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Abstract: A set of experimental field single-borehole dilution tests were completed in the Motril-
Salobrefia detrital aquifer (Spain) in a sector with coarse material in four different moments under
variable hydrological conditions. The comparative study of the tracer washing, and the temperature
profile patterns for the tests carried out in two wells located hundreds of m from each other, revealed
the presence of ascending vertical flows in one of the wells (not detected by other means) that
compromises the reliability of the tracer test. The values of both the apparent horizontal velocity
and hydraulic conductivity obtained in the affected well were less than half of those estimated in the
well not affected by the upward vertical flows. The repetition of the test eight times during different
seasons showed that the hydraulic conductivity calculated from the apparent horizontal velocity can
vary; therefore, to approximate to a representative hydraulic conductivity value, using this method
is recommended to carry out tests under different hydrological conditions and average the results.
The difference generated by the changes in conditions for the specific setting of the study area was
25%. Taking this into account, it was considered that an approximation to the more representative
value would be an average under variable hydrological conditions, resulting in a horizontal velocity
of 6.7 m/d and hydraulic conductivity of 337 m/d. This information is critical for the management
of the aquifer as it has strategic resources against droughts that are becoming more frequent in the
Mediterranean area.

Keywords: single-borehole dilution test; upward vertical flow; horizontal groundwater velocity:
hydraulic conductivity; Motril-Salobrefia aquifer

1. Introduction

Single-borehole dilution tests (SBDTs) have been widely used as an alternative or
complementary method to pumping tests to estimate groundwater flow velocity [1-12]
and, to a lesser extent, hydraulic conductivity in aquifers [13-15]. In addition, [12,16-18]
used this method to estimate hydrodynamic dispersion.

A SBDT consists of introducing a tracer into a borehole and measuring the tracer
concentration over time. According to [3], if there is a steady flow and the tracer is
homogeneously distributed throughout the dilution volume, an apparent dilution rate, v,,
results according to the following:

Vv c-C

(o Atln o C (1)

where V is the borehole volume [M?], A is the cross-section of the borehole perpendicular
to the direction of the undisturbed ground water flow [L?], t is the time after the beginning
of the measurement, C is the tracer concentration in the borehole at the beginning of the
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measurement (t = 0) [M/L3], C*is the initial tracer concentration in the groundwater, and C
is the tracer concentration at time .

Halevy et al. [2] indicated that solute dilution in the borehole not only results from
groundwater flow, but also potentially affects other processes, which may in turn affect
the extent of the tracer dilution, for example, the presence of convection due to density
contrasts in the tracer from poor mixing or a large vertical variation in temperature, the
presence of natural vertical currents in the well generated by communication between the
various aquifers with different heads, or the artificial mixing or intrinsic diffusion of the
tracer due to different concentrations in the well. Thus, the dilution rate will be defined
as follows:

va:“vd+vc+vv+vm+vf )

where v, is the groundwater Darcy velocity, v, is the apparent velocity caused by the
density convection, vy is the apparent velocity caused by vertical flows, v,, is the apparent
flow rate caused by artificial mixing, vy is the apparent velocity caused by the tracer’s
molecular diffusion, and « is the correction factor that considers the distortion of the flow
net in the aquifer due to the physical interference of the borehole.

In aquifers with medium-to-high hydraulic conductivity and with a dominant hor-
izontal flow, to avoid high tracer concentrations and ensure good initial mixing, the ef-
fects that can alter the tracer washout can be disregarded [2], thereby leading to the
following equation:

Vg = K04 3)

Therefore, it is assumed that the dilution rate in the borehole is simply a consequence
of the horizontal ground waterflow. Thus, groundwater flow velocity can be calculated
after combining Equation (1) with Equation (3), as follows:
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This equation has been used for aquifers with different lithologies, for example, in
fissured aquifers such as granite [19,20], shale [21], shale-limestone sequences [17,22,23],
carbonate formations [24,25], and fractured mudstones and sandstones [26]. Numerous
studies have also applied this technique to detrital aquifers [8,12,13,27-32].

A variety of tracers have also been used in SBDTs, such as radioisotopes, isotopes
dyes [3,30,31], and fluorescent dyes [6,9,20,23], salts, brines [24,33-35], and deionized
water [36,37].

The main sources of estimation error of the horizontal velocity from SBDTs are derived
from (1) a non-uniform distribution of the tracer following its injection into the borehole,
(2) a significant diffusive mass flux, and (3) a vertical flow within or outside of the screened
well [5]. In the first case, the problem can be mitigated by excluding the early test periods
from the dilution analysis because, in these initial measurements, the tracer mixing is likely
poor [7]. Regarding the effect of the diffusive mass flux, if the hydraulic conductivity
reaches a sufficiently high value, the advective flux becomes significantly higher than the
diffusive flux and the diffusion effect can be disregarded [11]. However, when detecting
vertical flows, the effect on the dilution processes is very important, and the value of
velocity may even be several orders of magnitude higher than an estimate of the velocity
obtained using the Darcy formula [7]. Maurice et al. [38] proposed simulated tracer profiles
through numerical modeling resulting from SBDTs under various conditions with the
presence of vertical flows.

The information provided by SBDT, groundwater velocity and hydraulic conductivity
is useful in many hydrogeological circumstances to develop groundwater flow models,
estimate groundwater inputs to aquifer systems or develop management plans. In this
study, a study area for which this knowledge is essential for the adequate management of
water resources has been selected. The Motril-Salobrefia aquifer is a strategic system for
water supply on the coast of Granada, where the local economy is based on the cultivation
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of tropical fruits (cherimoya, avocado, and mango, among others) and beach tourism.
This coastal aquifer has abnormally higher water resources compared to other nearby
coastal systems because the aquifer is recharged by the Guadalfeo River, which is fed by
the snow melting of Sierra Nevada (3482 m). Considering the good water quality of the
Motril-Salobrefia aquifer, the authorities have included this aquifer in Drought Emergency
Response Plans to ensure water supply during periods of drought that frequently hit
the Mediterranean region. However, the correct inclusion of the resources of the Motril—-
Salobrefia aquifer in Emergency Response Plans requires an exact groundwater balance
for a correct distribution of the groundwater resources. Accordingly, almost all water
inlets and outlets are well established in the aquifer, except for the underground inlets and
outlets from other aquifer units in the northern sector. The estimation of this component of
groundwater balance requires assessing the aquifer parameters as accurately as possible.
Previous studies using pumping tests show very high values of hydraulic conductivity,
at 1000 m/d, of the aquifer [39] that can represent an overestimation of the groundwater
input and hence generate a water problem for the use of groundwater resources under
drought conditions.

The main objective of this study is to determine the hydraulic conductivity in a key
sector of the coastal detrital Motril-Salobrefia aquifer to estimate its recharge. In this area,
there are two boreholes specifically drilled for the estimation of groundwater inputs to
the aquifer. Pumping tests, which are most used to determine the hydraulic conductivity
of an aquifer, would be difficult to interpret in this case due to the recharge effect of the
Guadalfeo River, which is located just a few meters from both wells. In this case, SBDT is
the most appropriate method for its determination because, in principle, all the premises
are met to apply the method proposed by [2]. The experiments were repeated under
different hydrological conditions to determine the effect on the results obtained and assess
the reliability of the parameters obtained.

2. Hydrogeological Context

The Motril-Salobrefia aquifer is formed by quaternary-age sediments transported
by the Guadalfeo River, which crosses the west sector of the aquifer in the north—south
direction (Figure 1). The Guadalfeo is a loser river about 500 m downstream of the study
area based on differential gauging experiments but also, as shown by previous studies,
using numerical modeling techniques, such as heat [40] or mass [41] transport models. The
river flows through a valley carved into a Triassic-age permeable carbonate massif (Escalate
carbonate aquifer), which feeds the alluvial fill. Metapelitic materials of low permeability
are found under the carbonates and alluvial fill at 10s of meters of depths [42].

The Guadalfeo River is regulated by the Rules Dam, which is located 17 km upstream
of its mouth. The discharge of the river as it flows through the Motril-Salobrefia aquifer
mostly depends on the volume of water released at the dam, which ranged between 900
and 170 m®/d when the tests were performed (Figure 2).

The recharge sources of the aquifer are precipitation, Guadalfeo River infiltration, irriga-
tion return flow, underground inflow from the Escalate carbonate aquifer and underground
inflow from the alluvial fill of the Guadalfeo River [42]. This last recharge source has been
assessed by different authors, ranging from 25 Mm?3/ year [43] to 15.5 Mm3/ year [44] when
applying Darcy’s law. In more recent studies, this input ranged from 3 Mm3/year [45,46]
to 4.6 Mm?3/year [41]. These large differences between studies indicated the need for a
more specific study due to the lack of data necessary for the calculation of the under-
ground flow through this section of the alluvial plain, and particularly the lack of data on
hydraulic conductivity.

The tests were performed in two research boreholes located in the alluvial plain of
the Guadalfeo River (W1 at 64.49 m a.s.]. and W2 at 61.59 m a.s.1.), just before the fluvio-
deltaic plain that forms the main aquifer (Figure 1). W1 is located farther north and has
a total depth of 54 m and W2 of 25 m. W1 and W2 are 550 m apart in the direction of the
groundwater flow. The lithology logs showed layers of gravel and conglomerates with
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grain sizes larger than 5 cm and, to a lesser extent, sand levels. Both boreholes cross the
entire thickness of the alluvial aquifer until reaching the impermeable substrate (schists
and phyllites rocks).
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Figure 1. (a) Location of the Motril-Salobrefia aquifer, Rules Dam, and wells. (b) Detailed location of
W1 and W2 wells at Guadalfeo s alluvial. (c) The lithological core of the two wells, W1 and W2.
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Figure 2. Water table in the two wells, W1 and W2, the discharge in the Guadalfeo River (Q)
downstream Rules Dam, and precipitation in Motril. The red arrows indicate the times when the
SBDTs were conducted.

The variation in the water tables measured in W1 and W2 indicated that groundwater
recession occurred during the year when the tests were performed (Figure 2). The water
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level almost continuously dropped 2.3 m in W1 from 63.3 m a.s.l. in July 2013 to 61.0 m
a.s.l. in March 2014. The same trend was observed in W2, in which the water level dropped
3.3 m from 58.0 m a.s.l. to 54.7 m a.s.l. on the same dates. Only short episodes of water level
rise occurred in January and February 2014, which did not break the trend of a widespread
decline. The same dynamics were observed in the discharge of the Guadalfeo River, which
decreased during the study period from 900 to 200 m3/d. The hydraulic gradient, however,
shows an increasing trend over the period studied, with values of 0.0099 in July 2013, 0.0103
in September 2013, 0.108 in December 2013, and 0.0114 in March 2014. This increase in
hydraulic gradient is related to the faster decrease in piezometric level occurring in W1
relative to W2.

3. Materials and Methods
3.1. Single-Borehole Dilution Tests (SBDT5)
3.1.1. Field Procedure

In total, eight SBDTs were completed at four different times in the two wells, W1 and
W2 (Figure 1). Both wells were designed with a metal screen throughout the entire hole
(except the shallowest 10 m with blank casing) and without a gravel pack surrounding the
well since the lithology was mainly gravels and boulders.

Since the diameter of the wells was 350 mm for W1 and 300 mm for W2, it was not
possible to use packers to isolate sections, and the test was carried out along the entire
depth of the well.

In each test, and before injecting the tracer, the depth of the water table was measured,
and the temperature and total dissolved solids (TDSs) were vertically recorded—meter by
meter—using a downhole KLL-Q-2-type probe (SEBA Hydrometrie). The probe provides
the TDS value via an automatic conversion from the water’s electrical conductivity.

Brine from the Meliones hypersaline spring located in the Malaga province (150 g/L of
mainly sodium chloride) was injected using a funnel and a hose with a length according to
the depth of each well: 25 m in W1 and 50 m in W2. When the hose was filled (3.5 L in W2
and 8.5 L in W1), it was removed from the well at a constant speed to leave a homogeneous
amount of brine throughout the well. Then, 5 or 10 min after injecting the tracer, a new
TDS record was started using the same equipment and measuring at the same depths.

The TDS in the groundwater were recorded at every meter of depth over time for 4 or
5 h, until reaching a value as close as possible to the original value of the TDS prior to the
injection of the brine. In well W1, five or six vertical TDS profiles were measured in each
test, whereas six or seven vertical TDS profiles were measured in W2. Consecutive profiles
were measured by slowly lowering the sensor to avoid causing turbulence, leaving it at
the bottom of the well during the rest interval, and alternately raising the probe during
the second profile to avoid causing excessive changes in the water due to the movement
of the sensor inside the well. In total, four dilution tests were performed in each well on
30 July 2013, 27 September 2013, 4 December 2013, and 6 March 2014 to collect a wide range
of data under different hydrological conditions (Figure 2).

3.1.2. Hydraulic Conductivity Calculation

Hydraulic conductivity was obtained from Darcy’s law, dividing the Darcy velocity
(v4) by the hydraulic gradient (i). To estimate the value of the v, at each depth of mea-
surement, first the value of the apparent dilution rate (v,) was assessed via least squares
fitting the experimental values of the TDS concentration measured throughout the test
(disregarding the initial values measured in the first profile before injecting saltwater) to an
exponential function derived from Equation (1), as follows:

c-Cc = (co - c*)e—@aév)f )

where t is the time from the beginning of the measurements, V is the dilution volume in
the well, A is the cross-section of the dilution volume perpendicular to the direction of the
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undisturbed groundwater flow (cross-section of the well at its central point), Cy is the tracer
concentration at the start of the measurements (immediately after injecting the tracer), and
C is the tracer concentration at time t. The A/V ratio is equivalent to 2 /7, and r is the radius
of the well where the tracer is injected. The data recorded until the first 10 m of depth were
not considered for estimating K because the screen starts at a depth of 10 m.

Considering that in this section of the Motril-Salobrefia aquifer, the groundwater flow
should, in principle, be mostly horizontal and that the effects of the density convection, the
tracer’s molecular diffusion, and the turbulences caused by the measuring sensor on the
apparent dilution rate are negligible, the Darcy velocity (v,) in the aquifer is proportional
to the apparent dilution rate (v,), which can be corrected by dividing it by a correction
coefficient « according to Equation (3).

Data found in the literature on this subject were used to estimate «. Drost et al. [3]
proposed different values for the correction factor, , depending on the well geometry and
hydraulic conductivities. In the absence of a filter pack, the following equation would be

used to calculate o .

EERCRICTNEN
r K> 2
where r; is the inside radius of the filter screen, r, the outside radius of the filter screen, K;
is the hydraulic conductivity of the filter screen, and Kj is the hydraulic conductivity of
the aquifer.

The well casing thickness was 3 mm for W1 and W2; therefore, the following conditions
could be considered: r; = r;; in addition, the good connection between the well and the
aquifer (based on the coarse lithology) allowed for Kj to also be considered equal to K, thus
obtaining a value of « very close to 2, which is similar to other studies that applied the same
correction factor value for similar characteristics of the well-aquifer relation [7-9,14,46,47].

At each depth of measurement in W1 and W2, four exponential functions were fitted
to the concentration data measured during each dilution test (Figure 3). An average value
of v, was obtained for each depth of measurement in W1 and W2 from the four tests
performed. From these values, and from considering the o coefficient and the average

hydraulic gradient calculated from the water table measured between W1 and W2 in the
four tests, the values of hydraulic conductivity at each depth were calculated.

(6)
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Figure 3. Exponential function adjusted with concentration versus time in W1 at a 12 m depth.
3.2. Temperature Logs

The predominant groundwater flow pattern in the environment of each well was
analyzed with temperature logs recorded at every meter of depth during the SBDTs. The
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patterns of these logs were analyzed at four different seasons. This distribution provides
information on whether the location is a groundwater recharge or discharge zone of the
aquifer, which can be applied to gaining or losing rivers [48], or more generally to the
presence or not of vertical flows [40,49,50]. Normally, wide elongated profiles refer to
recharge areas and compressed ones reveal upward flows in the discharge zones [48].

4. Results
4.1. Concentration Logs

The vertical distribution of the initial TDS in wells W1 and W2 before introducing the
tracer (baseline TDS) was homogeneous throughout the column, except for the first few
meters of depth (until —10 m in W1 and until —9 m in W2), in which less saline water is
usually found, that is related to the presence of a blank casing in the well (Figure 4). There
is little variation in the natural salinity of the water from one test to another. Well W1 has
405 mg/L, while well W2 ranges from 312 mg/L in the first test to 414 mg/L in the last test.

W1 (7/2013) W1 (9/2013) W1 (12/2013) W1 (3/2014)
Concentration (mg/L) Concentration (mg/L) Concentration (mg/L) Concentration (mg/L)
o 500 1000 1500 0 500 1000 1500 0 500 1000 1500 0 500 1000
0 0 . ) A 0 0 ) A
-5 4 | <@ -5 = -5 -5
| . 7 | 4
-10 A -10 -10 -10
-15 4 -15 -15 -15
=-20 — 20 —-20 —-20
E £ £ £
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o 1<% o | a
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-15 -45 -45 -a5 § @
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0o——2—3—4—5 | —0—1—2—3—4—5| —0Q—1—2—3—4-—5 | 0 —1 —2 —3
—4 5 6
W2 (7/2013) W2 (9/2013) W2 (12/2013) W2 (3/2014)
Concentration (mg/L) Concentration (mg/L) Concentration (mg/L) Concentration (mg/L)
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
0 0 0 0
-5 -5 -5 -5
[
—-10 —-10 —-10 | —-10
£ E E £ /
F- < = =
‘s I ‘s a
3 3 [ 3
Qs 05 Qs Q-5
-20 4 -20 -20 -20
~ — | > T
25 -25 -25 -25
—0 —1 —2 —3 —0 —1 —2 —3 -—0 —1 —2 —3 —0 —1 —2
—4 5 6 7 —4 5 6 —4 5 6 —3 —4 5

Figure 4. TDS logs in every SBDT at W1 and W2. Line 0 corresponds to the initial tracer concentration
in the groundwater before the tracer injection. The numbers are sequential profiles measured at
regular time intervals.

After injecting the brine, the tracer was washed out relatively quick in both cases (after
3 hin W2 and after 4 h in W1, with only 10% and 15% of the tracer left, respectively); the
washout rate in W2 was generally higher than that in W1.

The tracer washout was not homogeneous. In W2, the decrease in the tracer concentra-
tion was extremely fast from —10 to —20 m, and from the second measurement, the tracer
was almost entirely washed out, while in W1, it was a more homogenous process. In W2,
in the central area of the well, the tracer concentration gradually decreases; however, in
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W1, from approximately —40 to —25 m (from —40 to —10 m in March), the salinity peaks
are shifted upward from one measurement to the other.

4.2. Darcy Velocity and Hydraulic Conductivity

The calculated values of v, varied both vertically in the well and between tests
(Tables 1 and 2). Vertical variations in the wells are related to differences in the lithol-
ogy of the crossed materials, which will increase or decrease the flow. Velocity differences
over time are related to the increased or decreased groundwater flow when the test was
performed, which will be reflected in the hydraulic gradient values estimated at each time.

Table 1. Apparent horizontal velocity (v,4) and hydraulic conductivity (K) estimated in the four PDTs,
and average v, and calculated K at W1. « is the corrector factor and i is the hydraulic gradient.

W1
Test 1 Test 2 Test 3 Test 4 Mean
a=2 =2 =2 a=2 =2
i=0.0099 i=0.0103 i=0.0108 i=0.0114 i=0.0106
Depth Vg K Vg K Vg K Vg K Vg K
(m) (m/d) (m/d) (m/d) @m/d) @m/d) (@m/d) (m/d) (m/d) (@m/d) (m/d)
—-10 0.9 48 1.0 47 0.4 18 14 61 1.0 47
—11 1.1 58 1.3 64 0.9 41 1.9 86 14 66
—12 1.2 63 1.6 78 14 67 2.5 110 1.7 80
—13 14 73 1.1 81 14 67 2.9 128 19 89
—14 1.8 90 1.8 86 14 66 3.2 140 2.0 94
—15 2.0 102 1.8 86 1.9 88 3.5 155 2.4 113

—16 22 110 2.2 107 22 101 3.7 166 27 127
-17 22 111 2.7 131 2.3 106 3.8 169 29 137
—18 2.1 10 3.1 155 25 118 3.8 169 3.0 141
-19 2.1 104 3.6 174 23 109 3.8 169 3.0 141
-20 2.0 100 3.6 173 24 111 3.8 167 3.0 141
-21 1.9 98 3.9 189 2.7 126 3.7 165 3.0 141
—22 2.0 101 4.0 192 29 136 4.1 182 3.2 151
—23 1.8 92 42 206 3.1 146 42 186 3.3 156
—24 2.0 102 47 228 3.3 151 4.0 175 35 165
—-25 24 123 49 237 35 162 3.8 167 3.6 170
—26 29 149 49 238 3.7 170 3.7 163 3.8 179
-27 3.3 169 49 243 3.8 176 3.6 158 39 184
—28 4.1 206 5.0 244 3.9 182 3.6 159 4.1 193
-29 4.6 234 5.0 24 42 193 3.4 151 43 203
30 52 261 51 246 4.1 189 32 141 44 207
—31 54 275 5.0 243 39 183 3.0 132 43 203
-32 5.8 292 48 232 3.8 177 2.8 124 43 203
-33 6.0 302 52 252 3.7 173 2.7 118 44 207
—34 6.0 302 4.8 231 35 163 2.3 104 4.1 193
-35 6.0 301 45 218 3.2 147 2.0 90 3.9 184
—36 5.7 287 4.0 196 2.8 128 1.7 77 3.5 165

—37 5.3 270 3.7 178 24 111 1.5 66 3.2 151
—38 47 238 32 154 2.0 92 1.1 51 2.7 127
-39 3.8 193 2.7 131 1.6 73 0.7 30 22 104
—40 1.2 60 2.0 100 0.1 3 0.7 33 1.0 47
—41 0.2 12 1.8 87 0.2 10 1.0 46 0.8 38
—42 0.2 12 1.1 55 0.1 7 1.3 58 0.7 33
—43 0.3 15 1.7 83 0.1 3 1.3 60 0.8 38
—44 0.4 20 1.7 83 0.3 15 1.6 70 1.0 47
—45 0.5 26 1.7 85 1.0 48 1.9 86 1.3 61
—46 0.6 28 1.6 77 1.8 82 2.5 112 1.6 75
—47 0.6 32 1.2 56 1.7 80 2.3 103 1.4 66
—48 0.7 34 0.9 46 1.1 50 1.5 68 1.0 47

Mean 2.6 133 3.1 153 22 104 2.6 118 2.6 126
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Table 2. Apparent horizontal velocity (v,) and hydraulic conductivity (K) estimated in the four PDTs,
and average v, and calculated K at W2. « is the corrector factor and i is the hydraulic gradient.

W2
Test1 Test 2 Test 3 Test 4 Mean
ax=2 x=2 x=2 ax=2 a=2
i=0.0099 i=0.0103 i=0.0108 i=0.0114 i=0.0106
Depth Va K Vg K Va K Ua K Ua K

(m) (m/d) (m/d) @m/d) @m/d) (@@m/d) @m/d) @m/d (@m/d) @m/d) (@@m/d)

-10 4.2 213 54 262 7.3 339 6.4 285 5.8 274
—11 52 262 52 254 7.6 352 6.6 293 6.1 288
—12 49 246 5.7 275 8.2 379 74 327 6.5 307
—13 4.7 239 6.0 292 8.9 413 7.5 334 6.8 320
—14 52 261 6.2 303 9.1 421 7.6 337 7.0 330
-15 55 278 6.7 325 9.1 421 8.3 365 7.4 349
—16 5.8 295 6.9 338 94 436 8.3 367 7.6 358
—-17 6.0 302 7.0 341 9.8 452 8.1 358 7.7 363
—18 6.1 307 73 356 10.1 466 8.2 362 79 372
-19 6.3 317 8.1 393 10.2 473 8.5 377 8.3 391
-20 6.3 337 8.0 388 9.8 453 8.5 376 8.1 382
-21 7.0 356 7.8 381 9.8 456 8.6 381 8.3 391
—22 7.7 387 8.8 427 8.5 394 7.2 318 8.0 377
—-23 6.1 310 6.2 303 1.3 59 51 225 47 222
Mean 5.4 294 6.3 331 8.0 394 71 336 6.7 337

At W1 (Table 1, Figure 5), the average v, values calculated throughout the column
varied between 0.7 and 4.4 m/d, with the lowest values between 40 and 44 m depth, where
almost no tracer washout was detected (Figure 4). Higher v, values were found at depths
ranging from —17 to —37 m. The v, varied from one time of the year to another, ranging
between 2.2 and 3.1 m/d (mean of 2.6 m/d).

v, (m/d)

-15

-20

-25

e Vean (W1)
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-40

Test 1 (W2

—Test 2 (W2

)
)
)
)
)
)
Test 3 (W2)
)

—-45
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=50

Figure 5. Average apparent velocity in W1 and W2.
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Considerably higher v, values were recorded in W2 (mean velocity 6.7 m/d), more
than twice than in W1 (Table 2, Figure 5). The v, varied between 4.7 and 8.3 m/d throughout
the vertical profile, although the lowest values were found in the deepest part of the well.
In the rest of the column, the v, values were higher. The v, varies even more than in W1
from one time of year to another, as reflected by the different values calculated in each of
the tests, which ranged between 5.4 and 8 m/d.

W2 showed an increasing trend of v, values estimated during the four tests performed
following the same trend as the hydraulic gradients found (Table 1), except for the fourth
test, although the differences found both in the hydraulic gradient and the v, of tests 3
and 4 are very small, so the error of the method can justify the breaking of the trend. This
trend cannot be established in W1 where the distribution of v, values does not follow a
defined pattern.

The hydraulic conductivity values estimated from v, ranged from 47 to 207 m/d
throughout the vertical profile (mean value 126 m/d) in W1. However, for W2, the esti-
mated K values are quite higher, ranging from 222 to 391 m/d (mean value 337 m/d). These
K values would be in the range corresponding to the clean sands and gravels [51] found in
the lithological columns of the drillings. Similarly to the apparent velocity estimated in W1
and W2, the K in W2 is more than double that in W1.

4.3. Temperature Logs

The temperature logs showed a clear difference between W1 and W2 (Figure 6). In W1,
the logs have a shallow narrow fringe (only 5 m deep) that varies up to 5 °C in temperature
throughout the study period. From —10 m until —25 m, the temperature varies less than
2 °C, and from —30 m on down, the temperature is constant all year round. This type of
temperature log has been attributed to the presence of an upward vertical flow that appears
in groundwater discharge zones [40,48,49,51]. Considering that in this case, the Guadalfeo
River in this sector of the aquifer is not a gaining stream because the river stage was higher
than the water table measured in W1, groundwater upward flow inside the well without
discharge to the river could explain the pattern. However, in W2, the temperature variation
is recorded throughout the entire depth of the well. The thermal oscillation throughout
the study period is up to 7 °C higher than in W1, and the shape of the logs indicated the
absence of vertical upward flow.

(wi] (w2]

Temperature (°C) Temperature (°C)

13 14 15 16 17 18 19 20 21 13 14 15 16 17 18 19 20 21

5
-10 4 =5

i
5]

E — 70013 |E
= K=
s — 9/2013 |&
&30 - 12/2013 | &
— 3/2014 | 157

-50 /

=55 - -25
—7/2013 —9/2013 —12/2013 —3/2014

Figure 6. Groundwater temperature logs in W1 and W2.
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5. Discussion

The application of SBDT and temperature logs has showed the differences in the
hydrogeological behavior between the two wells located in the north-western sector of
the Motril-Salobrefia aquifer, even though they are only 550 m apart. The initial logs
(without tracer effects) already indicate a much more uniform behavior in W1 than in
W2. In W2, the conductivity values varied over time, showing a more dynamic ground-
water flow. However, this effect is not observed in W1, where the groundwater salinity
remained constant.

The temperature logs also highlighted a different flow pattern between the two wells.
In W1, the water temperature throughout the column is homogeneous along the time,
except for the first 5 meters, indicating the presence of an upward vertical flow. However,
in W2, the temperature varies widely throughout the water column over time, indicating
the absence of these upward vertical flows.

The application of SBDT requires the absence of vertical flows or, at least, a clear
predominance of horizontal flow over vertical flow. In the case of W1, the possibility of
vertical upward flows was initially unknown, which was later revealed by the temperature
logs and the tracer washout patterns. The relative importance of these vertical flows in
relation to the horizontal flows would be needed to assess whether they significantly affect
the washout of the injected tracer during the tests and the reliability of the obtained results.
The shapes of the washout curves in W1 (Figure 7) showed that the concentration curves’
peaks shifted upward; but in W2 (Figure 8), the successive tracer concentration curves
gradually decrease, maintaining the shape of the curves, which indicates a cross-flow (flow
that enters and exits the well horizontally). Both the temperature logs and the concentration
curves indicated that W2 would be suitable to conduct SBDT while W1 was affected by
vertical flow, preventing the use of this technique to measure hydraulic conductivity and
groundwater flow. Nevertheless, for both W1 and W2, the tracer is quickly and almost
completely washed out, thereby confirming that the horizontal flow prevails in both cases.

w1 Concentration (mg/L) Horizontal v, (m/d)
W0 500 1000 1500 000 2.00 400 600 800
o 1 1 1 1 1 1 J
_5 - ~
-10 - i
-15 _
E 204 i
L
a
2 25 - 8
[a]
—-30 q
-35 - d
—40 - ]
—45 i
-50 - 1

Figure 7. Comparative results of the concentration logs for the SBDT (July 2013) and the apparent
horizontal velocity (July 2013) at W1. Black arrows indicate the magnitude and direction of the flow
in the well according to the model proposed by Maurice et al. [38].
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Figure 8. Comparative results of the concentration logs for the SBDT (September 2013), the vertical
flow, and the apparent horizontal velocity (September 2013). Black arrows indicate the magnitude
and direction of the flow in the well according to the model proposed by Maurice et al. [38].

According to previous studies on vertical flows [38], the following conclusions can be
inferred in W1: a cross-flow is present at —40 m, which causes a nick-point or step in the
concentration curves where the lowest v, are recorded; another weaker cross-flow is found
at —25 m, which is not detectable in all tests, and an outflow is present at —10 m. These
supposed water inflows and their subsequent upward displacements are consistent with
the information provided by the temperature logs, which reveals the existence of vertical
upward flows (Figure 7).

The upward vertical flow in W1 would explain why the estimated values of the
apparent velocity and hydraulic conductivity are significantly lower in W1 (about one-fifth
lower than those in W2), although the lithological columns are very similar. Accordingly,
the limited correlation found between the apparent velocities estimated in W1 and the
measured hydraulic gradient values indicates the existence of other factors, in this case, the
vertical upward flow, that affected to the horizontal velocity estimation in W1.

In W2 (Figure 8), the fast tracer washout in almost the entire column of the well,
generated horizontal apparent velocities higher than 5 m/d at a depth of 10 m. In this
location the horizontal apparent velocities show a higher correlation with the hydraulic
gradient (Table 1) than in the previous case, in line with conditions under which horizontal
flows prevail.

In W2, the values of v, varied up to 25% depending on the time at which the test was
carried out, from which it follows that it is convenient to carry out tests at various times to
obtain an average value that compensates for seasonal variations.

From a practical perspective, the temperature logs have been useful as indicators
of the suitability of the SDBT in an area where, in principle, a vertical upward flow is
not expected. This has implications for the management of the water resources in Motril-
Salobrefia aquifer as this allowed for prioritizing the groundwater flow and hydraulic
conductivity obtained in W2 over W1. During the completion of SBDT, it is possible



Water 2024, 16, 1305

13 of 15

to monitor temperature without any additional cost as often, the measuring devices of
salinity measure also temperature, a simple procedure as elaborating temperature logs
would a system to determine the presence of vertical flows that can generate errors in the
interpretation and calculation of the results.

6. Conclusions

The use of single-borehole dilution tests is a common tool for the quantification
of groundwater flow and hydraulic properties. As it is a practical tool, they are often
conducted under variable hydrological conditions that can affect the interpretation and
validity of the results. The analysis of eight SBDTs in two wells located in the north sector of
the Motril-Salobrefia aquifer made it possible to discuss the implication of using different
sets of data for estimating the value of the hydraulic conductivity, and assess the influence
of the hydrological situation on the obtained results.

The different tracer washing patterns found in the two wells indicated hydrodynamic
differences in both cases. In W1, the variation in the concentration profiles with an upward
shift in the peaks indicated potentially the presence of upward vertical flows; however, in
W2, the gradual decrease in the concentration with no vertical shift in the TDS maxima
from one log to another shows the predominance of horizontal flow. The temperature logs
confirmed the differences in the behaviors of the two wells. These results highlight the
potential of using temperature logs as quick and easy to obtain indicators of the suitability
of conducting SBDTs when there is no available information about the flow pattern in the
region to be studied.

The apparent velocities estimated in W2 are higher (6.7 m/d, mean value of all depths
in the four tests) than those estimated in W1 (2.6 m/d, mean value of all depths in the four
tests). Consequently, the calculated values of the hydraulic conductivity are also much
higher in W2, over two-fold higher (337 m/d, mean value of all depths in the four tests)
than those in W1 (126 m/d, mean value of all depths in the four tests). Because the upward
vertical flows of W1 alter the tracer dilution rate, the K estimated in W2, at 337 m/d, was
considered the most accurate value for this area of the Motril-Salobrefia aquifer.

Because the estimated K values vary up to 25% depending on the time of the test and,
therefore, the hydrological situation, it is recommended when applying this technique to
carry out several tests under different hydrogeological conditions to compensate for the
seasonal variations.
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