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A B S T R A C T   

Seawater intrusion into onshore aquifers represents a significant environmental threat worldwide especially in 
this new era of climate change and sea water rise. This is the case at the Zhoushan Islands located in Hangzhou 
Bay (China). Precise monitoring of the position of the boundary between freshwater and saltwater is of utmost 
importance for water resource management especially in fractured bedrock. We use the Transient ElectroMag
netic (TEM) method to locate a salt plume in an area where two sets of faults-oriented NW-SE and NE-SW are 
connected to the sea in a rhyolitic substratum. The survey comprises 558 Transient ElectroMagnetic (TEM) 
soundings. The inverted resistivity data are combined with borehole logging data to underline the areas of 
groundwater salt concentration in the aquifer. This salinization is taking place along the pervasive fault zones 
indicating the role of these faults in channeling the salty water through the rhyolitic bedrock. This study un
derlines the critical role of faults pathways in the groundwater mineralization issues faced by coastal aquifers in 
fractured crystalline substratum.   

1. Introduction 

Ground water quality in coastal areas is endangered by salt water 
intrusion especially in the face of climate change and sea-level rise (e.g., 
Qasim et al., 2022; Panthi et al., 2022; Wang et al., 2022). Adequate 
resource managements imply the monitoring of the position of the 
saltwater front (Barlow, 2003; Seibert et al., 2023). Indeed, gaining 
insights into the position and dynamics of the salt water front enables 
managers to make informed decisions aimed at safeguarding water- 
supply wells and mitigating additional intrusion (Amer et al., 2023). 
The dynamics of sea water intrusion is however complex with a lot 
parameters being able to influence its position over time (e.g., Dhal and 
Swain, 2022; Lo and Sangare, 2023; Luo et al., 2023). The problem is 
especially important in small islands regarding drinking water man
agement (Kura et al., 2014; Kumar and Mukherjee, 2023; Sharan et al., 
2023). Ground water flow in fractured aquifers is somehow tricky to 
observe because of the high degree of heterogeneity of such systems 
(Bense and Person, 2006). However, to our knowledge, the role of 

tectonic faults in channeling salty water in the substratum of coastal 
areas has not been addressed so far. 

Geophysical methods can play a critical role in delineating the po
sition of sea water intrusions (e.g., Adeyemo et al., 2022). In recent 
years, the Transient ElectroMagnetic (TEM) method has gained popu
larity as a non-invasive and efficient technique in hydrogeophysics (e.g., 
Knight et al., 2022). The TEM method has been employed in diverse 
applications, encompassing the identification of potential sites for 
groundwater recharge and the investigation of seawater intrusion issues 
(Goebel et al., 2019). The airborne electromagnetic method has been 
utilized to locate and map deposits along the eastern edge of the Central 
Valley, with the objective of identifying favorable areas for groundwater 
recharge (Knight et al., 2022). This technique enables potential loca
tions conducive to recharge, thereby supporting the sustainable man
agement of groundwater resources (Kang et al., 2022; Knight et al., 
2022; Gottschalk et al., 2020). In coastal regions, the ground-based 
TEM-technique with large loops (typically 50 × 50 m) has been 
employed to investigate issues related to seawater intrusion (Kalisperi 
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et al., 2018). By analyzing the subsurface conductive characteristics, this 
method helps in identifying areas influenced by the dynamics of 
seawater intrusion. 

For near-surface applications (depths less than 70 m), we need dense 
surveys that can be performed in a short period of time in order to get 
highly detailed interpretations for surface recharge. A towed Transient 
ElectroMagnetic (tTEM) system has been specifically designed for such 
problem and used here for the first time. The tTEM system has a shal
lower focus depth compared to traditional TEM systems due to its 
smaller size (Auken et al., 2019; Christensen, 2014). It is capable of 
imaging the uppermost 70 m of the subsurface with high resolution, 
facilitated by the small footprint of the system with respect to galva
nometric methods and dense data collection patterns. It complements 
galvanometric method such as DC (Direct Current) resistivity and 
induced polarization techniques (e.g., Binley et al., 2015) and the self- 
potential (passive) technique (e.g., Revil et al., 2005). 

The TEM technique is efficient, providing rapid and detailed sub
surface imaging over large areas (Maurya et al., 2020; Lane et al., 2020; 
Kang et al., 2022). It also allows for the collection of data at various 
depths, providing valuable insights into the distribution and movement 
of groundwater. The detailed 3D geological models provide a compre
hensive understanding of the subsurface hydrogeological system. They 
capture the complex geological structures including aquifers (Knight 
et al., 2022), aquitards, faults, and fractures (Auken et al., 2019), which 
influence the movement and distribution of groundwater. By incorpo
rating geological data at different scales, including lithology, stratig
raphy, and structural information, these models enable a more realistic 
representation of the subsurface. To enhance the imaging of hydro
geological structures, various constrained approaches have been 
employed in TEM inversion. The Spatially Constrained Inversion (SCI) 
technique incorporates smooth assumptions regarding the spatial vari
ability of the subsurface properties into the inversion process (Viezzoli 
et al., 2009). It utilizes regularization techniques to enforce smoothness 
or continuity in the estimated 2D/3D model while honoring the recor
ded data. In some cases, when additional prior information or knowl
edge about the subsurface is available, it could be incorporated into the 
inversion by using a multi-step inversion process that incorporates both 
the standard l2-norm inversion and the lp-norm inversion to obtain more 
accurate and realistic models (Kang et al., 2022). The high data coverage 
system and the improved imaging approach makes the TEM method 
highly suitable for mapping details to be used in 3D geological models 
aimed at aquifer mapping and seawater intrusion assessments (Delsman 
et al., 2018). 

While extensive research has been dedicated to understanding 
seawater intrusion in coastal aquifers, particularly in sedimentary for
mations, a glaring gap persists in the imaging of saltwater flow pathways 
within fractured aquifers. Despite the advancements in geophysical 
methods, such as electrical resistivity tomography and airborne elec
tromagnetic techniques, their application to accurately visualize and 
map the intricate flow pathways in fractured aquifers remains largely 
uncharted. Our goal is to show that the TEM method is adequate in 
providing the necessary information to reveal the role of faults in 
channeling sea water inland. 

2. Method 

2.1. Small loop TEM system—FCTEM 

The TEM method employs a primary current waveform transmitted 
into the subsurface through a loop (Auken et al., 2009), this process 
induces eddy currents and a temporary magnetic field. By measuring the 
decay of the magnetic field over time, TEM can provide valuable insights 
into the subsurface electrical conductivity distribution, which is sensi
tive to salinity, water and clay contents. 

An ideal TEM system should be compact, lightweight, and possess a 
small footprint while delivering ample transmitter power to investigate 

the subsurface electrical properties (Sandersen et al., 2021). FCTEM is a 
newly designed small loop (with diameter about 1.1 m) TEM system, 
shown in Fig. 1. To enhance the Depth Of Investigation (DOI), the peak 
transient current is raised to 60 A, and the number of loops in the Tx coil 
is increased to 33. The receiver coil features an effective area of 4 m2 

with a bandwidth of 100 kHz. Due to the system’s small transmitter loop 
(with a delimiter of 1.1 m), it offers a compact footprint and enables 
dense data collection, distinguishing it from traditional ground-based 
TDEM methods. Modelling in Fig. 2 demonstrates that the use of a 
small Tx loop enhances vertical resolution. 

When the primary current is turned off, eddy currents are induced in 
the conductive block, leading to an increase in the observed decay 
(Fig. 2a). When the Tx loop is comparable or smaller than the lateral 
geometry of the conductive block, the normalized detection capacity can 
increase by a factor of ten compared to using a large loop. 

2.2. Spatially constrained inversion for TEM data 

To take full advantage of the spatial coherency in the TEM data, 
Spatially Constrained Inversion (SCI) is utilized to recover quasi-3D 
geoelectrical model. The crucial aspect of utilizing the SCI is the con
struction of a regular matrix that incorporates the spatial relationship 
between neighboring soundings. For the inversions of all TME sound
ings, we use the following objective function 

ϕ(m)=ϕd(m)+βϕm(m)
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where ϕd(m)is the data misfit term, ϕm(m) denotes the regularization 
term of the cost function and m denotes the model vector. The first term 
of the regularization function ϕm(m) corresponds to a minimum norm 
constraint. The two other terms of ϕm(m) denote spatial constraints, one 
acting in the vertical (z-)direction, and the other in the lateral direction 
(denoted by r). In Eq. (1), m and mref represent the resistivity model we 
try to recover and a reference model at each sounding position, 
respectively. The three parameters αs, αz, αr, determine the relative 
importance of each constrain in the regularization term. We use the open 
source SimpegEM1D to achieve constrained inversion (see details in 
Cockett et al., 2015). In consideration of the layered materials present in 
the study area, αz was set to ten times smaller than αr to emphasize our 
preference for laterally continuous rather than vertically continuous 
structure and αr was fixed to 1 by default. 

Cell-based weightings for the two spatial constraints wz
cell and wr

cell 

were used to minimize the model variations in the vertical and lateral 
directions for cells. Since the layer thickness of all soundings are fixed, 
the vertical spatial constraints wr

cell remain fixed. While the lateral 
weightings constraints can be set between any cells. The values of these 
weightings depend on the distribution of all sounding points. Adjoint 
soundings prefer larger weightings to selected neighboring cells than to 
other cells resulting in smaller resistivity variations. The nearest 
neighbor of each cell could be determined using Delaunay triangulation. 
This process generates the weightings for each central cell until all 
soundings are included in the matrix wr

cell. The resulting regular matrix 
allows for the minimization of resistivity variations along and across 
profiles. 

2.3. Layered inversion involved waveforms 

In actually implement scenario, transmitter current produced in the 
Tx loop is critical ingredients of measured electromagnetic response. 
The shape of current waveform depends highly on the specific TEM 
system. The induced current diffusion fast into subsurface, and the key 
parameter dominate resolution is turn off time and delay time (the first 
time gate to recording unbiased signal) (Auken et al., 2019). Observed 
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signal involved arbitrary current waveform could be defined as the 
convolution of the impulse responses for layered model and the time 
derivative of transmitter current (Auken et al., 2020). This convolution 
could be evaluated by the Gaussian quadrature. The detail of 

computation strategy could be found in various papers such as Yin et al. 
(2008) and Auken et al. (2020). Here we implement the convolution to 
the actual source current to validate the resolve capacity of small loop 
TEM. 

Fig. 1. The small loop TEM system FCTEM used in this study. Inside the white plastic package are the transmitting and receiving coils, and the diameter of the 
transmitting coil is 1.1 m. 

Fig. 2. Central loop response of different transmit loop size. (a) Time decay of voltage in the central coil with varies loop radius. (b) Normalized detective capability 
for different loop size. Solid line shows in-loop response with block anomaly. Finally, the dashed line denotes the background response without the conductive block. 
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Measured actual current waveform of FCTEM is shown in Fig. 3a. 
The presence of the 33 loop turns results in a turn off time at ~120 μs, 
and there is a significant current oscillation during the early shutdown 
due to the high-speed switching. Using the full wave modelling scheme 
allow us to calculate the data response after the Tx turned off and 
evaluate the effect of practical waveforms. The longer turn off time ef
fect the decay rate of magnetic diffusion into earth, leading to a decrease 
in induced voltage in the central coil during the early time gates (blue 
lines in Fig. 3 b). These decay rates reflect the change of turn off, as 
expected. Furthermore, the current oscillations at ~115 μs results in a 
sign reversal of observed transients in the time gate range 4–30 μs, 
exhibiting a positive-negative-positive decay pattern, and in practice, 
the data recording typically begins at around 32 μs. 

To demonstrate model resolution of different waveforms, a synthetic 
resistivity model with thin layer and stair conductive anomaly was built. 
A 20 Ω⋅m thin layer above 10 Ω⋅m stair blocks in a 100 Ω⋅m background. 
The thickness of layers varying from 10 to 40 m over a distance of 50 m. 
We calculate the synthetic data for every 5 m and apply 3% uncertainties 
to the observed (numerically computed) data. Two typical synthetic 
datasets are calculated using step off waveform and actual waveform 
measured form the TEM systems. Then; the datasets are inverted using 
the SCI technique as described above, with their respective waveforms. 
Layered model to be inverted is log resistivity values defined in 30 
vertical layers, with a thickness of 2 m for the first layer of the surface, 
increasing by a constant factor, leading to a total depth of 176 m. The 
inversion is carried out using the Simpeg-EM1D algorithm (Heagy et al., 
2017), with vertical constraint αz by 1 and lateral constraint αr by 10. 
Inversion parameter and the source current used in synthetic modelling 
is the same as in the field work described below. 

The inverted results, which account for different waveforms, are 
shown in Fig. 4. For each case, single sounding curves demonstrate a 
good fit between all predicted data and the synthetic observed data. In 
an ideal scenario where a step-off waveform exists and data can be 
recorded immediately after the current ramp down, both the turn-off 
time and delay time are assumed to be zero. The estimated model 
closely resembles the true model as shown in Fig. 4c. The top shallow 
conductive layer can be clearly resolved. However, in practical cases, 
the current waveform has a turn-off time of approximately 120 μs, and 
the observed data within the time gates range of 1–30 μs are distorted by 
the primary current. To evaluate the effect of the early time gates, the 

inversion scheme is performed with and without the distorted data. The 
inversion includes the time gates below 30 μs, as presented in Fig. 4f, 
while the first gate time for the inversion results without the distorted 
data is approximately 32 μs, as shown in Fig. 4i. 

The two estimated models exhibit similar resistivity structures in the 
deeper part, with a focus on the top thin layer. The estimated model with 
early gates can identify the presence of the conductive layer, although 
the transition region between the thin layer and the underlying 
conductor is not clearly defined. In contrast, the inversion results ob
tained only with unbiased data struggle to distinguish the shallow 
conductive structures. The absence of these early gates weakens the 
resolution of the shallow layers, resulting in the transient system 
resolving only the average resistivity instead of individual layers. 

Layered inversion involving waveforms, enables the utilization of 
early distorted data to enhance the resolution of the very shallow part of 
the geological structure. During the field data acquisition at this stage, 
distorted data before 32 μs are disregarded, and only unbiased data are 
collected and used in the inversion procedure. In this context, the 
inversion takes into account waveforms as a means of calibrating the 
system response. Although this sacrifices shallow resolution, it accu
rately reconstructs deep conductive structures comparable to the ex
pected depth of seawater intrusion. 

3. Field application 

3.1. Geological setting 

The study area for our field test is located in the northwestern region 
of Zhoushan Archipelago, characterized by a low mountain and hills 
terrain Zhejiang Province. The field exhibits significant undulations 
with an elevation range between sea surface to 120 m a.s.l.. The geology 
of Cezi primarily consists of spotted rhyolites formed in lower Jurassic 
Period. The rhyolites are covered by Quaternary sediments. The local 
tectonic regime of this region is mainly characterized by two normal 
faults in NW-SE and NE-SW directions (labeled Fault1 and Fault2 in 
Fig. 5.). According to regional tectonic analysis, no active faults remain 
since the Late Pleistocene in the study area. Outcrop fracture zone is 
strongly-weathered, mainly composed of rock fragments and fault 
gouges, and the part of Fault1 near the sea has collapsed. 

Fig. 3. Two current waveforms and synthetic convolution response. (a) Measured turn off waveform of the FCTEM system normalized by the peak current is shown 
in blue and the ideal step off current shown in grey, red cross denote the record time gates. (b) The blue line is the resulting calculated of receiver coil system response 
just after the current ramp-down. Red dots are negative. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Z. Zhu et al.                                                                                                                                                                                                                                      



Engineering Geology 330 (2024) 107425

5

3.2. Hydrogeological setting 

The hydrogeological setting of Cezi Island remains poorly investi
gated. The outcrops in the study area mainly consist of rhyolites, char
acterized by a dense compressive structure and weak permeability. 
However, geological mapping and drilling core analysis indicate a 
higher development of vertical joint fractures within the bedrock 
increasing locally the transmissivity of the material. These bedrocks 
contain water primarily in the fractures and cracks other than rock 
matrix. Consequently, the fluctuation of the aquifer and aquitard in this 
layer lacks a regular pattern due to significant water level fluctuations. 
The water table in the surveyed area varies greatly with the topography. 
Borehole statistics reveal that the water level elevation in the mountain 
area ranges mainly from 4 m to 57 m, while in the foothills, it is pri
marily between − 0.6 m and 4.4 m. The water level of the river on the 

west side of the survey area is approximately 1 m. The study area is a 
humid region with a mean annual precipitation of 1410.8 mm. Small 
springs emerge in the western portion of the study area, with spring 
water originating from the accumulation of pore water from bedrock 
fractures and overburden sediments. This indicates that the surface 
sediments in the mountains serve as important shallow aquifers in this 
area, while the development of faults and fractures dominates the deep 
aquifers. 

The groundwater in the field is typically tasteless, transparent, and of 
good quality. However, groundwater extracted near the coastline has 
shown to slightly salty and astringent in recent years, likely due to the 
proximity of the wells to seawater. The direct pumping by villagers may 
have caused inland migration of the salty and freshwater transition 
zone, leading to the deterioration of water quality. We conducted a 
water quality analysis on various water samples from the research area 

Fig. 4. Inversion results of synthetic model. (a)Sounding curves with an ideal step off waveform, black line is prediction response using estimated model in c; (b) 
True model; (c) Estimated model using step off waveform, including all time gates data; (d)Sounding curves corresponding to actual wave, black line is prediction 
response using estimated model in f; (e) True model; (f) Estimated model using actual waveform, inversion including early time distorted data (data from 1 μs to 10 
ms); (g) Sounding curves corresponding to actual waveform without early time distorted data, black line is prediction response using estimated model in f; (h) True 
model; (i).Estimated model using actual waveform involved inversion, with data from 32 μs to 10 ms, excluding early time distorted data. 
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(See Table 1). 
The Menaotu River, situated on the northwest side of the study zone, 

connects directly to the sea through a sluice gate. Due to seawater in
fluence, its chloride ion concentration is markedly higher than typical 
surface freshwater, the river’s total dissolved solids (TDS) reached 5400 
mg/L, while standard surface freshwater usually has a TDS less than 300 
mg/L. The water samples from boreholes CZ11 and CZ13 exhibited a 
TDS value of 2400 mg/L. Given these data, it is likely that the ground
water in the region has been affected by seawater intrusion. Further
more, we point out that CZ13 is located directly on a fault zone. 

3.3. Transients data collection 

The TEM data were acquired in November 2022 using small loop 
TEM system. Six TEM survey lines are show in Fig. 5. The southern 
boundary of the survey is located about 100 m of coast line of Hangzhou 
Bay and extends about 600 m to the north of residential area of the town. 
Sampling interval of TEM soundings is ~5 m. The decay of the magnetic 
field over a time gates range of 32 μs to 2 ms at logarithmic intervals was 
recorded for a total of 100 observed data points, and the raw data were 
stacked 200 times, with the estimated error are used as the uncertainties 
to invert 1D vertical resistivity profile at every sounding location. 

Fig. 5. Topography and geological map of study area, located northwestern of Zhoushan group islands. Red solid lines indicate certain faults, controlled by region 
geology (the photo shows the exposed Fault 1 near the coast), black dots are TEM soundings, ck denotes the location of the six boreholes. A-A’ to F-F′ indicates the 
position of the geophysical profiles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
TDS of water samples from surface water and boreholes.  

Iterm Boreholes  Menaotu river Surface groundwater Seawater 

CZ13 CZ10 CZ11 Zk3 

CL− 1222.88 43.67 1153.9 57.4 3088.4 19.65–129.15 14,740–15,302 
SO4

2− 186.28 100.13 170.76 105.56 273.17 23.69–63.38 1453–1322 
Ca2+ 85.82 30.77 68.01 36.27 133.13 5.54–22.54 607–729 
Mg2+ 21.6 10.6 22.58 10.8 160.3 6.72–24.11 731–878 
pH 7.95 7.17 7.61 7.27 8 7.2 8.63 
TDS (mg/L) 2396 284 2248 324 5432 152.8–339.3 25,788–26,687 
EC (μS/cm) 3422.14 406.29 3210.7 463.42 / / / 

Note: The electrical conductivity (EC) of the pore water is calculated according to EC(μS/cm) = TDS(mg/L)/0.7. 
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4. Results and discussion 

For Quasi-2D imaging of 1D geoelectric models, six sections were 
constructed using SCI form observed transient response. Driller’s logs 
within 70 m are also displayed. The E-E’ section (Fig. 6a) spans 
approximately 360 m long in W-E direction and it comprise the two 
major units covered by Quaternary sediments. Two faults with two 
distinct resistivity transition zone were recognized at the distance of 60 
m and 220 m along geoelectrical model. The central part of the profile is 
defined well with the resistivity less than 60 Ω⋅m. Sediments which are 

composed by gravel-bearing clay have resistivity ranging from 30 to 60 
Ω⋅m. In general, sufficiently thick sediments could be identified from 
bed-rock because of the rich clay and porous water, although the TEM 
method has poor resolution for shallow surfaces. The fault observed in 
the profile are verified by surface geological investigation. And re
sistivity transition zone at the eastern part of profile is in good corre
lation with the core sample from borehole CK12. The core fracture zone 
in the bore shows steeply dipping fractures with chlorite and white 
calcareous films visible on the fracture surface and quartz fillings at 
individual fractures. In addition, the lower resistivity zone at depth 

Fig. 6. Inversion profile of B-B′ and E-E’. (a) resistivity distribution of E-E’; Black lines denotes the location of two faults Fault1and Fault2 in Fig. 5, two faults 
intersect near the coastline and connected to seawater. Borehole cores from Ck12 reveal the presents of Fault1, lower (b) resistivity distribution of B-B′; the start of 
profile is close to the coastline and the perpendicular with E-E’; White line marked the possible location and front of seawater intrusion. The letters A, B, and C in the 
profiles denote the location of low resistivity anomalies. (c) Inverted electrical resistivity near the borehole CK12. (d) and (e) Pictures of the core samples from 
the borehole. 
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(− 70 m blow sea surface) provide information about permeability of 
rocks and seawater intrusion characteristics. Rhyolite-dominated 
bedrock is typically impermeable (permeability k smaller than 1 mD, 
1 D ≈ 10− 12 m2) unless fault fracture zones serve as the primary conduits 
for groundwater flow. The insertion of a low resistivity unit into the fault 
rift zone at 70 m below sea level is considered the strongest evidence of 
seawater intrusion. 

In the western section of the study area, a B-B′ resistivity profile 
spanning approximately 400 m and oriented perpendicular to the 
coastline in a near north-south direction was reconstructed, as depicted 
in Fig. 6b. No significant geological structures were observed in com
parison to the E-E’ profile since the entire B-B′ profile lies within the 
same geological unit. Due to the low permeability of the bedrock, the 
inverse resistivity model below 0 m is expected to exhibit consistently 
high resistivity characteristics. However, the southern portion of the B-B′ 
profile, extending 150 m inland to the north, displays low resistivity 
values (enclosed by the white-lines). This deeper aquifer may serve as a 
potential area for seawater intrusion, as the high salinity of seawater 
results in lower resistivity within the region. The presence of hot colors 
indicating resistivities higher than 100 Ω⋅m indicative of impermeable 
conditions and the absence of seawater intrusions. 

As each profile is intersected, a 3D resistivity model can be recon
structed to provide a comprehensive map of geological structure and 
aquifer properties. The shallow sections of layered resistivity contrast 
reveal valuable information about the surficial geological features, such 
as sediment thickness and the recharge zone of the surface groundwater. 
Low-resistivity areas in the deeper layers can indicate the presence of 
fault zones or the existence of a deep saline aquifer influenced by 
seawater. 

Fig. 7a displays resistivity variations within a 5-m range (Slice A), 
which can be correlated with the distribution of surficial geology. 
Notably, the contour of approximately 60 Ω⋅m aligns well with the 
boundaries of fault F2. This level of resistivity contrast enables the 
depiction of geological sections using TEM. The bedrock surface in the 
eastern part of the survey area is identified as a resistive material 
(indicated by the hot colour). The blue colour represents underlying 
sediments and the recharge zone for water supply. The conductive zone 
in the northwestern corner near the Menaotu river is likely attributed to 
ground-water recharge, as mentioned above, this river is connected to 

the seawater, the infiltration of high-salinity river water into the ground 
leads to a reduction in resistivity. However, due to the overlapping re
sistivity ranges with clay-rich sediments, we were unable to delineate 
the exact boundary of the recharge zone. Fig. 8b illustrates the resistivity 
values at a depth of 50 m (slice B), where the conductive zone near the 
river is not visible. Of particular interest, we observe an oxbow-shaped 
area of low resistivity extending inland from the coastline, reaching a 
depth of 50 m, just between the middle zone of two faults. When 
compared with vertical sections, slice B in plan view provides infor
mation regarding the size and geometry of salinity. Seawater primarily 
infiltrates from the southern part of the island, with the graben and 
fracture zone situated between the two faults serving as a significant 
pathway for seawater intrusion. 

We compared the conductivity obtained from the TEM data and the 
pore water experimental data from boreholes. The predicted conduc
tivity near the borehole is obtained through Kriging interpolation. Both 
conductivity and pH of porewater show a good correlation between 
predicted conductivity, R = 0.93 and R = 0.94, respectively (Fig. 8). 
Although the conductivity of pore water is much higher than that of 
inversion, TEM detects the bulk conductivity of pore water and rock 
matrix, and the good correlation between them indicates that the con
ductivity predicted by TEM can reflect the properties of pore water. In 
saturated conditions, the conductivity of the rock σ can be written as a 
function of the conductivity of the pore water σw as 

σ =
σw

F
+ σS (2)  

where F denotes the formation factor and σS the surface conductivity 
associated with conductivity in the electrical double layer. The data of 
Fig. 8a indicates that F ~ 170 ± 30 and σS = 4.8 ± 0.3 S m− 1. These 
values are associated with the low porosity of the rhyolites and the 
surface conductivity is associated with their alteration (Revil et al., 
2017a, 2017b). They could be considered as average values for the 
unfracturated basement by they would need to be confirmed through 
petrophysical measurements. The correlation between inversion con
ductivity and pore water pH indicates that inversed conductivity is 
correlated with the salinity of pore water. Seawater with high salinity 
exhibits relatively high pH and high conductivity. 

A quasi-3D model could be provided, through the inversion of TEM 

Fig. 7. Plan view of inverted resistivity at different depths. (a) Slice A present the shallow resistivity contrast within a 5 m. (b) Resistivity at depths of 50 m, Slice B;. 
Red solid lines F1 and F2 indicate certain faults, controlled by region geology. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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data. The 3D conductivity map is displayed in Fig. 9a showing the high 
resistive bedrock. Very low resistivity areas are obserbed in the shallow 
surface suggesting thicker sediments than anticipated with high water 
content. Inferred seawater intrusion paths characterized as a low re
sistivity feature, extending from southern part of islands to the 

northwest side, through the fractured zone of fault between two hills. 
Fig. 9b show the inferred salt plume form voxel resistivity model, on 
average, the depth of the saline plume in the results is about 25 m below 
the sea level. In addition, the fact that CZ13 is located in a fault zone 
provides a key point to understand the channeming of the salty water in 
this area. Indeed, fault zones can act as conduits or barriers for fluid flow 
based on their nature (Revil and Cathles, 2002). In this case, it seems the 
fault may be serving as a conduit, facilitating the movement of seawater 
into the groundwater system, especially evident with the high TDS 
values noted in well CZ13. Transient electromagnetic investigations 
reveal the low resistivity zone around the faults, provide a potential 
insight into the dynamics of this seawater intrusion. In the future, we 
will need to model the effects of the faults into the dynamic of sea water 
intrusion in this area. We could also use induced polarization to char
acterize the permeability of the area (see Revil et al., 2020). 

5. Conclusion 

Using a compact transient electromagnetic device, we successfully 
obtained high-density transient electromagnetic data on a small island 
in Hangzhou Bay. By incorporating a layered inversion technique with 
spatially constraints, we reconstruct the three-dimensional resistivity 
distribution of the islands near the coastal area. Utilizing the lateral 
discontinuity of resistivity model, we pinpointed the location of the 
faults and subsequently observed low resistivity zones distributed along 
these faults. Combined with TDS data analysis of surface and borehole 
samples, we infer that these low-resistivity zones are closely associated 
with seawater intrusion. Further imaging results revealed the invasion 
sites of seawater plumes, suggesting that in hard igneous rock areas, 
faults and fractured areas serve as the primary channels for seawater 
intrusion associated with climate change, sea water rise, and the use of 
wells for pumping fresh water. 
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