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ARTICLE INFO ABSTRACT

Article history:

We conducted time-lapse resistivity imaging during pumping tests at the Pengtsuo and Dajou test sites in Taiwan
in order to examine the feasibility of estimating hydrogeological parameters with resistivity variations. Core logs
reveal that the subsurface consists mainly of at least 100-m-thick gravel and sand at the two test sites. The
resistivity differences between the pumping stages and pre-pumping background are well correlated to water
level changes that are due to the dewatering of pumping activity. Therefore, it is possible to use the geometry
of resistivity anomalies to estimate the hydraulic conductivity of the unconfined aquifer using the distance-
drawdown equation for pumping tests in unsaturated aquifers. For each site, we used the contours of resistivity
variations and recorded water levels in the pumping well to depict the bottom of the drawdown cone. The
estimated hydraulic conductivity and specific yield, respectively, are 1.33 x 10”4 m/s and 0.12 at the Pengtsuo
site, and are 2.50 x 10~% m/s and 0.22 at the Dajou site. These values are consistent with the parameters that
engineers from Taiwan Sugar Company calculated previously regarding groundwater-level variations in multiple
wells (9.65 x 107> m/s and 0.13 at Pengtsuo, and 1.00 x 10~> m/s and 0.19 at Dajou). This consistency suggests
that resistivity imaging can perhaps serve as an alternative way to yield information about hydrogeological
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parameters.
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1. Introduction

Many groundwater researchers use pumping tests to estimate
hydraulic parameters such as the hydraulic conductivity and the storage
coefficients of aquifers. Many results-based estimates of hydraulic
parameters have traditionally rested on both classical methods and
homogeneous-interpretation models (e.g., Cooper and Jacob 1946;
Theis, 1935). However, the time-varying geometry of drawdown
cones associated with heterogeneous aquifers may yield varying
hydraulic parameters over time in test evaluations (Leven and
Dietrich, 2006). As a result, it is important to monitor this geometry
when the pumping activities of pumping-test analyses cause time-
varying drawdowns. Unfortunately, drilling a series of wells for the
specific purpose of monitoring is as time-consuming as it is uneconom-
ical. Aware of these issues, researchers have tried to use non-invasive
geophysical methods for monitoring. For instance, Endres et al. (2000)
tried to estimate the drained-water volume for various times during a
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pumping test with the transition zone drawdown-distance relation-
ships derived from ground-penetrating radar (GPR) profiles. Bevan
et al. (2003) used GPR to map a water table during a pumping test's
dewatering and recovery phase. Rizzo et al. (2004) and Straface et al.
(2007) used the self-potential responses associated with pumping and
recovery tests, respectively, to estimate the hydraulic conductivity
around pumping wells. Among these geophysical studies, electrical
resistivity imaging (ERI) is noticeably less popular than the self-
potential method and GPR for monitoring dewatering and recovery pro-
cesses during pumping tests. Researchers frequently use resistivity-
imaging methods in various environments to investigate subsurface
structures (e.g., Binley et al., 2002; Chang et al., 2011; Kemna et al.,
2002; Kim et al., 2002; Mitchell et al., 2008; Toran et al., 2010; van
Schoor, 2002). Loke et al. (2013) usefully reviewed developments in a
variety of resistivity surveys. Barker and Moore (1998) used the ERI
method to monitor the saturation changes during a four-hour pumping
test in an unconfined aquifer. They discovered that a maximum 15%
change in resistivity was centered on the pumping borehole but was
asymmetric around the pumping borehole. The findings in Barker and
Moore (1998) suggest that the ERI method is a feasible technique for
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providing alternative information regarding, in particular, the geometry
of the drawdown cone for pumping tests. In our current study, we have
used an ERI method to examine how the geometry of the dewatering
volume varies with time and different pumping rates. In addition, we
have estimated the hydrogeological parameters, such as hydraulic
conductivity and specific yields, at different stages with the results of
time-lapse ERI surveys, and we have compared our estimates with the
values calculated from the multiple-well pumping tests.

2. Pumping-test settings and ERI-survey configurations

We conducted our pumping tests at two sites: one is located near the
Pengtsuo elementary school in southwestern Taiwan's Pingtung
County, and the other is located near the Dajou elementary school in
northeastern Taiwan's llan County. In both the Pengtsuo and Dajou
sites, core drilling logs show that the sediment within a depth of
120 m consists of thick layers of gravel and is a component of major un-
confined aquifers (Fig. 1). We conducted a pumping test in the Pengtsuo
well (P1) and, in addition, installed water-level gauges in P1 and the
other three Pengtsuo-based observation wells (01, 02, and W1) to
monitor groundwater levels. At the Dajou site, we conducted pumping
tests in its pumping well (PD-1), and we installed water-level gauges
in both that well and a single Dajou-based observation well (OD-1).
Fig. 2a and b show the configurations of the wells at the Pengtsuo and
Dajou sites, respectively. The pumping tests at the Pengtsuo and Dajou
sites took place in three stages: the background, the stepwise-
pumping, and the continuous-pumping stages. Tables 1 and 2 show
our plans for the pumping tests at the Pengtsuo and Dajou sites,
respectively.

We conducted resistivity-monitoring surveys during the entire
pumping test at the Pengtsuo site but only during the continuous-
pumping stage at the Dajou site. Fig. 3a and b show the variations of
the groundwater level during the pumping test at the Pengtsuo site
and the corresponding variations in the continuous-pumping stage at
the Dajou site. The background groundwater levels in the P1 well at
the Pengtsuo site and the PD-1 well at the Dajou site are —5.998 m
and —1.700 m, respectively. Fig. 2 shows the configurations for our
ERI surveys at the two sites. To reduce the noise and minimize the influ-
ence of near-surface objects, we chose the Schlumberger Array for our
ERI surveys and avoided the survey line when passing through the
work area where the generators and electrical cables had been installed.
The survey line was 50-m long at the Pengtsuo site and 29.25-m long at
the Dajou site. While conducting the surveys, we kept the line a proper
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Fig. 2. The field configurations of the pumping test and the electrical resistivity imaging
(ERI) survey at (a) the Pengtsuo site and (b) the Dajou site.

distance of at least 1.5 m from the well heads in order to reduce the
possibility that the steel well casing would degrade our resistivity
measurements. We used the LGM 4-point Light 10 W resistivity meter
and the ActEle system (Lippmann, 2005) for the field-resistivity
measurements. For the ERI surveys at the two sites, we chose an
electrode interval of 1 m and 0.75 m. We collected measurements in
the background phase of the Pengtsuo test, and conducted the ERI
measurements every 40 to 60 min, depending on the quality of each
survey's data. At the Dajou site, we collected ERI measurements every
10 min during the continuous-pumping stage, and measured the
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Fig. 1. The drilling core and logging records of (a) the O1 well at the Pengtsuo site and (b) the OD-1 well at the Dajou site.
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Table 1
The design for the pumping test at the Pengtsuo site.

Phase Pumping rate (m”"3/h) Duration time
(min)

Background?® 0 4315
Stepwise 1st-stage pumping 83.15 100

Stepwise 2nd-stage pumping”  117.41 266

Stepwise 3rd-stage pumping  Increased from 145.63 to 205.95 512

Recovery 0 529
Continuous 205.95 2902

2 The average groundwater level is —5.998 m.
> Owing to a short circuit in the generator, the pumping during the second test stopped
for 155 min.

background data in the recovery stage. Resistivity data were inverted
with EarthImager™ 2D software (AGI, 2006), which employs iterative
finite-element algorithms of forward simulation and inversion schemes
to estimate subsurface resistivity structures. As suggested by Dahlin and
Zhou (2004), we used the robust inversion scheme, which minimizes L1
norms and improves results in noisy environments. Furthermore, we
fixed the inversion parameters so that they would complement the
data-based difference inversions from various time periods relative to
the background data.

3. Error analysis and depth of investigation

Labrecque et al. (1996) proposed that errors from reciprocal
measurements can represent noise levels better than those errors
from repeated measurements. Unfortunately we did not have enough
time to collect such information during the dynamic pumping-test
experiment. We made repeated measurements only during the
background stages. The repeated RMS errors are 11.62% at the Pengtsuo
site and 2.24% at the Dajou site (Table 3). The average RMS errors for the
time-lapse difference inversions are about 10.13% at the Pengtsuo site
and 0.73% at the Dajou site.

The much higher RMS errors at Pengtsuo may be due chiefly to our
use of two dimensional (2D) inversion schemes for three-dimensional
(3D) objects, our use of incorrect geometric factors for the bent survey
line, and field noises from pumping activities. We have set up three
blocky drawdown models to examine the influences that the aforemen-
tioned factors have on the difference inversions. The background model
consists of a 1-m-thick, 1000 Ohm-m unsaturated layer overlying a
100 Ohm-m saturated layer. We have used two types of blocky models
(Fig. 4): a 2D model with a rectangular depression cone in the saturated
layer, and two 3D drawdown models (one with a straight survey line
and the other with a bent survey line passing adjacent to the cubic
depression cone). The depression cone has the same 1000 Ohm-m
value as the unsaturated zone. We applied the forward modeling to
the 2D drawdown model, and inverted the simulated measurements
with 2D difference inversion relative to the simulated background
measurements. We also generated the measurement responses of the
3D models, and then inverted the simulated responses with a 2D

Table 2
The design for the pumping test at the Dajou site.

Phase Pumping rate (m”3/h) Duration time (min)
Background?® 0 1440

Stepwise 1st-stage pumping 103.00 100

Stepwise 2nd-stage pumping 138.20 100

Stepwise 3rd-stage pumping 169.20 100

Stepwise 4th-stage pumping 205.90 100

Stepwise 5th-stage pumping 241.50 100

Recovery 0 1440

Continuous” 241.50 1440

2 The average groundwater level is —1.700 m.
> We conducted the resistivity monitoring only in the continuous phase.
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Fig. 3. (a) The records of the groundwater level registered in different wells during the
pumping test at the Pengtsuo site. We started to record the background groundwater
level before the pumping tests at 0 min. The pumping tests were initiated at 5394 min.
(b) The groundwater level recorded at the Dajou site in the PD-1 well during the
continuous-pumping test.

difference-inversion scheme. A 3% random error was applied to the
forward modeling in all cases. Fig. 5 presents the inverted-percent-
difference images of the 2D model and those of the 3D models. The
RMS errors for the inversions of the 2D model, the 3D straight-line
model, and the 3D bent-line model are 1.02%, 7.5%, and 13.74%, respec-
tively. The RMS errors for the inversions of the two 3D background

Table 3
ERI monitoring and inversion parameters.
Array type Pengtsuo site  Dajou site
Schlumberger Schlumberger
Electrode spacing (m) 1.00 0.75
Length of the profile (m) 48.0 28.5
Data points 1152 494
Average time needed per measurement (min.) 45 9
Repeated error of the background measurements 11.62 2.24
(%)
RMS error of the inversion of background 19.85 2.71
measurements (%)
Average RMS error of the time-lapse inversions 10.13 0.73
(%)

@ Difference-inversion schemes were applied.
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Fig. 4. The top and side view of the 3D depression-cone model. The background model consists of a 1-m-thick, 1000 Ohm-m unsaturated layer overlying a 100 Ohm-m saturated layer. The
bent and straight survey lines are shown in the top view as the dotted black line and solid grey line, respectively. A resistive cubic cone of depression with a resistivity of 1000 Ohm-m is

adjacent to the survey lines. The 2D model is based on the side-view model.

models are much higher than the random error (3%) we gave to the
forward simulations. Although the RMS errors are high in the individual
background inversions, the results of the difference inversions (as
shown in Fig. 5) establish that the difference-inversion scheme can
reduce the RMS errors. Indeed, in all three cases, we can resolve the
resistive drawdown cone in the percent-difference images. We also
found that the difference inversion of the bent-line case still has the
highest RMS error (5.10%) among the three cases. Hence we have
concluded that the high RMS errors for the inversions in our study
come chiefly from the bent-line geometry used to map the 3D objects.

The techniques for estimating the depth of investigation (DOI) in-
clude the resolution matrix analysis (e.g., Alumbaugh and Newman,
2000; Friedel, 2003; Oldenborger and Routh, 2009), the sensitivity

matrix analysis (e.g., Robert et al., 2012), and the DOI Index
(e.g., Oldenborger and Routh, 2009; Oldenburg and Li, 1999). In the cur-
rent study, we have adopted the procedures suggested by Caterina et al.
(2013) for the appraisal of the DOL. In addition, we have explored the
issue of relative model sensitivity by using Earthimager™ 2D software
(AGI, 2006). Robert et al. (2012) used the sensitivity value for indicating
the likely DOI, and concluded that the sensitivity value of 0.1 can better
reflect their DOI in comparison to the logging data. Although the sensi-
tivity indicator may vary in different cases, here we first use the sensitiv-
ity value of 0.1 as a quick guide for DOI for the cases discussed in Fig. 5.
We found that both the 3D straight-line case and the 3D bent-line case
have a shallower DOI than the 2D case. The DOI in the 3D cases are about
half the DOI in the 2D case, although the difference images of the 3D
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Fig. 5. The inverted-percent-difference images of (a) the 2D model, (b) the 3D model with the straight survey line, and (c) the 3D model with the bent survey line. For the background
model, we inverted the images by using the 2D difference inversions combined with the robust inversion scheme. The boxes show the projected locations of the depression cone in

the images, and the dotted line shows the depth of the relative sensitivity of 0.1.
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cases still resolve the depressive cone. This fact implies that the DOI
calculation with the 2D inversion may underestimate the actual DOI
for the 3D targets when the relative sensitivity cut-off value is 0.1.
Therefore, in our subsequent time-lapse difference studies at the
Pengtsuo and Dajou sites, we used DOIs that are twice as deep as the
depths associated with the 0.1 cut-off value.

Other factors that can generate noisy measurements in pumping
environments include long measurement times in dynamic
environments, induction in the ground associated with powerlines,
direct current injection associated with cathodic grounding (Corwin
and Hoover, 1979), and the metallic casing of a piezometer (Revil
et al., 2012). These factors may have contributed to the significant
repeated errors in our ERI measurements at the Pengtsuo site. After
carefully arranging the array setup and avoiding interference factors
as much as possible, we substantially reduced both the repeated errors
and the inversion RMS errors for our measurements at the Dajou site, as
shown in Table 3.

4. Results of the time-lapse ERI surveys

Archie (1942) suggested that the relationships between the in-situ
resistivity of a sedimentary rock to its porosity and pore-water resistiv-
ity can be described as follows:

py = apyd™S,", 1)

where pj is the bulk resistivity, a is the tortuosity factor, p,, is the pore-
water resistivity, & represents the porosity, S,, is the saturation (equal
to 1 when saturated), m represents the cementation exponent relative
to the rock, and n denotes the saturation exponent (usually close to
2). After the pumping started, the difference between the pumping-
stage images and saturated-background images within the range of
the drawdown cone is reflected in the following equation:

Apy = ap@ (St — 1), 2)
where S, is the saturation corresponding to the drained soils. For the

same rock or soil, one can reasonably assume that a, p,,, &, and m will
remain the same after the water starts to drain from matrix pores in

(a) Pengtsuo
01,02

5.0 100

Depth (m)

the pumping test. Therefore, we could find a specific resistivity-
difference value at the saturation point corresponding to the air entry
pressure in a relatively homogeneous media. And hence, it would be
reasonable for us to delineate the groundwater surface within the
drawdown cone of the pumping by using the time-lapse resistivity
difference from the ERI measurements.

Fig. 6a and b show the averaged resistivity background before the
pumping started for the Pengtsuo and Dajou sites. Fig. 6a presents
splayed structures of low resistivity near the well locations of 01, 02,
and W1. The low-resistivity structures likely indicate the influence
that the wells' steel casing had on the resistivity measurements
presented in Fig. 6a. By contrast, we found scant evidence of a similar
well effect in Fig. 6b. Fig. 7a through f show the selected images of
resistivity differences at time slices during the stepwise phases
regarding the pre-pumping background measurements at the Pengtsuo
site. We noted that the generator had been malfunctioning during this
period, and thus, we excluded the affected images from Fig. 7. We
observed that an anomalous region of increased resistivity appeared
between 20 m and 35 m from the distance mark on the survey line
40 min after the pumping test had started. The anomalous region is at
a depth of about 4 m on the 27.5-m mark on the survey line. Compared
with the recorded groundwater levels in wells P1 and W1, the anoma-
lous regions of increased resistivity likely corresponded to the pumping
drawdown. However, the center of the anomalous region is located in
the vadose zone above the groundwater surface, and because the
relationship between the suction head and the water content of
unsaturated soil follows non-linear curves for different types of soil, it
is reasonable to conclude that a slight change of suction can significantly
change water content in the vadose zone. Hence, our findings suggest
that pumping may introduce a huge change in water content and a
significant resistivity change in vadose zones.

Fig. 7g through i present the resistivity-difference images collected
during the continuous-pumping stage at the Pengtsuo site. We noticed
that the anomalous-resistivity region was exhibiting a distribution
pattern different from that in the stepwise pumping. In addition, the
maximum increase in resistivity increase exceeded 2000 Ohm-m during
the stepwise pumping but was only about 600-1200 Ohm-m during the
continuous-pumping stage. The center of the maximum-resistivity in-
crease was at about the 27-m mark at a depth of 4 m, which is similar
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Fig. 6. The inverted resistivity image of the pre-pumping background at (a) the Pengtsuo site and (b) the Dajou site. The pumping and observation wells are shown at the projected
positions on the survey line. The dotted red lines indicate the groundwater surface. And the black dash line shows the modified likely depth of investigation, which is double the depth

of the relative sensitivity of 0.1.



P.-Y. Chang et al. / Journal of Applied Geophysics 144 (2017) 134-143 139

>

[

LLb)

X

—_
Q)
—
Depth (m)
5 & & b

LT
o
3 4
&

(b)

(c)

850
650
450
(d) -
50
0
-250
(e)
o
(f) . o (& ) AN
P b N, T \ 3
8]
-104 . . - - : T T T T
5 10 15 20 25 30 35 40 45 50

Distance along the profile(m)

_—— ' [
E 2]
( )-.c_ g ST L
B) g <]
o g]
10 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
o . ) . . L . . . .
2]
(h) G
5 Ohm-m
e
-10: T T T 1850
0 5 10 15
0 1 1 1 1650
1 ]
.2: 1450
(l) i 1250
ra =
8 1050
-10 . v v ; ; . ; : ; s
5 10 15 20 25 30 35 40 45 50
o L ) L 650
'
2] 450
-6
-84 = 50
5 1w 15 0
0 ! ! L 250
2 0
k) 1
(k) & -
)
-10 T T T
5 10 15
8 . L )
27 ¢
() = S—
i8]
3]
|nﬁ L
; T . - r T T ; .
0 5 10 15 20 2 30 3% 40 45 50

Distance along the profile(m)

Fig. 7. The selected resistivity-difference images collected at (a) 83 min., (b) 128 min.,, (c) 178 min., (d) 542 min., (e) 662 min., and (f) 702 min. After the start of pumping during the
stepwise-pumping phase, and at (g) 39 min., (h) 291 min., (i) 401 min., (j) 451 min., (k) 676 min., and (1) 766 min. After the start of pumping during the continuous-pumping phase
at the Pengtsuo site. The dashed line shows the modified depth of investigation, which is double the depth of the relative sensitivity of 0.1.

to the anomaly during the stepwise pumping. In contrast to the images
of the stepwise pumping, an additional anomalous region appeared be-
tween the 40-m and 45-m mark in the vadose zone during the
continuous-pumping stage. The region can be seen in Fig. 7d but is
absent from the other images of stepwise pumping.

Fig. 8 shows the resistivity-difference images regarding the pre-
pumping background during the first 120 min of the continuous-
pumping stage at the Dajou site. Each image indicates the measure-
ments taken every 10 min. We found that there is no significant anom-
aly corresponding directly to the drawdown cone, as shown in Fig. 8a
through e. In the first 50 min of pumping, the regions of resistivity
increase were only in the vadose zone above a depth of 1.7 m. As
shown in Fig. 8f, a region with a resistivity increase higher than
1.6 Ohm-m appeared at a depth of 2 m to 4 m between 20 m and
25 m from the distance mark near the pumping well. After 70 min of
pumping, we discovered a clear cone-shaped anomalous region near
the pumping well, as shown in Fig. 8f. And as shown in Fig. 8e, the
maximum increase in the region's resistivity was over 2.8 Ohm-m at a
depth of about 1.7 m, which corresponds to the groundwater surface
before pumping. From 70 to 120 min after pumping started, the
anomalous resistivity region remained about the same size but the
maximum resistivity difference increased from about 2.8 Ohm-m to
over 4.4 Ohm-m in Fig. 8g through i. The findings suggest that the
drawdown cone seems to have remained the same size but that the sat-
uration status within the cone varied during the period. In addition, we
found that the well caused a “blank” area 18 m from the distance mark,
as shown in the difference images in Fig. 8f through i, although we
observed no significant well effect in the background images for the
Dajou site.

5. Discussion

When we compared groundwater-level records with resistivity
differences, we found that the groundwater surface correlated roughly
to resistivity increases of 140 Ohm-m and 100 Ohm-m during the
stepwise-pumping phase and the continuous-pumping phase, respec-
tively. Regarding Archie's law, we attempted to delineate the contour
line corresponding to resistivity of 140 Ohm-m below a depth of 6 m
(the pre-pumping groundwater level), which might clarify the geomet-
ric variation of the drawdown cone during the pumping activity. Fig. 9a
shows the contour line's spatial variations corresponding to a resistivity
value of 140 Ohm-m at the end of the three stages of the stepwise-
pumping phase and 100 Ohm-m in the continuous-pumping phase. In
Fig. 9a, the concave region enclosed by the 140-Ohm-m contour line
got larger and its center was at the 26.5-m mark in the first and second
stages of the stepwise-pumping phase. The pumping rate increased
gradually to a maximum rate of 205.95 cm h during the third stage of
the stepwise-pumping phase, and the region enclosed by the 140-
Ohm-m contour line during the third stage grew larger than did the
same region during the second stage of the stepwise-pumping test. In
addition, the center of the region slightly moved to the 25.5-m mark
during the third stage. The increased space of the concave region may
reflect the enlarged drawdown cone associated with the increasing
pumping rate. In addition, we found that the center of the drawdown
cone shifted about a meter during the period extending from the second
stage to the third stage of the stepwise-pumping test. Two possible
factors might help explain the cone's shifting center: first, the aquifer
perhaps had heterogeneity regions when the drawdown cone grew
larger and encountered these regions at the third stage of the
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the relative sensitivity of 0.1.

stepwise-pumping phase; and second, the effluent water was drained
into the nearby irrigation channel and may have leaked back into the
aquifer via the channel, hence distorting the shape of the cone.

We found that the post-pumping increase in resistivity at the Dajou
site was far smaller than the corresponding increase at the Pengtsuo
site. When we compared the resistivity-difference images with the
water-level records in the PD-1 well, we found that the groundwater
level roughly correlated to a resistivity increase of 1.6 Ohm-m. Fig. 9b
shows the 1.6-Ohm-m isoline of resistivity difference regarding the
pre-pumping measurements below a depth of 2 m after 120 min of
continuous pumping at the Dajou site. The center of the drawdown
cone is at about the 22-m distance mark and close to the pumping
well PD-1. Unfortunately, the well-casing effect might have masked
some small variation of resistivity near the well. Therefore, we could
not delineate the shape of the drawdown cone for the regions near
PD-1.

We used both the drawdown cone's geometry and the distance-
drawdown method provided by Halford and Kuniansky (2002) to
estimate hydraulic conductivity by Eq. (3), assuming that the resistivity
difference contour between the pumping phases and background can
represent the geometries of the groundwater surface. In Eq. (3),

In (r_z)
K = Qirl

™o —hi

3)

Qs the pumping rate, h; is the head at distance r; from the center of
the drawdown cone, and h; is the head at distance r, from the center of
the drawdown cone (Fetter, 2001).

To calculate the specific yield (S,), we attempted to use the
resistivity image that we had taken right after initiating the pumping
test. And to this end, we used the ratio of total pumped-water volume
to the estimated drawdown-cone volume calculated from the resistivity
measurements:

At
5=, )

where At is the pumping time and Vj is the drained volume. Using only
the measurements from the first drawdown-cone image after the start
of continuous pumping, we tried to minimize the influence that the
lateral recharge's extra water volume could have on the estimation of
drained water volume. This extra water may still have caused over-
estimations of specific yields, and hence our estimation should be
viewed only as the “upper bound” of the given specific yield.

Table 4 shows the calculated hydraulic conductivity for the Pengtsuo
site. The estimated hydraulic conductivities increased from 2.50 x 10>
to 6.33 x 10> m/s in the stepwise-pumping phase, and were about
1.33 x 10~* m/s in the continuous-pumping phase at the Pengtsuo
site. It seems that the estimated hydraulic conductivity increased with
the increasing pumping rate. The values are close to those calculated
from the measured groundwater-level variations in multiple wells
(about 9.65 x 10> m/s). In addition, the estimated specific yield was
about 0.12, and turned out to be close to the value calculated from the
time-drawdown analysis (about 0.13).

Table 5 reveals our estimates of hydraulic conductivity and specific
yield from the continuous-pumping test at the Dajou site. The estimated
hydraulic conductivity was about 2.50 x 10~ % m/s, and this value turns
out to be about a quarter of the values calculated in the multiple-well
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Fig. 9. (a) The estimated groundwater surface within the depression cone during the
stepwise- and continuous-pumping phases at the Pengtsuo site. (b) The estimated
groundwater surface in the depression cone during the continuous-pumping phase at
the Dajous site.

time-drawdown analysis (about 1.00 x 10~ m/s). In addition, the
depression cone appeared after 60 min of pumping at the Dajou site.
The findings suggest that the drawdown cone either was very small or
was kept near the pumping well, which was a distance of 3 m from
the survey line in the first 50 min. Therefore, we could not detect the
drained region of the depression cone in these resistivity measure-
ments. We assume that the drawdown was due to the additional
water that had drained between the 50th minute and the 60th minute
of pumping. The estimated specific yield, about 0.22, agrees well with
the value calculated from the multiple-well time-drawdown analysis
(about 0.19).

Comparing Table 4 to Table 5, we can see that the calculated hydrau-
lic conductivity of the Dajou site from the time-drawdown analysis was

Table 4

The hydraulic parameters from the time-drawdown calculation in previous tests at the
Pengtsuo site and the estimated parameters from the time-lapse resistivity measurements
in this study.

K(m/s) Sy
Previous test in O1 9.75E-05 0.13
Previous test in 02 9.54E-05
Stepwise 1st-stage 2.50E-05
Stepwise 2nd-stage 3.50E-05
Stepwise 3rd-stage 6.33E-05
Continuous 1.33E-04 0.12

Table 5

The hydraulic parameters from the time-drawdown calculation at the Dajou site in the
previous tests and the estimated parameters from the time-lapse resistivity measure-
ments in this study.

K(m/s) Sy
Previous test in Dajoul 1.66E-05 0.17
Previous test in Dajou2 1.70E-05 0.19
Continuous 4.16E-06 0.22

about 10 times the hydraulic conductivity of the Pengtsuo site. And from
the resistivity measurements, we can see that the estimated hydraulic
conductivity of the Dajou site was about twice the value of the Pengtsuo
site. The much larger hydraulic conductivity at the Dajou site suggests
that the pumping's drained water at this site may, in general, stem chief-
ly from quick lateral recharge, not from the in-situ water in pores near
the pumping well. As a result, the depression cone appeared only after
60 min of pumping at the Dajou site. Neuman (1987) proposed that,
to account for lateral radial flow, the estimations of specific yields in
Eq. (3) should undergo the following modification:
Q-At

S=Fy (5)
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Fig. 10. (a) The changes in the estimated fraction (F) that represent the ratio of the storage
yields caused by the falling water table to the total pumping discharge during the
continuous-pumping test at the Dajou site. (The solid line is the regression curve based
on the assumption of exponential decreases.) (b) The variations of fraction F at the
Pengtsuo site. The solid line represents the regression curve based on the assumption of
exponential decreases.
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where F represents the fraction of the instantaneous discharge rate
coming from the storage yielded by the falling depression cone. If we
calculate that the Dajou site's specific yield (S, ) is 0.22, we can estimate
the fraction F at different times during the continuous-pumping phase,
as shown in Fig. 10a. Fig. 10a suggests that the fraction of instantaneous
discharge released from storage by the falling groundwater table
decreased exponentially with time, and that about 70% of the discharge
water came from lateral flow right after the start of pumping. The
lateral-flow groundwater took over 90% of the pumping discharge
after 100 min of pumping at the Dajou site. If the specific yield of the
Pengtsuo site was 0.12, we can account for almost 100% of the pumping
discharge, which was from the storage yielded by falling water levels.
The ratio of instantaneous storage yield to pumping discharge dropped
slowly to about 0.6 after 320 min of pumping, and to about 0.4 after
800 min of pumping. The contribution of the lateral flow right after
the pumping started also re-affirms the assertion that the hydraulic
conductivity at the Dajou site is, in general, much larger than that at
the Pengtsuo site.

6. Conclusions

In this study, we used time-lapse electrical-resistivity measure-
ments to estimate hydraulic conductivity and specific yields during
pumping tests at the Pengtsuo and Dajou test sites. We inverted
the resistivity data with the difference inversions relative to the
background measurements, and used the resistivity-difference im-
ages to estimate the relevant parameters. The average RMS errors
for the time-lapse difference inversions are about 10.13% and 0.73%
for the measurements at the Pengtsuo and Dajou sites, respectively.
We built three depression cone models, including one 2D model
and two 3D models (the first 3D model having a straight survey
line and the second having a bent survey line). Then we inverted
the simulated resistivity measurements from the three models to
examine possible noise and other artifacts in our field measure-
ments. From the modeling, we concluded that the higher RMS inver-
sion errors of the Pengtsuo data may majorly come from the
geometry of the bent survey line. Although the bent-line case may
yield a higher RMS error than the straight-line one, we found that
the difference inversion can still resolve the depression cone.

Drawing on Archie's law, we assumed that the resistivity differences
between the data collected during pumping and the data for the pre-
pumping background would exhibit a change in water content because
of dewatering during pumping activity. We compared the resistivity
difference with the groundwater-level records registered at the
pumping tests, and selected the resistivity difference that best repre-
sents the depression cone's groundwater surface. We used the
distance-drawdown calculations to estimate the hydraulic conductivity
of the unconfined aquifer from the resistivity results during different
pumping stages. We also estimated the specific yield of the same uncon-
fined aquifer by dividing the pumping volume by the volume of the
drawdown cone at the start of pumping. The estimated hydraulic con-
ductivity and the specific yield of the gravel-unconfined aquifer were
about 1.33 x 10~ m/s and 0.12 at the Pengtsuo site, and about 2.50
x 1074 m/s and 0.22 at the Dajou site. These values agree with the pa-
rameters that we calculated in our multiple-well time-drawdown anal-
ysis at the Pengtsuo site (about 9.65 x 10~°> m/s and 0.13) and at the
Dajou site (about 1.00 x 10~3 m/s and 0.19).

Using a modified calculation proposed by Neuman (1987), we
estimated the contribution that the lateral flow made to the pumping
discharge. Also according to our findings, about 100% of total pumping
discharge is from the instantaneous storage yield at the Pengtsuo site.
Furthermore, the ratio of storage yield to pumping discharge dropped
slowly from about 100% to about 0.4 after 800 min of pumping. By
contrast, about 70% of the discharged water came from the lateral
flow that occurred right after the pumping started at the Dajou site.
The lateral-flow groundwater provided over 90% of the pumped

discharge after the first 100 min of pumping at the Dajou site. The con-
tribution of the lateral flow to the pumping discharge right after the
start of pumping also confirms that the hydraulic conductivity at the
Dajou site was much larger than that at the Pengtsuo site.
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