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Abstract 2 

The interaction between surface water and groundwater in clay-rich fluvial environments can be 3 

complex and is generally poorly understood. Airborne electromagnetic surveys are often used for 4 

characterizing regional groundwater systems, but they are constrained by the resolution of the method. 5 

A resistivity imaging survey has been carried out in the Macquarie Marshes (New South Wales, 6 

Australia) in combination with water chemical sampling. The results have enabled the identification 7 

of buried palaeochannels and the location of potential recharge points. The data has been compared 8 

with previously published airborne electromagnetic data in the same area. Deeper less conductive 9 

features suggest that there is a potential connection between the Great Artesian Basin and 10 

groundwater contained within the shallow sand aquifer. Even though the chemistry of the 11 

groundwater samples do not indicate interaction with the Great Artesian Basin, the observed 12 

discontinuity in the saprolite implies potential for this to happen in other locations.  13 

 14 

Key words: Electrical Resistivity Tomography, Recharge, Macquarie Marshes, Surface-groundwater 15 

interactions, Great Artesian Basin  16 
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1. Introduction 17 

Climate change and anthropogenic influences have reduced the flow of the Macquarie River. 18 

The volume of water flowing through the Macquarie River at Dubbo (New South Wales, Australia) 19 

was reduced by half from 1980 to 2000 (Kingsford and Thomas 1995). Two major dams (Lake 20 

Burrendong and Lake Windamere) in the upper reaches of the Macquarie River have changed the 21 

natural flow regime of the river, decreasing the frequency and magnitude of the flow events into the 22 

Macquarie Marshes (Figure 1), with unknown long-term consequences to the Ramsar listed wetland. 23 

With the Macquarie Marshes facing environmental pressure, the conservation of the wetlands and an 24 

understanding of the interaction between surface water and shallow groundwater systems is essential.  25 

The study of the groundwater recharge in the marshes is further challenged by the complex 26 

lithological heterogeneity associated with anastomosing fluvial systems (Miall 2014). In this setting, 27 

lithological interpolation between boreholes may lead to incorrect geological interpretations. 28 

Therefore, the description of the connectivity between surface water and groundwater must be 29 

supported by methods with a higher spatial coverage.  30 

Formerly mainly used in mineral exploration, airborne electromagnetic (AEM) surveys are 31 

now regularly applied to regional hydrological studies worldwide (e.g. Viezzoli et al. 2010, Faneca 32 

Sanchez et al. 2012, Oldenborger et al. 2016). This technique measures the electrical conductivity 33 

response of the aquifer sediments, which is largely affected by its water content and salinity. AEM 34 

surveys are considered to provide information on the pathways for groundwater flow, which allows 35 

for better understanding of hydrological processes (Kirkegaard et al. 2011). 36 

Alternatively, ground-based electrical resistivity methods can also provide the insight needed 37 

to characterise shallow alluvial materials (Chambers et al. 2014, Loke et al. 2013, Slater 2007, Revil 38 

et al. 2012). Direct current (DC) multi-electrode geoelectrical methods like electrical resistivity 39 

tomography (ERT) have been widely applied in the past to groundwater studies (e.g. Sharma and 40 

Baranwal 2005, Befus et al. 2011,  Meyerhoff et al. 2014, Uhlemann et al. 2016). Even though AEM 41 

has much greater coverage capacity than any ground-based technique such as ERT, the latter has a 42 
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significantly better resolution, which can be crucial in defining surface-groundwater processes in 43 

areas of hydrological significance. 44 

In any case, because geophysical techniques are indirect methods, the data obtained can be 45 

more reliably interpreted when combined with chemical characterisation of water and geological 46 

description of the studied area (Schürch and Buckley 2002). Besides providing complementary data, 47 

hydrochemistry can help to resolve ambiguities in the interpretation of resistivity sections (e.g. low 48 

resistivity can be caused by presence of abundant clay or by high salinity of groundwater).  49 

The aim of this study is to analyse the advantages and limitations of ERT in identifying 50 

potential surface water and groundwater interactions in clay-rich fluvial systems in comparison to 51 

AEM surveys. 52 

 53 

2. Study Area 54 

2.1 Geomorphology of the Macquarie Marshes 55 

The Macquarie Marshes cover approximately 200 km
2
 of the Macquarie River flood plains. These 56 

marshes are listed as wetlands of international importance under the Ramsar Convention for 57 

containing rich ecosystems and parts of them became nature reserve in 1971 (Robertson and Watts, 58 

1999, Saintilan and Overton 2010). The marshes are one of the largest remaining inland semi-59 

permanent wetlands in south-eastern Australia (Hollins et al. 2009). In spite of this, the diversity of 60 

fauna and flora has decreased in the wetlands while the flood-drought cycles (Figure 2) controlling 61 

these ecosystems have been severely affected by recent human activity (Hogendyk 2007).  62 

Ralph and Hesse (2010) described the main geomorphological features of the Macquarie River 63 

and the Macquarie Marshes; the lower reach of the modern Macquarie River splits into numerous 64 

anastomosing and distributary channels that feed the floodplain wetlands and floodouts. The amount 65 

of flow in the river is highly regulated and seasonal, being mainly sourced in winter by the release of 66 

stored water in the upper catchment and by flooding in either winter or summer months. Large flood 67 
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events occur in the lower catchment on years with high precipitation. The most recent floods 68 

preceding the survey took place in 1974, 1990 and 2010 reaching a peak flow of 87 m
3 

s
-1

 at Carinda 69 

in 1990 (NSW 2015). The occurrence and extent of floods during the Quaternary have shaped the 70 

morphology and hydrological characteristics of the northern lowlands; higher and lower flows 71 

compared to the current ones are known to have taken place in the Late Pleistocene-Holocene. The 72 

characteristic sequence of sediment filling in these rives is the result of a transition from higher 73 

energy regimes and it is responsible for the modern distribution of the marshes (Ralph and Hesse 74 

2010). 75 

The North Marsh Nature Reserve is a complex set of channels and dense vegetation (Figure 1) in 76 

which during floods the water flow slows considerably while seeping overbank (Ralph and Hesse 77 

2010). Most of the water entering the marshes does not reach the channels downstream because of 78 

evapotranspiration, storage and groundwater recharge on the wetland. Few studies have described the 79 

interaction between the floodwater and the groundwater in the area and at present, limited information 80 

on groundwater recharge and surface water exchange is available (Hollins et al. 2009). Groundwater 81 

recharge is considered to take place mainly on the alluvial valley upstream, while recharge through 82 

infiltration of floodwater in the Macquarie Marshes area is thought to be more limited (CSIRO 2008). 83 

2.2 Geological Setting 84 

The marshes are situated on almost flat land, with a heterogeneous substrate consisting primarily 85 

of Cenozoic aged alluvium sand bodies overlain by thick floodplain and channel clay and silt 86 

deposits. The sand bodies appear irregularly distributed and in some areas, they are embedded in the 87 

predominant mud. Soils are generally made of heavy grey clay (Hollins et al. 2009). The Cenozoic 88 

deposits in the marshes overlie a cretaceous saprolite of variable thickness (20-40 m) formed within 89 

Rolling Downs Group (Kellet et al. 2006). This saprolite consists mainly of different types of clay 90 

(kaolinite on top with a transition to illite and smectite). 91 

The saprolite is overlying unweathered Cretaceous Rolling Downs Group. This group outcrops 92 

approximately 30 km west of the studied area (Martin 1999) and is mainly composed of semi-93 
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consolidated grey and brown clays and siltstone, but fine clayey quartz sandstone and conglomerates 94 

are also present (Meakin et al. 1996). In the studied area, the Rolling Downs Group attains a thickness 95 

of approximately 120 metres (Macauley and Kellet 2009). The Cretaceous sequence overlies the 96 

Dridool and Keelindi Beds s (both containing important amount of sand mixed with finer sediments), 97 

which lie on top the Jurassic Pilliga Sandstone (Wolfgang 2000). 98 

Initially, the only significant recharge of the shallow Cenozoic aquifer was considered to be 99 

leakage from the Macquarie River and floodplains (Pirard 1974), but later some authors suggested 100 

possible upwards recharge from the Great Artesian Basin (GAB) as demonstrated in other regional 101 

alluvial systems (Iverach et al. 2017). This basin is the largest groundwater reservoir in Australia and 102 

is represented in this area by the Pilliga Sandstone (Brereton 1994, Habermehl 1984, Wolgang 2000). 103 

However, Macauley and Kellet (2009) disregarded upwards recharge from the GAB in the Macquarie 104 

Marshes due to the widespread continuity of the saprolite layer (aquitard) observed in regional AEM 105 

data. 106 

2.3 Study site 107 

The area of study is located in the North Marsh Nature Reserve of the Macquarie Marshes (Figure 108 

1). The area has a semi-arid climate with a mean rainfall of approximately 440 mm/year and potential 109 

evaporation of approximately 2,000 mm/year (Figure 3). Rainfall varies but in general, summer is the 110 

wettest season (Australian Bureau of Meteorology). The average monthly minimum temperature of 111 

4.0 ˚C occurs in July and the average monthly maximum temperature of 34.7 ˚C occurs in January. 112 

The studied transect comprises an east-west line of about 4 kilometres west from Bora channel 113 

(Figure 4). There is a noticeable change in the vegetation along this transect, being mainly dry grass in 114 

the western end and with a sharp transition about 1 kilometre east from Carinda Road to a more 115 

vegetated area (Figure 4A). After this visible boundary, the vegetation gets denser (Figure 4B) with 116 

increasing presence of surface water in ponds and creeks (Figure 4C). This transect represents the 117 

transition between the waterlogged area to the dry boundaries of the marshes (west end) at the time of 118 
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the study. However, the position of the channels and the distribution of the vegetation can change 119 

drastically between flood events (Hogendyk 2007).  120 

The resistivity imaging survey took place after the flood event of February 2011, which is the 4th 121 

most important on record after the floods of 1990, 1998 and 1950 respectively (Figure 3). Before the 122 

flood event, Australia had undergone the so-called Millennium Drought, which took place during the 123 

first decade of the 21st century. This drought is considered the worst on record for south-eastern 124 

Australia (van Dijkt et al. 2009). Even though the rainfall records in Carinda for that period do not 125 

show a particularly low rainfall in comparison with previous years, the catchment of the Macquarie 126 

River was receiving little rain and most of the potential runoff was retained at Lake Burredong 127 

(Figure 1). This is evidenced by the discharge records of the Macquarie River in the same location 128 

(Figure 3). 129 

 130 

3. Methods 131 

3.1 Electrical imaging 132 

DC resistivity methods were employed in order to determine the electrical 133 

conductivity/resistivity distribution of the subsurface at the study site. An electrical current is injected 134 

on the surface of the terrain by two electrodes and the voltage difference between two other electrodes 135 

is measured. Increasing the spacing between electrodes also increases the depth of investigation. In 136 

2D multi-electrode surveys, this measurement is performed repeatedly along a profile, obtaining 137 

apparent resistivity data points at different depths. In order to convert the apparent resistivity (or 138 

pseudosection) obtained in the survey into calculated real resistivity, an inversion routine is generally 139 

applied to the data (Loke et al. 2013). From this process, a trapezoid-shaped resistivity section is 140 

obtained. The electrical resistivity distribution showed by this image can be interpreted as soil layers 141 

and aquifers using the previous knowledge of the hydrogeology of the area. More detailed reviews on 142 

principles of geoelectrical methods and its practical applications can be found in Slater (2007), Revil 143 

et al. (2012) and Loke et al. (2013) among others. 144 
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The geophysical survey was performed during winter (7
th
 to 10

th
 of June) 2011. Three 145 

electrical resistivity tomography (ERT) profiles were acquired in this survey (Figure 4). The 146 

resistivimeter used for the data acquisition was an ABEM Terrameter SAS 1000/4000 with external 147 

power supply. Four cables with 16 18 electrodes each (64 72 in total) were connected to the main unit 148 

in sets of two. The spacing between electrodes was 5 metres, extending the length of the normal array 149 

to 360 metres. Different electrode arrays are commonly used in electrical prospection (Dahlin and 150 

Zhou 2004); in this study, all sections were obtained using the Wenner-Schlumberger array. This 151 

array is commonly used in hydrological studies due to its good depth of investigation, vertical 152 

resolution and low noise rate (Guinea et al. 2013). This array was implemented with a dipole length 153 

(a) of 5 m, 10 m, 15 m, and 20 m and a dipole separation factor (n) of  5 1 to 8 for a total of 26 data 154 

levels. In order to extend the main section (ERT1; Figure 4) along the studied transect, the roll-along 155 

technique was used. This method increases the length of the section but does not increase the depth of 156 

investigation (Loke et al. 2013). ERT1 was obtained in three different stages and the data was 157 

combined afterwards, containing 5827 apparent resistivity data points. ERT2 and ERT3 (Figure 4) are 158 

located parallel to ERT1, but 50 metres north and south from its position respectively. Their exact 159 

location was decided after processing and interpreting the data of ERT1 and will be further discussed 160 

later. ERT2 and ERT3 were measured using Wenner-Schlumberger array without roll-along. The data 161 

was inverted using the commercial software RES2DINV (Geotomo Software, Loke and Barker 1996), 162 

which uses the smoothness-constrained least-squares method (deGroot-Hedlin and Constable 1990, 163 

Sasaki 1992). The discretization of the data consisted of 20 model layers with the thickness of each 164 

layer increasing a factor of 1.5 with depth and block lateral size of 5 m (same as electrode spacing) for 165 

a total of 4193 model blocks in the inversion of ERT1. The Jacobian matrix was recalculated after 166 

each iteration. The inversion employed a L1-norm for the data misfit and model roughness (Loke and 167 

Barker, 1996). 168 

As ERT1 was recorded in three stages, there are two deep areas of the profile not covered by 169 

the apparent data and therefore the resistivity there has been interpolated during the inversion process. 170 

These areas can be observed in the apparent resistivity section (Figure 5) and they are of no relevance 171 
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for this study. Stacking data errors >5% were removed before the inversion. After that, a first 172 

inversion of the data was run and the percentage difference in apparent resistivity was calculated. 173 

Most of the section showed a percentage difference of >3% for depths below 30 metres. For depths 174 

higher than 30 metres, the percentage difference was higher with localized very high percentage 175 

differences. Some data points in these problematic deep areas showing apparent resistivity 176 

significantly different from neighbouring data points were removed. After filtering the data, tThe root 177 

mean square (RMS) deviation of the profile inverted as a single data and set after 7 iterations iswas 178 

4.9% after 7 iterations; just below the recommended 5% (Loke et al. 2013). 179 

3.2 Forward modelling 180 

In addition to the resistivity survey, a synthetic resistivity model was calculated using 181 

RES2DMOD software, which calculates the electrical apparent resistivity pseudosection for a user-182 

defined 2D underground model (Loke 2002). This software simulates the acquisition of field data in a 183 

theoretical terrain of user-defined resistivity distribution (e.g. Cornacchiulo and Bagtzoglou 2004, 184 

Sumanovac and Dominkovic 2007, Guinea et al. 2014). The pseudosection of the synthetic model was 185 

calculated using identical parameters to those used in the field data acquisition (i.e. electrode spacing, 186 

array, etc.). 6% of uniformly Gauss distributed random noise was added to pseudosection to represent 187 

the RMS error of the field data. The apparent resistivity data resulting from the forward modelling 188 

was then inverted using RES2DINV software using the same parameters as the ones applied in the 189 

inversion of field data. After 7 iterations, the RMS error of the inverted model data was 4.8%; very 190 

similar the RMS error obtained in the field data inversion. 191 

The aim of the modelling is to support the interpretation of the field data by creating a model 192 

depicting the main features identified in the resistivity sections and in accordance with what it has 193 

been observed in the regional drillingto validate the interpretation of the field data sections with 194 

particular emphasis to the connection between different levels and resistive features. If the 195 

interpretation is correct, the model should generate a distribution of apparent resistivity relatively 196 

similar to that of the field data and the product of the inversion should display similar features to those 197 

identified in the field resistivity section. However, it has to be considered that the model is a 198 
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simplified version of the field data and therefore certain deviation between both data sets can be 199 

expected.  200 

Alternative scenarios with slightly different connection patterns were modelled too (not 201 

shown), but these were discarded because they did not resemble the results of the field data as much 202 

as the model presented. As a result, these alternative interpretations can be ruled out. 203 

3.3 Water and soil analysis 204 

Samples of soil 1:5 soil water extracts from the unsaturated zone, surface water from the Bora 205 

Channel, Ginghet Creek and groundwater from site piezometers MQM29, MQM32 and MQM54 206 

(Figure 3) were collected in December 2007, February 2008, April 2008, October 2008, March 2009 207 

and June 2011. Soil samples from December 2007 and February 2008 were collected from three 208 

intervals throughout the soil profile (0 m, 0.5 m and 1.0 m below ground surface). Two deeper soil 209 

profiles were collected during April 2008 from MQM32 borehole. A further two deep profiles were 210 

collected during October 2008 and June 2011 from MQM32 and GCK (adjacent to the Ginghet Creek 211 

anabranch), down to the water table.  212 

Duplicate soil samples were collected, using a hand auger, from 0.5 m intervals down the soil 213 

profile for characterisation, 1:5 soil water extracts and moisture % analysis. All soil samples were 214 

placed into sealed glass jars, and refrigerated until analysis. Soil water extracts were used to identify 215 

the water-soluble constituents in the soil sample and thus identify the salinity distribution in the soil 216 

profile. Soil water extracts were performed at 1:5 dilutions on soil samples. This methodology was 217 

developed by the USA Salinity Laboratory staff and is summarised in Rayment and Higginson (1992). 218 

Duplicate samples were prepared with one sample used for EC1:5 determination and a second sample 219 

filtered through a 0.45 µm Millipore TM cellulose acetate membrane filter and analysed for Cl using 220 

Ion Chromatography (IC). Fluid EC results are given in ohm·m instead of µS/cm in order to make 221 

them directly comparable with the resistivity imaging. 222 

Surface water samples from the Bora Channel, Ginghet Creek and groundwater samples from 223 

site piezometers MQM29, MQM32 and MQM54 (Figure 4) were collected in December 2007, 224 
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February 2008, April 2008, October 2008, March 2009 and June 2011. Standing water levels in the 225 

piezometers were measured followed by the purging of three well volumes and/or stabilisation of field 226 

parameters including Electrical Conductivity (EC), Oxidation-Reduction Potential (ORP), Dissolved 227 

Oxygen (DO), temperature and pH. Groundwater samples were collected from a bailer and filtered 228 

through a 0.45 µm, high volume filter. Surface waters were collected (when present) from the Bora 229 

Channel and Ginghet Creek (anabranch) at points nearest to sampling sites. Samples for Cl were 230 

collected in 125 ml HDPE (High Density Poly-Ethylene) and analysed by Ion Chromatography (IC). 231 

 232 

4. Results 233 

4.1 Electrical imaging 234 

The results from ERT1 (Figure 5) show vertical and lateral variations of bulk resistivity, three 235 

main units can be identified (Figure 5A): 236 

-Top Unit: The top unit is a low-resistivity (1 to 6 ohm· m) continuous layer about 5 meter thick on 237 

average, but this thickness is variable and becomes thinner eastwards. The resistivity of this unit is 238 

relatively homogenous though it does increase locally at some points (Figure 5B). The Surface water 239 

samples collected in the Ginghet Creek area at the time of the resistivity survey display a conductivity 240 

value between 500 and 550 µS/cm (18-20 ohm· m) and ponded water samples taken close to MQM32 241 

display conductivity values close to 750 µS/cm (13 ohm· m). Those values correspond to fresh water. 242 

-Middle Unit: Below the Top Unit electrical resistivity increases (6 to 20 ohm· m) down to a depth of 243 

approximately 20 metres (the depth is variable along the profile). This unit is discontinuous laterally, 244 

forming lenticular structures (Figure 5A, the structures in the image resemble circles rather than 245 

lenses due to the vertical exaggeration) and in general becoming increasingly connected and resistive 246 

from west to east. In fact, at the eastern end the lens-like structures coalesce and the high resistivity is 247 

more continuous (Figure 5D). 248 
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-Bottom Unit: Below a depth of 20 to 25 metres, the resistivity decreases to values similar to those of 249 

the Top Unit. The regional AEM data (Macauley and Kellet 2009) suggests that this deeper unit is 250 

thicker and continues below the maximum investigation depth (60 m). Even though the resistivity of 251 

this unit is predominantly low, there are some highly resistive anomalies within it (Figure 5C). 252 

Sections ERT2 and ERT3 were measured parallel to ERT1, 50 meters north and south 253 

respectively (the location of ERT2 and ERT3 is indicated on Figure 4). These provide a 254 

tridimensional understanding of: 1- The disconnected lens-like structures of the Middle Unit (Figure 255 

5A) and its transition to more continuous high resistivity lenses; 2- The nature of the high resistivity 256 

anomalies of the Bottom Unit (Figure 5C); and 3- The connectivity between high resistivity anomalies 257 

in the Top Unit and the Middle Unit (Figure 5B).  258 

Figure 6 shows the inverted sections of ERT2 (Figure 6A) and ERT3 (Figure 6C) and the 259 

correspondent segment of ERT1 located between them (Figure 6B). The main features have been 260 

labelled with numbers. 0, 1, 2 and 3 represent differentiated lenses previously identified in ERT1. 4 is 261 

a shallow high-resistivity feature connected in depth with the eastern Middle Unit indicated by 5 262 

(Figure 5B) and 6 is a high-resistivity body within the Bottom Unit. 263 

Both ERT2 and ERT3 have similar characteristics to those observed in the correspondent section 264 

of ERT1. The main differential feature of ERT2 (Figure 6A) is the lateral connectivity between the 265 

resistive bodies 1, 2 and 3, which in ERT1 appear separated (Figure 6B). Additionally, there seems to 266 

be a connection between 3 and 6 that is not observed in ERT1. The Middle Unit on ERT3 (Figure 6C) 267 

is more similar to that of ERT1; however, the position of 0, 1, 2 and 3 is shifted laterally. Even though 268 

the lens-like structures are separated, there seems to be a connection between 0 and 1. Remarkably, 6 269 

is absent in ERT3, suggesting this feature is dipping south. 270 

4.2 Forward modelling 271 

A synthetic model was designed using the resistivity section in Figure 6B as reference 272 

because most of the features described in the previous section are contained in it (Figure 7A). The 273 

resistivity value selected to represent the top and bottom units is 3 ohm· m because in ERT1 it ranges 274 
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between 1 and 6 ohm· m. A high resistivity feature (100 ohm· m) was represented in the top unit 275 

similar to feature 4 in Figure 6B. The resistivity values selected for the lenticular features in the 276 

middle unit were 10 and 15 ohm· m, based in the values that they display in the inverted section of 277 

ERT1. The lenses are disconnected in the western side of the model and they are connected by a 10 278 

ohm· m background in the eastern side of the model.  Finally, feature 6 in Figure 6B was represented 279 

as an irregular deep level with high resistivity.  280 

The pseudosection calculated by forward modelling (Figure 7B) has some significant 281 

similarities to the analogous section of the pseudosection in Figure 5. In particular a vertical high 282 

apparent resistivity distribution underneath feature 4 and the general higher apparent resistivity in the 283 

middle unit to the east. As mentioned before, the two pseudosections have divergences due to one of 284 

them being based on a model and due to the challenge of representing adequately feature 6 in the 285 

model. The latter point is discussed further in section 5.3. The inversion results of the synthetic data 286 

set (Figure 7C) are very similar to the equivalent section of ERT1, which validates the interpretation 287 

of the main key features.  288 

4.3 Water and soil analysis 289 

The surface water samples collected after the 2011 flood event (Figure 8, data points with 290 

different shades of blue) show a very similar composition, including the sample taken upstream the 291 

Macquarie River (Gibson’s way) which indicates that the chemical composition of surface water 292 

doesn’t change significantly when crossing the marshes. Older surface water samples show relatively 293 

similar composition, though one sample from Bora Creek and another sample from Ginghet Creek 294 

collected on early 2008 are enriched in bicarbonate (Figure 8). 295 

The groundwater samples collected in piezometers MQM32 and MQM54 (Figure 4) during the 296 

resistivity survey are enriched in Na+ compared to the surface water samples. On the other hand, the 297 

anionic composition of groundwater in MQM32 is closer to surface water samples than that in 298 

MQM54, which is notably enriched in Cl- and SO4
2-. The temperature of the groundwater in MQM32 299 

is also closer to surface water than in MQM54 (14.87 ˚C and 16.20 ˚C respectively), with the surface 300 

water being approximately 7 ˚C on average at the time of the survey). The total head at the time of the 301 
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study was Australian Height Datum (AHD) 135.1 m in MQM54 (bore elevation AHD 140) and AHD 302 

141.2 m in MQM32 (bore elevation AHD144). 303 

The deep soil profiles from Ginghet Creek (GCK) and MQM54 (Table 1) show a composition 304 

dominated by heavy clay down to 4.5 metres. Below, the soil is still dominated by clay but with some 305 

sand partings. In the GCK log, clean sand is found at a depth of 9 metres and the soil is saturated in 306 

water at 7.5 metres and below. Unlike the log from GCK, clean sand is not found at 9 metres below 307 

the surface in the MQM54 log, but the content of sand increases with depth and the soil is saturated 308 

below 8.5 metres. The soil log from MQM32 (nearby GCK) only goes down to 6 metres and is mostly 309 

made of heavy clay. 310 

The Cl- content of the analysed samples of the soil logs show a variable distribution (Figure 8). 311 

The Cl- content of GCK for the first meter of soil is low, but it rapidly increases to more than 350 312 

mg/L between 1.5 and 3.5 meters deep, falling down to contents below 100 mg/L at a depth of 4 313 

metres and decreasing steadily down to about 20 mg/L. The samples from the nearby MQM32 log 314 

have a similar content in Cl- to those of GCK for the first meter of the soil and below a depth of 4 315 

metres, but they don’t show the previously described high content for depths between 1.5 and 3.5 316 

metres. The log of MQM54 displays a similar trend to that of MQM32, but with much higher content 317 

in Cl- in deep samples (4 metres deep and below). The results obtained from the fluid EC1:5 extracts 318 

show a variable but relatively low conductivity within the first 2.5 metres of MQM32 and GCK 319 

(Figure 9) and a sharp rise in both logs at 3 m in depth.  320 

Below three metres EC1:5 decreases progressively with depth, most notably below 8 metres. The 321 

bulk resistivity of the soil (obtained from the electrical resistivity tomography profile at the location of 322 

EM32) also displays a rise in conductivity at 3 metres (drop in resistivity) deep and a drop below 8 323 

metres deep, with a similar general trend to that of the EC1:5 for EM32 and GCK. The EC1:5 of 324 

MQM54 is in all cases higher than that of the other two logs for samples at similar depth, which is 325 

coherent with the higher content in Cl
-
. The results from the EC1:5 and the Cl

-
 are indicative of the 326 

salinity present in the soil samples and consistent with the bulk resistivity in the top unit. 327 
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4.4 Limitations of electrical imaging in a clay dominated environment 328 

Resistivity methods have been widely used to describe the architecture of more energetic 329 

floodplains (e.g. Crook et al. 2008, Burton et al. 2014, Grygar et al. 2016), but in low energy 330 

environments this is challenging due to the overlap in resistivity between the dominating clay and 331 

sandy layers containing saline groundwater. In this section, the results from the resistivity survey and 332 

the soil and groundwater samples collected during the geophysical campaign are analysed and 333 

compared with other data sets from catchments of similar characteristics.  334 

The comparison of the EC1:5 and Cl- content from the log-samples with the bulk resistivity 335 

obtained from the electrical imaging at GCK (Figure 9) shows a correlation between the salinity and 336 

the bulk resistivity. Within clay-dominated layers, minor compositional changes down to a depth of 8 337 

meters (Table 1) have little impact in bulk resistivity and its variation is dominated by the salinity. In 338 

any case, the resistivity remains below 7 ohm· m in all clay-dominated layers independently of the 339 

salinity. Therefore, bulk resistivity values of 7 ohm· m or less can be interpreted as clay-dominated 340 

materials with different salinity contents (lower resistivity indicating higher salinity). Below a depth 341 

of 8 metres the sand composition increases notably and at that same depth the bulk resistivity 342 

increases accordingly to more than 7 ohm· m (Figure 9). However, the EC1:5 decreases for deeper 343 

sandy clay samples (Table 1), indicating a reduction in salinity and showing that salinity is also a 344 

relevant factor in the bulk resistivity of those levels.  345 

The bulk resistivity of similar clay-dominated fluvial deposits in Australia has been measured by 346 

using electromagnetic induction logs (EM39) in boreholes (Kellet et al. 2008, Andersen and Acworth 347 

2009, Guinea et al. 2013). In these studies, sand-rich units with brackish to fresh water display bulk 348 

resistivity values above 7 ohm· m. Resistivity values under that threshold correspond mostly to clay-349 

dominated layers. However, the records by Kellet et al. (2008) show that in the presence of saline 350 

water, (indicated by measurements of EC of recovered mud) sandstone layers cannot be identified 351 

only by their bulk resistivity. In the case of clay dominated layers, the bulk resistivity values in the 352 

logs is always below the threshold of 7 ohm· m. Andersen and Acworth (2009) attribute any value of 353 
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bulk conductivity over 1600 µS/cm (<6.3 ohm· m ) in the Maules Creek catchment where the study 354 

takes place, to be caused by clay layers. 355 

These values match up perfectly with the results of the resistivity imaging described in section 356 

4.1. Comparing all the data available we can conclude that in the studied area, bulk resistivity values 357 

above 7 ohm· m correspond to sand-dominated deposits with brackish to fresh groundwater. In Kellet 358 

et al. (2008), sand rich layers with drilling-mud conductivities above 1500 µS/cm are 359 

indistinguishable from clay layers. However, the mud was recovered in an open system and therefore 360 

the conductivity recorded is inaccurate.  361 

In this study, groundwater samples from MQM32 had an EC of 4370 µS/cm and TDS of 3580 362 

mg/L in layers where the ERT profile displays resistivity values between 8 and 9 ohm· m. On the 363 

other hand, groundwater samples from MQM54 had an EC of 13 904 µS/cm and TDS of 11 499 mg/L 364 

at the time of the geophysical survey. In the area where MQM54 is located, the resistivity in the ERT 365 

profile is between 5 and 6 ohm· m. 366 

Papp et al. (2014) also used ERT in a clay-dominated area of the Lower Murrumbidgee catchment 367 

(NSW, Australia). Clay-rich and sand-rich layers containing brackish groundwater (5643 µS/cm) 368 

display bulk resistivity values below 7 ohm· m. On the other hand, two samples from clayey sand 369 

layers containing lower salinity groundwater of 1278 and 3405 µS/cm, display bulk resistivity ranges 370 

of 12.5-14.5 and 9.3-10.7 ohm· m, respectively. Figure 10 displays the data obtained by Papp et al. 371 

(2014) together with the data obtained in this study. The bulk conductivity for clay-rich layers do not 372 

present a clear trend with varying fluid EC, but in the case of sand rich layers there is a general 373 

increase in bulk conductivity as the fluid EC decreases.  374 

In summary, results from resistivity imaging surveys and soil-water chemistry in clay dominated 375 

low-energy fluvial environments, show that layers with resistivity values above 7 ohm· m are 376 

indicative of sand containing brackish to fresh groundwater. Lower resistivity values will indicate 377 

clay; however, sandy bodies with highly saline water content are missed.  378 

 379 
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5. Discussion 380 

5.1 Surface water/shallow groundwater interactions 381 

In section 4.1, three units have been defined from the results of ERT1 (Figure 5A). The low-382 

resistivity Top Unit corresponds with sediments such as clay that have accumulated from low energy 383 

overbank flow in the area. The resistivity increases locally due to sand deposited by active surface 384 

channels that can be identified as resistive (>20 ohm· m) features (Figure 5B), but in general this unit 385 

is made of clay-dominated layers. The thinning of this layer towards the east could be related to 386 

erosive processes in the active part of the marsh. The Middle Unit represents a complex shallow 387 

aquifer system with irregularly distributed sand. The presence of sand is the main reason higher 388 

resistivity values are observed, however, as discussed before, the salinity of the water content has to 389 

be taken into consideration here. 390 

The existence of the clay-rich Top Unit at the study site is suggested to inhibit groundwater 391 

recharge from surface water into the shallow aquifer, though recharge could still happen through tree 392 

roots and clay cracking features. The results from the resistivity imaging also suggest that the 393 

connection between surface water and groundwater is limited because of the clay. However, local 394 

increases in resistivity within the Top Unit  indicate the presence of sand that could facilitate 395 

downwards recharge. This is  the case of a thick surface channel in the Top Unit at distance: 750 to 396 

850 m in ERT1 (Figure 5B). At this point, the lack of resistivity values below 7 ohm· m suggests that 397 

there is little clay between the western end of the channel and the Middle Unit. The reason why this 398 

sandy channel is particularly thick could be related to scouring during big flood events in deeper 399 

channels or due to channel convergence (Cendón et al. 2010). This would be a major recharge point 400 

for the groundwater in this area and continues both in northerly and southerly directions since the 401 

same feature is observed in ERT2 and ERT3. In Figure 6 it can be appreciated from the resistivity 402 

distribution that the recharge point (4) is feeding the groundwater only to the east (5) since the 403 

palaeochannel to the west (3) appears disconnected (Figure 11). This is further supported by the 404 

synthetic model (Figure 7); if feature 4 in the initial model is not directly connected to the surface 405 

channel, this is, a layer of clay (3 ohm· m) is represented between the surface channel and the sand 406 
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level below (Figure 7A), the inversion of the data shows them disconnected (data from alternative 407 

models is not included). 408 

In ERT3 (Figure 6C) there is a potential recharge point of groundwater from the surface between 409 

the palaeochannels 1 and 2. This recharge point is not present in ERT1 (Figure 6B) but it is observed 410 

downstream in ERT2 (Figure 6A). Nevertheless, the yet relatively low resistivity (4-6 ohm· m) at this 411 

point indicates the presence of a significant amount of clay and therefore the amount of surface water 412 

seeping to the groundwater would not be significant unless recharge is driven by non-lithological 413 

features.  414 

As a whole, the eastern half of the Middle Unit in ERT1 (Figure 5) seems to be better connected 415 

with the surface water than the western half. This is coherent with the higher salt content found in 416 

groundwater from MQM52 compared to that from MQM32. The major ion chemistry of water 417 

samples (Figure 8) also supports this interpretation since MQM32 is closer to the composition of 418 

surface water samples than MQM54, suggesting surface water recharge in the area of Ginghet Creek. 419 

The major ion chemistry of the samples collected in MQM30 and MQM29 (Figure 4) during 2007 420 

and 2008 (Figure 8) are closer to that of MQM54, suggesting limited recharge from the surface in the 421 

Bora Channel area, though this is slightly outside of the resistivity imaging survey area.  422 

A potential recharge point after a flood event is observed in ERT at distance: 1400 to 1425 m 423 

(Figure 5D). This is because the surficial layer of clay seems to be thin enough that during a flood 424 

event the channel could be scoured allowing water to seep into the aquifer below.  425 

5.2 Characteristics of the shallow groundwater system 426 

At the eastern end of the Middle Unit, the higher resistivity materials are quite continuous and, 427 

though there are local decreases in resistivity probably related to the higher clay content, this unit 428 

appears to be sand-rich and therefore can be interpreted to be permeable. From the east to the centre 429 

of the Middle Unit, the resistivity decreases possibly due to a decrease in grain size, but the 430 

characteristics of the unit appear to be relatively continuous. Further west, resistivity contrast within 431 

the Middle Unit increases, defining individual palaeochannels (lens-like features) surrounded by 432 

Page 17 of 44

URL: http://mc.manuscriptcentral.com/hsj

Hydrological Sciences Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

18 

 

lower resistivity materials (Figure 11). The channels are likely to represent the anabranches of a 433 

buried braided river (Ralph, 2008) and they are similar to the river system that is currently observed 434 

on the surface of the marshes. The low resistivity surrounding the palaeochannels (Figure 5A) 435 

represents clay levels deposited from overbank flow at the time when the palaeochannels were active 436 

and influence the connectivity of the shallow aquifer due to their low permeability. Consequently, the 437 

palaeochannels are apparently disconnected hydraulically from the more continuous eastern part of 438 

the Middle Unit.  439 

The overall resistivity of the palaeochannels seems to decrease westwards, progressively blending 440 

with the clayey background. This might be related to a lower sand content to some extent, but the high 441 

electrical conductivity of a groundwater sample obtained at the time of the study on MQM54 (13 904 442 

µS/cm), screened between 8.5 and 9.5 meters deep, compared to a sample from MQM32 for a similar 443 

depth (4370 µS/cm), indicates that the salinity of the groundwater is the main reason for the low 444 

electrical resistivity in this case. The lower resistivity in those channels is an indication of their degree 445 

of isolation and increased groundwater salinity. 446 

The main features of the Middle Unit are also observed in ERT2 and ERT3 (Figure 6). The lens-447 

like structures labelled as 0, 1, 2 and 3 represent differentiated palaeochannels observed in ERT1. In 448 

ERT2the palaeochannels 1, 2 and 3 appear to be connected laterally and they are not well defined 449 

individually. In fact, the only isolated palaeochannel that can be identified in ERT2 is 0, located at the 450 

western end of the profile. Moving upstream from ERT1 and ERT2, the section in ERT3 shows 451 

slightly different features. In this case, the palaeochannels 1, 2 and 3 do not seem to be connected, 452 

similarly to what is observed in ERT1, but the palaeochannel 0 seems closer to 1. In any case there 453 

probably is some degree of connection between the palaeochannels and the eastern Middle Unit due to 454 

the tridimensional variability of the distribution of the channels evidenced by ERT2 and ERT3 455 

(Figure 6). 456 

The non-linear nature of the palaeochannels observed on the resistivity sections is common on 457 

braided river systems. On the surface of the modern marshes, similar features can be observed; the 458 

channels move laterally along the direction of the river channel, connecting and disconnecting from 459 

Page 18 of 44

URL: http://mc.manuscriptcentral.com/hsj

Hydrological Sciences Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

19 

 

other channels (Figure 2). The three dimensional non-linearity of the palaeochannels is likely creating 460 

some distortion in the inversion of two dimensional sections. In any case, their overall distribution and 461 

interconnectivity should not be affected significantly. 462 

5.3 Local/regional resistivity and potential for GAB upwards discharge 463 

The Bottom Unit in the ERT sections represents a very thick sequence of clays. Palamara et al. 464 

(2010) described this low-resistivity unit as the Cretaceous Saprolite of the Rolling Downs Group. For 465 

the most part, the resistivity imaging in this study does not show any evidence of sand content, 466 

suggesting this may be an aquitard unit. However, the ERT sections show localised high-resistivity 467 

features (Figure 5C). According to the local geology (Meakin et al. 1996), below the saprolite there is 468 

a transition to unweathered Rolling Downs Group. These deeper materials have higher resistivity due 469 

to the presence of sand and conglomerates. The Rolling Downs group is represented by feature 6 in 470 

the synthetic model as an irregular level of high resistivity (100 ohm· m). The exact shape and 471 

resistivity values selected in the model are probably inaccurate due to most of the transition between 472 

the saprolite and the unweathered Rolling Downs Group being close to the maximum depth of 473 

investigation in this study, which limits the amount of information obtained in ERT1 regarding this 474 

unit. Due to the highly irregular nature of this transition, its depiction in the resistivity sections is 475 

possibly distorted by three-dimensional variations and likely to contain artifacts. 476 

An AEM survey was carried out by Palamara et al. (2010) in the Macquarie Marshes and 477 

included a number of east-west flight lines. One of those lines passed over the area studied with the 478 

ERT (Figure 2). The comparison between both data sets show that in the AEM line the top and middle 479 

units are not well defined (Figure 12). The palaeochannels observed in the ERT are absent and the 480 

potential points for surface water infiltration cannot be identified. The saprolite layer is displayed at 481 

the same depth with both methods but, importantly, in the AEM data the saprolite appears continuous 482 

while with the ERT discontinuities have been identified (Figures 5C and 6A). 483 

The transition between the saprolite and the unweathered Rolling Downs Group occurs at variable 484 

depths and is irregular in nature. This is also observed in this study in the ERT section, where the high 485 
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resistivity anomalies of the Bottom Units are discontinuous laterally and appear at different depths 486 

(Figure 11). 487 

Even though some authors suggested possible recharge of the shallow groundwater of the 488 

Macquarie Marshes from the GAB groundwater (Brereton 1994, Habermehl 1984, Wolfgang 2000), 489 

Macauley and Kellet (2009) considered that this mechanism was not possible due to the widespread 490 

continuity of the saprolite observed in the AEM data. However, the discontinuities observed by the 491 

electrical resistivity tomography sections in this study suggest that at some points there may be a 492 

connection between the unweathered Rolling Downs Group and the Middle Unit. In Figure 6A 493 

Palaeochannel 3 seems to be connected to the deep high-resistivity anomaly 6. This connection is not 494 

observed southwards in ERT1 (Figure 6B) and, most notably, 6 is absent in ERT3 (Figure 6C). This 495 

indicates that these potential windows for recharge are very discontinuous. 496 

The chemistry of the groundwater samples analysed (Figure 8) does not represent the typical 497 

composition the GAB. Isotopic analysis of groundwater at this site suggests a meteoric origin during 498 

flood events rather than deep upwards recharge (Hollins et al. 2009). Therefore, recharge from the 499 

GAB can be ruled out for this end on the Marshes, but the connection between unweathered Rolling 500 

Downs Group and shallow palaeochannels means that the possibility has to be considered in other 501 

locations. 502 

Even though ERT cannot match the land coverage and data acquisition speed of AEM, its better 503 

resolution allows for a more detailed characterization of local hydrological processes. AEM surveys 504 

are often coupled with log records for quality control but borehole records are unidimensional and 505 

therefore do not constrain horizontal changes. Despite AEM being an adequate method to identify 506 

major regional hydrogeological units, its limitations need to be considered; we suggest that ERT can 507 

be used in target locations of AEM lines to improve interpretation. 508 

 509 

6. Conclusions 510 
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Electrical Resistivity Tomography has proven to be an adequate method for describing the 511 

geometrical information of the subsurface in clay-rich fluvial systems. In the case study at the western 512 

end of the North Marsh Nature Reserve of the Macquarie Marshes, water chemical analysis have been 513 

compared with the resistivity data.  514 

The analysis of the data in combination with data obtained in other catchments with similar 515 

characteristics has shown that values of resistivity below 7 ohm· m correspond to clay-rich levels and 516 

values above that threshold are sand dominated with fresh to brackish water. However, sandy layers 517 

containing groundwater with elevated salinity cannot be distinguished from clay in the resistivity 518 

sections.  519 

The surveyed area is characterized by a top layer of heavy clay below which there is an old 520 

braided river system that lies above the saprolite of the Cretaceous Rolling Downs Group. The sand 521 

contained in that buried system is distributed irregularly, forming relatively isolated palaeochannels 522 

on the western boundary of the flood plain with increasing connectivity towards the east. The 523 

groundwater in the old braided system is recharged from surface water that infiltrate sandy units in the 524 

clay that were created by modern river channels on the surface of the marshes. This recharge happens 525 

mainly in the eastern section of the studied area and, because of this, the water is substantially more 526 

saline in the western end. 527 

Recharge from deep aquifer to the shallow of the marshes has been previously discarded due to 528 

the interpretation from an AEM survey of a continuous saprolite level below the Macquarie Marshes. 529 

However, the resistivity data obtained in this study has shown that the saprolite layer is not as 530 

continuous as it was thought and that there are potential windows for groundwater to flow upwards. 531 

The chemistry of the groundwater samples collected do not suggest mixing with water from the GAB 532 

in this location, but the observed discontinuity of the saprolite makes it possible for this to happen in 533 

other areas. Even though ERT cannot replace AEM for describing regional subsurface architecture, its 534 

higher resolution gives a more detailed view and can be used in combination with the latter in areas of 535 

hydrological significance. 536 
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Captions: 543 

Figure 1: Map of the Macquarie-Bogan basin. The area covered by the Macquarie Marshes is 544 

indicated in green (modified from Ralph and Hesse 2010). The insert shows the main channels of the 545 

Macquarie Marshes (shaded in green) and orange shading indicates the nature reserve areas of the 546 

wetlands. A red star represents the area of study. 547 

Figure 2: Detail of the Macquarie Marshes floodplains, the inundation areas are represented with 548 

different colours based on their average flooding recurrence (modified from Commonwealth 549 

Environmental Water Office 2015). The Airborne Electromagnetic flight line 20990 by Palamara et 550 

al. (2010) is indicated by a white line. 551 

Figure 3: Recorded discharge of the Macquarie River at Carinda (Bells Bridge) and daily rainfall 552 

records for the Carinda Post Office weather station from 1939 onwards. The date of the most 553 

important flood events are indicated on the correspondent peaks and the Millennium Drought period is 554 

highlighted. 555 

Figure 4: Location of the main water sampling sites and the resistivity imaging lines. Sampling points 556 

named MQM (Macquarie Marshes) represent piezometers with screens in the shallow aquifer, while 557 

GCK (Ginghet Creek) is a surface water sampling point. Surface water was also sampled at other 558 

locations. 559 

Figure 5: Apparent resistivity and inverted resistivity sections of ERT1. A) Detail of buried lens-like 560 

features, the boundaries between the main 3 units (Top, Middle and Bottom) are indicated by dotted 561 

red lines. B) Detail of a highly resistive surface feature in the Top Unit. C) Detail of highly resistive 562 

feature in the Bottom Unit.  D) Detail of the high-resistivity anomaly produced by the shallow aquifer 563 

in a position very close to the surface. 564 

Figure 6: Electrical resistivity inverted sections of ERT2 (A) and ERT3 (C) and the corresponding 565 

section of ERT1 (B). The main features are indicated by 0, 1, 2, 3, 4, 5, and 6. The location of ERT2 566 

and ERT3 is showed in Figure 4. 567 
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Figure 7: Synthetic resistivity model based on the interpretation of the inverted field data in Figure 568 

6B. A) Resistivity distribution in the model. B) Pseudosection calculated by forward modelling. C) 569 

Inverted model of the theoretical apparent resistivity. 570 

Figure 8: Piper diagram showing the major ionic composition of water samples collected in the 571 

studied area. Circles represent groundwater samples and triangles surface water samples. The blue 572 

coloured samples correspond to the 2011 campaign and the warm colours correspond to older samples 573 

(2007 and 2008). GCK1 and GCK2 correspond to samples collected at Ginghet Creek and the black 574 

square indicates the composition of rainwater at Creswell. The shaded areas indicate the typical 575 

composition-range of groundwater samples from the J Aquifer of the GAB (Fulton 2012). The 576 

location of the sampling points is indicated in Figure 4. 577 

Figure 9: Cl- and EC1:5 measured in the log-cores drilled at MQM32, MQM54 and GCK. The results 578 

are compared with the bulk resistivity obtained with the resistivity imaging for similar depths. A 579 

synthetic lithological description of the cores from GCK and MQM54 is included. The location of the 580 

logs is shown in Figure 4. 581 

Figure 10: Bulk resistivity results from samples analysed in this study (black data points) and data 582 

obtained by Papp et al. (2014) in the Lower Murrumbidgee catchment (NSW, Australia) using similar 583 

methods of study (grey data points). The triangles indicate sand-rich layers and the circles clay-rich 584 

layers. 585 

Figure 11: Hydrogeological interpretation of part of the resistivity section ERT1. The main features 586 

are highlighted. 587 

Figure 12: Modified transect of the Airborne Electromagnetic flight line 20990 by Palamara et al. 588 

(2010). The levels identified as saprolite and unweathered Rolling Downs Group are indicated in 589 

white and the section overlapping the resistivity profile ERT1 is indicated with a dotted square. The 590 

flight-path of the line is shown in Figure 2. 591 

Table 1: Lithological composition of soil logs recovered from GCK and MQM54. Soil description is 592 

given in depth intervals of 0.5 metres. The location of the logs is indicated in Figure 4.  593 
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TABLE 1 738 

Depth CGK MQM54 

0 silty loam silty loam 

0.5 medium clay sandy clay 

1 heavy clay medium clay 

1.5 heavy clay medium clay 

2 heavy clay heavy clay 

2.5 heavy clay heavy clay 

3 heavy clay heavy clay 

3.5 heavy clay heavy clay 

4 heavy clay heavy clay 

4.5 heavy clay heavy clay 

5 sandy clay sandy clay 

5.5 sandy clay sandy clay 

6 sandy clay medium clay 

6.5 sandy clay medium clay 

7 medium clay sandy clay 

7.5 heavy clay (saturated) sandy clay 

8 sandy clay (saturated) sandy clay 

8.5 sandy clay (saturated) sandy clay (saturated) 

9 Sand (saturated) sandy clay (saturated) 

 739 
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