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Abstract

A groundwater recharge investigation in the arid zone of Australia is presented. The investigation used a wide range of

hydrogeological techniques including geological mapping, surface and borehole geophysics, groundwater hydraulics, streambed

temperature and pressure monitoring, and hydrogeochemical and environmental tracer sampling, and it was complemented by

analysis of rainfall intensity from 18 tipping-bucked rain gauges, climate data and stream runoff measurements. Run-off and

recharge from a 200-mm rainfall event in January 2015, the largest daily rainfall in the local 50-year record, were investigated in

detail. While this major storm provided substantial run-off as a potential source for focused, indirect recharge, it only produced

enough actual recharge to the shallow aquifer to temporarily halt a long-term groundwater recession. A series of smaller rainfall-

runoff events in 2016 produced a similar recharge response. The results suggest that the total magnitude of a flood event is not the

main control on indirect groundwater recharge at this location. A deeper aquifer shows no hydraulic response to surface-water

flow events and is isolated from the shallow system, consistent with its Pleistocene groundwater age. This supports a growing

body of evidence indicating that attributing or predicting generalised changes in recharge to changes in climate in dryland

environments should not be attempted without first unravelling the dynamic processes governing groundwater recharge in the

locality of interest. The results should prompt more detailed and long-term field investigation in other arid zone locations to

further understand the episodic and nonlinear nature of recharge in such environments.

Keywords Groundwater recharge/water budget . Rainfall/runoff . Equipment/field techniques . Geophysical methods . Australia

Introduction

Groundwater recharge in drylands is thought to occur increas-

ingly by ‘focused’ means as aridity increases (De Vries and

Simmers 2002, Lerner et al. 1990). This may occur as ‘indirect’

recharge, a subset of focused recharge whereby recharge occurs

due to infiltration from streambeds (Healy 2010) such as the

ephemeral streams that predominantly drain most drylands.

However, very few field-based studies which describe and

quantify focused recharge processes are available and quantify-

ing relative contributions from diffuse and focused recharge in

many dryland settings is an ongoing, and very challenging,

research task (Cuthbert et al. 2019a). So, while it is well accept-

ed that indirect recharge is common in arid and semi-arid areas

(Lloyd 1986; Lerner et al. 1990; Simmers 1997; Cuthbert et al.

2019b), Shanafield and Cook (2014) recommended long-term

data collection to reconcile transmission losses and infiltration

estimates with actual aquifer recharge to better understand and

quantify groundwater recharge.

However, runoff in the arid zone commonly occurs as a

result of extreme rainfall events, often the result of exceptional

storms. Under such circumstances, monitoring infrastructure,

if present, often fails or is destroyed, often leaving only esti-

mates of runoff occurrence, rainfall distribution and general

assumptions concerning groundwater recharge. Suchmonitor-

ing challenges (Pilgrim et al. 1988) can curtail the develop-

ment of models from which to estimate runoff and
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groundwater recharge. In the absence of any better model,

groundwater recharge has therefore sometimes been

estimated as some percentage of average annual rainfall by

those responsible for regulating the resource, although this

was specifically identified by Gee and Hillel (1988) as a prob-

lematical approach. More recently there have been significant

steps forward in field-based research to quantify focussed re-

charge in drylands and a brief review follows.

Using streamflow records in an arid system, Lange (2005)

concluded that transmission from less frequent but larger

events is more significant compared to more frequent and

smaller flows. Blasch et al. (2006) used a two-dimensional

(2D) array of temperature and time-domain reflectometry

(TDR) sensors buried in the streambed sediments of an

ephemeral stream to monitor the space-time evolution of in-

filtration. They found that the transient higher infiltration dur-

ing a relatively short period at the beginning of a flow event

provided an average of 18% of the total infiltration recorded

during the whole event. Dahan et al. (2007, 2008) designed a

new approach to monitor the moisture evolution in sediments

due to recharge using flexible time-domain reflectometry

(FTDR) probes. Their results showed that infiltration is a com-

plicated combination of matrix, preferential and lateral flow.

Villeneuve et al. (2015) found that arid zone stream loss and

sediment heterogeneity resulted in perched aquifers which

persisted for months with slowly declining water levels after

flow events. Significantly, they concluded that while most of

the perched water feeds evapotranspiration, some leakage oc-

curred that recharged the deeper regional aquifer.

Cuthbert et al. (2016) quantified groundwater recharge be-

neath ephemeral streams using a novel water-table fluctuation

approach which was then applied to several locations in Africa

(Cuthbert et al. 2019b). Rau et al. (2017) developed a new

methodology that used natural heat measured by vertical ar-

rays of temperature and pressure sensors installed beneath an

intermittent streambed. They calculated the apparent thermal

diffusivity from data during surface flows and used this to

detect the presence and movement of water. Shanafield et al.

(2020) reported that simple geophysical measurements relat-

ing to streambed hydraulic conductivity could help establish

the propensity for recharge. They measured streambed appar-

ent conductivity using hand-held electromagnetic induction

equipment and related high apparent electrical conductivity

to an assumed high clay content and hence low hydraulic

conductivity. A similar approach has been made to establish

the hydraulic conductivity of streambeds using an array of

floating electrodes (Allen and Merrick 2005).

In this paper, a joint interpretation of a range of different

measurements in geophysics, groundwater hydraulics, stream-

bed temperature and pressure monitoring, hydrogeochemical

and environmental tracer analysis is presented to elucidate the

complexity of the arid zone surface-water groundwater ex-

change processes that occurred in response to a major flooding

event in January 2015. To infer conditions under which

groundwater recharge occurs, the single large event in

January 2015 was set in the context of the available 50-year

daily rainfall record. While Acworth et al. (2016a) reviewed

the long-term daily rainfall data set for Fowlers Gap and pro-

vided a preliminary description of aspects for this site, here the

complete groundwater recharge questionwas analysed using a

multitude of additional measurements and a refined

hydrogeological interpretation.

Methods

Fowlers Gap Arid Zone Research Station (FGAZRS):
site description, climate and geology

The FGAZRS covers 359 km2 and is located approx. 110 km

north-east from Broken Hill at longitude of 142 °E and lati-

tude of 31 °S in western New South Wales, Australia. The

observations were made at the FGAZRS site where there was

a long history of detailed rainfall measurements (Acworth

et al. 2016a) and a previous history of investigation where

many of the geomorphological, geological and hydrological

features had been determined (Beavis and Beavis 1984) and

allowed a more detailed interpretation of the new data. The

FGAZRS Site is also operated by The University of New

South Wales (UNSW) in Sydney (Australia) and is supported

with full-time administrative and technical staff. The location

and essential features are shown in Fig. 1.

Fowlers Gap Arid Zone Research Station (FGAZRS) has an

average rainfall of 239 mm/year that places it in the arid zone of

western New SouthWales. Daily rainfall data are available from

1970 (Acworth et al. 2016a) and a summary of the annual rain-

fall, deviation from themean, and rainfall years above and below

a standard deviation from the mean are given in Fig. 2.

The 2015 event was exceptional but only as a single 36-h

event in an otherwise average year (Fig. 2). Years with total

rainfall greater than 1 SD above the mean were in 1987, 2010,

2011 and 2016; however, an exceptional total rainfall fell in

1974 when the annual mean (239 mm) was exceeded by 4

times the standard deviation (140.9 mm). There were 13 days

with more than 20 mm rainfall in 1974 and 59 other rain days

during the year. What was common to both 1974 and 2015

was that the Indian Ocean Dipole (IOD) was negative and

there was also a La Niña event in the Pacific. Both factors

lead to increased rainfall in south-eastern Australia (BoM

2020). However, it is noted that while both the IOD and the

La Niña are thought to increase the potential for winter rain

(BoM 2020), the 1974 and 2015 rains both occurred in the

Australian summer. It seems that such climatic conditions

(IOD and La Niña) also allow for the development of inland

troughs as well as the cyclones (McKay 2007) that occur in

the summer months.
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Cordery reported (I. Cordery, UNSW Sydney, personal

communication, 2016) that during the 1974 wet period, grass

grew so high out on the eastern plains at FGAZRS that a Land

Rover could get lost. By contrast, towards the end of the

Millennium Drought in eastern Australia (Fig. 2), dust storms

removed substantial topsoil from a completely bare surface

and spread it east as far as Sydney and onto the Pacific

Ocean (de Dekker et al. 2014). Since 2016, the area has been

in another period of severe drought with 26 rain days in 2019

producing an annual total of only 42 mm.

The FGAZRS straddles the Barrier Ranges (Fig. 1) that are

Precambrian in age but have been reduced by weathering to a

Fig. 1 Location diagram showing the Fowlers GapArid Zone Research Station (FGAZRS) boundary in Australia, the Fowlers Gap Creek catchment and

the tipping-bucket rainfall stations

Hydrogeol J (2021) 29:737–764 739



range of hills with a topography of approximately 100 m

above the eastern plains that lie at approximately 150 m above

Australian Height Datum (AHD). Fowlers Gap Creek rises on

the higher plains to the southwest of FGAZRS and cuts

through the Barrier Ranges before spreading out onto younger

sediments of the Bancannia Basin, ending in the endorheic

Lake Bancannia (Fig. 1). The 460 km2 area of the catchment

is shown in Fig. 1. The channel on the younger sediments has

morphological characteristics that alternate between flow

chutes (Dunkerly 2008), where more rapid flow occurs

through a narrower channel devoid of trees and a wider chan-

nel where slower flow occurs as a result the presence of many

older trees growing in the sands or on islands. There are a

number of flow chutes in the section between T0 and T5 with

a long chute terminating at the Rock Bar. A gauging station

has been established at a rock bar (Fig. 1) formed from silcrete

that occurs at the end of a flow chute. A further gauging

station was established in the 1980s by UNSW staff on a

tributary called Homestead Creek (Fig. 1).

Cordery et al. (1983) reported hydrological characteristics

of the FGAZRS based upon 7 years of monitoring during the

period 1975 to 1982. They established runoff plots on a vari-

ety of land surfaces and installed recording rain gauges. From

the results of these observations, they concluded that rainfall

associated with convective storm cells accounted for much

less of the total annual rainfall than that associated with de-

pressions or upper atmosphere troughs. This was contrary to

most of the literature (Osborne et al. 1979) that suggested arid

zone rainfall was dominated by convective storm cell events.

Runoff was observed to occur after 35 mm of rain falling on

very dry ground and a median value of initial losses of only

15 mm was established based upon measurements from 46

runoff producing storms measured in 6 runoff plots. These

initial results were updated by Cordery (2004) who argued

that arid zone surface runoff was a significant and under-

utilized resource. Unfortunately, the infrastructure installed

at FGAZRS as part of the studies by Cordery (2004) was

not maintained after the study.

The geology within the FGAZRS boundary is shown in

Fig. 3 using a Google Earth satellite image for orientation.

Fowlers Gap Creek rises on Precambrian strata that have been

strongly folded. Plunging synclines are clearly visible, marked

out by residual quartzite ridges formed from the Faraway

Downs Quartzite (Beavis and Beavis 1984). These are illus-

trated schematically in the geology section shown in Fig. 3.

Major faulting occurs to the east of the station with

downthrow first to the west on the Picnic Creek Fault leaving

a thin slice of Willyama metasediments of approximately 1.8

billion years in age outcropping in the Picnic Creek valley.

The Willyama sediments are the oldest unit at FGAZRS and

form a belt of crushed greenschist with amphibolite dykes and

several thin beds of buff coloured limestone.

The Precambrian rocks are low-to-medium-grade meta-

morphics comprising dolomites, limestones, metaquartzites

and phyllites. The metaquartzites resist erosion and form the

long linear features clearly seen in the imagery (Fig. 4). The

Picnic Creek Fault separates the Precambrian from the

Protozoic Willyama Formation. Elsewhere, Lower Devonian

Fig. 2 Annual rainfall data for the Bureau ofMeteorology (BoM) climate

station (adjacent to station 18 in Fig. 1). The ‘cumulative deviation from

the mean’ allows clear indication of climate variability. The drought

commencing in 2016 was the worst in the last 50 years and more signif-

icant than the ‘Millennium drought’
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Fig. 3 Sketch map of the geology at the FGAZRS overlain on a satellite

image. The geological formations present have been simplified and are

based on Beavis and Beavis (1984), Neef et al. (1995) and on new field

inspection. A possible ‘conjectural flow path’ is shown to indicate how

water could flow from the recharge area in the sandstone hills out beneath

the plains and then to rise up into the Cretaceous and Cenozoic strata

Hydrogeol J (2021) 29:737–764 741



(Coco Range Sandstones) were deposited either onto the

Willyama or onto the Precambrian, particularly in the area

north west of the station.

The Nundooka Creek Fault (Fig. 3) is the main structural

feature that runs approximately north to south through

FGAZRS and separates the Precambrian from Upper

Devonian (Nundooka Creek) sandstones that rapidly increase

in depth to the east and form the Bancannia Basin. The sand-

stones appear to be faulted out by the Nundooka Creek Fault

in the south eastern quarter where Cretaceous sediments are

directly in contact with the Precambrian rocks (Beavis and

Beavis 1984). Neef et al. (1995) describe the Devonian stra-

tigraphy and structure. The Lower Devonian Coco Range

sandstones are more deformed than the Upper Devonian

Nundooka Creek Sandstones.

Drilling for oil in the Bancannia Basin occurred in 1967

and proved volcanic basement of dacite and andesite at

3,257 m at the Planet Exploration Company’s Bancannia

South No. 1 well (Planet Oil Main Bore in Fig. 3). Recent

and Cenozoic sediments were recorded from the surface to

128 m with Lower Cretaceous sediments between 128 and

215 m, whereas Devonian sandstone occurs between the base

of the Lower Cretaceous and the volcanics at 3,257 m.

Particularly porous horizons were recorded in the sandstones

between 831 and 1,222 m and it was noted that they contained

freshwater. A thin layer of Cretaceous sands and silts overlie

Fig. 4 Location of FGAZRS office compound, lakes, boreholes, gauging

stations and streambed temperature arrays (T0–T6). Note that site T4 was

abandoned. A higher resolution base map is used to better illustrate the

geology shown in Fig. 3. The FGAZRS station boundary is included to

provide a reference to Figs. 1 and 3
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the Upper Devonian and were proven in the Planet Oil

Main Bore. The age of these deposits is a little uncertain and

theymay also correlate with the Lower Cenozoic (Palaeocene)

Eyre Formation (Neef et al. 1995). The margin between the

Cretaceous (or Lower Cenozoic) and Devonian units is diffi-

cult to observe on the surface as the younger sandstone sedi-

ments have been derived from the older sandstones. Both units

comprise brown fine-to-medium sands with crossbedding. An

extensive development of silcrete has occurred in the

Cenozoic (Oligocene). A massive silcrete occurrence is locat-

ed crossing the Fowlers Gap Creek at the Rock Bar site

(Figs. 1 and 4).

Climate and rainfall measurement

A climate station (Campbell Scientific) was established on a low

hill adjacent to the RockBar site with standard parameters (wind

speed and direction, rainfall, temperature, humidity, incoming

and outgoing radiation as well as barometric pressure).

Parameters were recorded at 10-min intervals and transmitted

via the mobile phone network to a located at the UNSWWater

Research Laboratory (WRL) in Manly Vale, Sydney.

A network of 18 tipping bucket rain gaugeswas installed at the

locations shown in Fig. 1. The date and time of each 0.2-mm tip

was recorded on Campbell Scientific CR1000 data loggers and

the daily rainfall summed each day at 09:00 and transmitted to the

database. Event files that recorded the time of each 0.2-mm tip, or

multiples of tips, within a 10-s period were also recorded on the

data loggers and subsequently downloaded during later field trips.

The loggers were powered by photovoltaic cells with battery

backup and transmitted their data using a radio link to one of

two transmitter stations established on hill tops within FGAZRS

where the data was collected from the individual gauges and sent

to the database at UNSW. The equipment was all installed in

weatherproof cabinets and the rain gauges protected from animal

disturbance by heavy-duty fence and wire enclosures. Wild boars

were particularly efficient at disrupting rain gauges that were not

well protected.

Groundwater at the FGAZRS

Beavis and Beavis (1984) report that there are very few

groundwater occurrences in the Precambrian rocks to the

west of the Nundooka Creek Fault. The research station is

supplied with groundwater from boreholes (Smith’s and

Dawson’s) approximately 100 m deep that terminate in sands

at the base of the Cenozoic in the eastern part of the station

(Fig. 4).

Groundwater is also pumped from approximately 100 m

depth below ground surface at the Sandstone Borehole site

(Fig. 4) in the hills formed from the Upper Devonian

Sandstones. The sandstone at this location is well jointed

and fractured. It is possible that this horizon continues out

onto the plains of the Bancannia Basin and forms the good

quality aquifer at depth noted in the Planet Oil Borehole dril-

ling report (Brown et al. 1982). Reliable groundwater supplies

are also pumped from similar depths (90–110m) at the base of

the Cenozoic at the Sandy Creek and Mandelman boreholes

(Fig. 4).

Figure 4 provides a higher resolution image base to locate

the various installations within FGAZRS and is drawn at the

same scale as Fig. 3. A higher resolution satellite image has

been used in Fig. 4 to facilitate appreciation of the geological

complexity at this site.

The Australian Government invested in groundwater moni-

toring infrastructure in the National Collaborative Research

Infrastructure Strategy (NCRIS) in 2009. A part of these funds

was used at the FGAZRS to deploy equipment that could char-

acterise the hydrology of this arid site and provide real-time

data in response to hydrological events. The equipment com-

prised 18 tipping-bucket rain gauges over an area of 36,000 ha,

stream gauging of major creek systems, the installation of bore-

holes to monitor groundwater response, automated climate sta-

tion monitoring, and the deployment for a limited time period

of streambed temperature and pressure arrays in the near-

surface sediments of the Fowlers Gap Creek.

As a part of the NCRIS investment new boreholes were

installed in three transects across Fowlers Gap Creek in

2013 (Fig. 4 gives locations). The drilling and completion data

are summarised in Table S1 of the electronic supplementary

material (ESM). The boreholes were drilled by the then NSW

Department of Water Resources using mud-flush drilling

techniques. The department gave each of the boreholes a state

registration number GW02732xx. For convenience this num-

ber has been shortened to FGxx in this paper. At sites FG78,

FG81 and FG82 a shallow and a deep piezometer were each

installed in separate boreholes.

Stream gauges, streambed and groundwater
monitoring

Bubbler gauges (HS-30 Mark II from Hydrological Services,

Australia) were installed at Freislich Dam, Homestead Creek

above a concrete weir and at the Rock Bar on Fowlers Gap

Creek (Fig. 4). These instruments measured the water levels at

15-min intervals and the data was included in the transmis-

sions to the database at UNSW Sydney. The Homestead

Creek and the Rock Bar sites were also recorded using digital

cameras and images transmitted daily at 09:00.

Streambed monitoring was carried out at six locations (T0,

T1, T2, T3, T5 and T6) shown on Fig. 4. At locations T0, T5

and T6, a single water pressure and temperature logger

(SOLINST EDGE, Solinst Canada Ltd., Canada) was

installed in a vertically orientated short section of 25-mm

PVC pipe located at the sediment surface. The pipe was an-

chored to large boulders and secured with two star pickets

Hydrogeol J (2021) 29:737–764 743



concreted in place with a 20-kg bag of quickset cement to

protect the pipe from scour during flooding events. At the

intermediate locations (T1, T2 and T3), four loggers were

installed in approx. 1-m lengths of 25-mm PVC pipe arranged

vertically in the streambed and secured in the same manner.

The top logger was placed at the sediment surface and the

remaining loggers at depths of 0.29, 0.42 and 0.99 m. The

top and bottom loggers were Solinst Edge units recording both

level and temperature. The intervening sensors were temper-

ature loggers (Hobo Water Temp Pro v2, Onset Computer

Corporation, USA). This arrangement thus provided four

measurements of temperature at increasing depth and the hy-

draulic head at the surface and at 1 m depth beneath the creek

bed. The loggers were all initialised and synchronised to re-

cord concurrently at intervals of 30 min. The pipes containing

the assembled arrays of loggers were hung into a swimming

pool overnight to determine the zero head gradient pressure

values to compensate for any potential pressure transducer

offsets. A separate atmospheric pressure logger (Baro Edge,

Solinst Canada Ltd., Canada) was installed in the air-space of

Borehole FG81-1 to provide data to remove the atmospheric

pressure response from the unvented (absolute gauge) pres-

sure transducers. Detailed descriptions of this type of stream-

bed array and the installation methods used were given by

McCallum et al. (2014) and Rau et al. (2017).

The streambed arrays were deployed on 25 October 2014

and recovered on 15 May 2016. Seven sites had been planned

(T0–T6) but it proved impossible to install an array immedi-

ately downstream of the Rock Bar as the ground conditions

were too difficult. The next site (T1) was 330 m further down-

stream and adjacent to the second transect of boreholes. After

retrieval of the arrays and instruments, the temperature and

pressure measurements were downloaded and analysed.

Note that the bottom sensor at T3 was lost during recovery

of the array at this site when the sands collapsed into the

excavation made to recover the pipe. The absolute pressure

data was corrected to gauge pressure using the atmospheric

pressure from the barometric pressure logger. The vertical

reference for each array was the uppermost pressure transduc-

er. The distances were measured from a high-resolution satel-

lite image. Flow events were indicated by the pressure trans-

ducer recording values that were significantly above that of

the atmospheric pressure. During times when both the top and

bottom vertical transducers recorded heads above atmospher-

ic, the vertical hydraulic head gradient (VHG) was calculated

using the relative water levels, array length and the corrections

established from the swimming pool calibration bath.

The temperature dataset was used to detect the presence of

water as well as to describe the flow conditions in the near-

surface sediments over the depth intervals of the arrays

(approx. 1 m). The interpretation of the temperature datasets

closely followed the method developed and explained in detail

in Rau et al. (2017), and is briefly summarised here as follows:

1. For each sensor, a timeseries of the amplitudes of the daily

temperature fluctuation were extracted by applying the

Fast Fourier Transform using a 3-day sliding subsection

and by applying a Hanning window to minimise frequen-

cy leakage.

2. For the sensor pairs 1 and 2 (interval 1–2) and 2 and 3

(interval 2–3), the amplitude ratios over time were calcu-

lated. Note that the amplitude of the daily temperature

fluctuations at the bottom (sensor 4 at depth of 1 m) could

not be used because it was damped beyond meaningful

interpretation.

3. A characteristic amplitude ratio for heat conduction

through dry sediments was calculated for each sensor pair

as an average across a time window (25 October until 14

November 2014) when the streambed sediments were ev-

idently dry, and no rainfall was recorded. This allowed

calculation of the dry thermal diffusivity of the sediments

using the distance between each pair. The dry thermal

diffusivity was used in combination with the thermal

properties for water and sediment to estimate a theoretical

thermal diffusivity for water saturated conditions. This

value was used to infer the equivalent amplitude ratio

for the saturated streambed sediments for each sensor

pair.

4. The dry and saturated amplitude ratio values were used to

delineate the limits within which no unique interpretation

of the physical processes within the respective streambed

interval can be made using the amplitude ratio (Rau et al.

2017). Values above the threshold for saturated condi-

tions can be interpreted as fully water saturated and with

vertical downward flow of water. Values below the dry

threshold can be used to delineate vertical upward flow

conditions. The range between these threshold values can

either be interpreted as variably saturated or saturated with

low flow and hence a unique interpretation cannot be

made. Note that the theory assumes that the amplitude

ratio for a particular flow-rate remains constant over time.

Groundwater levels in all the NCRIS observation bore-

holes were recorded using In-Situ Level Troll 700H loggers

(In-Situ Inc., USA). Loggers on transects 1 and 2 were con-

nected to the data transmission system and data uploaded daily

along with the rainfall and climate data. Loggers on transect 3

were independent and downloaded during later site visits.

Groundwater depth in the boreholes was established using a

dip meter in August 2013, approximately 3 months after com-

pletion of the drilling program, for calibration at various times

during the deployment of the loggers, and when the loggers

were removed in October 2019. Groundwater heads were

corrected for barometric influences using the regression

deconvolution method described in Rasmussen and

Crawford (1997). This approach calculates a best fit of the

influence that barometric pressure has on borehole water
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levels using a convolution of pressuremeasurements weighted

by coefficients at discrete time lags. The latter are referred to

as instantaneous response which, as cumulative sum, lead to a

barometric response function (BRF). BRFs are diagnostic

tests of confinement and barometric efficiency (BE)

(Rasmussen and Crawford, 1997; Turnadge et al. 2019) which

were established for all groundwater locations using the baro-

metric pressure recorded from the climate station.

Geophysical investigations

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. A LUND multicore cable

system was used with an electrode spacing of 5 m to measure

an electrical image across Fowlers Gap Creek to establish the

depth of sediment beneath the creek. A gradient array was used

with the ABEM LS TERAMETER resistivity equipment

(Guideline Geo AB, Sweden). The gradient array comprised

eight potential electrode pairs for each current electrode pair,

rather than the simple Wenner configuration of one potential

electrode pair for each current electrode pair (Acworth 2019).

This both increased the survey speed, making use of the

Terrameter’s ability to measure four potential pairs simulta-

neously and increased the density of the apparent resistivity

data thus allowing an improved interpretation. Mud was used

to achieve improved electrode contact under the dry conditions.

The apparent resistivity field data was inverted using the

RES2DINV interpretation package (Loke 2001, 2016). The

electrical image was measured across the creek in November

2016. Although this was nearly 2 years after the flood that

forms the focus of this paper, it was not anticipated that the

bulk conductivity at depth would have changed significantly.

Water chemistry and environmental tracers

In November 2016, available boreholes were sampled. Three

boreholes were dry and the water in a further three boreholes

was too deep to sample with the available equipment that

could only pump water from depths less than 50 m. The pH,

DO, fluid EC temperature and Eh was measured using Hach

HQ40d multi-meters and probes in a sealed in-line Waterra

flow cell. Sub-samples for major cations and anions were

filtered through 0.45-μm Waterra fast-flow filters into PET

vials. 20 ml aliquots for cations and trace-elements were acid-

ified with 2% of 5 N HNO3. Major cations were analysed by

ICP-OES on a Perkin-Elmer Optima 7300. Trace elements

were analysed by ICP-MS using a Perkin Elmer NexION

300D. Subsamples for anions were stored cold and dark and

were analysed by IC for Cl and SO, while 25-ml subsamples

were analysed for alkalinity in the field by the Gran-titration

method using 0.16 N H2SO4. Saturation indices for minerals,

like calcite, and ionic charge imbalances were calculated using

PHREEQC (Parkhurst and Appelo 2003).

Five boreholes yielded enough water that subsamples could

be taken for Carbon-14, tritium and δ13CDIC analysis. These

samples were analysed by the ANSTO laboratories in

Sydney. Carbon-14 was determined using the ANTARES

AMS facility at ANSTO following the method of Fink et al.

(2004) and reported as both percent modern carbon (pMC) and

conventional radiocarbon ages. Tritium samples were analysed

by Liquid scintillation spectrometry using a Perkin Elmer

Quantulus instrument achieving detection limits of ~0.05 TU.

δ13C was analysed using Gas Bench II coupled to continuous-

flow Delta V Advantage Isotope Ratio Mass Spectrometer

(IRMS) following the method by Assayag et al. (2006).

The concentration of tritium in rainfall (A0), expressed in

tritium units (TU), over Australia is not known in detail for

Fowlers Gap (Tadros et al. 2014) and this limits the determi-

nation of the groundwater age. For this reason, the concentra-

tion in rainfall potentially responsible for recharge has been

estimated by solving the tritium decay equation for the poten-

tial rainfall source concentration and performing a simple it-

eration between the postulated rainfall and potential recharge

events using the established decay constant and the observed

tritium concentration in TU. The tritium decay equation is.

At ¼ A0 e −λ tð Þ ð1Þ

where At is the observed tritium concentration expressed in

TU, A0 is the initial tritium concentration expressed in TU, t is

the number of years for the decay, and λ is the decay con-

stant = ln(2)/12.32 = 0.056262.

The carbon-14 derived ages were corrected for contribu-

tions of dead carbon from carbonate dissolution. Because DIC

decreases from the shallow to the deep groundwater, a δ13C

mixing model is used rather than a mass-balance on DIC or

alkalinity for the correction. The δ13C mixing model requires

estimates of end-member values: –23‰ for the soil solution,

and 0‰ for carbonates were applied (Clark and Fritz 1997).

The correction equation supplied by Clark and Fritz (1997)

was used as follows:

t ¼ −8; 267 � ln a14
C

q � a14C
Þ

�

ð2Þ

where 8267 is the decay constant (Clark and Fritz 1997), at
14C

is carbon 14 activity at a given time (in the groundwater sam-

ple) expressed in percent modern carbon, and a0
14C is the

initial carbon 14 activity (at time of recharge). q is the correc-

tion factor given by

q ¼
δ
13CDIC−δ

13Ccarbonate

δ
13Csoil−δ

13Ccarbonate

ð3Þ
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where δ
13CDICis the measured 13C-DIC in groundwater,

δ
13Csoil is δ

13C of the soil CO2, and δ
13Ccarbonate is the δ

13C

of the carbonate minerals being dissolved.

Results

Geophysical characterisation of the subsurface

Figure 5 shows the geophysical logging data for boreholes

FG78 and FG82 with the depth of the piezometers indicated

along with the elevation of the standing water levels recorded

on installation (Table S1 of the ESM). The layer of high bulk

electrical conductivity (150mS/m or resistivity of 6.6 Ohmm)

indicates a stiff red clay with higher entrained salt content at

an elevation of approx. 105 m AHD. The identification of the

lithology was made by comparing the drillers log for Smith’s

bore with the geophysical log for the adjacent borehole FG86.

The data for FG86 is included as supplementary information

(Fig. S1 of the ESM). Water-bearing sand and gravel is indi-

cated by the lower bulk electrical conductivity and lower

gamma-ray activity coincident with the location of the pie-

zometer screens. To allow comparison of the lithology across

Fowlers Gap Creek, the bulk conductivity log for FG81 is also

shown on Fig. 5 as a plot (cyan colour) on the same axis as the

data for FG82.

There is a shallow perched aquifer at FG78-1 (on the bank

of Fowlers Gap Creek) at 149 m AHD and a deeper aquifer

(FG78-2) that may also be perched at 122 m AHD. The stand-

ing water level at both FG78 piezometers occurs within the

screens. The saturated zone at FG82 occurs at 85 m AHD and

represents the top of the aquifer that Dawson and Smith’s

water supply bores are installed into. This deeper aquifer is

separated from the shallower perched aquifer by the thick red

hard clay shown in Fig. 5.

The results for part (350–650 m) of a 700-m electrical

image measured along transect 2 (Fig. 4) and crossing

Fowlers Gap Creek are shown in Fig. 6. The shallow depth

(approx. 5 m) of alluvium in the creek bed (shown in the inset

image (Fig. 6b) is apparent; as is the underlying low resistivity

bedrock. The alluvium composition appears to be varied

(wide range of resistivities) and to extend to greater depths

to the left of the image, possibly indicating old palaeo-

channels of Fowlers Gap Creek. An area of high resistivity

thought to represent dryer sandymaterial is shown to the north

of the creek in the vicinity of FG78.

Rainfall and runoff

In January 2015 during a 36-h period, approximately 200 mm

of rainfall was recorded at the Bald Hills site (station 5 in Fig.

1). The event was captured by 16 of the 18 tipping bucket rain

gauges installed under the Federal Government funded

NCRIS, with only 2 gauges failing due to blockage occurring

during the storm. This 36-h rainfall event was not exceeded in

the previous 50 years of record. The storm total for the BoM

station was 164.4 mm with the 111.6 mm for 11th January

nearly exceeded all previous daily maxima (rank 2 of 20

events) in the 50-year record of daily rainfall for station 18

(BoM station), but the combination of this fall with the previ-

ous day of 52.8 mm (rank 19 of the same 20 events) makes the

36-h total exceptional. The rainfall was well distributed with

all gauges showing the same basic structure to the event,

which is in contrast to the cumulonimbus storm cell type

events more often reported in the literature for arid zones

(Sharon 1981) and supports the observation by Cordery

(2004) that rainfall at Fowlers Gap tends to be less dominated

by cumulonimbus storm events than expected. The cumula-

tive rainfall at each of the 18 tipping-bucket gauges is given as

in Fig. S2 of the ESM.

There have been 30 events in the past 50 years where con-

secutive days (48-h period) have recorded rainfall in excess of

50 mm. The event on 10 January 2015 (164.4 mm) was the

first ranked event in that series, exceeding the second ranked

event (116.1 mm) by 48.3 mm. It is also noted that of these 30

events, 20 occurred in the January to March period, highlight-

ing the importance of summer low pressure troughs in the

delivery of maximum rainfall and that four of these events

occurred in 1974. The 2-day (48-h) event data are listed in

Table S2 of the ESM.

The January 2015 event developed from a low-pressure

trough that dipped down towards Southern Australia as shown

by the MSLP analyses for Australia between the 6th and 13th

of January 2015 (Fig. S3 of the ESM). A deep (998 mbar) low

pressure trough originated over Northwest Australia on 6th

January and proceeded to link with a cold front passing to

the south of Australia on the 8th of January. By the 10th of

January a deep zone of low pressure with two embedded cen-

tres had developed with the southern centre (999 mbar) mov-

ing southeast towards the area north of Fowlers Gap.

Examination of the available (since 2000) MSLP maps for

other 2-day events show similar characteristics.

Figure 7 shows the structure of the storm event as recorded

at the Bald Hills gauge (station 5, Fig. 1) with the three sep-

arate phases clearly evident, separated by short periods with

no rainfall. The rainfall data is compared with the surface

water levels at the Rock Bar on Fowlers Gap Creek, at the

gauging station on the tributary Homestead Creek and the

level in the dam at Freislicht Reservoir, which is located in

the headwaters of Homestead Creek. The Homestead Creek

gauge results show a very close match to rainfall that indicates

rapid runoff. The runoff also provides a rapid response to the

Freislicht Reservoir level. The gauge data for the main chan-

nel on Fowlers Gap Creek shows the same basic pattern but

the catchment to the south of FGAZRS has a more significant

influence during storm phases 1 and 2; with possibly higher
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Fig. 5 Geophysical logs for a Borehole FG78 on the north side of

Fowlers Gap Creek along transect 2 and b FG82 at the southern side of

the creek of transect 3 (Fig. 4). Note that FG78-2 was drilled to greater

depth for the collection of geological information and screened to total

drilled depth to enable geophysical logging to be undertaken. A ‘higher

electrical conductivity layer’ is seen in both borehole logs. A bulk con-

ductivity (EM53) log for FG81-2 on the north side of the creek is also

shown in cyan
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rainfall recorded in that part of the catchment. The southern

part of the catchment is not gauged (Fig. 1) and more rain

gauge data in that area would be of use in the determination

of catchment rainfall runoff characteristics.

The rainfall intensities have been calculated from the

tipping-bucket rain gauge event data over a 38-month time

span and are presented for all 18 gauges in Table 1. Station

number locations are given in Fig. 1. The maximum 10-s

rainfall intensity and the maximum 15-min totals for all

gauges for the period 29 August 2013 to 21 October 2016

are presented along with the same data for the January 2015

storm event for comparison. The total rainfall for the January

2015 event is also shown.

The rainfall intensities recorded for the January event are

all lower than the maximum rainfall intensities for the 38-

month period available (Table 1). This is the case both for

Fig. 6 a Part of the electrical image results along Transect 2. The

locations of boreholes with screen depths and the temperature probe T2

are shown. b Photograph taken looking to the left at FG79 (FG80 is

visible at the top of the ridge behind FG79) while chemical sampling

was underway in November 2016; c Photograph taken in the creek bed

with the ‘image cable’ shown

Fig. 7 The hyetograph for the tipping bucket rain gauge at the BoM station showing the three distinct phases of the storm event. The hydrographs for

Homestead Creek, The Rock Bar gauging station on Fowlers Creek and the level of water in the Freislicht Dam are provided for comparison
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the 10 s and the 15-min intensities. High intensity rainfall

normally occurs from cumulonimbus storm cell activity. The

fact that the January 2015 event does not include any of these

higher intensity bursts indicates further that there were no

storm cells embedded during the January 2015 event. In ad-

dition, the January event started at 14:51 on the 9th of January

at the western gauge at Sandstone Tank and only reached

Saloon Tank 15 km to the south east (Fig. 1 gives locations)

at 17:32 that day. This comparatively slow progression is

more likely to be caused by an easterly moving frontal system.

The rainfall intensity data presented here for short bursts of

rainfall (10 s data) at 18 tipping-bucket rainfall gauge sites

over an area of 400 km2 is a valuable addition to the charac-

teristics of rainfall in the arid zone. As noted by Dunkerly

(2019), such data will be invaluable for developing an under-

standing of rainfall characteristics representative of changing

climate conditions and helps develop better models of rainfall

runoff and groundwater recharge mechanisms.

The flood in Fowler’s Gap Creek continued to the north

outside FGAZRS occupying the various spills and splays vis-

ible on Fig. 4 until the flood discharged into Lake Bancannia.

The final path taken by the flood is not recorded but will have

been influenced by the mobile dunes visible to the south of

Lake Bancannia in Fig. 1. After this flood event, the endorheic

lake is reported (G. Dowling, UNSW Sydney, personal

Communication, 2018) to have held water for the next few

years before completely drying up again; however, exact de-

tails or times were not monitored.

Groundwater responses

The hydraulic head variations measured during the 3 years of

detailed monitoring (2014–2017) are shown in Fig. S4 of the

ESM. The time axis in Fig. S4 of the ESM is extended to show

the dip measurements in August 2013 and October 2019

(Table S1 of the ESM) to indicate the longer-term trends in

hydraulic head and to provide confirmation that the loggers had

not drifted significantly during the deployment. Detailed descrip-

tion of the hydraulic head variations, where the impact of baro-

metric pressure is removed, are presented in the following.

Hydraulic head trends from 2015 to 2017

The deep boreholes with hydraulic heads at approximately

85 m AHD (FG86, FG82-2 and FG81-2) show very little

change between 2015 and 2017 (Fig. 8). FG86 show repeated

0.05-m responses to pumping from the Smith’s Borehole that

is 22 m distant (downward spikes at the time scale used in Fig.

8). There are similar downward spikes in the record of FG82-2

that is presumed to reflect abstraction from Dawson’s

Borehole. The FGAZRS staff have tended to use the

Dawson’s Borehole, that was established in 2016, in

Table 1 Rainfall intensities at the

tipping-bucket rain gauge sites.

Stn. No. station number

Stn. No. 10 sa (mm) 15 mina (mm) 10 sb (mm) 15 minb (mm) Totalc

1 0.8 19.8 0.4 7.6 168.6

2 1.8 10.6 0.4 5.8 147.8

3 1.6 10.2 0.4 7.4 150.0

4 4.8 28.2 0.4 9.4 162.6

5 7.4 17.4 0.4 10.6 200.8

6 0.4 2.6 0.2 2.6 187.2

7 1.6 25.6 0.4 7.8 193.2

8 0.6 11.0 0.6 8.2 166.8

9 5.4 15.4 0.4 13.2 179

10 0.6 11.4 0.4 7.8 168.8

11 – – – – –

12 1.4 10.8 0.4 10.8 175.6

13 0.6 13.6 0.4 9.2 162.6

14 1.6 20.2 0.2 7.2 180.5

15 0.6 18.6 – – –

16 0.8 10.4 – – –

17 1.2 13.2 0.4 9.6 157.2

18 1.8 15.2 0.4 8.0 178.8

aMaximum 10-s rainfall intensity and the maximum 15-min totals for all gauges for the period 29 August 2013 to

21 October 2016
bMaximum 10-s rainfall intensity and the maximum 15-min totals for all gauges for the January 2015 storm event
cTotal rainfall for the January 2015 event
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preference to Smith’s Borehole. FG82-2 is approx. 250 m

distant from Dawson’s Borehole. The data set is a useful ex-

ample of the power of the regression deconvolution method to

reveal these small responses. FG81-2 has a hydraulic head

similar to that of FG86 and FG82-2 and is also in a similar

geological succession (Fig. 5) yet does not show the same

response. This is explained by the construction of FG81-2

(Table S1 of the ESM) that shows that the final water level

is just above the base of the screen, thus complicating the

hydraulic response at that borehole.

FG78-2 shows a slowly rising hydraulic head at approx.

123 m AHD. FG78-2 is completed in a horizon above the stiff

red clay that separates the deeper water at 85 m AHD from the

shallower water with a hydraulic head of 144 m AHD (Fig. 5).

The boreholes installed into the upper part of the alluvial se-

quence (FG78-1, FG82-1 and FG79), with a hydraulic head

between 144 and 148mAHD, demonstrated that a slow decline

in hydraulic head (Fig. 8 and Fig. S4 of the ESM) had occurred

over the monitoring period. This slow decline was interrupted

by increments of recharge. It was noted that no water strikes

were reported during drilling through the 60 m between the

lower zone represented by FG86, FG82-2 and FG81-2 and

the upper zone represented by FG78-1, FG82-1 and FG79 with

the exception of a small quantity of water at FG78-2.

Fig. 8 Hydraulic heads in the NCRIS boreholes at FGAZRS established by hourly monitoring using HERMIT 700H vented transducers (In-Situ Inc).

The data have been processed using the regression deconvolution method. Unprocessed hydraulic heads are presented in Fig. S4 of the ESM
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Responses to the January 2015 flood event

Borehole FG75 was sited upstream of the rock bar on transect 1

and proved solid rock at 9 m depth which was thought to be the

same silcrete that forms the rock bar. The logging data showed

no response until the water level in the flood enters the borehole

by overtopping at the height of the third phase of rainfall and

the maximum level recorded by the adjacent bubbler gauge.

Investigations have shown that the sensor in FG75 was dam-

aged during the flood event and stopped working shortly after-

wards. However, a similar behaviour is seen in borehole FG77

installed downstream of the rock bar. This borehole was also

drilled to solid rock at 5.5 m with overlying clays, sands and

gravels. Both boreholes were dry before the flood.

Borehole FG77 received water by overtopping at the height

of the flood during the third phase of rain (Fig. 9). The top of

the piezometer was submerged for approximately 2 h with a

maximum overtopping height of 0.6 m. Evidence of the

overtopping is clearly seen in the upper image in Fig. 9 that

shows the pile of flotsam from the flood on top of the borehole.

The second image in Fig. 9 shows the top of the flood as

recorded by the scum line inside the sensor box. During this

time, it is inferred that enough water entered the aquifer, by

flowing down the inside of the piezometer pipe, that a saturated

(perched) zone was created beneath the sediments of the creek

bed. This perched zone responded to rainfall on the 13th of

January 2015 with a groundwater level rise. The level in

Borehole FG77 gradually decreased for 11 days after the flood

until a sudden change occurs and the rate of groundwater level

then decreasedmore rapidly with the borehole finally drying up

after approx. 24 days. This transition to a steeper groundwater

recession occurs at approximately the same time as flow in the

creek bed stops (Fig. 9) as a result of the water level above the

rock bar falling below the cease-to-flow elevation over the rock

bar (noted in Fig. 9). The creek bed then becomes dry in the

downstream section (evidenced by sensor at T1).

FG80 on transect 2 was dry when drilled and never record-

ed any water. FG80 was located at the top of the bank on the

south side of the creek and approx. 100 m distant from the

creek (Fig. 5) and was originally intended to monitor water in

the alluvial deposits assumed to be present. The screens were

set in FG80 at the only sandy material encountered but the

elevation of this screened section proved to be above the ele-

vation of water in FG79 and FG78-1 (Table S1 of the ESM).

Fig. 9 a Graph showing: hydraulic head response at borehole FG77

downstream from the Rock Bar (red line), the level in the Rock Bar

pool recorded using the HS30 bubbler gauge (blue line), the 10-min

rainfall totals from the climate station at the Rock Bar site (green bar

chart) and; the head of water in the top sensor of the temperature sonde

at site T1 (magenta line). Note that Site T1 is 330 m downstream of the

Rock Bar. b Photograph of the flood debris left on top of the bore (pho-

tographer: Gary Dowling). c Evidence of the final flood height from the

inside of the instrument box. d General view of FG77 site showing the

bore location at the edge of the present flood channel – before the flood.

The rocks forming the hydraulic control (rock bar) can be seen on the left

under the trees
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Groundwater was encountered at two depths in FG78 (Fig.

5) on the north side of the creek (17.0 and 43.0 m) and also at

16.7 m in FG79 on the south side of the creek. Groundwater

shows a confined response at both the shallow and deep bore-

holes in FG78 and in FG79 when compared to atmospheric

pressure (Rasmussen and Crawford 1997).

Similar to FG77 on transect 1, there was no response in

FG79 to the flood before the sudden change that occurs at the

height of the third phase of rainfall just before midnight on

10th January. The transducer was then out of range for ap-

proximately 4 h during the peak of the flood before decaying

back to preflood levels over the next 3 days. However, there is

also an apparently delayed response to the flood seen by a

flattening of the hydraulic heads over the next 6 months before

the heads steepen once more onto the background recession

rate. The water level in FG78-1, although at the same depth as

FG79, did not respond to the flood at all. The elevation of the

water surface in FG78-1 is approx. 0.5 m higher than FG79

(Fig. 8 and Fig. S4 of the ESM) indicating the possibility of

lateral flow beneath the creek, the result perhaps of preferen-

tial recharge through the sandy sediments identified close to

FG78-1 (Fig. 6).

All three deep piezometers (FG86, FG81-2 and FG82-2)

on transect 3 showed no response to the flood. The shallow

piezometer at FG81-1 on the north side of the creek was

overtopped by the flood but the flood remained below both

FG81-2 and FG82-1 piezometer tubes. The shallow piezom-

eter on the north side (FG81-1) became silted up as several

metres of silt/sand were washed in during the flood causing

the logger to fail shortly after the flood. The logger had also

developed a fault prior to the flood. The shallow piezometer

on the southern side (FG82-1) shows a delayed response to the

flood, with an interruption of the longer-term head recession

observed around 60 days later followed by a slight increase in

heads and a subsequent decay back to the background reces-

sion rate by approximately 11 months later. A SOLINST Baro

logger installed at the top of FG81-1 responded to the flood as

water entered the borehole.

Stream flow and streambed infiltration

The streambed arrays track the propagation and evolution of

the flood wave as it makes its way from the FGAZRS en-

trance, through the rock bar and over the sediments of the

floodplain along a 17.25-km path (approx. Distance between

T0 and T6). All but the last streambed array shows a complex

flood response with multiple peaks as the rainfall continues

followed by a slow recession of flow.

The initial rise in head recorded by the uppermost pressure

logger in the temperature array indicates the arrival of the

flood (Fig. 10). The height of the flood varies as a function

of the quantity of water running in the creek and the cross-

sectional area of the creek at the sensor site. The highest

recorded surface-water level was 4.50 m above the streambed

surface at T3. Note that the flood spilled out of the main

channel during the runoff from the 3rd phase of the storm

(Fig. 7). The average velocity of the flood front propagation

over the entire 17.25 km between T0 and T6 was 1.64 km/h

(Table 2) although the velocity of the flood front increased

over the span of the event as the contribution of runoff in-

creased. Note also that the response to the third phase of rain-

fall that began at approximately 20:00 on the 10th of January

was much more immediate as a result of the catchment being

saturated and the channel already partially full of water.

Table 2 shows the arrival times of the flood at each of the

temperature sensor sites. Note that water levels were only

measured every 30 min, limiting the accuracy of peak detec-

tion and therefore also horizontal velocity determination. The

beginning of the storm is indicated by the rapid fall in temper-

ature as rain wets the sediments in the creek bed. This occurs

well before the arrival of the flood front. Note that the flood

front velocity increases as it moves downstream and that at T0

and T1 there is a significant lag between the first water arriv-

ing and the principal flood front. At downstream locations, the

flood front is not preceded by any runoff water.

Figure 10a shows the water levels as measured by the sur-

face sensor at each of the 6 sites, as well as the 15-min rainfall

recorded at the Bald Hills station for the 3-day period in

January 2015. The top sensor record for site T1 indicates that

the creek carried water for 13 days after the initial flood spate.

The bottom sensor at 1 m depth indicates that the sediments

remained saturated at that depth until the 28th of February

2015, approx. 49 days later.

The vertical head gradients (VHG) in Fig. 10b demonstrate

a strong downward gradient of approx. –1 right at the begin-

ning of the flood in January 2015. The gradient reaches its

maximum at the beginning of the second surface-water level

peak within this flood event before rapidly decreasing to be-

low the initial value. While the third surface water level peak

does not seem to influence the VHG by much, the fourth peak

increases the VHG again. This is followed by a reversal of the

VHG in the upward direction as the last peak recedes.

Although smaller than the downward VHG, the upward gra-

dient slowly decreases towards zero before the water level

disappears below the surface (Fig. 10).

Figure 11 presents an overview of the diel temperature

amplitude ratios recorded between the sensor intervals 1–2

(surface to 290 mm) and 2–3 (290−420 mm) alongside the

water levels and precipitation (scaled logarithmically) for the

time period between 15 November 2014 to 1 March 2015.

The dry and saturated limits to the amplitude ratios were used

to individually scale the colours plotted. This allows a normal-

ised comparison between the data sets for the different sites to

be established. The colour bar was designed to allow a quick

assessment of either downward or upward flow conditions

when the streambed is water saturated, as indicated by the
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existence of a water level (black lines). Changes in Ar during

periods with no surface runoff, as indicated by a lack of pres-

sure response and unsaturated conditions, should not be

interpreted.

The dark red colour (Fig. 11) represents an amplitude ratio

Ar > 1 indicating fully saturated conditions with nonvertical

flow through the creek bed sediments. This could be caused

by horizontal flow on lower permeability layers or hyporheic

flow when conditions are fully saturated. Such flows would

violate the conditions of vertical flow required by the analytical

model (Rau et al. 2017). Nonvertical flow occurs first between

the sensors at T3_2–3 in response to a small (6–10 mm) rainfall

event on the 25th of November 2014 and is followed by a short

period of downward flow indicated by the less intense red col-

our (0.7 <Ar < 1.0). This quantity of rainfall was insufficient to

generate runoff but infiltration and ponding above the sensor at

490 mm is indicated by the rise in pressure at the bottom head

sensor at 1-m depth. The event was recorded at T1 and T2 but

not at T3 indicating that the rainfall was from a cumulonimbus

storm cell and poorly distributed.

The response to the major flood in January, 2015 is more

complex and an interpretation of the 6 panels in Fig. 11 can be

summarised as:

& T1_1–2: Rapid onset of fully saturated conditions and

downward flow immediately followed by nonvertical

Table 2 Flood arrival time,

distances and velocities Sensor site Distance from

T0 (km)

Soil wet

(9 Jan)

Arrival time of first

water on 10 Jan 2015

Arrival time of

flood front

Velocity between

sensors (km/h)

T0 0 17:30 00:00 06:30 –

T1 3.460 18:30 02:00 13:00 0.53

T2 6.334 23:00 07:30 07:30 0.52

T3 10.049 23:30 08:30 08:30 3.72

T5 14.926 17:30 10:00 10:00 3.25

T6 17.256 18:00 10:30 10:30 4.66

Fig. 10 aWater levels above the streambed (indicated by the grey dashed

line) measured by the surface sensor at each of the streambed array sites.

The distances down the creek from the uppermost upstream sensor (T0) at

the FGAZRS entrance and the downstream sensors are 3,460 m from T0

to T1, 6,334 m from T0 to T2, 10,049 m from T0 to T3, 14,926 m from

T0 to T5 and 17,256 m from T0 to T6. Negative values of VHG imply

downward flow. bVertical head gradients calculated for streambed arrays

T1, T2 and T3 as well as the cumulative rainfall for comparison
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Fig. 11 Amplitude ratios for the streambed arrays (T1, T2 and T3) at the

intervals 1–2 and 2–3, interpreted from the temperature measurements

and plotted as colour stripes. Each colour stipe represents the Fourier

transformed amplitude ratio averaged over a 3-day period. The water

levels are shown on top (in black) for reference with the peak of

individual runoff events marked for identification. The individual rainfall

events are shown in the bar graph at the base of the figure. Note that this

bar graph has a logarithmic scale with the 20–mm threshold that is asso-

ciated with a runoff-producing event shown for reference
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flow before a return to downward flow until the top hy-

draulic head sensor indicates that the surface becomes dry.

& T1_2–3: As for the upper T1 sensor but with slightly lon-

ger period of nonvertical flow before a change to weak

upward flow (0.15 < Ar < Adry
r ) which slowly subsided

until the creek bed dried.

& T2_1–2: Downward flow until the end of the storm event

and then switching to increasing upward flow.

& T2_2–3: A shorter period of downward flow at the begin-

ning of the storm followed by a brief period of upward flow

before switching to downward flow until the stream dries.

& T3_1–2: Nonvertical flow is indicated throughout the

storm event (10–11 January) being reactivated by the later

rain on (13 January). There was a dry period on the 12th of

January during which the flood receded and the

nonvertical flow stopped. After a few days, water started

moving down again (red colour).

& T3_2–3: Very similar to the upper sensor with the differ-

ence that downward rather than non vertical flow is indi-

cated at the start of the storm and is followed by stronger

downward flow, interrupted by upward flow before later

downward flow. Note that T3 had surface water for a

much greater time period than at T1 or T2. This is possibly

the result of drainage of water from overbank locations

flooded during the height of the storm when the water

level reached 4.5 m depth.

Hydrochemistry and estimated groundwater ages

The hydrochemical field measurement data are presented in

Table 3 and the full chemical analyses are given in Table 4.

Except for borehole FG79, which has a charge balance error

of 5.5%, all other samples have charge-balance errors below

5%. Older water analysis data from 1967 and 1981 from the

Planet Camp Borehole and Mandelman Borehole were added

to this study from Beavis and Beavis (1984).

All the groundwater samples are fresh to slightly brackish,

with a larger variation for the shallow samples. Even the

fresher samples still have a relatively high ion content with

EC higher than 1,850 μS/cm. Most of the samples are a Na-Cl

water type with some of the shallow samples (FG78-1, FG79

and FG82-1) tending towards a mixed Na-Ca-Mg-Cl-HCO3

water type. The deeper samples from the water supply bore of

Smith’s and Dawson’s have a significantly lower Ca-HCO3

content than the shallower samples.

Environmental isotopes

The environmental isotope analyses for water sampled in

November 2016 are given in Table 5. As noted above, it

was not possible to sample all the boreholes during this field

campaign. The general pattern is the deeper water supply

bores of Smith’s and Dawson’s being tritium free (< 0.01

TU) and low in 14C-DIC (2.78 and 5.06 pMC). In contrast,

the shallow bores had modern water with 14C-DIC 103.3 and

104.5 pMC and measurable tritium values of 0.5 and 0.8 TU,

which could be derived over the course of two tritium half-

lives from the value of 3.2 TU observed in the creek at the

time of sampling.

Discussion

Rainfall rates and runoff thresholds

It is apparent from Table 1 that rainfall rates frequently exceed

the maximum infiltration rate of the soils leading to rapid

Table 3 Field chemical data

Borehole Depth (m) DO (mg/L) Fluid EC (μS/cm) Eh (mV) pH Temperature (°C) Alkalinity (meq/L)

FG79 20 0.59 2,499 52 6.82 25.1 10.48

Smith’s Borehole 120 0.22 2,081 −80 7.07 25.0 4.15

Dawson’s Borehole 120 0.01 2,567 −223 7.05 25.4 3.40

FG82-1 15 3.82 1,850 109 6.63 25.6 6.97

FG78-1 17 Anoxic 4,866 – – – 10.16

Fowler’s Gap Creek 32 9.38 4,682 112 8.07 26.9 4.16

Planet Camp Borehole ‘81 110 – 2,820 – – – –

Mandelman borehole ‘67 94 – 3,492 – – – –

Mandelman Borehole ‘81 95 – 4,300 – – – –

New Sandstone borehole NSB1 116 – 6,290 – 6.64 – –

New Sandy Creek NSG3 101 – 3,930 – 6.74 – –

Notes: FG78-1 ran dry during sampling. Chemical data for the Planet Camp,Mandelman’s, New Sandstone and Sandy Creek boreholes are from Beavis

and Beavis (1984). Depths refer to the mid-point of the screen if known, or to the total depth
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runoff. Cordery et al. (1983) noted that the onset of flow down

a creek at Fowlers Gap was directly related to the porosity of

the unsaturated alluvium in the creek bed. Once the alluvium

was fully saturated, then surface flow commenced. The results

of this study do not support this contention, at least for large

storms with many intense bursts. Of the 23 runoff events re-

corded at the Homestead Creek level gauge, 6 events occurred

after rainfall of between 10 and 15mm and 12 events occurred

after less than 20 mm of rain. For example, 6 h after the initial

rainfall at Homestead Creek and after 7 h duration and 20 mm

of rain falling in the larger Fowlers Gap Creek catchment,

runoff at the gauging station was recorded. The data is a little

variable but it is apparent that 10–20 mm can be taken as the

approximate threshold to produce runoff.

The maximum rainfall rate recorded in the 5-year period

between 2013 and 2016 at the tipping-bucket gauges was

7.4 mm in 10 s at Bald Hills in the Devonian Sandstone coun-

try (station 5 on Fig. 1) and 28.2 mm in 15 min at Warren’s

Tank on the plains to the east (station 4 in Fig. 1). These

intensities are much larger than the maximum rates recorded

during the January storm of approximately 0.4 mm (Table 1)

in 10 s and represent storm bursts from cumulonimbus cells

that occurred at other times. No extensive studies of soil hy-

draulic conductivity have been performed at the site but high

clay contents in the soils are likely to minimise direct infiltra-

tion and the potential for diffuse recharge as noted byAcworth

et al. (2016a).

Lack of groundwater level response in the deeper
aquifer

The two deep boreholes (FG86 and FG82-2) are considered to

be entirely confined by the layer of stiff grey and red clay

indicated by the high bulk electrical conductivity layer seen

in Fig. 5. This conclusion is supported by the BRF calculated

from the regression deconvolution which shows a barometric

efficiency of >0.95 for FG86 and 0.75 for FG82-2. The latter

is smaller than the results calculated by Acworth et al. (2016b)

for a different time period possibly due to the difference in

methodology as discussed in Turnadge et al. (2019). There is

Table 4 Chemical data for the Planet Camp, Mandelman’s, New Sandstone and Sandy Creek borehole are from Beavis and Beavis (1984). Borehole

locations are shown in Fig. 4

Borehole Ca (mg/L) Mg (mg/L) Na (mg/L) K (mg/L) Sr (mg/L) Cl (mg/L) SO4 (mg/L) HCO3 (mg/L)

FG79 131 67.0 228 3.98 1.60 439 79 639.5

Smith’s Borehole 67.2 41.0 268 5.65 0.87 389 224 253.2

Dawson’s Borehole 85.2 55.6 311 6.75 1.08 526 275 207.5

FG82-1 149 32.8 173 4.18 0.76 333 60 425.3

FG78-1 267 172 434 7.85 3.41 1,152 6.2 619.9

Fowler’s Gap Creek 268 125 479 13.03 2.08 969 555 253.8

Planet Camp ‘81 20 33 402 7 – 426 262 254

Mandelman ‘67 115 25 667 8 – 829 401 210

Mandelman ‘81 62 43 605 12 – 780 400 250

New Sandstone borehole NSB1 210 60 980 15 – 1,500 180 320

New Sandy Creek borehole NSG3 120 15 610 5 – 925 60 95

Table 5 Environmental tracer data

Borehole δ
13C 3H 14C-DIC Years BP

3H value Uncertainty 14C-DIC value Uncertainty Years BP value Uncertainty

(‰) (TU) (TU ±) (pMC) (pMC ±) (Years) (Years ±)

FG79 −14 0.5 0.04 103.31 0.26 Modern –

FG82-1 −15 0.8 0.05 104.48 0.26 Modern –

FG78-1 – – – – – – –

Smith’s borehole −11.1 0.01 0.03 5.06 0.06 23,960 110

Dawson’s borehole −11.4 0.01 0.03 2.78 0.04 28,780 130

FG Creek −7.9 3.2 0.15 99.35 0.27 50 25

Notes: FG78-1 ran dry during sampling. The groundwater age years before present (BP) is the conventional uncorrected age, as reported by the

laboratory
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no significant variation or overall net change in head over the

6-year investigation period (Fig. 8 and Fig. S4 of the ESM).

The lack of response at any time confirms the isolation of this

deeper aquifer from the shallower system and explains the

Late Pleistocene age date of groundwater drawn from both

Smith’s Bore and Dawson’s Bore which are both close to

FG86 and FG82 with their screens set at similar depths (Fig.

S2 of the ESM). Abstraction from these bores caused small

(50 mm) responses in the observation bores that can be ob-

served in the plots shown in Fig. 8 but not in Fig. S4 of the

ESM, indicating the success of the BRF in suppressing the

atmospheric signal in the groundwater hydrographs.

Streamflow, flood-wave and infiltration processes

The streambed water level records obtained from the temper-

ature arrays clearly document streamflow events with a higher

temporal and spatial resolution than previously measured at

this location. They demonstrate that the speed of the flood

wave in Fowlers Gap Creek increased from 0.53 km/h

(0.15 m/s) between T0 and T1 to 4.66 km/h (1.3 m/s) between

T5 and T6 (Table 2). The increase in flood front speed was

likely caused by the increasing volume of the flood and the

decrease in sinuosity of the flood channel. Dunkerly (2008)

also calculated from theoretical consideration of the channel

width and observed roughness that the stream velocity varies

with faster flow in flow chutes where mean flow could reach

2.8 m/s (range 1.66–4.39 m/s), while in the nonchute reaches,

the mean flow was 1.47 m/s.

The record of hydraulic head in borehole FG77 installed

close to the stream channel (Fig. 9) demonstrates that there

was no immediate increase in water level in the borehole in

response to the onset of flow in the creek, despite the ground

surface around the borehole becoming inundated. The bubbler

gauge and the temperature array show (Fig. 9) surface flow

commencing just before midnight (23:45) on the 9th of

January, whereas the rise in head at FG77 does not begin until

the bore is overtopped at the height of phase 3 of the storm at

approx. 22:00 on the 10th of January. The delayed response is

emphasised by the ellipse in Fig. 9.

This observation was a little surprising as the top of the

borehole screen was only approx. 1.5 m beneath the stream

bed (Table S1 of the ESM) and the area around the borehole

was completely inundated to a depth of approx. 0.5 m (Fig. 9)

for approx. 20 h before the overtopping occurred. Intuitively,

water would be expected to commence downward movement

into the sediment shortly after a positive head gradient was

generated by the flood, as observed by Blasch et al. (2006).

This lack of response, that was also observed at FG79 and

FG75, indicates that infiltration into the floodplain sediments

and streambanks is a very slow process in comparisonwith the

filling of the highly permeable shallow alluvium that forms

the stream bed, and which filled within minutes as evidenced

by the stream-bed temperature/pressure arrays.

There was a large potential for streambed water infiltration,

as indicated in Fig. 10, particularly between the top sensor and

the next sensor 0.29 m below. However, the VHG’s demon-

strated an interesting behaviour—for example, VHG’s were

largest right at the beginning of the flood when heads were

transient and slowly decreased even though the average water

level at the surface rose. As the event progressed there were a

few short term downward VHG spikes coincident with rapid

surface water level increases. Towards the end of the flood,

the VHG’s become upward during the flood recession and

remain stable indicating discharge of groundwater into the

stream. This behaviour was considered more typical of bank

storage in perennial streams and was surprising for the ephem-

eral Fowlers Gap Creek. This indicated that the infiltrated

water had been held on top of lower permeability layers either

in the streambed at higher elevation further upstream or in the

banks. The receding surface-water level allowed it to dis-

charge back into the stream.

The temperature amplitudes provided independent evi-

dence for water infiltration and downward flow within the

shallow near-surface sediments along Fowlers Gap creek, at

least at the beginning of each flow event as indicated by the

red colour in Fig. 11. Further, the daily temperature ampli-

tudes in T2 and T3 again showed downward flow when the

water level detected by the bottom level sensor started to rap-

idly fall. As a final observation, amplitude ratios in intervals

2–3 for both locations showed water infiltration in response to

rainfall but in the absence of streamflow.

The amplitude ratio colours of T1 showed continuous

downward flow after the big flood when there was an absence

of water as indicated by the level response. It was believed this

may have been an artefact due to erosion of sediments.

Further, at T2 after the flood, the amplitude ratios indicated

an apparent upward flow in the absence of water as evidenced

by the level sensors. It was possible that the diminished am-

plitudes could have been a result of cooling from evaporation

of the water from the many small rainfall events, as sediment

deposition could be excluded as an explanation since there

was no surface water flow. It was also possible that this up-

ward flow represented water movement in response to evapo-

transpiration, at least at T2. However, further analysis and

discussion of processes that may affect the calibration of am-

plitude ratios in the unsaturated zone is beyond the scope of

this paper.

Hydrochemistry and environmental tracers

Hydrochemistry

Only one set of hydrochemical sample data was available and

that only from a limited number of sample sites. Considerable
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uncertainty must therefore exist in the interpretation of this

data on a regional basis. However, some general observations

can still be made. It is possible to rule out connectivity be-

tween the shallow aquifer (represented by FG82-1) and the

deeper aquifer that supports groundwater extraction for water

supply (represented by Smiths and Dawson’s bores). For ex-

ample, it is very hard perceiving Ca and HCO3 being removed

by water-rock interactions to create the observed decrease in

these ions from the shallow to the deeper aquifer (Table 4),

especially since the SI for calcite indicated sub-saturation

around −0.3, which should preclude precipitation of calcite.

The separation between the two zones is indicated both geo-

physically (Fig. 5) and hydraulically (Fig. 8) and the

hydrochemical data compliments these findings discussed in

the preceding. Therefore, the deeper groundwater must have

recharged from a different (remote) source through rocks with

a low mineral carbonate content or during times with very

different climatic and/or biogeochemical conditions (i.e. lower

soil CO2 partial pressure and therefore less total dissolved

inorganic carbon in the deep aquifer).

Tritium ages

In terms of tracers, the shallow groundwater (FG79 and FG82-

1) samples have a modern signature with an 3H average of

about 0.65 TU and 14C average of about 104 pMC (uncorrect-

ed). The high 14C values preclude dilution with radio-dead

carbon from mineral dissolution or mixing with older radio-

carbon decayed groundwater. Because of this lack of mixing

with old groundwater, the observed groundwater tritium

values must be a result of radioactive decay. However, estab-

lishing exact groundwater ages at FGAZRS from the ground-

water tritium data is uncertain, since there are no local tritium

rainfall records. The nearest locations with historic rainfall

tritium records are: Adelaide, 510 km to the southwest;

Charleville 672 km to the northeast; and Alice Springs approx.

1,100 km to the north west.

Tadros et al. (2014) provide a comprehensive review of

Australian rainfall tritium records, where they show that the

rainfall tritium values are highly variable over both space and

time. They show that beside the elevated tritium due to atmo-

spheric thermonuclear bomb testing in the 1960s, tritium is

elevated in rainfall with increasing latitude (south) and due to

a continental effect with higher activities towards the centre of

Australia. Seasonally higher values have beenmeasured in the

Australian spring by about a factor of two and finally they

show that there is an amount effect where large rainfall events

are depleted in tritium particularly at inland sites. In the recent

two decades tritium values in southeast Australia have

stabilised at natural background values of 2–3 TU.

Given these uncertainties in historic rainfall tritium values

for southeast Australia, it is more sensible to look for years of

high rainfall (Fig. 2) at FGAZRS that may be potential years

in which the groundwater recharge could have occurred. It is

then possible to back calculate what the tritium concentration

would have been for those years, based upon the measured

values in 2016 and using the radioactive decay function for

tritium (half-life of 12.32 years). The years 1974, 1987, 2010,

2011 and 2016 have rainfall above the annual rainfall mean

plus 1 standard deviation (Fig. 2) and these were considered as

possible wet years that could have generated recharge.

Tadros et al. (2014) have produced maps of tritium in

Australian rainfall for the years 1973/1974 and the period

2005 to 2011. Because Alice Springs lies in the direction from

which heavy rainfall has been reported to have travelled, that

station was selected to represent FGAZRS rainfall rather that

the coastal, but closer, site of Adelaide.

In 2016, the observed tritium values (At values in the decay

equation) were 0.5 TU for FG79 and 0.8 TU for FG82-1

(Table 6). Rearranging the decay equation for A0 and solving

for the possible elapsed times when rain fell and recharge

could have occurred gives the A0 values shown in Table 6.

The rainfall tritium values for Alice Springs and FGAZRS

have been extrapolated from maps in Tadros et al. (2014).

These data are given in Table 7. The observed tritium values

(At) in 2016 were 0.5 TU at FG79 and 0.8 TU at FG82-1. For

these values to represent radioactive decay over the 6 years

since 2010, the initial tritium values (A0) would have been

0.70 TU at FG79 and 1.12 TU at FG82-1. These values are

well below the measured values reported by Tadros et al.

(2014) and imply that the rainfall in 2016 or 2010/2011 could

not be the source of recharge at FG79 and FG82-1.

Rainfall in 1987 is reported by Tadros et al. (2014) to have

had a tritium concentration of approx. 5.0 at Alice Springs. If it

is assumed there was a similar pattern of increased tritium at

FGAZRS of perhaps 20% over Alice Springs then an approx.

Table 6 Possible tritium concentrations (TU) at source (A0) determined by back-solving the tritium decay equation for the different elapsed times when

recharge could have occurred

Borehole Observed tritium

concentration (At) in

2016 (TU)

Possible tritium

concentration (A0) after

1 year (TU)

Possible tritium

concentration (A0) after

6 years (2010) (TU)

Possible tritium

concentration (A0) after

29 years (1987) (TU)

Possible tritium

concentration (A0) after

42 years (1974) (TU)

FG79 0.5 0.53 0.70 2.56 5.31

FG82-1 0.8 0.85 1.12 4.09 8.50
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A0 for FGAZRS would have been 6.0 TU. This compares with

the possible values for A0 (Table 6) after 29 years of 2.56 or

4.09. Both these values appear low but given the uncertainties of

the analysis, 1987 should be considered a possible source year

for recharge based on the tritium data alone. However, when the

fact that the rainfall in 1987 was concentrated in a single storm

event (Fig. 12) and considering the observations of a similar

event in 2015 producing little recharge, 1987 is unlikely to be

the source of the tritium observed in FG79 and FG82-1.

The multiple rainfall events in 1973–1974 (Fig. 12) are

considered likely to have produced multiple recharge pulses

based upon the observations presented in this paper. The

tritium data is consistent with this analysis. Possible tritium

concentrations (A0) in 1974 were 5.31 or 8.50 (Table 6) and

compare well with estimates of A0 based upon observation

(Tadros et al. 2014 in Table 7) given the uncertainties of the

actual tritium concentrations at the time.

While it is acknowledged that the observed tritium values

could also represent mixing between older water and modern

water, which could complicate the analysis, the observed 14C

values of about 104 pMC in the same bores do not allow for

much mixing to dilute the tritium data. In summary and on the

balance of probabilities, the data are consistent with the sam-

pled water being recharged during multiple events in 1974.

However, it is also noted that this does not preclude recharge

having occurred during 2010–2011 or 2016 as groundwater

recharged then may be present within the unsaturated profile

above the screen depth (Table S1 of the ESM) or was not

removed during sampling from the overlying column of water.

Radio-carbon ages

The deeper groundwater (~80 m) is free of measurable tritium

and has a pMC of about 4% or an average uncorrected 14C age

Table 7 Observed results (At) for tritium in rainfall for Alice Springs

and extrapolated for FGAZRS using the maps in Tadros et al. (2014).

Data for 1987 are from a figure showing results for Alice Springs

Location 2005–

2011

1987 1973–

1974

Alice Springs 2.5 5.0 10.5

FGAZRS 2.7 – 14.0

Fig. 12 Daily rainfall totals (mm) for the four periods: 1973–1975, 1986–1988, 2009–2010 and 2014–2016. The green bar indicates the approx.

Threshold for flood flow in Fowlers Gap Creek
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of about 26,400 years. As there could be a considerable con-

tribution from radiocarbon dead material these ages could be

overestimated. With the observed decrease in alkalinity from

the shallow aquifer to the deeper aquifer from 9.20 to 3.8 meq/

L it is not possible to carry out dissolved inorganic carbon

mass-balance corrections based on measured dissolved inor-

ganic carbon or alkalinity. Instead, corrections can be made

based on a δ13Cmixingmodel using end-member δ13C values

for the soil solution and carbonate minerals. Two different

corrections were made: one that uses an estimated δ13C value

of –23‰ for the soil solution (Clark and Fritz 1997); and one

that uses the difference in δ13C from the shallow to the deep

aquifer (see Table 5) assuming a local pathway or similar

conditions at a distant recharge location. Both models use a

value of 0‰ δ13C for dissolving carbonate minerals. The cal-

culations (Table 8) give corrected radiocarbon ages ranging

from (18,700–27,500 years) revealing that the corrections lead

to relatively small changes in the ages due to the nature of the

1st order radioactive decay curve. More sophisticated correc-

tion models can be applied but it is hard to perceive that the

deeper groundwater samples are anything but old even with

more extreme corrections. The 14C data therefore either rep-

resents a systemwith very limited local recharge of this deeper

aquifer or more likely remote recharge of a larger regional

confined aquifer with slow lateral groundwater flow. This

conclusion is consistent with the geophysical, hydraulic and

hydrochemical inferences discussed in the preceding.

The complexity of recharge processes

Possibility of direct recharge

Diffuse recharge at FGAZRS was not anticipated due to the

observations of a high clay content in the soil and the very

rapid runoff generation (Acworth et al. 2016a). The desicca-

tion of the soil under conditions where no rainfall occurs for

several months leads to a low-hydraulic conductivity layer

developing which is likely to further inhibit infiltration and

diffuse recharge. The high rainfall intensities combined with

a large soil moisture deficit and the low hydraulic conductivity

ensure that the great majority of rainfall that occurs is shed as

overland flow to become runoff available for potential fo-

cussed recharge. This is particularly so where the soils are

very shallow as on the Precambrian rocks to the west of the

Nundooka Fault but also evident on the silty top soil on the

plains to the east.

Focused recharge

The period during which the creeks record flow or have satu-

rated alluvial channel sands, marks the period when focused,

indirect, recharge into the shallow underlying sediments

would be expected to have occurred. Focused, localised, re-

charge may also occur on the sandstone outcrops as the result

of infiltration into fractures. It is noted that Sandy Creek (Fig.

4) flows through the sandstone hills area frequently over out-

cropping rock. This type of indirect recharge is also likely

responsible for the recharge into the deeper aquifers and is

discussed further in the following.

Potential consequences of entrapped air in the stream bed

A lack of sustained downward flow below the river bed sed-

iment at transects 1 and 2 has been identified from the tem-

perature arrays (Fig. 11) and from the borehole hydrographs

for FG75 (not presented) and FG77 (Fig. 9). This requires

explanation.

The top 4–5 m of clay and gravel in the creek bed and the

adjacent flood plain (Fig. 6) were dry (air-filled porosity) be-

fore the flood. Significant clay rich horizons were also ob-

served while installing the temperature sondes. The flood

moved at an average speed of approximately 1.64 km/h and

the depth of flood water then rapidly increased (Fig. 10).

Downward movement of water from the base of the shallow

alluvial zone is indicated by the streambed arrays for the top

two sensors (T1_1–2) shown in Fig. 11 but this is only in the

top 300 mm. Below this, there is no indication of any

sustained water movement between the sensors (T1_2–3) as

clearly seen in Fig. 11 by the change from downward flow

(marked in red) to upward flow (marked in blue). Under these

conditions it can be assumed that, after initially quickly filling

pockets of higher permeability superficial sandy deposits, the

flood water was moving over the top of lower permeability

material. It also seems clear that there would have been very

great variations in hydraulic conductivity in the creek bed as

the result of layers of cobbles and clay being present. Hence,

Table 8 Correction models for 14C dating using estimated δ
13C value of −23‰ for soil the soil solution and a value of 0‰ δ

13C for dissolving

carbonate minerals (Clark and Fritz 1997). pMC percentage modern carbon

Borehole 14C (pMC) Conventional age

(years)

Correction (q) for soil

δ13C end-member

Corrected ages soil

end-member (years)

Correction (q) shallow

GW δ13C end-member

Corrected ages for shallow

GW end-member (years)

Smith’s borehole 2.78 28,780 0.49 23,670 0.77 27,484

Dawson’s borehole 5.06 23,969 0.49 18,718 0.77 22,532
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any wetting front that developed would have had a complex

three-dimensional (3D) distribution with most flow occurring

through connected higher permeability material but leaving

zones of unsaturated lower hydraulic conductivity material

until water could move into these zones by capillary action.

Figure 11 provides a comprehensive and multi-parameter

presentation of the dynamics of water flow in near surface

sediments developed by Rau et al. (2017); however, interpre-

tation of the heat tracing results is limited to water saturated

conditions. More information about the spatio-temporal flow

processes could be derived by further developing methods

accounting for variably saturated conditions, as presented in

Halloran et al. (2016).

The combined impact of the air-filled porosity and the

layers of clay significantly reduces the vertical hydraulic con-

ductivity of the sand and gravel (Bianchi and Haskell 1996;

Faybishenko 1995; Wang et al. 1998). Faybishenko (1995)

reports detailed experiments on loamy soils that show that

the hydraulic conductivity of material can be reduced by a

factor of between 5 and 8 when initially air-filled. This work

was carried out on loamy soils where the saturated hydraulic

conductivity will be much higher than the high clay content

sand and gravel observed during the investigations at

FGAZRS.

To explain the lack of response in some of the shallow

piezometers, it is proposed that flood water is required to

produce a downward hydraulic gradient for many days to

allow sufficient time for infiltration to occur through layers

of lower permeability and before entrapped air can be dissi-

pated or dissolved, before widespread focused recharge can

occur at this location.

Evidence for indirect recharge at transects 2 and 3

Although no evidence of recharge beneath the creek was ob-

served at FG77 on the first transect, there are small responses

that occur in the shallow piezometers in the second and third

transects that indicate some recharge through the stream bed

further down the creek. The record for FG82-1 shows the

clearest response that commenced after the major flood in

January 2015 and appears to have arrested the previously oc-

curring recession in head. Similar but more muted responses

are seen (Fig. 8) in FG78-1 and FG79. In FG78-2 there is a

similarly timed but muted increase in the head. This response

appears to die away in FG82-1 after approx. 11months before a

repeated sequence of smaller (than January 2015) floods over

5 weeks in the spring (Fig. 12) of 2016 again causes recharge to

occur. Significantly, this sequence of smaller floods (top panel

in Fig. 8) caused recharge that appears to have produced a

greater response in FG82-1 (Fig. 8) than the earlier major flood

in 2015. Both periods of recharge seen in FG82-1 did not

change the overall decline in head that was evident in the re-

cord, indicating that the groundwater response time for this

groundwater system is relatively large and that the recessions

are integrating the hydraulic responses to recharge over at least

a multi-decadal period (Cuthbert et al. 2019b).

Long term average recharge is expressed in the background

rate of a straight-line groundwater recession (Cuthbert 2014).

The recession is clearly seen in Fig. 8 and Fig. S4 of the ESM.

The rate is approximately 0.6 m/year for FG79 and 0.7 m/year

for FG82-1 and is equivalent to the long-term recharge divid-

ed by the specific yield (see Cuthbert et al. (2016) for expla-

nation of how this process and method works in more detail).

Assuming the bulk specific yield of the heterogeneous sand-

clay sediments is, say, 2–4%, this amounts to a long-term

(averaged over multiple decades) recharge of approximately

10–20 mm/year. However, over what spatial extent or tempo-

ral period this estimate is valid for is not possible to ascertain

without additional data from piezometers more distant from

the creek. FG80 was intended to provide some information

but only proved the inhomogeneity of the deposits away from

the creek (100 m distant) and the electrical image line (Fig. 6)

shows further detail of this inhomogeneity.

The head response to the storms in 2015/2016 was approx-

imately 0.6 m in FG79 and 0.9 m in FG82-1 (Fig. 8) after

accounting for the observed background recession rate during

dry periods. Hence, one can estimate that over the long term,

recharge must be approximately twice that per year of the

recharge that occurred in 2015–2016. The tritium data at

FG86-1 and FG79 indicate that a likely contribution was from

the multiple flood events in 1974 (Fig. 12). It is also noted that

the floods in 2010 and 2011 (Fig. 12) contained several single

storms and groups of small storms and that these may have

produced substantial recharge. A wetter period in 1987 (Figs.

2 and 12) was related to a single large storm and therefore may

have only contributed a smaller than average recharge for the

same reasons as the limited recharge produced during the

2015 storm.

Indirect recharge onto the sandstones

The water level in the sandstone at the old sandstone bore

(Fig. 4 shows the location) occurs at approximately 100.5 m

bgl (in November 2016). Records show that the original level

when the borehole was drilled in 1954 (the date is unsure,

Beavis and Beavis 1984) was 97.5 m bgl, this despite the fact

that the bore is regularly pumped with a yield of approximate-

ly 0.5 L/s (estimated to be approx. 5,000 m3/year). The old

bore was abandoned in 1980 and a new abstraction bore

drilled 8 m away. This bore has a very similar level and the

old bore responds to pumping from the new bore, proving that

extensive fracturing exists in the sandstones at depth. These

fractures are reported to extend to the surface (Beavis and

Beavis 1984) and the creek flows over outcropping sandstone

for several kilometres (Figs. 3 and 4).
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The fact that the water level in these bores is relatively

unchanged over more than 50 years of intermittent pumping

can be taken to infer that the groundwater system is in steady

state where the abstraction is balanced by another source of

water. This could be indirect recharge on the sandstone hills or

leakage from a more localised source of water; however, there

must be a source of water that supports the abstraction from

Smith’s borehole where the age of the water has been dated at

~24 ka. It is also noted that extensive fresh groundwater at

depths between 830 and 1,220 m has been identified in the

Bancannia Basin sediments to the south east of FGAZRS and

these are directly contiguous with the sandstones around the

bores in the sandstone outcrop. It has been suggested that the

deep aquifer is worthy of development in this otherwise arid

environment, but development must be preceded by a better

understanding of the recharge and groundwater flow paths and

processes to allow informed groundwater management

(Gleeson et al. 2020).

It is noted that the period before the last glacial maximum

(26–22 ka) has been identified as one of both reduced temper-

atures and reduced rainfall resulting in a cooler but more hu-

mid climate as a result of the reduced evaporation. This cli-

mate change led to the development of peri-glacial conditions

in the Snowy Mountains (Coventry and Walker 1977); the

endorheic Lake George east of Canberra reached 37 m depth

of freshwater (Coventry and Walker 1977) and Lake Mungo,

320 km south east of FGAZRS reached its highest level

(5.5 m) of freshwater (Fitzsimmons et al. 2015). These condi-

tions have not occurred in the past 11 ka since the beginning of

the Holocene. The age of the water at Smith’s and Dawson’s

bores of the same age suggests that regionally significant re-

charge may have occurred at this time.

Summary and conclusion

At Fowlers Gap in the semi-arid zone of western New South

Wales, Australia, the rainfall and runoff in a 460 km2 catch-

ment has been investigated in detail using a range of integrated

hydrological and hydrogeological methods that have included

installation of a tipping-bucket rainfall monitoring system of

18 gauges, a climate station, runoff monitoring, geological

investigation, installation of groundwater monitoring bore-

holes, surface geophysics, stream bed thermal and pressure

analysis, downhole geophysical logging, hydrochemical anal-

ysis and interpretation using water chemistry and environmen-

tal isotopes. Fortuitously, the monitoring equipment was

installed in time to monitor the response of the catchment to

the most extreme 36-h rainfall event recorded in the past

50 years during January 2015.

The wealth and breadth of data provides a range of evi-

dence and inferences which are presented in detail in the paper

but can be summarised conceptually as follows. Runoff is

produced by rainfalls above thresholds of 10–20 mm due to

the relatively low infiltration capacity of low permeability

soils. This leads to rapid flows in Fowler’s Gap Creek with

flood wave increasing from 0.53 to 4.66 km/h in a down-

stream direction. During flow events, infiltrating water quick-

ly fills available pockets of shallow permeable deposits in the

streambed and overbank deposits but owing to low permeabil-

ity clay layers and entrapped air, recharge into the shallow

aquifer is highly variable in time and space. Overall, there is

clear evidence of differing recharge responses along the creek,

and that the cumulative response of multiple, subsequent

small-magnitude rainfall-runoff events can contribute much

more recharge than one large-magnitude event. The observed

recharge responses in 2015–2016 were only approximately

half the magnitude of the long-term recharge rate. Hence pre-

vious years with multiple, closely space stream flow-

generating rainfalls must have occurred more frequently at

certain times in the past. Based on the long-term rainfall re-

cords and environmental tracer evidence it is very likely that

1974 in particular, and likely also 2010–2011, were key pe-

riods for such substantial recharge. There is also a deeper

aquifer which is hydrochemically distinct from the shallow

aquifer and shows no hydraulic responses to recharge, consis-

tent with the geophysical information suggesting that a sub-

stantial clay layer separates the aquifers. It is unknown wheth-

er the deeper aquifer receives recharge via flow paths linking

to a possible recharge zone at higher elevations in the catch-

ment, but a long flow path is required to explain why water

sampled from the deeper aquifer is of Pleistocene age.

The results illustrate how groundwater recharge is the re-

sult of complex interplays between the local expression of the

prevailing climate (rainfall intensity and clustering of events),

local geology (superficial deposits in particular), and topo-

graphic effects on runoff generation. Great care is therefore

needed in attributing or predicting generalised changes in re-

charge to changes in climate in dryland environments without

first unravelling the dynamic processes governing groundwa-

ter recharge in the locality of interest. The result should

prompt more detailed and long-term field investigation in oth-

er arid zone locations and reinforce the increasing amount of

literature indicating the highly sporadic, and nonlinear nature

of recharge in arid environments.
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