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Abstract The hydrological dynamics of intermittent rivers and ephemeral streams (IRES) impacts the
availability of water to riparian ecosystems, the height of downstream runoff peaks, and the replenishment of
groundwater systems. Despite its significance, the influence of superficial geology on IRES flow processes
remains an area of limited understanding. Here we first present a comprehensive data set encompassing
streamflow and groundwater levels from an intermittent stream situated in New South Wales, Australia. We
then use targeted geophysical investigations to show how the configurations of superficial geology control the
streamflow and groundwater responses. The analysis reveals that periods of stable stream stage consistently
occur after episodic surges in streamflow, followed by recession and channel desiccation. The duration of the
stable phases exhibits an upstream‐to‐downstream pattern, reaching a maximum of 44 ± 3 days upstream and
then abruptly declining further downstream. There is remarkable consistency in the duration of these stable flow
periods, irrespective of the size of preceding streamflow peaks. We propose two primary controls of this
behavior: (a) variability in permeability contrasts between channel alluvium and surrounding geological
deposits, and (b) longitudinal fluctuations in the volume of the recent channel alluvial reservoir. The interplay of
these controls generates a “goldilocks zone,” which optimizes riparian water availability and the potential for
groundwater recharge in IRES landscapes. These geological controls may reflect a continuum present in other
dryland catchments with widespread implications for groundwater recharge and stream classification based on
flow occurrence and duration.

Plain Language Summary Intermittent rivers and ephemeral streams provide water to plants and
animals, influence downstream floods, and help refill underground water supplies. However, we don't fully
understand how geology controls when and where water flows in these rivers. In this study, we examined an
intermittent river in New South Wales, Australia, by measuring water levels in the river and underground. We
also used specialized tools to study how layers of rocks and sediments influence water movement. Our results
show that after heavy storms the water in the river rises quickly, then stays at a stable level before slowly drying
up. These stable periods last the longest upstream—up to 44 days—but become shorter downstream.
Surprisingly, the length of these stable periods is always the same, no matter how big the storm was or how high
the river got. We found two key factors behind this: how much water the sand in the river can hold and how
easily water moves between this sand and surrounding rocks. Together, these factors create an ideal zone that
supports plant life and groundwater recharge. Understanding these patterns can help us manage water in dry
areas and improve how these rivers are classified.

1. Introduction
Intermittent rivers and ephemeral streams (IRES) occur globally across all climates, with more than half of global
channels drying periodically (Datry, Fritz, & Leigh, 2016; Datry, Pella, et al., 2016; Messager et al., 2021). In
drylands (arid, semi‐arid and sub‐humid regions), IRES are more widespread and comprise >80% of the channel
network (Datry et al., 2011; Levick et al., 2008).

In both dryland and humid environments, IRES perform a variety of critical ecosystem services (Kaletová
et al., 2019; Stubbington et al., 2020), including transport of biota, materials, nutrients, and water within the
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landscape (Acuña et al., 2017; Alan Yeakley et al., 2016; Datry et al., 2017) and host diverse aquatic and riparian
ecosystems (Datry, Fritz, & Leigh, 2016; Datry, Pella, et al., 2016; Katz et al., 2012). Ephemeral streamflow is
often the primary source of surface water to these ecosystems (Stromberg & Merritt, 2016) and is crucial in
maintaining their ecological health and diversity (Labbe & Fausch, 2000; Saccò et al., 2021). Due to its wide-
spread distribution and relative resilience to climate variability, groundwater is often the only viable source of
freshwater in dryland regions (Dai, 2013; Feng & Fu, 2013; Huang et al., 2016) and streamflow infiltration via the
beds of ephemeral streams is a key pathway for replenishment of groundwater recharge (Cuthbert et al., 2019;
Keppel & Renard, 1962; Wheater, 2008).

Demands on dryland water resources are being intensified by rising population (DESA, 2017), human activity
(Chen et al., 2019; Wada et al., 2013) and climate change (Abel et al., 2020; Berdugo et al., 2020; Huang
et al., 2017; Taylor, Scanlon, et al., 2013; Taylor, Todd, et al., 2013). Consequently, it is crucial to improve our
understanding of the water balance partitioning (i.e., the partitioning between streamflow, infiltration, evapo-
transpiration, groundwater recharge and water extractions). Additionally, understanding the sensitivity of this
partitioning to environmental change is essential for the sustainable management of dryland water resources in the
future (Gleeson et al., 2020; Keshavarzi et al., 2017; Meixner et al., 2016).

However, assessing the water balance in dryland IRES has proven to be difficult. Many of the common methods
used for monitoring and data collection in perennial river systems are not appropriate in dryland IRES, where
monitoring infrastructure (if present) often fails or is destroyed due to the flashy and extreme nature of runoff
events (Acworth et al., 2016; El Khalki et al., 2020; Pilgrim et al., 1988; Shanafield et al., 2021). These challenges
have slowed the development and understanding of the physical processes that underpin the various fluxes and
interactions between surface water and groundwater in drylands (Cuthbert et al., 2019; Green et al., 2011).

While several studies that have linked the role of topography (Ward et al., 2018; Warix et al., 2021), vegetation
(Warix et al., 2023) and anthropogenic factors (Fuchs et al., 2019; Zipper et al., 2022) in mediating streamflow in
IRES, the configuration of superficial geology surrounding these systems in drylands has also been shown to play
a crucial role in controlling the variability in their water balance partitioning (Zarate et al., 2021). In dryland
IRES, marked temporal and spatial variability in the hydraulic conductivities of alluvial deposits can provide
controls on surface water‐groundwater interactions (Costa et al., 2013; Dahan et al., 2008; Flinchum et al., 2020;
McCallum et al., 2014). Underlying geology can control hydrologic flow paths, the depth of alluvial deposits
(Owen & Dahlin, 2005), the locations of groundwater outflow to streams (Harrington et al., 2014) and the
groundwater recharge in these regions (Dvory et al., 2016; Goodrich et al., 2018). Yet the geological controls on
water balance partitioning in these contexts are still poorly understood (Cuthbert et al., 2016).

This paper aims to (a) quantify variations in subsurface geology, stream stage and groundwater levels along an
intermittent stream system using a unusually rich monitoring site in the Maules Creek Catchment (New South
Wales, Australia); (b) elucidate how configurations of superficial geology surrounding the stream control the
variability in water balance partitioning; and (c) generate a conceptual model of water balance partitioning in
IRES with varying geology that is applicable to a wide range of dryland settings. Our results help understand the
consequence of changes to surface water‐groundwater interactions (such as from river regulation, groundwater
extractions and climate change) on water resources in drylands. This study also demonstrates the benefits of
linking hydrological data with geophysical imaging to better understand flow paths through superficial and
surrounding deposits that can be widely applied to other areas.

2. Methods
2.1. Site Description and Geology

The Maules Creek catchment is a semi‐arid sub‐catchment of the Namoi River in New South Wales, Australia
(Figure 1a). The catchment has been described in detail in previous studies (M. S. Andersen & Acworth, 2009;
Cuthbert et al., 2016; McCallum et al., 2013; Rau et al., 2010, 2017) and is only briefly summarized here. The
catchment has a surface area of approximately 1,100 km2 (study area in black line, Figure 1b) and is located on the
western slopes of the Great Dividing Range, south‐east of the township of Narrabri. It is bounded to the east by the
New England Fold Belt and the Great Dividing Range, to the north by the Nandewar Range (andMount Kaputar),
to the south by the Leard State Forest and Gins Leap Gap, and to the west by a low ridge of hills that represent the
edge of the Great Artesian Basin sediments. Middle Creek is an intermittent tributary that drains approximately
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Figure 1.
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106 km2 of the upper catchment. Middle Creek joins another tributary, Horsearm Creek, about 4.3 km upstream
from its confluence with Maules Creek near Elfin Crossing (Figure 1).

Rainfall is dominated by episodic frontal storms, the largest of which generally occurs in the summer months
(December–February). Rainfall is also influenced by longer‐term fluctuations in the El Niño Southern Oscillation
Index (ENSO) and the IndianOceanDipole (IOD).Mean annual precipitation is 966mmat the higher elevations of
the Nandewar Range (Mt Kaputar) and decreases to 598 mm in the lower altitudes (Turrawan) of the catchment.
Higher‐than‐average rainfalls occur in the positive phase (LaNiña) and lower than average rainfalls in the negative
phase (El Niño). Likewise higher rainfalls occur during negative IOD phases (Rutlidge et al., 2023). Potential
annual evapotranspiration (PET) is high and has been estimated as 1,200 mm in the Nandewar Range (Mt Lin-
desay), increasing to 1,800 mm in the lower altitudes (Turrawan) of the catchment (McCallum et al., 2013).

A geological map of the catchment is shown in Figure 1, and the geology of the catchment is summarized as
follows. In the southern and western parts of the catchment the bedrock geology consists of Permian volcanic
deposits of the Werrie Basalt formation. To the east, this formation is overlain by a sequence of Permian sedi-
mentary deposits known as the Maules Creek formation, consisting of basal carbonaceous claystone, pelletoidal
clay sandstone, minor coal, passing upwards into upward‐fining cycles of sandstone, thinly bedded siltstone/
sandstone, and coal. Toward the top of the formation, the stratigraphy becomes more conglomerate dominant.
Excluding topographic highs and mafic intrusions of the Nandewar Volcanic Complex, this bedrock is generally
overlain by Tertiary and Quaternary alluvial deposits consisting of clays, sands, and gravels. The Mooki Thrust
zone runs approximately north‐south through the Eastern part of the catchment and defines the mountain front,
separating the Permian bedrock and alluvial cover from Carboniferous headwaters consisting of meta‐sediments
and volcanic deposits of the Willuri Formation.

Flow in Middle Creek is highly dependent on episodic frontal rainfall on the Nandewar Range that generates
enough runoff in steep headwaters to deliver high energy flows across the mountain front. These flows have cut
10–15 m deep channels into Quaternary sediments which form the alluvial plain. These channels are filled with a
heterogeneous assemblage of boulders, cobbles, sands, and gravels that are substantially reworked by each major
flow event, typical of alluvium in episodic high energy streams (Shanafield et al., 2021). Middle Creek, Horsearm
Creek andMaules Creek form a system of such intermittent channels. Except under periods of prolonged drought,
flow at Elfin Crossing is perennial due to a zone of groundwater discharge (M. S. Andersen & Acworth, 2009;
Rau et al., 2010) but ceases at some point between Elfin Crossing and the Namoi River because of losses to the
underlying aquifer, partly due to groundwater abstraction for irrigation.

2.2. Monitoring of Rainfall, Groundwater, and Stream Stages/Flows

This Maules Creek catchment has been well instrumented since 2009 funded by the Australian Government's
National Collaborative Research Infrastructure Strategy (NCRIS). Stream stage and groundwater heads were
monitored at four locations within the study site (with abbreviations used in Figures 1–8 in brackets): (a) East
Lynne (EL), (b) Middle Creek Farm (MCF), (c) Old Glenelg (OG), and (d) Elfin Crossing (EC) (Figure 1). East
Lynne is located 2.5 km downstream of the foothills that form the headwaters and is the most upstream site.
Middle Creek Farm, Old Glenelg and Elfin Crossing are located a further 4.5, 8, and 13 km downstream from the
foothills. East Lynne, Middle Creek Farm, and Old Glenelg are located on Middle Creek, while Elfin Crossing is
located at the confluence of Middle Creek and Maules Creek approx. 250 m downstream from the confluence of
Middle Creek and Horsearm Creek and is the most downstream site in our work.

Multi‐level boreholes (BH 17, BH 18, and BH 20 in Figure 1c) were installed adjacent to the creek, within tens of
meters of the stream channel, at the four sites. Piezometric heads were monitored at 15‐min intervals. Hyphenated
numbers after borehole names (e.g., BH 20_2) correspond to screening depth, with 1–4 indicating shallow to

Figure 1. Map showing (a) Location of the Maules Creek catchment in relation to Australia and the state of New South Wales (b) Catchment digital elevation map
(DEM) with locations Mt Kaputar and Mt Lindesay meteorological stations. DEM used courtesy of Geoscience Australia (c) Geological map (taken from Brown et al.
(1992)) centered aroundMiddle Creek, with streambed array installations and boreholes. EL= East Lynne; MCF=Middle Creek Farm, OG=Old Glenelg; EC= Elfin
Crossing. Geological units in map are described in Section 2.1 (d) Geophysical survey lines with line names denoting location of survey. Suffix indicates weather line
was parallel (P) or across (X) the stream (e.g., OG—X denotes line crosses the stream at Old Glenelg).
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deep, respectively. Each multi‐level borehole has a single 1‐m screen, with the rest of the borehole cased out. The
installation and setup of these boreholes are described by Cuthbert et al. (2016).

Stream stage was measured adjacent to boreholes at East Lynne, Middle Creek Farm and Old Glenelg using a
Solinst Levelogger pressure transducer at 15‐min intervals since June 2013. This logger was installed within a
stilling well to mitigate the effects of surface water turbulence and flood wave action. A digital camera placed at
East Lynne has been capturing a record of flows in the creek since June 2012 and was used to determine the timing
and approximate magnitude of the flow events that were not captured by the logger (steamstage in red, Figure 2).
Stream flow and stage at Elfin Crossing was taken from the permanent flow gauge station 49051 (Maules

Figure 2. Time series compilation of composite (a) daily rainfall (b)–(d) stream stage hydrographs and groundwater heads
and (e) Flow and stream stage at Elfin Crossing. Stream stage and groundwater recorded at the three study sites (East Lynne
(b), Middle Creek Farm (c), and Old Glenelg (d)) were recorded at 15‐min intervals but averaged over 1‐hr periods to aid in
smoothing data from barometric noise. The horizontal line in the middle of figures (b)–(d) denotes streambed, with y‐axis
scale changes taking place below and above the line. Red arrows denote streamflow events where there is missing data but
responses can be inferred from the groundwater record. Shaded gray area denotes event captured in Figure 4. EL Camera
denotes steam stage inferred from camera at East Lynne (see Section 2.2).
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Ck@Avoca East) established by the NSW Government (NSW Department of Primary Industries. http://realti-
medata.water.nsw.gov.au/water.stm). Additional multilevel streambed arrays were installed at 11 different lo-
cations (T1‐T11) along Middle Creek (Figure 1c) to capture the water level of flow events occurring in a 60‐day
period from 20th March to 18th May 2016. In addition, T3, T7, and T9 were installed at Old Glenelg, Middle
Creek Farm and East Lynne respectively (see Figure 1c). Information on the details of this installation can be
found in Rau et al. (2017).

Rainfall data was downloaded from the Australian Government Bureau of Meteorology (BoM) weather station
directory for two locations: (a) Mt Kaputar National Park (BoM station #54151) and (b) Mt Lindesay Station
(BoM station #54021, see Figure 1). Data from a full Campbell Scientific weather station installed next to BH19
at Middle Creek Farmwas also used, representing rainfall on the alluvial plain. Most rainfall events were captured
by the Mt Kaputar site and where rainfall data was missing, data from the Mt Lindesay and Middle Creek Farm
were used to infill rainfall. For example, for the year 2020, the rainfall gauge at Mt Kaputar failed to record any
rainfall, and data fromMt Lindesay andMiddle Creek Farm form the composite record for that year. Double mass
analysis between Mt Kaputar and Mt Lindesay, and Mt Kaputar and Middle Creek Farm indicate that rainfall is
closely correlated (r = 0.99). This can be seen in Supporting Information S1 (Figures S1 and S2).

2.3. Subsurface Characterization

2.3.1. Electrical Resistivity Surveys

Electrical resistivity tomography (ERT) was selected to map and characterize superficial deposits for hydro-
logical interpretation (Clifford & Binley, 2010; Cuthbert et al., 2009; Zarate et al., 2021). Four ERT surveys were
conducted at East Lynne, Middle Creek Farm, and Old Glenelg sites in April 2014, the locations of which are
shown inset in Figure 1d. Profile naming conventions correspond to location and orientation of line with respect to
the creek. Profiles EL—X, MCF—X and OG—X correspond to transects taken perpendicular to (and across)
Middle Creek at each of the study sites (apart from Elfin Crossing). Profile EL—P was taken perpendicular to
profile EL—X and runs parallel to the creek at East Lynne.

An ABEMSAS4000 Terrameter with 2× 32 takeout cables (2.5 m spacing) was used to perform the surveys, with
profiles EL—P, MCF—X, and OG—X at 160 m length, and EL—X at 240 m length (see Figures 1d and 7). Note
that at Middle Creek Farm, steep bank conditions prevented the profile from crossing the creek, and profile MCF
—X therefore terminates just before the creek bank (location of stream channel is drawn on profile for reference).
The Wenner electrode configuration was used to collect the data, and the steel electrode locations were prepared
using a saline mud solution to reduce surface resistance. Topography was surveyed using leveling equipment.

The data was inverted using the RES2DINV (Geotomo Software) algorithm (Loke, 2006) and a limit of 4 iter-
ations was set to avoid model over‐fitting. An absolute error data constraint was used that minimizes the error
between the observed and calculated apparent resistivity values. A robust model constraint, incorporating
topographic variations, was selected over a least squared inversion constraint since it is known to better resolve
sharp geological boundaries expected within the study area (Loke et al., 2003). In this case, it was important to
delineate the boundaries between the superficial deposits. Inverted data are presented as geoelectric pseudo‐
sections (Edwards, 1977) and used in the interpretation of geoelectric layers and subsurface lithology.

2.3.2. Geophysical Well Logging

GEOVISTA borehole logging equipment (Geovista, United Kingdom) was used in the deeper boreholes to
establish profiles of bulk electrical conductivity and gamma‐ray activity. Data were recorded at 10‐mm intervals
using an induction sonde (EM53) and a gamma‐ray activity sonde.

Borehole lithological data, ascertained from drillers logs, were used to aid in interpretation and correlation of well
log data and corresponding lithology. While these logs often contained ambivalent lithological descriptions such
as: “sand coarse some clay” or “clay sandy,” due to the mixed nature of drill cuttings, they can still help constrain
the range of possible lithologies contained within the quaternary sediments. These logs were in turn used to
correlate the values obtained from downhole geophysical logging to values found in existing literature on the
resistivity of sediments.
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2.3.3. Slug Testing

Slug tests were conducted by using a special device that seals the borehole and allows injecting compressed air to
lower the water level in the piezometer by a few meters. After equilibration, the air was instantaneously released
through a valve and the re‐equilibration (i.e., relaxation) of the water level was recorded at high resolution. The
test was repeated for each of the bores to ensure representative results. A total of 9 slug tests were performed on
five boreholes at each of the three study sites. The analytical solution (following Hvorslev, 1951) was fitted to
each of these data sets allowing averaging of the estimated sediment hydraulic conductivity values at the screened
interval for each location.

3. Results
3.1. Hydrometric Monitoring

3.1.1. Rainfall

A composite daily rainfall record from Mt Kaputar, Mt Lindesay and Middle Creek Farm meteorological
stations are shown for the period 1/7/2012–1/12/2021 (Figure 2). The largest rainfall event occurred on 2/2/
2013 for both sites in the headwater catchment and was 149 and 150 mm/day for Mt Kaputar and Mt Lindesay,
respectively. On the alluvial plain, the largest rainfall event occurred on 20/02/2020 for Middle Creek Farm and
was 99 mm/day.

Rainfall varies spatially across the catchment due to the orographic effect of the mountains and increases with
elevation. The highest values of 824 mm/year at Mt. Kaputar (1,506 m AHD, Australian Height Datum), and
679 mm/year at Mt Lindesay (869 m AHD) fall at the higher elevations (with both sites on the Nandewar Range),
and the lowest values of 437 mm/year falling on the alluvial plain at Middle Creek Farm, (at 229 m AHD), only
19 km south Mt. Kaputar.

3.1.2. Streamflow Responses

Stream stage hydrographs at the four sites from the period 1/7/2012–1/12/2021 are shown in Figure 2. These data,
taken at 15‐min intervals, were averaged over 1‐hr periods to aid in smoothing the data from barometric noise.
These data show that streamflow across all sites (except for Elfin Crossing, which is perennial) is highly episodic
and responds to periods of heavy rainfall concentrated over short durations in the headwaters (Figure 2). Not all
these events lead to streamflow downstream however, and only events >66 mm/day generate enough streamflow
to overcome channel transmission losses and appear at the furthest downstream site, Elfin Crossing. The highest
recorded stage was in response to a large rain event occurring on the 25/08/2016. This event was not recorded by
either rainfall gauge in the headwaters, however rainfall of 26.8 mm/day was recorded at Middle Creek Farm (on
24/08/2016).

Streamflow events at East Lynne exhibit a gradual flattening of the hydrograph after the streamflow peak fol-
lowed by a period of stable water level where the hydrograph exhibits a long “shoulder” (Figure 3), and surface
water is held within the channel at low flow rates. This behavior is observed after every streamflow event in the
study period, apart from two streamflow events occurring during the 2019 drought, which had the smallest stage
measurements on the record. A steady decline in water levels then follows this stable period, until streamflow
finally ceases.

All streamflow events are shown in Figure 3, with each event plotted from their respective streamflow peaks and
subsequent recessions (or as long as there is data available). Note that in cases where multiple streamflow peaks
occur in a short space of time, the peak of the last streamflow event is used on the plot (see Figure S3 in Supporting
Information S1 for plot containing previous events). When comparing each event, the duration of the streamflow
“shoulders” after streamflow peaks remain remarkably consistent after every flow event in the time period
ranging from 44 ± 3 days. This is despite large variations in stage (0.6–1.2 m) and flow (327–25,523 ML/Day, at
Elfin Crossing), and there is no correlation (Pearson = − 0.097) between the stream stage and duration of stable
period at East Lynne (see Figure S4 in Supporting Information S1 for scatter plot).

When comparing the standard deviations (SD) to the mean values, the magnitude of stream stages show a much
higher relative variance (SD = 28% of mean) than the variance in duration of streamflow (SD = 5.57% of mean).
Furthermore, the SD in flows at Elfin Crossing are a much greater percentage of the mean (SD = 138% of mean),
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since the stage discharge relationship is not linear (see Figure S5 in Supporting Information S1 for rating curve at
Elfin Crossing), albeit Elfin Crossing integrates a much larger catchment than Middle Creek.

Similar behavior cannot be confirmed at Middle Creek Farm however, as the logger was located at the end of a
gravel bar. As such, the data captures only the peak stage of each flow event. A streambed logger installed in a
lower elevation within the streambed captured stage for August–December 2015 (MCF temporary shown in gray
in Figure 2), and shows water held in the channel for 35 days. In this instance, water held within the channel is due
to groundwater levels rising above streambed elevation (see Section 3.1.3).

At Old Glenelg the streamflow hydrograph rapidly declines after the streamflow peak, exhibiting short periods of
flow before becoming dry within 3–4 days of rainfall cessation, with no extended stable flow periods as seen at
East Lynne. Elfin Crossing is generally perennial throughout the stage record due to groundwater discharge
caused by a rise in the bedrock topography and a constriction of quaternary sediments at this site (M. S. Andersen
& Acworth, 2009). It only became dry fromMarch 2018 to January 2020, in response to a prolonged drought. The
highest stream stage at Elfin Crossing was 3.2 m, in response to the rainfall in January 2020.

3.1.3. Groundwater Responses

Groundwater hydrographs are shown alongside stream stage at East Lynne, Middle Creek Farm and Old Glenelg
for the period 1/7/2012–1/12/2021 in Figure 2. Heads varied between 0 and 8 m below ground level, with the
thickness of the unsaturated zone generally increasing upstream. The groundwater responses are characterized by
episodic rises that coincide with streamflow events along Middle Creek. Note that pressure or loading responses
also occur at times of surface flows, as indicated by sudden increases in head in the groundwater hydrographs that
correspond with onset of stream stage increases at the four sites. This is consistent with the variable lithology
encountered during drilling, and the variability in formation hydraulic conductivity implied by slug testing, as
described by Cuthbert et al. (2016) for a smaller number of events.

In general, following a flow event there is an increase in vertical hydraulic gradients between piezometers at each
borehole, followed by a more gradual re‐equilibration of heads. These can be interpreted as being due to vertical,
transverse, and longitudinal propagation of the pressure increase induced by streamflow losses to the underlying
alluvium working over different characteristic timescales (Cuthbert et al., 2016). Vertical downward hydraulic
gradients are initially induced near the creek which then dissipate on the time scale of days to weeks (e.g.,

Figure 3. Streamflow hydrographs at East Lynne, plotted as days since the streamflow peak.
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compare BH17_2 and BH17_4 in Figure 2). Longitudinal, down‐catchment, gradients are apparent throughout the
whole monitoring period suggesting they persist over longer time scales of years. These have an average hori-
zontal gradient of 0.008 and indicate a general westward flow toward the Namoi River.

However, these groundwater responses vary at each study site. Heads in BH 20 (East Lynne) increase slowly in
response to streamflow, peaking only when streamflow ceases at the site 44± 3 days after the streamflow peak. In
BH18 (Middle Creek Farm), heads respond more rapidly to flow events and peak within 2–3 days of the
streamflow peak. These heads plateau and remain at the same head for a further 32 ± 2 days. Data from a
temporary streambed logger installed at Middle Creek Farm for the period August–December 2015 show that
water is held within the channel when groundwater levels remain above the streambed elevation. As such, surface
water may be held within the stream for much longer than is seen in the stream hydrograph data at Middle Creek
Farm, which only captures the peak of such flow events due its location on an elevated gravel bar in the
streambed.

At BH17 (Old Glenelg), heads also rapidly increase in response to streamflow and peak within days of a flow
event but fall much more quickly when streamflow ceases at the site 3–4 days after the streamflow peak. These
large fluctuations in heads interrupt long‐term groundwater recessionary trends of various lengths, the steepness
of which decreases downstream. During periods of prolonged no‐flow from January 2017 to January 2020, heads
fell to 9 m below the surface adjacent to the streambed at East Lynne, 6 m below at Middle Creek Farm, and 5 m
below at Old Glenelg.

3.1.4. Spatially Detailed Hydrological Responses to a Single Runoff Event (20th March–18th May 2014)

To further examine the dynamics of streamflow variations along Middle Creek, data from 8 pressure loggers that
recorded stream stage from 20th March to 18th May 2014 were plotted alongside nearby boreholes and are shown
in Figure 4. This data is also presented in Rau et al. (2017), and illustrates the variation in stream hydrograph
dynamics for one streamflow event at high spatial resolution but re‐interpreted in light of additional data pre-
sented here. Site T9 is located at East Lynne, T7 at Middle Creek Farm and T3 and Old Glenelg (see Figure 1c for
locations of pressure loggers). This flow event is also captured in time series compilation in Figure 2 and is shown
in the shaded area in gray.

Streamflow hydrographs in this compilation behave differently for each array along the flow path (Figure 4).
Arrays T11 and T10 exhibit the similar characteristics to long term streamflow behavior seen at the East Lynne
(T9) site (Figure 2). These upstream arrays (T11‐T9) all show long hydrograph “shoulders” (representing pe-
riods of stable water level) that increase downstream, from 22 days in T11 to 44 days at T9. Based on the long‐
term groundwater responses at T7 (Figure 2), it is likely that streamflow exists at a longer duration than indicated
by the logger (which is situated on a bank with higher elevation than the bottom of the streambed) and water
exists within the streambed at T7 for at least as long as T10. Downstream of T7, hydrograph shoulder lengths
reduce substantially and exhibit rapid rises in groundwater levels 2 days after the streamflow peak, before
quickly receding. Looking at the long‐term trends (Figure 2), these dynamics appear to be consistent in their
shape and size during each runoff event, regardless of the size of rainfall event and subsequent runoff intensity
(Figure 3).

3.2. Subsurface Characterization

3.2.1. Geophysical Well Logging

A total of 6 downhole geophysical logs covering all three study sites (a list of boreholes and associated litho-
logical logs where the downhole geophysical logs were performed can be found in Table 1). Integrating the results
of the downhole geophysical logs with borehole log lithologies (as described in Section 2.3.2) identify four
lithological groups in the system using existing literature (Rubin & Hubbard, 2006) for typical resistivity or
electrical conductivity ranges of sediments:

• Sands and Gravels (>200 Ω m or <5 mS/m)
• Interbedded Sands and Clays (200–50 Ω m or 5 to 20 mS/m)
• Clay dominated (50–20 Ω m or 20 to 50 mS/m)
• Sedimentary rocks (<20 Ω m or >50 mS/m).
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These interpretated lithological groups and electrical conductivity ranges are shown superimposed onto the
geophysical logs at each study site on Figures 5 and 6. Note that more detailed classification is made when
describing the lithology of the Permian sedimentary rocks, where the exact interpretation from the drillers logs is
used for each borehole (e.g., Sandstone or Shale). It is also worth noting that the high electrical conductivity for

Figure 4. Daily rainfall recorded at Mount Kaputar and hydraulic heads recorded by temporary streambed arrays installed
along Middle Creek, including nearby groundwater heads. Dotted vertical lines indicate time periods described in
Section 3.3. Brown lines highlight increasing streamflow “shoulders” from T11 to T9 and decreasing shoulders from T9 to
T1. Note that as the streambed logger at T7 was situated on a bank, it does not capture full extent of streamflow and this
shoulder is inferred by the dashed line. The data is reinterpreted from Rau et al. (2017).
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the Permian sedimentary rocks is likely to be a function of high electrical conductivity pore fluids (groundwater),
rather than just rock properties. A more than 50 m deep exploration bore was sampled in 2010 and returned a fluid
electrical conductivity of 2,260 mS/m. Barrett (2012) have reported that fractured rock aquifers of the region
generally have salinities, expressed as electrical conductivity (EC), in the range from 1,000 to 7,000 µS/cm.

In the Quaternary sediments, the gamma‐logs have problems distinguishing between clay, sand, and gravel li-
thologies noted in the driller's logs. This effect was also observed in M. S. Andersen and Acworth (2009), who
hypothesized that the Quaternary sands and gravels of the Maules Creek catchment, derived from the volcanic Mt
Kaputar complex, are only weakly weathered and contain a very high potassium content. As such, the total
potassium content in the clay layers and the coarser alluvium would be very similar and therefore indistin-
guishable in the gamma logs. In this geological setting, the gamma‐log is a poor tool for distinguishing between
the lithologies within the Quaternary alluvium.

Although the gamma logs do not exhibit any differences between the clay, sand, and gravel changes noted in the
core logs, they do exhibit notable decreases at 20 and 23 m in BH17 and BH20, respectively, coincident with large
increases in bulk EC and a change from Quaternary sediments to Permian sedimentary rocks in the driller's logs.
This decrease in gamma activity is likely representative of a change in lithology from potassium‐rich Quaternary
deposits to more potassium‐deprived Permian (Maules Creek formation) sediments beneath.

In contrast, the bulk EC shows clear differences between the boreholes in the uppermost Quaternary sediments.
These differences are highlighted in Figure 6, where a smaller scale (0–80 mS/m) is used to distinguish lithologies
at lower bulk EC typical of unconsolidated deposits. In the uppermost 12 m, the sediments at BH17 consist of low
EC sands & gravels. These transition to sands with interbedded clays and finally clays before reaching the much
higher EC Permian sedimentary rocks (primarily sandstone, as noted in the drillers logs), which reaches ECs of up
to 400 mS/m (see Figure 5). As mentioned above, these high bulk ECs in the Permian are likely due to the brackish
nature of the deeper groundwater in the catchment.

In BH18 and BH20, the sediments consist of sands and clays in the uppermost 3 m. Below this depth, the lithology
is dominated by higher EC clays with possible layers of lower EC interbedded sands (at 11 m in BH18, and 17 m
in BH20). In BH20 there is again a sharp increase in bulk EC (coincident with gamma decrease), signaling a
transition into Permian sedimentary rocks (identified as shales in the drillers logs). Note that at BH18, both
drillers' logs and geophysical well logs only extend to a depth of 23 m, and any interface to the Permian was not
captured at this site.

3.2.2. Electrical Resistivity Imaging

ERT profiles taken at each of the study sites, locations of which are shown in insert in Figure 1, are shown in
Figure 7. Boreholes with interpreted lithology based on combined data from geophysical well logging and drill

Table 1
Hydraulic Conductivity Values of Boreholes at Various Depths, Obtained via Slug Testing

BH Hydraulic conductivity (m/d) Depth to base of 1 m screen (m) Interpreted lithology

17_2 Test failure 13.5 Interbedded Sands and Clays

17_4 0.34 36.5 Permian Sandstone

18_2 0.47 12 Interbedded Sands and Clays

18_4 0.08 24 Permian Bedrock (lithology unknown)

19_1 0.02 11.5 Clay Dominated

19_2 0.04 23 Clay Dominated

20_2 0.02 12 Clay Dominated

20_4 Test failure 41 Permian Shale

21_2 0.003 13.5 Clay Dominated

Note. Boreholes are only screened for the 1 m at the depth stated, with the rest of the borehole cased out. Interpreted lithology
from Section 3.2.1 also added.
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cuttings (see Section 3.2.1) are superimposed. These were used to aid in interpretations of lithological layers
described below.

3.2.2.1. East Lynne

The profiles taken at East Lynne (EL‐P & EL‐X) show a 3–5 m thick upper zone with resistivity ranging from 70
to 300 Ω m interpreted as sands & clays. In profile EL‐X, the alluvium surrounding the creek bed is apparent,
exhibiting very high resistivities >300 Ω m. Pockets of this high resistivity alluvium appear to be present on the
middle and left side of profile EL‐X and are interpreted as former channels. Below this zone, the profile becomes

Figure 5. Geophysical logs for boreholes at each of the three study sites. Lithological data taken from drill cuttings were used
to aid in lithological interpretations of the data and these interpretations are superimposed. Note that BH18 was not drilled to
the depth of the Permian sedimentary rock and as such the interface and lithology here are unknown.
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less resistive with depth, with resistivities falling between 10 and 50 Ω m, and the lithology is interpreted to be
clay dominated. At the very bottom of the profiles, the Permian shale begins to have an influence, with resistivity
dropping below 10 Ω m.

3.2.2.2. Middle Creek Farm

The line taken perpendicular to the creek at Middle Creek Farm (MCF‐X) exhibits a similar resistivity profile to
East Lynne (profiles EL‐P & EL‐X) with a thin zone (0.5–1 m thick) of low resistivity (15–30 Ωm) material at the
top of the profile. Below this, there exists a layer (5–8 m thick) of higher resistivity (50–100 Ω m) material,
interpreted as sands and clays. Like profile EL‐X, a prominent pocket of high resistivity (>300 Ω m) material is
seen on the left side of the profile, 1 m below the surface, indicating the presence of a former channel. At 10 m, the
lithology becomes less resistive and is interpreted to be clay dominated. At 20 m depth, the resistivity again drops
below 10 Ω m as the low resistivity Permian affects the profile. Note that the presence of Permian here is an
interpretation as drillers and geophysical well logs at this location do not extend this deep.

Figure 6. EM53 Bulk electrical conductivity logs with smaller scale (0–80 mS/m) to highlight variations in electrical
conductivity of quaternary sediments. Lithological interpretations with the aid of drill cuttings are superimposed alongside
resistivity ranges.
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3.2.2.3. Old Glenelg

In profile OG‐X, a thin layer of low resistivity topsoil, like that in profile MCF‐X, can be seen in as a continuous
layer 1–2 m thick extending across the profile. This layer is interrupted at the stream channel by the presence of
higher resistivity (200–300 Ω m) streambed alluvium. However, it is difficult to distinguish the geometry of this
alluvial material, as the underlying geology consists of similar high resistivity (150–350 Ω m) materials, inter-
preted as sands and gravels. This layer of sands and gravels extends from 1 to 11 m below the surface, before
transitioning to a zone of lower resistivity (10–50 Ωm)material interpreted as clay dominated and finally Permian
sandstone (10 Ω m) at a depth of 23 m. Pockets of higher resistivity (>300 Ω m), as seen in profiles EL‐X and
MCF‐X, can also be seen in the sands and gravels on the left‐ and right‐hand sides of profile OG‐X. These former
channels exist at all three study sites, and satellite imagery confirms the continuity of the channels at the ground
surface. The continuity and geometry of the former channels at depth is unknown.

3.2.3. Aquifer Properties

The results of hydraulic (slug) testing are shown in Table 1, as well as the lithology at each borehole interpreted in
Section 3.2.2. Due to low hydraulic conductivity of materials surrounding the well screen, the test at BH20_4
failed. The hydraulic test in BH17‐2 failed for unknown reasons.

The results show low hydraulic conductivity sediments of 0.021 m/day, interpreted as clay dominated, at depths
of 12 m at BH20_2, 2 m away from the stream, at East Lynne. This hydraulic conductivity decreases to 0.003 m/

Figure 7. Electrical Resistivity Tomography (ERT) of transects taken at each study site. Locations of boreholes in relation to
the lines are shown and lithological interpretations from Section 3.2.1 are superimposed onto the boreholes. Panels are offset
to conceptually represent their location with respect to the channel in space. Intersection point between lines EL ‐P and EL‐X
at East Lynne is shown in red.
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day at BH21_2, which is a further 37 m away. In the interpretation of downhole geophysical logs, sediments in
boreholes at these depths were classified as clay dominated.

Sediments with similar hydraulic conductivities (0.017 m/day) as BH_20 are present at the same depth (11.5 m) at
BH19_1 at Middle Creek Farm, situated 50 m away from the stream. Hydraulic conductivity increases closer to
the stream, as observed at BH18, which is situated 10 m away from the stream, with values increasing from 0.017
to 0.470 m/day at the same depth. These changes in hydraulic conductivity correspond to a change in lithology
from clays to interbedded sands and clays. In BH18 at Middle Creek Farm, hydraulic conductivity decreases with
depth, from 0.470 m/day at 12–0.075 m/day at 24 m. However, since driller’s logs did not extend to this depth, the
lithology is unknown and could be interpreted as Permian sediments (see Section 3.2.1). At greater depths (41 m)
the Permian sandstones at Old Glenelg exhibit hydraulic conductivities of 0.340 m/day and are at the same order
of magnitude as the sands and clays recorded at 12 m at BH18_2.

3.3. An Alluvial Storage Model for Controlling Water Balance Partitioning in Middle Creek

The results in Figures 2–4 illustrate the complex surface water‐groundwater dynamics and water balance parti-
tioning at Middle Creek. Based on these data, a hydrogeological conceptual model of the Middle Creek stream
system was developed (Figure 8) that seeks to explain the complex surface water ‐ groundwater dynamics by way
of variations in superficial geology at each site. Using time periods defined in Figure 4 (t1‐t5), we propose that the
superficial geology surrounding Middle Creek controls water balance partitioning over time as follows:

t1: Streamflow is non‐existent in the creek and the groundwater system is in a long‐term longitudinal recession.
Large frontal storms generate orographic rainfall that quickly causes infiltration excess overland flow and large
amounts of runoff are discharged across the mountain front. This is consistent with streamflow generation in
dryland ephemeral streams, where, due to orographic effects, streamflow often begins in the mountain headwaters
and upstream reaches of a catchment, and propagates downstream (Bull & Kirkby, 2002; Godsey & Kirch-
ner, 2014; Shanafield et al., 2021).

t2: Runoff coalesces into ephemeral streams and the streamflow flood wave propagates downstream. As this
runoff infiltrates the streambed, a perched groundwater mound saturates the streambed from the bottom upwards
(Dahan et al., 2008; Moulahoum, 2018; Wekesa et al., 2020) quickly filling the available “alluvial storage” in the
highly permeable alluvium (Telvari et al., 1998). The streamflow peaks in 1–2 days as the flood peak passes.
Upstream of Middle Creek Farm (T11‐T7), the high “permeability contrast” between alluvial material and sur-
rounding low permeability (clay dominated) deposits slows the vertical infiltration of perched alluvial water.
Groundwater mounding also occurs in the deeper aquifer beneath the alluvium, but its rise is slow due to the
permeability contrast. Perched alluvial water is instead preferentially partitioned longitudinally downstream
within the alluvium and to discharge as streamflow from T11 to T7, akin to bank storage. Rapid vertical infil-
tration occurs only where streamflow reaches higher permeability Quaternary sands and gravels downstream of
Middle Creek Farm (T7) and toward Old Glenelg (T3). Here infiltrating streamflow quickly fills the unsaturated
zone between the water table and the stream, and groundwater within the Quaternary deposits rises rapidly.

t3: Streamflow ceases at T11, but infiltrated water retained within the alluvium at T11 maintains subsurface
longitudinal drainage downstream to T10 due to the high permeability contrast between the alluvium and the
underlying geology. This subsurface longitudinal drainage keeps downstream alluvial storage full, and due to the
slope of the channel, manifests as flow within the streambed from T10 to T7. Downstream of this site (T7‐T1),
higher permeability sands begin to dominate the sediments surrounding the alluvium, and vertical flow is no
longer slowed by high permeability contrasts. Vertical infiltration into these sediments becomes greater than the
incoming flow from stored alluvial water, causing the groundwater mound that has formed within the alluvium at
these sites to dissipate more rapidly than upstream. As a result, the water table drops below the streambed more
quickly, causing surface flow to cease at Old Glenelg.

t4: Despite a small storm that occurs on 04/05/2014, by t4, stable streamflow persists longer downstream from
T11‐T9, owing to cumulated increased volume of alluvial store (and therefore alluvial water flowing longitu-
dinally) upstream of each site. Eventually streamflow only exists at East Lynne (T9), and streamflow duration
ends at 44± 3 days. In this period of stable streamflow, some water in the perched saturated alluvium continues to
slowly infiltrate vertically and recharge the aquifer below, causing the deeper groundwater mound to grow.

Water Resources Research 10.1029/2024WR037256

ZARATE ET AL. 15 of 22

 19447973, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024W

R
037256 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [22/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



t5: After 45 days, alluvial water storage upstream from T9 has been completely drained longitudinally and flow
within the stream ceases, and the stream becomes dry once again. Eventually, the groundwater mound fully
redistributes, so that only long‐term longitudinal groundwater recession is occurring again.

4. Discussion
There is a growing body of literature using near‐surface geophysics to understand IRES dynamics (Callegary
et al., 2007; Lorentz et al., 2020; Shanafield et al., 2020; Zarate et al., 2021). However, these often lack crucial
information such as hydrometric data or spatial resolution to capture the complex spatial variation in streamflow
and groundwater dynamics associated with water balance partitioning in IRES. Furthermore, while multi‐year

Figure 8. Conceptual model of how superficial geological structure controls water balance partitioning and streamflow
generation in Middle Creek as representative of a typical IRES system. Dashed vertical lines correspond to stream cross
sections, which were inferred from geophysics (see Figure 7). Size of downstream longitudinal flow symbol denotes the
magnitude of flux. Since there are no direct measurements of evapotranspiration at the study site, it is instead noted as
inferred in this model (denoted by the dashed symbology).
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observations of groundwater dynamics in IRES exist, these have only been reported for few sites worldwide (e.g.,
Carling et al., 2012; Dahan et al., 2008; Fuchs et al., 2019; Pool, 2005; Zipper et al., 2022). Consequently, we
consider our observations to consist of an unusually rich data set in both space and time, allowing an unprece-
dented insight into both stream flow dynamics and its control by the underlying geological structure.

Our conceptual model outlines two dominant controls on water balance partitioning in intermittent rivers and
ephemeral streams:

• The permeability contrast between recent streambed alluvium and underlying (and surrounding) geology, and
• The volume of recent alluvium, which we call the “alluvial store” at, and upstream, of a site. In areas of high

permeability contrast (i.e., high permeability recent alluvium and lower permeability in the surrounding ge-
ology), restricted vertical infiltration into low hydraulic conductivity materials allows for perched water and
preferential longitudinal flow within recent alluvium, keeping alluvial stores downstream “topped up” even
when streamflow upstream has ceased. In areas of low contrast (i.e., high permeability recent alluvium sur-
rounded by similar high permeability geology), perched water is unable to form, and instead streamflow is
partitioned vertically to a greater extent, increasing soil moisture in the unsaturated zone, and recharging the
water table within the high hydraulic conductivity surrounding lithology.

The volume of recent alluvium at a particular site, and upstream of it, will also vary depending on stream order
and position within the catchment (Jaeger et al., 2017). In channels located upstream, which drain a smaller area
of catchment, there is not only a smaller alluvial store, but also less contributions in longitudinal flow due to a
smaller volume of alluvial store upstream. Downstream reaches, which drain a greater extent of the catchment,
also receive a greater volume of potential alluvial water from upstream reaches.

The dominant controls outlined in our conceptual model are widely transferable to other dryland catchments.
High permeability contrasts between permeable alluvium and underlying low hydraulic conductivity geology
seen at East Lynne and Middle Creek Farm appear to be common features in dryland ephemeral streams
worldwide (Acworth et al., 2020; Brunner et al., 2011; Goodrich et al., 2004; Lorentz et al., 2020; Rassam
et al., 2006; Séguis et al., 2011; Shanafield et al., 2021; Villeneuve et al., 2015), and have been shown to control
streamflow generation in dryland IRES (Bourke et al., 2021). At Old Glenelg, where there is a low permeability
contrast, stream stage and groundwater responses are consistent with the dynamics of ephemeral streams where
large unsaturated zones exists, and rapid vertical infiltration and streamflow cessation occurs (Brunner
et al., 2011; Partington et al., 2023; Quichimbo et al., 2020; Shanafield & Cook, 2014).

The partitioning of alluvial water into streamflow due to this contrast can be seen in the ephemeral sand rivers of
southern Africa, where streamflow occurs via saturation excess only after the streambed “alluvial store” has been
filled (Dahlin & Owen, 1998; Hughes, 2008; Partington et al., 2023). This observation is consistent with the work
of Lange et al. (1998), who found via artificial tracers that infiltrated streamflow within the alluvial store
reappears on the surface downstream. In the crystalline basements of western Africa, Séguis et al. (2011) also
found that alluvial stores of seasonal perched groundwaters are the major contributor to streamflow.

Perched alluvial water provides a valuable supply of accessible water for local people that is commonly exploited
either by shallow pits dug in the sand or by well‐points, infiltration galleries or collector wells in the river bank
(Hussey, 1997). Furthermore, this perched alluvial store has been shown to be enhanced by the construction of
sand dams in southern Africa (Love et al., 2010).

Although there are no direct measurements of evapotranspiration at the study site, in the period where extended
durations of perched water exist within the alluvial store, evapotranspiration from riparian vegetation will be high
since it has access to a readily available, shallow store of water (Scott et al., 2008). The alluvial store also allows
more abundant and functionally diverse vegetation to develop in riparian areas (Shaw & Cooper, 2008). Perched
water within this alluvial store is often entirely consumed by trees and other vegetation and in some IRES
evapotranspiration from this perched alluvial store can account for up to 100% of streamflow, and regional
groundwater recharge is negligible (Bauer et al., 2006; Villeneuve et al., 2015). In Australia, water within perched
aquifer systems plays a crucial role in maintaining Eucalypytus camaldulensis trees (Cook et al., 2008).

At East Lynne, the stream stage hydrograph exhibits the longest period of flow, due to a combination of high
permeability contrast and the contribution from alluvial stores of water upstream via longitudinal flow. Thus, at
Middle Creek, the combination of these two controls creates a “goldilocks zone” of stream flow duration and
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perched water presence within the alluvium, maximizing both riparian water availability within the alluvium, and
the potential for groundwater recharge due to the maximal persistence of this perched water. The two dominant
controls from our conceptual model likely exist as a continuum in dryland catchments globally where these two
controls interact and align, and we hypothesize that the combination of these two controls, the permeability
contrast and size of alluvial store upstream, may create goldilocks zones where various components of the water
balance (e.g., evapotranspiration, groundwater recharge) are likely maximized.

These processes are not exclusive to dryland IRES either. In the humid soils of North Carolina, Zimmer and
McGlynn (2017) found that near surface stores of perched water were the main contributors persistent streamflow
in an intermittent stream. In the headwaters of the humid Konza Prairie in Kansas, Swenson et al. (2024) found
near surface sources of water sustained flows in a non‐perennial network of streams during periods with variable
hydrological conditions, such as the summer dry down season. Along an intermittent reach of the Arkansas River,
Koehn et al. (2020) found that spatial changes in superficial geology highlighted the role of riverbed heteroge-
neity in controlling localized recharge to the underlying Ogallala Aquifer. As such, our model may be more
broadly transferable to represent humid IRES in headwater catchments, or those sensitive to seasonal fluctuations.

Our findings, while bearing resemblance to previous research conducted at sites experiencing episodic
groundwater recharge triggered by high‐intensity rainfall events (e.g., Jasechko & Taylor, 2015; Lange, 2005;
Owor et al., 2009; Seddon et al., 2021; Taylor, Scanlon, et al., 2013; Taylor, Todd, et al., 2013) reveal distinctive
temporal dynamics in streamflow characteristics and groundwater responses in our study area, as illustrated in
Figure 2. These trends suggest that groundwater recharge is controlled by streamflow duration, a parameter
seemingly unaffected by the magnitude of rainfall and ensuing runoff events, as depicted in Figure 3.

This intriguing observation prompts further exploration. We have determined that geological factors govern
streamflow duration, stabilizing it at approximately 44 ± 3 days in our system. Interestingly, the most significant
recharge events within the catchment materialize when multiple streamflow events overlap, extending the
stream’s flow period well beyond the typical 47‐day limit. For example, an event that began on 18/06/2018 led to
184 days of uninterrupted streamflow in the creek, 3.9 times the typical 47‐day limit for singular events.

While regional climate projections indicate a consistent mean annual rainfall, albeit with a shift towards more
intense precipitation events (Taylor, Scanlon, et al., 2013; Taylor, Todd, et al., 2013) our study postulates a novel
perspective. We suggest that it is not the intensity of rainfall and the resulting flow magnitude that primarily
control groundwater recharge in our locality. Instead, we propose that the frequency of flow events exerts more
influence.

This hypothesis warrants comprehensive examination in future studies, as it carries substantial implications for
understanding groundwater recharge dynamics and ecosystem functionality under evolving climatic and hy-
drological conditions. Consequently, it underscores the critical need to incorporate geological considerations into
hydrological stream classifications, a facet that has hitherto been overlooked.

5. Conclusion
We examined variations in superficial geology and relationships between rainfall, streamflow, and groundwater
in an intermittent stream system in semi‐arid Australia. We consider this data set to be unusually rich in both time
and space. Spatially detailed responses to a single runoff event reveal that periods of highly stable stream‐stage
(following streamflow peaks) increase in the downstream direction to a maximum, before abruptly reducing
further downstream. Long‐term hydrometric monitoring confirms that streamflow lasts 44 ± 3 days after each
streamflow peak and is independent of the size of the preceding streamflow peak.

A comprehensive assessment of the superficial geology around the stream was conducted using a blend of
downhole geophysical logging, near‐surface electrical resistivity imaging, and slug testing. This investigation
unveiled a distinctive hydrogeological pattern in the Quaternary sediments adjacent to the stream. The findings
demonstrated a notable shift from low‐permeability clay‐dominated sediments to more permeable sands and
gravels downstream within the streambed alluvium.

Using hydraulic and geophysical data sets, we develop a generalized conceptual model of the stream hydrology by
way of variations in superficial geological structure around the stream explaining the complexities in surface
water‐groundwater dynamics. We hypothesize that two dominant controls on water balance partitioning exist:
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1. The permeability contrast between recent streambed alluvium and surrounding superficial geology;
2. The volume of recent alluvium at and upstream of a given location within the catchment.

High permeability contrasts between streambed alluvium and the surrounding superficial geology controls water
balance partitioning within the stream by creating an “alluvial store” of perched water within the streambed
sediments that is partitioned longitudinally downstream within the alluvium. Longitudinal flow from alluvial
volumes upstream manifests itself as streamflow and maintains the saturation of alluvium downstream. Where
streambed alluvium intersects areas with lower permeability contrasts, alluvial water is more readily distributed
away from the stream (vertically and transversely). These two controls exist as a continuum within the catchment
and likely intersect in any given dryland catchment to maximize the available water within the alluvium in both
space and time, creating a “goldilocks zone” that maximizes riparian water availability and groundwater recharge
potential.

Our conceptual model provides a first step for improved understanding of water balance partitioning in dryland
IRES. Future work should focus on the transferability of this conceptual model to other dryland catchments which
have sufficient groundwater level data available, with the end goal of developing a process understanding of water
balance partitioning within IRES that can be upscaled over broad areas and ungauged catchments. This would
allow improved understanding of water availability and groundwater recharge under a changing climate. The
work in this study emphatically underscores the imperative of considering geological controls when classifying
streams according to their flow regimes.

Data Availability Statement
The data used in this paper were collected with equipment and field infrastructure (monitoring boreholes) provided
by theAustralian FederalGovernment‐financedNational CollaborativeResearch Infrastructure Strategy (NCRIS),
the Cotton Catchment Communities CRC (Cotton CRC projects 2.02.03 and 2.02.21) and the school of Civil and
Environmental Engineering (UNSW). The data used in the study are available via https://doi.org/10.6084/m9.
figshare.26721328 with CC BY 4.0 (E. Zarate et al., 2024). The raw NCRIS groundwater level data used in this
paper is publicly available at Auscope via https://doi.org/10.60623/y1ua83ti with CC BY 4.0 (M. Andersen &
Jensen, 2024).
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