundings [16], but it is sensitive
to electromagnetic noise produced by metals, pipelines, etc. An integrated approach
of electrical resistivity and EM methods can produce the best result [43]. In a saline
environment, once areas of high salinity are delineated, alternative methods of salinity
measurement can be utilized to provide a detailed description of the study area [42].
Therefore, an integrated approach of using EM, resistivity, and other geological information
is necessary to characterize the subsurface formation accurately.

6. Conclusions

Geophysical methods can map the difference in conductivities (salinity) of a subsur-
face formation effectively. The results of the EM survey show the apparent conductivity
measurements systematically increased from February to April 2016 in the Seven Palm
system. This demonstrates how the salinity of the surface water and groundwater changes
during the dry season. The general increase in the salinity reflects a decreased precipita-
tion, increased evapotranspiration, and the influence of saline water from Florida Bay on
the surface water and groundwater. The apparent conductivity showed a considerable
decrease between February 2016 and January 2017 in both the West Lake and Seven Palm
systems. These changes suggest a freshening of the groundwater and may reflect the effects
of increased flow due to restoration efforts. Furthermore, the apparent conductivity change
between 2016 and 2017 is more pronounced in the Seven Palm system than in the West
Lake system. This suggests the restoration efforts may have made a positive contribution
to the Seven Palm system but not yet to the West Lake system.

The floating resistivity survey efficiently characterized the spatial variations in surface
water groundwater salinity. In general, both the surface water and the groundwater
increased in salinity from north to south. In contrast, the surface water salinity increased
from west to east while the groundwater salinity decreased from west to east.

We estimated a mean local formation factor of 10.7 & 1.8 for the coastal lakes of ENP.
This estimated formation factor is slightly higher than the average regional formation
factor of 9.65 estimated in another study [18]. The fact that the formation factor is obtained
from few measurements may limit the finding of the salinity value in the coastal lakes of
ENP. Hence, a further research study is needed to determine the accuracy of the estimated
formation factor with minimum standard deviation. Another limitation of this study could
be that the groundwater wells are situated approximately 1 m deep and may not represent
the deeper groundwater.
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