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Abstract In arid basins, inﬁltration through streambeds is considered the primary contributor to
groundwater recharge; however, estimating streambed recharge at catchment scale remains a challenge.
Moreover, a spatial understanding of streambed inﬁltration is crucial for estimating where and how much
aquifer recharge occurs and where recharge could be enhanced. This study explored the use of continuously
sampling shallow geophysical measurements over many kilometers of dry streambed in an intermittent
stream basin. In total, approximately 30 km of streambed was traversed, capturing representative portions of
ﬁrst through ﬁfth order stream reaches across the six major soil groups in the study area. The results show a
general trend from lower to higher apparent conductivity with change in soil type along the catchment
gradient, suggesting a general progression from sandy to clayey soils. The presence of a low permeability
layer in the shallowest soils across most soil types and all orders of stream gradient suggests streambed
clogging would impair recharge, and that cracking of clays and lateral inﬁltration is very likely to play an
important role in aquifer recharge. This method provided a rapid and relatively simple way to gather
information on potential areas for streambed inﬁltration at a larger scale than is possible with
other methods.

1. Introduction
There is a need for greater understanding of stream network processes at the catchment scale (Ward &
Packman, 2019). This is especially true for arid basins, where streambeds are thought to serve as the primary
conduits for groundwater recharge (Abdulrazzak, 1995; Niswonger et al., 2005; Shentsis & Rosenthal, 2003;
Sorman & Abdulrazzak, 1993; Subyani, 2004), but a solid understanding of hydrological processes is lacking
(Costigan et al., 2016). For intermittent and ephemeral stream networks, inﬁltration along the streambed
controls streamﬂow onset and permanence along a catchment's stream network. It also is a major factor
in determining recharge potential (Callegary et al., 2007), which in turn determines where enhanced
recharge structures, that aim to increase groundwater recharge for human needs, should be constructed.
Both streambed inﬁltration and transmission loss studies have the goal of understanding how much water
moves through the streambed. These studies can be conducted at several spatial and temporal scales
(Shanaﬁeld & Cook, 2014). Typically, point measurements of direct inﬁltration (Dahan et al., 2007;
Dunkerley, 2008), temperature (Constantz et al., 2002; Shanaﬁeld et al., 2010), or soil moisture (Dahan
et al., 2008; Schwartz, 2016) are collected for this purpose. Reach‐scale estimates have been made using ﬂoodwave models (Lange, 2005; Shanaﬁeld et al., 2014) or through water balance studies (Costa et al., 2013; Pool,
2005; Villeneuve et al., 2015). Overall, there are relatively few such ﬁeld studies in ephemeral and intermittent systems to date, since these rivers are notoriously hard to collect data in due to difﬁculties associated with
remote locations, uncertainty in ﬂow regimes, and the high water levels and scouring that can occur during
ﬂow (Pilgrim et al., 1988; Shannon et al., 2002). The studies that do exist for ephemeral and intermittent systems typically only examine the mainstem of the river, or are in large rivers, ignoring the variability of processes that occur within different parts of the watershed.
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However, inﬁltration and transmission loss are extremely difﬁcult to capture at the basin scale, and point
and reach scale measurements typically do not upscale accurately. While basin‐scale groundwater recharge
has been estimated using remote sensing (Milewski et al., 2009; Tweed et al., 2007), these studies normally
do not consider streambed recharge, instead differencing spatial estimates of precipitation and
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evapotranspiration to estimate the water balance. Nevertheless, information on what parts of the basin
stream network contribute to groundwater recharge is necessary for both conservation efforts and strategic
development of recharge capability.
Although not frequently used in streambeds, and even less frequently in ephemeral streambeds, geophysical
methods may provide a window into potential areas of likely inﬁltration and therefore potential groundwater recharge at a larger spatial scale than most other ﬁeld methods allow. Streambed geophysical surveys
have been conducted for ﬂowing stream segments from a couple meters in length to a few kilometers. For
example, Clifford and Binley (2010) used 9‐m electrical resistivity tomography transects to examine
streambed stratigraphy. They were able to identify the boundary between the alluvium and bedrock beneath
the bed of the River Leith (United Kingdom), a small, groundwater‐fed stream. As a rare example of a dry
streambed study, Callegary et al. (2007) examined recharge potential at discrete transects spaced 25 m apart
across 41 km of two dry, ephemeral streams in Arizona, United States. They combined geophysical measurements, vegetation surveys, and measurement of stream geometry parameters to develop a metric of recharge
potential that would be widely applicable to other ephemeral streams.
In the present study, we explore the use of continuous, shallow geophysics (electromagnetic conductivity
meter) at the basin scale for identifying areas of intermittent stream networks more likely to permit inﬁltration, and thus likely to contribute to groundwater recharge. This is based on the premise that although there
are many factors that complicate the analysis of electromagnetic conductivity, given a relatively dry
streambed of approximately (spatially) constant soil moisture and low salinity throughout, the response of
the conductivity meter is primarily related to soil lithology (Boaga, 2017). Soils that are made up of clays will
be moderately to highly conductive, while soils that are predominantly sands and gravels will generally be
more resistive. Using a small (~100 km2), coastal catchment in South Australia to test this method, we
mapped apparent electrical conductivity in ﬁrst to fourth order tributaries, as well as in the mainstem of
the intermittent Pedler Creek. The goal of this work was to capture a representative portion of the dry stream
network with geophysical surveys to discuss the potential and limitations of this method, identify reaches
that may permit streambed inﬁltration and the connectivity of these reaches, and link these areas to underlying soil types.

2. Methods
2.1. Study Site
The ﬁeld site for this study was the Pedler Creek stream network within the Willunga Basin, located 25 km
south of the city of Adelaide in South Australia (Figure 1). The Willunga Basin covers an area of approximately 108 km2 and has a long‐term mean annual rainfall of 645 mm (Bureau of Meteorology,
Commonwealth of Australia, Willunga station 23753, 1862–2018) and a mean annual temperature of
15.8 °C. Rainfall is much higher in the hills than on the plain, with comparative mean rainfalls of 538
and 757 mm measured at the McLaren Vale (55 m; station 23586) and Mt. Wilson (elevation of 390 m;
http://groundwater.anu.edu.au/ﬁeldsite/willunga) over the 2012–2018 period, respectively. The basin has
a warm summer Mediterranean climate (Csb in the Köppen‐Geiger system).
Prior to colonial settlement in the 1840s, vegetation in the Willunga Basin consisted of open grasslands and
forested hills. Conversion of land to wheat and sheep production became widespread from the 1840s; these
crops were supplemented with fruit and vegetable crops in the late 1880s (Bardsley et al., 2019). Vegetation
in the catchment today is a mixture of open grassland for stock grazing, horticulture (primarily vineyards),
and suburban housing, with a few remnant stands of forest in the uplands. Since the 1990s, this area is well
known for its wine production, and viticulture is the predominant land use on the plains.
The primary surface water catchment within the Willunga Basin is Pedler Creek. The creek begins as many
small tributaries in the hills on the eastern ridge of the catchment, crosses the Willunga Fault, and conﬂuences to a distinct mainstem close to the town of McLaren Vale (Figure 1). Flow in Pedler Creek is ephemeral in the beginning of the wet season, then typically becomes intermittent midwinter, and seasonal ﬂow
volumes vary widely by year (Figure 2). At two gauging stations on the creek (Figure 1), average annual ﬂow
volume was 1.6 × 105 and 1.6 × 106 m3 at the upstream and downstream stations over the period 2012–2018,
respectively, although during dry years the total ﬂow volume can be an order of magnitude lower. Although
SHANAFIELD ET AL.
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Figure 1. Location of the Willunga Basin within Australia, land cover and stream order for study reaches, the town of
McLaren Vale (circled), and weather and gauging stations. All stream segments shown comprise Pedler Creek,
with the mainstem shown in orange. Surface water and groundwater levels at locations A and B shown in Figure 2. Surface
imagery copyright 2019 Microsoft Corporation, Earthstar Geographic SIO.

there are several short, spring‐fed sections of the creek along the fault that are perennial, the majority of the
creek ﬂows only intermittently, with ﬂow only in the winter wet season, between approximately June and
September. From 2009–2015, the basin was heavily instrumented to understand groundwater levels; data
from this period showed that average depth to water in the Basin is less than 10 m and the streambed is
typically disconnected from the groundwater, but does reconnect in some parts of the creek during
intermittent ﬂows in some years (Figure 2). The silty, clayey sediments of the thin, unconﬁned,
Quaternary aquifer at the surface are underlain by the conﬁned aquifers of Port Willunga and Maslin
Sands Formations, which are separated by the Blanche Pointe Formation, which acts as an aquitard.
Groundwater in the region is heavily relied upon for stock and agricultural use, due to the long dry
period, and the use of this water is highly regulated.
For this study, the focus was on determining possible areas of unconﬁned aquifer recharge through the
upstream, ephemeral tributaries and downstream through the beginning of the creek's intermittent mainstem (Figure 1). In McLaren Vale, wastewater discharge enters Pedler Creek and the streambed was not suitable for sampling below this reach.
SHANAFIELD ET AL.
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2.2. Field and Laboratory Methods

Figure 2. (a) Rainfall at the McLaren Vale (Bureau of Meteorology,
Commonwealth of Australia, station 23876) and Mt. Wilson (http://
groundwater.anu.edu.au/ﬁeldsite/willunga) weather stations; (b and c)
stream stage and groundwater level (meters above the Australian Height
Datum) measured at locations A and B (see Figure 1), respectively, over the
period 2013–2015.

Transects of electromagnetic conductivity were collected during the
driest part of the year, from 26 February to 2 March 2018 using a
CMD Explorer (GF Instruments, Brno, Czech Republic). The CMD
Explorer is a multireceiver coil, electromagnetic conductivity meter
that measures both in‐phase and out‐of‐phase data at set time intervals. The out‐of‐phase data are easily converted to and, in fact, are
recorded as “apparent conductivities” (discussed below). These instruments do not make direct contact with the ground as the instrument
sets up a time varying electromagnetic ﬁeld, so received signals are created by electromagnetic induction. Three receiver coils are separated
from the single transmitter coil within the instrument at 1.48, 2.82,
and 4.49 m spacings. The transmitting coil transmits a time‐varying
electric ﬁeld at 10,000 Hz. The transmitter frequency and coil spacings
set the depth of investigation for each of the three receiver‐transmitter
pairs. The instrument can be conﬁgured for either shallow or deep
(nominally to 4 or 7 m below ground, respectively) measurements;
for this project data were collected in the shallower (termed “low‐
moment”) conﬁguration. In this conﬁguration, the three transmitter‐
receiver separations are most sensitive to conductivity at ~1.1, ~2.1,
and ~3.3 m depths (CMD manual, GF Instruments). The method is a
quick and nondestructive way of mapping shallow subsurface conductivity over an area.

Terrain conductivity meter type instruments are quite popular as the “out‐of‐phase” data that the devices
record are easily converted to apparent conductivity, using a simple low induction number approximation.
Unfortunately, as discussed in McNeill (1980), this approximation breaks down under conductive ground
conditions, tending to underestimate conductivity, as conditions become more conductive. This behavior
was observed over parts of this ﬁeld area; for the analysis methodology introduced here it was decided that
this underestimation would not affect the analysis.
Due to the many obstacles throughout the stream reaches, the instrument was carried by two people, with
one person at either end of the instrument and the CMD oriented parallel to the stream course. The instrument was attached to chest harnesses that maintained the instrument height at 1 m elevation. Data were collected at 1‐s intervals as the operators walked downstream along the dry streambed. Manufacturer accuracy
is stated as 4% at 50 mS m−1, with an apparent conductivity range of 0–1,000 mS m−1 (resolution 0.1 mS m−1).
The location of each measurement was logged by a Trimble Real‐Time Kinematic instrument (accuracy 0.04
m) connected to the CMD.
Sampling areas representative of all soil types and stream orders were targeted. A total of approximately 30
km of Pedler Creek was sampled during the ﬁeld campaign. These transects were edited to remove points
that were more than 20 m from the stream; for example, at the start or end of each transect, and where barriers such as fences, springs, and thick vegetation prevented access to the stream. Shorter deviations from the
stream due to these factors were not removed, as it was assumed that these would still be broadly representative of the stream, especially in upstream areas where the streambed is sometimes indistinguishable from
the surrounding hillside. Negative conductivity values were observed to have occurred at locations where
wire fence and other metallic detritus had collected along the creek. Negatives were also observed where
a given traverse crossed a powerline. These negatives were removed before data analysis.
In ArcGIS Pro (ESRI, California, United States), a 10‐m square pixel hydrologically correct Digital Elevation
Model (DEM) was constructed using 5 m contours (Department for Environment and Water, Government of
South Australia) as the primary data source. These contours were edited to correct known data issues and
supplemented with spot heights. The stream network was based on a 1:10,000 data set and was updated
by digitizing additional data using high resolution aerial photography. The stream network was then corrected for ﬂow direction and the ﬂow directions were then embedded in the DEM to ensure a hydrologically
accurate DEM and to provide stream order. Point data collected in the ﬁeld were snapped to the creek lines
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and the stream reaches were then split at these locations to identify stream
order at 10 m resolution. Soil type was estimated using a GIS layer showing coverage of 15 generalized Soil Groups (DWLBC, 2004; Hall et al.,
2009), and used for comparison with apparent electrical conductivity measurement from the geophysical surveys.

Figure 3. Percentage of stream reaches belonging to each stream order
within the study catchment, and relationship between the prevalence of
stream orders.

We hypothesized that the geophysical data collected in this study would
correlate with soil samples collected at indicative sites within the study
area. Therefore, 45 samples were collected at streambed sites across the
watershed from depths of 0.15 m below the surface during the February
ﬁeld campaign and at 0.15–1 m below the channel during the following
wet season. In the laboratory, these samples were analyzed for saturated
hydraulic conductivity using a KSAT instrument (METER Group,
Munich, Germany); however, all 1 m samples and most 0.15 m samples
had conductivity values below the resolution of the KSAT instrument
(<0.0001 m day−1). Further, undisturbed samples could not be collected,
and the remaining KSAT results did not appear to be representative of
local soil types. Therefore, the results are not presented, but our experience with this method is reviewed in the discussion with regard to
literature ﬁndings.

3. Results
Over 30 km of CMD data were collected in this study. After removal of nonviable data (as described above),
CMD data were available for approximately 14 km of stream channel (31,724 data points at three depths).
This represents approximately 9% of the stream under consideration (Figure 1 shows the distribution of
streams sampled and their order). GIS analysis shows that the percentage of the total study stream network
decreases with increasing stream order according to an exponential function (y = 0.7931e0.553x, where x is
stream order and y is percentage of total stream length, R2 = 0.98) (Figure 3); sampling a representative portion of each stream order required more surveys of low order stream reaches. The viable data represent 4–22%
of each stream order in the subcatchment (Figure 4a). First order streams were typically difﬁcult to identify,
located in steep terrain, and often quite short. Therefore, only 4% of ﬁrst order streams were captured.
Conversely, the ﬁfth order stream reach (the mainstem) is located in a more developed, gently sloping area
that could be continuously sampled and 22% was traversed.
Nine different soil groups intersect with the Pedler Creek stream network (DWLBC, 2004; Hall et al., 2009).
Of these, six groups comprise 99.74% of the study stream network (Figure 4b), and the characteristics of the
remaining three groups are not discussed. Soils in the Willunga Basin typically transition from a loam on clay
over rock at the highest elevations (lowest stream orders) (class K), progressing to shallow soil on rock (class
L), then sandy loam over clay (class F), then a mottled mix of loam over clay (class D) and sand over sandy
clay loam (class G). Where the upper branches of the creek merge to form one mainstem, the creek ﬂows
through deep, friable, gradational clay loam (class M). Stream reaches in class K were not represented
because they could not be easily accessed or the stream channel was not well deﬁned. For most other soil
classes, the length of stream channel sampled was approximately proportional to the occurrence of each soil
class in the catchment, with the exceptions of classes L (which is overrepresented) and M (which is underrepresented) (Figure 4b). Within class L, approximately 1 km of the streambed was wet when sampled
(Figure 4a); these data were removed from analysis.
When all the conductivity data collected in the catchment are aggregated, it is apparent that the conductivity
measured by the CMD are skewed with long tails to the right (higher values (Figure 5). For the deeper measurements (2.1 and 3.3 m), the median and standard deviation of the apparent conductivity were almost
identical (Figure 5), while for the 1.1 m data, the median was twice as high and the data were more variable.
The apparent conductivity values correspond to median resistivities of 9.1, 17.5, and 18.6 Ωm for depths of
1.1, 2.1, and 3.3 m, respectively.
Spatial differences in the data were examined with respect to stream order and soil type both in the shallowest
layer alone (e.g., to identify potential clogging layers) and across all measurement depths to determine
SHANAFIELD ET AL.
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Figure 4. (a) Map of Pedler Creek stream network showing stream reaches sampled, soil type, and stream order. The surveyed section that was wet is labeled in the
map and was excluded from analysis. (b) Length of stream network that belongs to each stream order (Total) and length sampled (Sampled). The percentage
of each gray bar that was sampled is labeled above the black bars. (c) Percentage of the stream network that lies in each soil group (based on Hall et al., 2009), and
percentage of CMD measurements found in each soil group.

reaches with lower permeability “clay” response and higher permeability “sand” response throughout. Given
the distribution of apparent electrical conductivities (Figure 5), a threshold of 100 mS m−1 was qualitatively
chosen to further elucidate likely areas of relatively high permeability. The shallow (1.1 m depth)
conductivity data show which areas would limit how much inﬁltration could potentially reach deeper
layers. Moving from the most upstream soil class (K) downstream, the average apparent conductivity
increased as the creek passes through the progression of soil groups discussed above (column 3 of Table 1).
The one exception is soil group D, which was lower than for the surrounding soil groups. Interestingly,
using an upper conductivity limit of 100 mS m−1 (across all three depths) to deﬁne the boundary beyond
which inﬁltration is less likely (Table 1, column 4), the data do not follow a trend with soil group
progression. If this cut‐off is reduced to 50 mS m−1, only measurements collected in soil group L (9%) meet
the cut‐off throughout the sampled proﬁle.
Examining the data at all depths to ﬁnd areas where inﬁltration to the groundwater may occur, only 40% of
the data had conductivity values less than 100 mS m−1 at all depths (12,511 data points). This percentage
reduced to 13%, 3%, and 0.5% of data as the criteria dropped to 75, 50, and then 25 mS m−1 or below at all
depths, respectively (shown spatially in Figure 6). Conductivity was quite variable in the upstream (lower
order) tributaries (prevalence of red points in the upstream reaches of Figure 6). Examination of these
upstream reaches with depth (Figure 7) further shows the differences between layers that is apparent from
the aggregated data (Figure 5). In contrast, sections of the mainstem (shown in black in Figure 6) have uniformly higher apparent conductivity, suggesting higher clay content throughout the soil proﬁle. Indeed, median apparent conductivity for ﬁrst to fourth order stream was roughly equal, at 96–112 mS m−1, while the
median apparent conductivity for sampled ﬁfth order reaches was 196 mS m−1. With the exception of second
order streams, which consistently had higher percentages of sampled points below the threshold criteria,
there was a decrease in the percentage of measured points with increasing stream order, consistent with
the trend for the progression of soil types described above. The trend in this decrease approximately followed
an exponential decay pattern for the 100 mS m−1 (at all depths) threshold criteria and exactly linear for 75 mS
m−1. Below the 75 mS m−1, no third to ﬁfth order locations met the criteria.
SHANAFIELD ET AL.
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Figure 5. Distribution of measured apparent electrical conductivity values recorded at three depths across the entire
−1
catchment (before interpolation), with median and standard deviation given for each depth (mS m ) Note that the
middle (2.1 m) and bottom (3.2 m) depth values almost completely overlap.

4. Discussion
In this study, we have examined the ability of high resolution, shallow electromagnetic geophysical surveys
to identify areas of potential streambed inﬁltration at the catchment scale. We have collected data over a
relatively small catchment to explore this method and aimed to survey as much as possible along the ﬁrst
to ﬁfth order stream reaches. Accounting for data loss and logistical difﬁculties, we were able to survey
approximately 9% of all stream reaches in the total area, with roughly proportionate percentages of each
stream order and soil type covered. This study showed that there are distinct areas of the streambed where
apparent conductivity is lower; this response is likely related to more permeable (sandy) soils. Generally,
there is a slight but consistent increase in apparent conductivity from upstream to downstream in the catchment overall, suggesting increasing clay content and decreasing sand content downstream and that
upstream stream reaches would permit greater inﬁltration (Boaga, 2017). Grouping the results by soil type
and by stream order showed that upstream to downstream changes were primarily due to changes in soil
type, which is in accordance with the overall soil type description for the basin (Hall et al., 2009).
Interestingly this general basin‐scale trend was not true for soil group D; it is unknown why this loamy soil
had slightly lower median conductivity. We also found that apparent conductivity was on average higher in
the shallowest measured layer of the streambed, suggesting the existence of a “clogging” layer (ﬁne clays)
near the surface (Figure 7), along most of the study area, with slightly more permeable soils at 2 and 3 m
below the surface.
The resistivity values observed in this study fall squarely in the range expected for clay (typically 1–100 Ωm)
and at the low end of values for alluvium (typically 10–900 Ωm) (Loke, 2001). Expected values depend quite
heavily on the porosity, water quality, and clay content (Loke, 2001). Therefore, given a relatively dry to

Table 1
Description of Soil Group Characteristics (Hall et al., 2009), Median Apparent Conductivity for all 1.1 m Depth Points,
and Measurement Locations With Apparent Conductivity Below 100 at all Three Sampled Depths
Soil group

General description

Median apparent
−1
conductivity mS m

% of points with apparent
−1
conductivity below 100 mS m

K

Loam on clay over rock

‐

‐

L

Shallow soil on rock

90

63

F
D

Sandy loam over clay
Loam over clay

110
102

35
47

G

Sand over sandy clay loam

141

8

M

Deep, friable, gradational clay loam

156

17

Note. Low conductivity values indicate more sandy soils (and therefore higher potential for inﬁltration).
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Figure 6. Apparent conductivity below speciﬁc upper conductivity limits (at all three measurement depths) and soil
groups within the study catchment. The Willunga Fault is shown with a black dashed line.

moist soil throughout (excepting the areas affected by springs), our results reﬂect clay content as listed in the
soil group descriptions. This reinforces our ﬁnding that only speciﬁc and often not continuous areas of the
stream network may permit signiﬁcant levels of vertical streambed inﬁltration.
Interpretation in soil group L was particularly difﬁcult. A fault runs along the base of the hills at approximately the transition between soil groups L and F (Figure 6), and although the water table is up to 10 m
below ground during the dry season (Figure 2), perennial springs can be observed along many reaches of
the creek in the L soil group region. Although sections with water at the surface were avoided (except one
section shown in Figure 4, which was omitted from the results), variability in shallow subsurface wetness
due to the fault may have caused the high variability in conductivity observed within soil group L.
In this catchment, there is a prevalence of clay (DWLBC, 2004; Hall et al., 2009), and cracking of the soils is
evident throughout the region during the hot, dry summers. Preferential inﬁltration has been suggested as a
major mechanism of inﬁltration in ﬂoodplains (Bramley et al., 2003; Heeren et al., 2010), within the hyporheic zone (Menichino et al., 2014) and into or from stream banks (Menichino & Hester, 2015). In the
streambed, Dahan et al. (2007) suggested that although preferential pathways result in quick transport of
water through streambeds, the overall volume of water transmitted through these pathways is unlikely to
exceed matrix ﬂow. The swelling of clay soils that has been observed within the Pedler Creek basin during
the wet season suggests that cracks formed during the dry season would not permit large volumes of inﬁltration once wetted. However, in general the inﬂuence of macropores and preferential ﬂowpaths in intermittent rivers is not well understood and their effects on inﬁltration in Pedler Creek is unknown.
Similar to our results, several studies have described streambed clogging, which can take the form of either a
thin layer of mud at the surface or less permeable sediments which form a distinct layer in or on the
streambed (Crerar et al., 1988; Dunkerley, 2008). This clogging layer is thought to prevent inﬁltration during
ﬂow events (Lange et al., 1998). Depending on the criteria used to assess permeability (e.g., the apparent conductivity value limit used in this study), this low permeability layer likely extends along much of the length
of the creek, in all stream orders and soil types.
Although overall, the use of shallow geophysical data as described in this study allowed the determination of
useful patterns, several factors are not accounted for in this simple analysis. The geophysical approach taken
in this study would not capture the potential for lateral inﬁltration through the stream banks or for preferential inﬁltration through cracks in the clayey soils. Bank inﬁltration is likely to be high during the onset of
ﬂows; however, like most intermittent and ephemeral streams, the recession curve in Pedler Creek is quite
SHANAFIELD ET AL.
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Figure 7. Examples of upstream reaches (a and b) showing spatial variability in apparent electrical conductivity. Areas
with continuous measurements of high electrical conductivity at 1.1 m (top layer of measurements) suggest a likely
clogging layer in the streambed.

steep, which would result in signiﬁcant bank exﬁltration (McCallum & Shanaﬁeld, 2016). Given the
prevalence of clay in the streambed of this catchment, further work on understanding the role of cracking
and bank storage would improve our understanding of recharge into the local aquifer.
Similar to this study, Callegary et al. (2007) also performed a catchment‐wide analysis, including geophysical
data. They used a low induction number frequency‐domain electromagnetic‐induction instrument, in this
case a Geonics EM‐31 (Geonics, Ltd), which also measures apparent electrical conductivity, but for a discrete, volume‐average estimate over 0–3 or 0–6 m depth below ground, which were averaged for input into
a metric of recharge potential. They reported apparent electrical conductivities in general slightly lower than
those typical of the current study (generally 10–70 mS m−1 throughout). However, the authors acknowledge
the volume‐average data would not capture thin, low permeability layers, and that these layers had been
observed at several sites. By collecting high resolution, spatially extensive information at this shallower
depth (and at three depths), we were able to further explore the ability of geophysical data to understand spatial variability in streambed properties and likely areas for recharge to groundwater. We have found that
examining variability with depth is essential, due to the prevalence of a low permeability layer in the shallowest part of the streambed. Our analysis shows where inﬁltration through the streambed is likely.
However, it does not directly assess recharge potential, which will also be affected by local vegetation, evapotranspiration, depth to groundwater, streambed clogging, likelihood of recharge through stream banks,
and other factors. Also, in accordance with the conclusions of Callegary et al. (2007), we found that point
measurements of hydraulic conductivity were not a good indicator of local recharge potential; in this case,
because hydraulic conductivities near the surface were generally very low and vertical inﬁltration does
not appear to be the primary recharge mechanism at the basin scale. Therefore, the saturated hydraulic conductivity of discrete streambed locations along intermittent stream networks with ﬁne sediments does not
appear to be indicative of the dynamic processes that occur as the stream wets and ﬂows.
Finally, transmission losses and associated inﬁltration of streamﬂow into the shallow to regional groundwater are typically treated as one‐dimensional processes, despite the very three‐dimensional nature of
SHANAFIELD ET AL.
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streambed ﬂuxes (Banks et al., 2018; Brookﬁeld et al., 2009; Shanaﬁeld et al., 2010). Due to these complex
ﬂow pathways, it is important to identify areas where streambed inﬁltration occurs to gain more information
on the overall hydrologic cycle; and in arid regions, to understand where enhanced recharge could take
place. While this study does not provide a full three‐dimensional, quantitative picture of basin inﬁltration,
it is a ﬁrst step in that direction. Here we have used a relatively simple analysis to identify spatial heterogeneity within the catchment and at depth within the sediment and have been able to draw some valuable conclusions about where and how inﬁltration can occur at catchment scale. We believe future research should
combine the geophysical analysis demonstrated in the current study with vegetation and stream geometry
information, possibly collected through the concurrent collection of continuous video footage. However, this
next step will not be trivial in practice. For example, in this study effective capture of video footage was hampered by the frequent presence of thick vegetation, fences, and other obstacles in the stream corridor.
Furthermore, analysis of such footage at basin‐scale would be labor‐intensive. However, the relative simplicity offered by the rapid assessment used in the current study offers valuable information on shallow
streambed characteristics, giving a ﬁrst picture of where recharge is likely. As unmanned aerial vehicle technology continues to improve, and an increasing number of environmental studies take advantage of this
technology to conduct ﬁeld campaigns, it may not be long before geophysical sampling of this kind can be
done remotely. This study demonstrates the relatively simple but valuable analysis that could result from
such a survey.
Field sampling at the catchment level requires access to many kilometers of a watercourse, which can be a
logistical and legal challenge. For this study, it was not possible to contact every landholder along each
stream reach. To address this issue, we took the approach of using additional ﬁeld crew to engage landholders at key locations along each study reach (especially at access points) and found that landholders were
generally quite interested in the research. Recent advances in online sharing of geospatial data allow us to
share our results with local landowners; concurrent with the submission of this manuscript, we are sharing
an ESRI StoryMap about the project and results to landowners to communicate our ﬁndings and allow them
to explore and understand the spatial patterns we observed (https://arcg.is/1SuDOa), and it is anticipated
that in this agricultural area, information on sediment properties will be highly valued. As landowners in
this region recognize the many beneﬁts of rehabilitating land and increasing biodiversity (Bardsley et al.,
2019), communicating more to landholders about the unique properties of the stream also aids in establishing stronger connections between stakeholders and their environment.

5. Conclusions
The use of continuous, shallow geophysical methods shows considerable promise for evaluating streambed
properties in ephemeral and intermittent river catchments. In 1 week of sampling, we were able to capture
9% of the total stream length, from the very top of the catchment where streamﬂow originates to the mainstream where it enters the town of McLaren Vale. By capturing the full range of stream orders and soil types,
we were able to discern overall trends within the catchment. Also, the ﬁne scale of the measurements with
depth allowed us to identify a low permeability layer in the shallowest part of the streambed, which is likely
to control inﬁltration. Interpretation of the data relies on the assumption of a relatively uniform moisture
and salinity level within the catchment; however, the method would be suitable to a wide range of stream
networks where these conditions are met, providing rapid information on streambed properties and data
that can easily be communicated back to stakeholders in a visually appealing and digestible manner.
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