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Abstract 1 

Floodplains may alternate between discharge zones for regional groundwater and areas of recharge 2 

from river water during high-flow events. Understanding the mechanisms and timescales of recharge 3 

on floodplains is important for their management and for the protection of fragile ecosystems. The 4 

floodplains of the River Murray host important ecosystems, particularly remnant eucalypt forests that 5 

are vulnerable to changes in inundation, rising regional water tables, and salt accumulation. This study 6 

addresses floodplain recharge and groundwater mixing on the Pike and Katarapko floodplains of South 7 

Australia. At Pike, 3H activities of groundwater in the low hydraulic conductivity Coonambidgal 8 

Formation that crops out on the floodplain are ~0.25 TU. 3H activities of groundwater in the underlying 9 

higher hydraulic conductivity Monoman Formation decrease from ~1 TU near the contact with the 10 

Coonambidgal Formation to <0.02 TU at >15 m. Groundwater 14C activities are between 40 and 95 11 

pMC but are less well correlated with depth. The 3H or 14C activities do not vary systematically with 12 

distance from the surface water channels on the floodplains. These observations imply that 13 

groundwater recharge at Pike is dominantly through the floodplain rather than through the channel 14 

banks. In contrast to the regional groundwater where total dissolved solids (TDS) are 15 

commonly >35,000 mg/L, the TDS of groundwater on the floodplain is locally <500 mg/L. A correlation 16 

between 3H activities and TDS and the presence of groundwater with relatively low 14C activities but 17 

above detection 3H activities implies that recently recharged waters have mixed with regional 18 

groundwater in the floodplain sediments. The 3H activities in these mixed waters implies that mixing 19 

occurs over few years. By contrast, at Katarapko, the highest 3H activities in the Monoman Formation 20 

groundwater (up to 2.35 TU) are closer to the Murray River, implying that recharge through the bank 21 

may occur. These contrasting patterns of recharge probably reflect local topographic controls. 22 

Understanding the recharge-discharge relationships are vital for managing proposed floodplain 23 

inundation programs aimed at improving ecosystem health. 24 

Key words: groundwater geochemistry, recharge, residence times, riverine environments, floodplain 25 
ecosystems  26 
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Introduction 27 

Floodplains are dynamic zones of groundwater-surface water interaction that commonly sustain 28 

distinct and fragile ecosystems (Ward et al., 1999; Kingsford, 2000; Woessner, 2000; Holland et al., 29 

2006, 2009; Jolly et al., 2008). As such, they have high intrinsic values and are commonly the focus of 30 

preservation or rehabilitation efforts (e.g., Murray-Darling Basin Authority, 2017). Globally, 31 

streamflows of many arid and semi-arid rivers have been substantially modified due to the diversion 32 

of water for agriculture, industry, or domestic use (Puckridge et al., 2000; Northcott et al., 2007; Ellis 33 

et al., 2017; Stone et al., 2017). Additionally, to protect infrastructure developed on floodplains, the 34 

magnitude and frequency of floods is commonly reduced by regulating flows. These modifications may 35 

have major impacts on floodplain hydrogeology and ecology.   36 

Floodplains represent the interface between regional groundwater systems and rivers, and may be 37 

groundwater discharge or recharge zones (e.g., Lamontagne et al., 2005; Cartwright et al., 2010, 2011; 38 

Cendón et al., 2010). In some cases, groundwater discharge and recharge occur in alternating river 39 

reaches (Telfer et al., 2005; Bekesi et al., 2014) or in the same locations at different river stages (Jolly 40 

et al., 1994). Where the regional groundwater is saline, lenses of relatively young lower salinity 41 

groundwater (also commonly referred to as “freshwater lenses”: Laattoe et al., 2017) may form by 42 

recharge of the floodplain aquifers by river water (Lamontagne et al., 2005; Holland et al., 2009; 43 

Cartwright et al., 2010; Werner and Laattoe, 2016; Laattoe et al., 2017). These lower salinity lenses 44 

are locally important in sustaining riverine ecosystems (such as forests on the floodplain). In rivers 45 

that alternate between gaining and losing, the lower salinity lenses also form a buffer against saline 46 

regional groundwater discharging into the river at low streamflows (Cartwright et al., 2011; Telfer et 47 

al., 2012).  48 

Documenting the patterns and timescales of groundwater recharge and mixing on floodplains is 49 

critical to the management of lower salinity lenses. In particular, it is important to document whether 50 

recharge through the floodplains, rather than flow through riverbanks, is required to recharge the 51 

groundwater in the lower salinity lens. Where the lenses are formed by recharge through the 52 

floodplain, periodic floodplain inundation is required to maintain the low-salinity groundwater. By 53 
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contrast, if the lenses are replenished via recharge through the riverbanks, they may be maintained 54 

by high river stages without floodplain inundation. 55 

Estimating timescales of recharge and mixing 56 

Tritium (3H) with a half-life of 12.32 years is commonly used to estimate groundwater residence times 57 

and recharge rates where these are less than ~100 years (Cartwright and Morgenstern, 2012; 58 

Morgenstern and Daughney, 2012; Clark, 2015; Cartwright et al., 2017a). 3H is part of the water 59 

molecule and thus geochemical or biogeochemical reactions in the soils or aquifers do not affect its 60 

abundance. Rainfall 3H activities peaked in the 1950s to 1960s due to the production of 3H in 61 

atmospheric thermonuclear tests (the “bomb pulse”) (e.g., Tadros et al., 2014; Clark, 2015). Due to 62 

the distribution of the atmospheric nuclear tests, bomb pulse 3H activities in the Southern Hemisphere 63 

were much lower than in the Northern Hemisphere and the remnant bomb pulse 3H has now largely 64 

decayed below the activities of modern rainfall. This situation permits residence times to be more 65 

readily calculated from 3H activities (Morgenstern et al., 2010).  66 

Radioisotopes are also valuable in understanding mixing within aquifer systems. Because 14C and 3H 67 

have significantly different half-lives (12.32 and 5730 years, respectively), much of the 3H in 68 

groundwater will have decayed before substantial 14C decay occurs. This results in groundwater from 69 

flow systems that do not exhibit mixing having low to moderate 14C activities and below detection 3H 70 

activities. By contrast, mixing of young groundwater with high 14C and 3H activities with older 71 

groundwater that is 3H free and has lower 14C activities results in groundwater with low to moderate 72 

14C activities but above background 3H (Le Gal La Salle et al., 2001; Cartwright et al., 2007, 2010, 2013, 73 

2017a). The use of 3H and 14C to detect groundwater mixing is relatively unaffected by the assumed 74 

geometries of the flow system (Cartwright et al., 2013, 2017a). However, other processes that reduce 75 

groundwater 14C activities (e.g., calcite dissolution and methanogenesis) complicate the quantification 76 

of mixing. 77 

River Murray Floodplains 78 

The Murray-Darling River System drains ~106 km2 of eastern Australia and is Australia’s largest river 79 

system (Hart, 2015). The lower reaches of the Darling River and the entirety of the River Murray are 80 
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contained within the Murray Basin. The total dissolved solids (TDS) concentrations of Murray Basin 81 

groundwater varies widely with TDS concentrations up to 200,000 mg/L and commonly >35,000 mg/L 82 

in much of the central basin (Herczeg et al., 2001; Cartwright et al., 2008, 2017b). Lower salinity lenses 83 

containing groundwater with TDS concentrations of <10,000 mg/L are locally developed along the 84 

Murray and Darling Rivers and their tributaries (Lamontagne et al., 2005; Cartwright et al., 2010; 85 

Werner and Laattoe, 2016; Laattoe et al., 2017). In the downstream reaches of the River Murray, these 86 

groundwater from these lower salinity is vital for sustaining the riverine ecosystems, notably the 87 

remnant Eucalyptus forests of river red gum, black box, and ironbark (Jolly et al., 1994; Kingsford, 2000; 88 

Lamontagne et al., 2005; Holland et al., 2006, 2009; Doody et al., 2009).  89 

Large-scale irrigation using River Murray water began in the 1880s, and the flows of the River Murray 90 

have been highly regulated since the 1920s (e.g., Hart, 2015; Murray-Darling Basin Authority, 2017). 91 

Some 42% of the Murray-Darling Basin river water is currently diverted, largely for agriculture, and 92 

flow is further moderated by a series of storages (Hart, 2015; Murray-Darling Basin Authority, 2017). 93 

Whereas under natural conditions the floodplains would have been inundated every few years, 94 

inundation now occurs far less frequently and is less extensive (Montazeri and McCullough, 2015a,b). 95 

Additionally, land clearing and irrigation on the higher land adjacent to the rivers has resulted in 96 

additional recharge that has caused the regional water table to rise. This has led to the development 97 

of saline discharge areas on the floodplain, degradation of the lower salinity lenses, increased 98 

discharge of saline water to the River Murray, and salinization of floodplain wetlands and soils. These 99 

changes to the hydrogeology have damaged floodplain ecosystems.  100 

In recent years, there have been efforts to redress these changes by increasing river levels through a 101 

suite of management actions, commonly termed “environmental watering” (Kingsford, 2000; Holland 102 

et al., 2009). Environmental watering includes floodplain inundation that replenishes surface water 103 

bodies, promote sseedling recuitment, and increases soil moisture. It also induces recharge on the 104 

floodplain and lowers the salinity of the shallow groundwater underlying the floodplain. Between 105 

2013 and 2016, there were over 750 inundation events in the lower and middle reaches of the River 106 

Murray (Murray-Darling Basin Authority, 2017). However, assessing the likely efficacy of these 107 

measures requires that the floodplain hydrogeology at the individual sites is well understood. Previous 108 
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studies of groundwater geochemistry, radioactive isotopes, groundwater elevations, and the stable 109 

isotope ratios and moisture contents of soils and trees have concluded locally that the groundwater 110 

of the River Murray floodplains in Victoria and South Australia are recharged both through inundation 111 

and via the riverbanks (Jolly et al., 1994; Bramley et al., 2003; Holland et al., 2006, 2009; Lamontagne 112 

et al., 2005; Cartwright et al., 2010). If recharge of the floodplains occurs dominantly via the banks of 113 

the main river or its anabranches, the inundation events may require lower volumes of water to 114 

protect or re-establish lower salinity lenses compared with sites where floodplain recharge occurs. In 115 

addition, inundation may raise the water table adjacent to the inundated area and adversely affect 116 

adjacent lower salinity lenses (Purczel et al., 2016).  117 

Objectives 118 

The aim of this study is to understand groundwater recharge on two contrasting saline floodplains of 119 

the River Murray in South Australia where major engineering works are under construction to allow 120 

inundation. Firstly, we aim to determine whether active recharge currently occurs on these floodplains 121 

or whether the low salinity groundwater is a relic of previous hydrogeological regimes. Further, we 122 

address whether recharge occurred through the floodplain or via the banks of the anabranches. Finally, 123 

we examines the timescales of mixing of saline regional groundwater with water recharged on the 124 

floodplains. Resolution of these objectives informs the management of the River Murray floodplains, 125 

in particular the inundation program. While the study is based on specific sites, the results have 126 

implications for understanding and managing floodplain processes in other semi-arid areas.  127 

Study area 128 

This study is based on the Pike and Katarapko floodplains of the River Murray near Renmark, South 129 

Australia (Fig. 1). The area is semi-arid with a mean annual rainfall of 260 mm that dominantly falls 130 

within the austral winter and an annual potential evapotranspiration rate of ~1100 mm (Bureau of 131 

Meteorology, 2017). The floodplains retain remnant native vegetation with river red gums close to 132 

the River Murray and black box and ironbark forests elsewhere on the floodplain (Jolly et al., 1994; 133 

Harrington et al., 2005; Holland et al., 2006, 2009; Doody et al., 2009). Most of the upland areas away 134 
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from the river have been cleared for agriculture, including irrigated and dryland wheat, horticulture 135 

(including citrus, vegetables, grapes, and nuts), and grazing. 136 

The geology and hydrogeology of this part of the Murray Basin is described by Harrington et al. (2005), 137 

Holland et al. (2006), Doody et al. (2009) and Purczel et al. (2016) (Fig. 2). The upland areas away from 138 

the River Murray comprise the Miocene to Pliocene Loxton Sands, which is a partially confined 139 

regional aquifer consisting of medium- to coarse-grained sands with local finer grained layers. The 140 

Loxton Sands is locally overlain by the Early Pleistocene Blanchetown Clay, which forms a regional 141 

aquitard, and the unconsolidated sands, silts and clays of the Holocene Woorinen Formation. The clay-142 

rich, low hydraulic conductivity Lower Loxton Clay and Bookpurnong Formation restrict flow between 143 

the Loxton Sands and deeper units, such as the limestones of the Murray Group.  144 

The River Murray floodplains contain sediments belonging to the Pleistocene to Holocene Monoman 145 

and Coonambidgal Formations (Fig. 2). The Monoman Formation comprises fine- to coarse-grained 146 

fluviatile sands with minor clay and silt layers. This formation is typically 10 to 20 m thick (Harrington 147 

et al., 2005) and generally overlies the lower parts of the Loxton Sands or the Lower Loxton Clay and 148 

Bookpurnong Formation aquitard. The Coonambidgal Formation is the shallowest floodplain unit and 149 

consists of up to 10 m of low hydraulic conductivity silts and clays deposited by flood events (Purczel 150 

et al., 2016). The Coonambidgal Formation may be locally absent or overlain by dune sands. The main 151 

channel of the River Murray and some of its anabranches are incised through the Coonambidgal 152 

Formation into the Monoman Formation, while other anabranches lie entirely within the 153 

Coonambidgal Formation. 154 

In common with much of the central Murray Basin (Herczeg et al., 2001; Cartwright et al., 2008, 2017b; 155 

Harrington et al., 2005), groundwater in the Loxton Sands commonly has TDS concentrations 156 

of >30,000 mg/L (locally up to 100,000 mg/L). The TDS of groundwater from the Monoman Formation 157 

on the floodplain varies from ~500 mg/L to ~90,000 mg/L (Harrington et al., 2005; Purczel et al., 2016). 158 

Some of the low-salinity groundwater is associated with recharge from the River Murray where the 159 

river level has been artificially raised behind storages (locks).  160 
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Groundwater heads in the shallow aquifers at Pike decrease towards the River Murray, and the heads 161 

in the deeper aquifers below the Bookpurnong Formation are higher than those in the shallower units 162 

(Harrington et al., 2005; Purczel et al., 2016). Consequently, the Pike floodplain is a discharge area and 163 

groundwater discharge sites marked by saline water and gypsum deposits occur on the floodplain. 164 

Upward head gradients and in-river nano-TEM surveys indicate that the Murray River and the 165 

anabranches in the Pike area are predominantly gaining (Purczel et al., 2016). The water table at 166 

Katarapko is deeper than at Pike. While local groundwater discharge sites occur at Katarapko, the 167 

deeper groundwater and distribution of heads suggests the River Murray in this area may be locally 168 

losing. At both sites, inundation of the floodplain probably reverses upward head gradients allowing 169 

recharge through the floodplain to occur.  170 

The difference in recharge-discharge behaviour between the two sites is reflected in the groundwater 171 

salinity and ecosystem health. Katarapko has more extensive regions of lower salinity groundwater 172 

than Pike (Fig. 1). Vegetation surveys show that healthy trees exist at both sites, but that there is a 173 

higher prevalence of dead trees at Pike (Michelle Denny, DEW, pers. comm. 8 May 2018). Both 174 

Katarapko and Pike Floodplains have been targeted for improved environmental management by the 175 

South Australian Riverland Floodplain Integrated Infrastructure Program (SARFIIP) (Purczel et al., 176 

2016). This involves engineering works, including the construction of regulators on anabranches and 177 

blocking banks, which enable extensive flooding of the floodplains or contain floodwaters to specific 178 

floodplain areas.  179 

Sampling and analytical techniques 180 

Sampling 181 

Groundwater was sampled from monitoring bores in the Coonambidgal and Monoman Formations 182 

distributed throughout the Pike and Katarapko floodplains (Fig. 1; Table S1) using an impeller pump 183 

set in the screened interval. Sampling commenced once field parameters had stabilised. At Pike, the 184 

shallow Monoman samples are from 1 to 2 m below the contact with the Coonambidgal Formation, 185 

while the deeper Monoman samples are several metres below the contact. Surface water samples at 186 
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Pike were collected from pools in anabranches on the floodplain that were not flowing at the time of 187 

sampling.  188 

Analytical techniques 189 

Geochemical data is presented in the supplement (Table S1). Electrical Conductivity (EC) was 190 

measured with a calibrated TPS meter and probe. HCO3 concentrations were determined using a Hach 191 

digital titrator and reagents with a precision of ±5%. Major ion concentrations and stable isotope ratios 192 

were analysed at Monash University. Anion concentrations were determined using a Thermo Fisher 193 

ion chromatograph on filtered unacidified samples. Cation concentrations were determined using a 194 

Thermo Fisher ICP-OES on samples that had been filtered through 0.45 µm cellulose nitrate filters and 195 

acidified to pH <2 using double-distilled 16M HNO3. The precision of anion and cation analyses based 196 

on replicate analyses is ±2% and the accuracy based on analysis of certified water standards is ±5%. 197 

Charge balance errors range from -5.6 to +5.4% (median = -1.8%). TDS concentrations are the sum of 198 

the dissolved major ions. 199 

Stable isotope ratios were determined using a Thermo Finnigan DeltaPlus mass spectrometer. δ18O 200 

analysis was by equilibration of H2O with He-CO2 at 32°C for 24 to 48 hours in a Thermo Finnigan Gas 201 

Bench. δ2H analysis utilised reduction of H2O with Cr at 850°C in an automated Finnigan MAT H/Device. 202 

CO2 from dissolved inorganic carbon (DIC) was liberated by acidification using H3PO4 in a He 203 

atmosphere in a Thermo Finnigan Gas Bench. Stable isotope ratios were normalised using a range of 204 

international and internal standards following Coplen (1988) and are expressed in per mil (‰) 205 

notation relative to V-SMOW (δ18O, δ2H) or V-PDB (δ13C). Precision () based on replicate analysis is 206 

±0.15‰ for δ18O, ±0.2‰ for δ13C, and ±1‰ for δ18H.  207 

14C activities were measured by accelerator mass spectrometer at GNS New Zealand using methods 208 

summarised by Stewart et al. (2016). DIC was converted to CO2 through acidification using 209 

orthophosphoric acid in sealed glass vessels. The CO2 was collected and purified cryogenically under 210 

vacuum and converted to graphite, which formed the target for the accelerator mass spectrometer 211 

measurement. 14C activities are expressed as percent modern carbon (pMC), where the 14C activity of 212 

modern carbon is 95% of the 14C activity of the NBS oxalic acid standard in 1950. Uncertainties range 213 
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from ±0.07 at close to 0 pMC to ±0.8 pMC at 100 pMC. 3H activities were determined at GNS New 214 

Zealand using liquid scintillation in Quantulus ultra-low-level counters on samples that had been 215 

vacuum distilled and electrolytically enriched (Morgenstern and Taylor, 2009). 3H activities are 216 

expressed in tritium units (TU) where 1 TU represents a 3H/1H ratio of 1×10-18. Tritium enrichment is 217 

by a factor of 95, which yields a detection limit of 0.02 TU and the relative precision (1) at a 3H activity 218 

of 1 TU is 2% (Table S1).  219 

Mean residence times  220 

The relatively small dataset and the possibility that mixing has occurred precludes a detailed analysis 221 

of groundwater residence times. Approximate mean residence times were estimated from the 3H 222 

activities using lumped parameter models (Maloszewski, 2000) as implemented in the TracerLPM 223 

Excel workbook (Jurgens et al., 2012) using a similar approach to Cartwright and Morgenstern (2015, 224 

2016) and Cartwright et al. (2018). The 3H activity in water sampled from a bore at time t (Co(t)) is 225 

related to the input of 3H (Ci) over time via the convolution integral:  226 

 

( )


−−=
0

  d e) g(tC(t)C λ

io

 

         (1).  227 

In Eq. (1),  is the residence time, t- is the time of recharge,  is the decay constant (0.0563 yr-1 for 228 

3H), and g() is the response function that describes the distribution of flow paths and tracer 229 

concentrations in the aquifer. The 3H input function is based on the annual average 3H activities of 230 

rainfall in Adelaide (Tadros et al., 2014; International Atomic Energy Agency, 2017). 3H activities of 231 

rainfall in Adelaide peaked at approximately 50 TU in 1965 and then declined exponentially to present-232 

day values of 2.4 to 2.8 TU. A present-day 3H activity of 2.6 TU, which is within that range and similar 233 

to the 3H activity of surface water on the Pike floodplain (Table S1), was adopted. A 3H activity of 2.6 234 

TU was also used for rainfall from the years before the atmospheric nuclear tests. 235 

Because recharge is likely to occur near-vertically, the dispersion model that is derived from the one-236 

dimensional advection-dispersion transport equation was used to calculate mean residence times. 237 

This model requires a dispersion parameter (DP), which defines the importance of dispersion relative 238 

to advection, to be defined. DP values of 0.1 to 0.5, which are appropriate for metre-scale flow systems 239 
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(Maloszewski, 2000), were adopted. However, because the form of the flow path is not explicitly 240 

known, mean residence times were also calculated using the exponential and exponential-piston flow 241 

models. The exponential flow model applies to unconfined aquifers with an exponential distribution 242 

of flow paths. The exponential-piston flow model may be applied to flow systems with vertical 243 

recharge and exponential flow below the water table. For the exponential-piston flow model, the EPM 244 

ratio specifies the relative importance of piston flow and exponential flow. In this study, EPM ratios of 245 

0.33  (which represents 25% piston flow and 75% exponential flow) and 0.5 (50% piston flow and 50% 246 

exponential flow) were used. Lumped parameter models with similar parameters (DP or EPM ratios) 247 

commonly reproduce the predicted variation in 3H activities over time in shallow groundwater or 248 

water discharging into streams in other catchments (e.g., Maloszewski, 2000; Morgenstern and 249 

Daughney, 2012; Morgenstern et al., 2015). The range of parameters used in the models allows 250 

sensitivity to the assumed model geometry to be assessed.  251 

Mixing 252 

The predicted covariance of 3H and 14C activities was also calculated using the dispersion, exponential, 253 

and exponential-piston flow lumped parameter models via TracerLPM. The 14C input function, 254 

especially for the period following the atmospheric nuclear tests, is more difficult to define than the 255 

3H input function. The 14C activities of atmospheric CO2 (e.g., Reimer et al., 2013; Clark, 2015) are 256 

commonly used in these calculations. The peak atmospheric 14C activities recorded during the 1950s 257 

and 1960s was ~190 pMC (Clark, 2015). However, much of the DIC in groundwater is derived from 258 

dissolution of CO2 in the soil zone during recharge (Clark, 2015). Because the cycling of carbon through 259 

the biosphere takes years to decades, the 14C activities of soil CO2 are lower and lag behind those of 260 

the atmosphere. As specific estimates of the 14C activities of soil CO2 for this region are not available, 261 

an input function based on the 14C activities of soil CO2 elsewhere (Jenkinson et al., 1992; Kuc et al., 262 

2004; Tipping et al., 2010) was used. Those studies suggest that the 14C activity of soil zone CO2 263 

increased from ~95 pMC prior to the bomb pulse to 115-130 pMC in the early 1990s and declined to 264 

110-115 pMC in the mid-late 2000s. The pre-bomb pulse 14C activities are from Reimer et al. (2013). 265 

The water recharging these aquifers is partially derived from river water inundating the floodplain and 266 

calcite in the floodplain sediments is terrestrial. Thus, the δ13C values of both the DIC and the calcite 267 
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are thus difficult to constrain and likely variable (Cartwright and Morgenstern, 2012; Meredith et al., 268 

2016). While quantification of calcite dissolution by isotope mass balance is not feasible, the degree 269 

of calcite dissolution in siliceous aquifers such as these is likely to be <15% (Clark, 2015) 270 

Results 271 

Major ion geochemistry 272 

The TDS concentrations of groundwater from the Monoman Formation at Pike ranged from 22,300 to 273 

46,400 mg/L. There is no correlation of TDS with depth in the Monoman Formation or with proximity 274 

to the anabranches. By contrast, the TDS concentrations of Monoman Formation groundwater at 275 

Katarapko range from 470 to 44,500 mg/L and the lowest salinity water is from within 50 m of the 276 

River Murray. The TDS concentrations of groundwater from the Coonambidgal Formation at Pike 277 

range from 47,500 to 55,900 mg/L and are not correlated with the salinity of the underlying Monoman 278 

Formation groundwater. The surface water at Pike collected from the anabranch pools has TDS 279 

concentrations of 264 to 315 mg/L.  280 

As is almost invariably the case in the Murray Basin (Herczeg et al., 2001; Harrington et al., 2005; 281 

Cartwright et al., 2008, 2017b), Na is the dominant cation in the groundwater (72 to 93% of total 282 

cations on a molar basis) and Cl is the dominant anion (62 to 96% of total anions, with the relative 283 

percentage of Cl increasing with increasing TDS) (Figs 3, 4). Molar Na/Cl ratios of the groundwater are 284 

0.73 to 1.43 (Fig. 4b), which are broadly similar to those of rainfall in the Murray Basin (Blackburn and 285 

McLeod, 1987). Molar Na/Cl ratios of the surface water are ~2.7. Molar Cl/Br ratios of the groundwater 286 

are 730 to 960 (Fig. 4a), which are similar to those of saline groundwater elsewhere in the Murray 287 

Basin (Cartwright et al., 2006, 2008, 2010) and slightly higher than those of ocean water (~650: Davis 288 

et al., 1998) or the expected Cl/Br ratio of local rainfall (<650: Cartwright et al., 2006). Cl/Br ratios of 289 

the surface water are broadly similar to those of the groundwater (570-840). 290 

Stable isotopes 291 

The δ18O and δ2H values of both groundwater and surface water lie to the right of the global meteoric 292 

water line. The surface water from the anabranches at Pike has δ18O and δ2H values of -2.7 to -2.5‰ 293 

and -23 to -21‰, respectively; these are similar to the δ18O and δ2H values of irrigation water (which 294 
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represents evaporated River Murray water) from Loxton (Harrington et al., 2005). Groundwater from 295 

Pike and Katarapko has δ18O and δ2H values of -3.7 to -2.4‰ and -34 to -22‰, respectively (Fig. 5) 296 

that overlap those of regional groundwater in this area (Harrington et al., 2005). The lower-salinity 297 

(TDS <6000 mg/L) groundwater from Katarapko has similar δ18O and δ2H values to the surface water 298 

from the Pike anabranches.  299 

The River Murray at Renmark has recorded δ18O and δ2H values of -6.0 to -1.7‰ and -40 to -15‰, 300 

respectively (Simpson and Herczeg, 1991). The higher δ18O and δ2H values characterise periods of low 301 

flow and reflect the influence of evaporation in the storages and the river. During high streamflows, 302 

the River Murray as a whole has relatively low δ18O and δ2H values reflecting the large input of water 303 

from the headwater regions coupled with less in-river evaporation (Simpson and Herczeg, 1991; 304 

Cartwright et al., 2010, 2011).  305 

14C and 3H activities 306 

The surface water samples from Pike have 3H activities of 2.51 to 2.63 TU and 14C activities of 97 to 307 

105 pMC (Fig. 1, Table S1). The 3H activities are within the range of those expected for recent rainfall 308 

in this region (2.4 to 2.8 TU: Tadros et al., 2014) and similar to those recorded in river systems 309 

elsewhere in southeast Australia (Cartwright and Morgenstern, 2015, 2016; Cartwright et al., 2018). 310 

The 14C activities are characteristic of modern waters that have some component of bomb pulse 14C 311 

(e.g., Clark, 2015). The groundwater from Pike and Katarapko has 3H activities between <0.02 and 2.32 312 

TU and 14C activities between 40 and 105 pMC (Fig. 1, Table S1). Groundwater 3H activities are 313 

negatively correlated with TDS concentrations (R2 = 0.85) (Fig. 6a). 14C activities and TDS 314 

concentrations have a weaker negative correlation (R2 = 0.30) (Fig. 6b); however, the lowest salinity 315 

groundwater (TDS <6,000 mg/L) has the highest 14C activities (104 to 105 pMC). 316 

Groundwater 3H activities at Pike are not correlated with distance to the anabranches (Fig. 1d); 317 

however, there is a general decrease in 3H activities with depth in the Monoman Formation (Fig. 7b). 318 

With one exception (bore 7029-2852), the 3H activities at individual sites are lower in the deeper 319 

Monoman groundwater and 3H activities >0.2 TU only occur at depths of <10 m. The Coonambidgal 320 

Formation groundwater has 3H activities of 0.23 to 0.25 TU that are lower than those of the shallow 321 
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Monoman groundwater at the same locations (0.41 to 0.84 TU) (Fig. 1d). There is less systematic 322 

variation in the 14C activities with depth at Pike, although groundwater with 14C activities >80 pMC 323 

mainly occurs at <15 m depth and groundwater at >15 m depth has 14C activities <70 pMC (Fig 7a). As 324 

with the 3H activities, there is no systematic variation of 14C activities with position on the floodplain 325 

(Fig. 1d).  326 

The low salinity groundwater from bores 7029-1596, 7029-1600, and 7029-1602 at Katarapko has high 327 

14C (104 to 105 pMC) and (1.51 to 2.35 TU) 3H activities. These bores sample shallow (<6 m) generally 328 

low-salinity groundwater adjacent to the main River Murray channel (Fig. 1c). Deeper (6 to 20 m) 329 

higher salinity groundwater on the floodplain at Katarapko has lower 14C (<76 pMC) and 3H (<0.13 TU) 330 

activities.  331 

Deep regional groundwater from this part of the Murray Basin commonly has 14C activities that are 332 

below detection (Harrington et al., 2005). Monoman Formation groundwater from Loxton has 14C 333 

activities of 51 to 93 pMC (n = 3), which are within the range of the 14C activities of groundwater from 334 

Pike and Katarapko. Groundwater from the Loxton Sands at Loxton has 14C activities of 32 to 96 pMC 335 

(n = 10) (Harrington et al., 2005). 336 

Discussion 337 

The combined geochemical data allows the processes that have affected the groundwater and the 338 

patterns of recharge and mixing on the floodplains to be understood.  339 

Geochemical processes 340 

The following observations indicate that, in common with groundwater throughout the Murray Basin 341 

(e.g., Herczeg et al., 2001; Cartwright et al., 2008), evapotranspiration is the dominant process that 342 

controls the salinity of the groundwater and surface water. Other processes such as mineral 343 

dissolution or precipitation and ion exchange have minor impacts. Firstly, the molar Cl/Br ratios of the 344 

groundwater are well below those expected if significant halite dissolution had occurred (generally 345 

10,000 to 15,000: Davis et al., 1998; Cartwright et al., 2006) and do not vary with increasing TDS (Fig. 346 

4). Inland rainfall is expected to have similar or lower Cl/Br ratios than the oceans (~650: Davis et al., 347 
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1998). The observation that the Cl/Br ratios of most groundwater in this region are slightly higher than 348 

those of rainfall (up to 940) imply that minor dissolution of halite (possibly from windblown dust) has 349 

occurred but that evapotranspiration is the dominant process (Herczeg and Edmunds, 2000; Herczeg 350 

et al., 2001; Cartwright et al., 2006, 2010). Secondly, the molar Na/Cl ratios of most of the 351 

groundwater are also similar to those of local rainfall (Fig. 4). Only the lower salinity groundwater from 352 

Katarapko (TDS = 470 mg/L) has higher Na/Cl ratios (up to 1.5), while Na/Cl ratios in the surface water 353 

are up to 2.8 (Fig. 4). These higher Na/Cl rations may be produced by minor weathering of albitic 354 

feldspar (e.g., Herczeg and Edmunds, 2000), which is common in the clastic sediments in the Murray 355 

Basin. A decrease in Na/Cl ratios in the most saline groundwater may be due to cation exchange (e.g., 356 

Herczeg et al., 2001; Cartwright et al., 2008). The reduction in the relative proportion of HCO3 in the 357 

most saline groundwater (Figs 3, 4) is likely due to the precipitation of calcite during 358 

evapotranspiration (Herczeg et al., 2001). The observation that the δ18O and δ2H values of 359 

groundwater and surface water in this part of the Murray Basin lie to the right of the global meteoric 360 

water line is also consistent with evaporation occurring (Clark 2015). The highest δ18O and δ2H values 361 

are consistent with evaporation of water with the stable isotope ratios of the River Murray at high 362 

flows (Fig. 5).  363 

Recharge and mixing on the floodplain 364 

The 3H activities of groundwater from the Pike and Katarapko floodplains are above the detection limit, 365 

implying that there has been some recharge within the last 100 years related to periods of high river 366 

levels and inundation (i.e., the floodplains are still active recharge areas and the low salinity water is 367 

not a relic of previous hydrological regimes). Figure 8 shows the predicted trends for 3H and 14C 368 

activities for the situation where the recharging groundwater does not mix with older water in the 369 

aquifer. The overall trends in 3H and 14C activities calculated using the different lumped parameter 370 

models are similar. Additionally, the covariance of 3H and 14C activities calculated using the estimated 371 

soil zone 14C activities are similar to those calculated using the atmospheric 14C activities, albeit 372 

without the predicted high 14C activities (which represent the relic bomb pulse 14C) at moderate 3H 373 

activities. Although there are no limestones or calcite-rich sediments on the floodplain, dissolution of 374 

14C-free pedogenic or vein calcite may reduce 14C activities. Pedogenic and vein carbonates potentially 375 
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have a wide range of δ13C values and DIC in the infiltrating water derived from the river also has 376 

variable δ13C values (Cartwright et al., 2013; Clark, 2015; Meredith et al., 2016). Hence, it is not 377 

possible to use the δ13C values of DIC to estimate the proportion of calcite dissolution. However, 378 

assuming that calcite dissolution in siliceous aquifers contributes <15% of the DIC (Clark, 2015), there 379 

is little difference to the predicted trends in 3H and 14C activities. 380 

The floodplain at Pike is normally a zone of regional groundwater discharge (Fig. 9). The groundwater 381 

in the Coonambidgal Formation is geochemically similar to that in the Monoman Formation, which 382 

suggests that during periods where the floodplains are not inundated groundwater discharge may also 383 

occur through this formation. At Pike, the observation that the groundwater 3H activities decrease 384 

with depth in the Monoman Formation but are not correlated with proximity to the anabranches 385 

implies that recharge is through the floodplain during the episodic periods of inundation rather than 386 

by lateral flow from the anabranches (Fig. 9). Because the 3H activities in groundwater from the 387 

overlying Coonambidgal Formation are locally lower than those in the Monoman Formation, recharge 388 

must be through preferential pathways in the Coonambidgal. The Coonambidgal clays crack when dry, 389 

which may provide pathways of preferential infiltration. Alternatively, connected zones of higher-390 

hydraulic conductivity sediments may exist within the Coonambidgal Formation. The low-salinity 391 

groundwater at Pike close to the River Murray (Fig 1) that was not sampled in this study may represent 392 

local bank recharge. Limited (<50 m width) bank recharge in areas where the floodplain receives 393 

discharge has been observed elsewhere in the Murray Basin (Cartwright et al., 2010). 394 

At Pike, the 3H and 14C activities of much of the groundwater imply that mixing between older and 395 

younger water has occurred. This is most obvious in the Monoman Formation groundwater that has 396 

moderate 14C activities but 3H activities that are well above background (Fig. 8). Given the 397 

conceptualisation of recharge at Pike discussed above, the mixing is most likely to be between younger 398 

water derived from the River Murray when it inundates the floodplains and deeper regional 399 

groundwater. This scenario is consistent with the δ18O and δ2H values of groundwater from the 400 

floodplains that lie between those expected for evaporated river water and the regional groundwater 401 

(Fig. 5). Additionally, the 3H activities vs TDS concentrations (Fig. 6a) imply mixing between surface 402 

water (low TDS and high 3H) and regional groundwater (high TDS and 3H free). While the 14C activities 403 
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and TDS concentrations of groundwater from the floodplains are also intermediate between those of 404 

surface water and regional groundwater, the trend is less regular (Fig. 6b). This may be due to the 405 

regional groundwater having a range of 14C activities (e.g., Harrington et al., 2005 reports 14C activities 406 

in the Loxton formation of between 0 and 96 pMC). Additionally, the 14C activity of the mixed water is 407 

a function of both the 14C activities and DIC concentrations of the endmembers, which also may be 408 

variable.  409 

The patterns of groundwater recharge at Katarapko are harder to discern due to the sparse dataset. 410 

The locally high 3H and 14C activities adjacent to the main River Murray channel suggests that some 411 

recharge occurs through the banks, which is similar to the floodplains at Nyah-Colignan (Victoria) and 412 

Chowilla (Jolly et al., 1994; Lamontagne et al., 2005; Holland et al., 2009; Cartwright et al., 2010) (Fig. 413 

9). However, there are insufficient data to determine whether direct recharge on the floodplain also 414 

occurs. Based on the 3H and 14C activities, there is less evidence of mixing in the groundwater at 415 

Katarapko, which may relate to the pattern of recharge. Recharge through the riverbank and net flow 416 

away from the river may inhibit mixing with the regional groundwater. The higher salinity 417 

groundwater that has higher 14C activities than the regional groundwater but 3H activities close to 418 

background may represent mixing at the distal edge of the lower salinity lens between water that has 419 

a residence time of several decades and the much older regional groundwater. A geochemical 420 

transition zone at the distal edge of the lower salinity lens at Nyah Colignan is also produced in this 421 

way (Cartwright et al., 2010).  422 

Residence times 423 

While mixing complicates the estimation of groundwater residence times, some general estimates of 424 

how long ago recharge happened may be made. The variation of 3H activities and TDS concentrations 425 

(Fig. 6a) suggests that decay of 3H has occurred in addition to mixing. While there is some uncertainty 426 

in the mixing line, the low-salinity end-member probably has a 3H activity of between 1.8 and 2.2 TU, 427 

which is lower than the 3H activity of ~2.6 TU of local rainfall and the water in the anabranches. Using 428 

a 3H activity of 2.0 TU for the low-salinity endmember, the mean residence time estimated using the 429 

dispersion lumped parameter model is 7.0 (DP = 0.1) to 8.4 (DP = 0.5) years. As has been noted in 430 
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other studies (Cartwright and Morgenstern 2015, 2016) residence times in samples with high 3H 431 

activities are relatively insensitive to the model parameters and the other lumped parameter models 432 

yield comparable mean residence times. For example, the exponential-piston flow model yields a 433 

mean residence time of 7.1 (EPM = 0.5) to 7.5 (EPM = 0.33) years while the exponential model yields 434 

a mean residence time of 9.2 years.  435 

Aside from the variations resulting from the use of different lumped parameter models, the calculated 436 

mean residence times are subject to a number of other uncertainties. Allowing the 3H activity of 437 

modern rainfall to vary between 2.4 to 2.8 TU (based on the range for individual localities from Tadros 438 

et al., 2014) results in mean transit times estimated from the dispersion model of between 7 and 10 439 

years. Uncertainties in the bomb-pulse 3H activities have little impact, as the fraction of water 440 

recharged at that time in the samples is small. Propagation of the analytical uncertainty of ~2% results 441 

in an uncertainty of ~1 year. Evapotranspiration increases the TDS concentrations in the water and 442 

decreases the estimated 3H activity of the low-salinity end-member (Fig. 6a), which in turn increases 443 

the estimated residence time. However, unless the recharging water has a Cl concentration that is 444 

much greater than that in the anabranches, this has a minor effect. Slightly higher or lower 3H activities 445 

of the low-salinity end-member would result in shorter or longer residence times. Regardless, 446 

recharge of low salinity water most likely occurred a few years prior to this study. Major inundation 447 

of the River Murray floodplain occurred during 2010 and 2011 (Murray-Darling Basin Association, 448 

2017), and while it is not possible to unambiguously link recharge to specific events, significant 449 

floodplain recharge may have occurred at that time.  450 

Conclusions 451 

The River Murray floodplains are dynamic environments that locally receive both regional 452 

groundwater discharge and active recharge. The contrasting patterns of recharge on River Murray 453 

floodplains documented by this study and Jolly et al. (1994), Lamontagne et al. (2005), Holland et al. 454 

(2006, 2009), and Cartwright et al. (2010) are probably due to a combination of factors. Parts of the 455 

floodplain, such as Pike, occur in regional groundwater discharge areas where the River Murray is 456 

likely to be gaining. At these sites, the surface water levels required to achieve widespread recharge 457 

of the floodplain may be higher than can be achieved at bank-full conditions, necessitating inundation. 458 
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The anabranches at Pike have fine-grained sediments on their bed and banks, which also may inhibit 459 

flow into the surrounding aquifers from these channels. Recharge through the low hydraulic 460 

conductivity Coonambidgal Formation is probably via preferential recharge pathways, either 461 

interconnected sandy layers or cracks that open up during dry periods.  By contrast, other parts of the 462 

floodplain, such as Katarapko, have deeper water tables and recharge may be possible through the 463 

banks of the River Murray at high river stages but without inundation.  464 

The flows of the River Murray are highly manipulated and water diversion schemes exist on many 465 

floodplains in this region. Thus, periods of inundation may be readily achieved allowing recharge at 466 

sites such as Pike. The high 3H activities of the shallow groundwater at Pike confirm that appropriate 467 

conditions for recharge occurred in the last few years. Since mixing between discharging regional 468 

groundwater and recently infiltrated water occurs on those floodplains, prolonged periods without 469 

inundation would result in persistent discharge onto the floodplain and an increase in salinity of the 470 

groundwater and soil water due to evapotranspiration. Additionally, increases in the head gradients 471 

caused by land clearing and/or irrigation on the higher areas adjacent to the floodplains may result in 472 

the head gradients not reversing during inundation, which would also cause the lenses to degrade. 473 

Lenses of fresh or at least lower salinity groundwater exist in many catchments globally, and in semi-474 

arid areas they are a vital source of water for ecosystems (Laattoe et al., 2017). Geochemical tracers, 475 

especially radioisotopes, are important for confirming that recharge still occurs and that the low 476 

salinity waters are not palaeowaters, and for determining the patterns of recharge and mixing on the 477 

floodplain. Where recharge is episodic, it may also be possible to use radioisotopes to link recharge 478 

events to specific episodes of inundation. This information is particularly important for lenses formed 479 

in groundwater discharge areas where recharge requires local reversals of the head gradients and is 480 

thus more sensitive to specific conditions.  481 
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Figure Captions 678 

Fig. 1. Location of groundwater bores and surface water sampling sites on the Katarapko (1a) and Pike 679 

(1b) floodplains. Bore numbers are prefixed by 7029- (Table S1). Distribution of 3H and 14C activities in 680 

groundwater on the Katarapko (1c) and Pike (1d) floodplains: italics = Coonambidgal, bold = shallow 681 

Monoman, regular type = deeper Monoman (data from S1). Coordinates are from the Australian Map 682 

Grid (Zone 54), shaded area shows distribution of saline (EC > 20,000 S/cm) groundwater on the 683 

floodplain based on aerial electromagnetic surveys. Inset shows location of floodplains in South 684 

Australia. Hydrogeology and hydrology from Harrington et al. (2005), Montazeri et al. (2015a, 2015b), 685 

Schneider et al. (2016), and Purczel et al. (2016). 686 

Fig. 2. Generalised cross-section across the floodplains showing distribution of main units and 687 

generalised regional groundwater flow paths (after Harrington et al., 2005). The Monoman Formation 688 

(Mon), Loxton Sands, and Woorinen Formation consist of fine- to coarse-grained fluviatile sands with 689 

minor silt and clay. The Lower Loxton Clay, Blanchetown Clay, and Bookpurnong Formation are more 690 

clay rich and locally form aquitards. The Coonambidgal Formation (Cbgl) comprises fluviatile silts and 691 

clays and is also an aquitard. The deeper Murray Group includes limestone, sands, and clays.   692 

Fig. 3. Piper plot showing groundwater geochemistry from the Monoman Formation at Pike (P) and 693 

Katarapko (K) and the Coonambidgal Formation and surface water at Pike. Data from Table S1. 694 

Fig. 4. Molar Cl/Br (4a) and Na/Cl (4b) ratios of groundwater from the Monoman Formation at Pike (P) 695 

and Katarapko (K) and the Coonambidgal Formation and surface water at Pike (data from Table S1). 696 

Shaded lines show typical oceanic Cl/Br ratios (Davis et al., 1998) and rainfall Na/Cl ratios (Blackburn 697 

and McLeod, 1987).  698 

Fig. 5. δ18O vs δ2H values of groundwater from the Monoman Formation at Pike (P) and Katarapko (K) 699 

and the Coonambidgal Formation and surface water at Pike (data from Table S1). GMWL = global 700 

meteoric water line. Typical ranges of δ18O and δ2H values of regional groundwater and irrigation 701 

water (Harrington et al., 2005) and the River Murray at Renmark (Simpson and Herczeg, 1991) shown 702 

for comparison. δ18O and δ2H values of the River Murray at high flows (Simpson and Herczeg, 1991; 703 
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Cartwright et al., 2010, 2011) shown in darker shading and the likely trends due to evaporation of this 704 

water (Clarke, 2015) denoted by arrowed line. 705 

Fig. 6. 3H (6a) and 14C (6b) activities of groundwater vs. TDS from the Monoman Formation at Pike (P) 706 

and Katarapko (K) and the Coonambidgal Formation and surface water at Pike (data from Table S1). 707 

Lines show the impact of mixing, evapotranspiration, radioactive decay, and calcite dissolution on the 708 

water geochemistry. An estimate of mean residence time may be made from the reduction in 3H 709 

activities in the least saline waters. Additional evapotranspiration prior to recharge increases the 710 

estimated mean residence times (dashed line). 711 

Fig. 7. 3H (7a) and 14C (7b) activities of groundwater vs. depth below land surface from the Monoman 712 

Formation at Pike (P) and Katarapko (K) and the Coonambidgal Formation and surface water at Pike 713 

(data from Table S1). 714 

Fig. 8. 3H activities vs 14C activities of groundwater from the Monoman Formation at Pike (P) and 715 

Katarapko (K) and the Coonambidgal Formation and surface water at Pike (data from Table S1). Darker 716 

shaded field and curved lines are the predicted covariance in the radioisotopes predicted by the 717 

Exponential (E), Exponential-Piston Flow (EPF: EPM = 0.33), and Dispersion (D: DP = 0.5) lumped 718 

parameter models calculated using the atmospheric 14C record (solid lines) and the estimated soil CO2 719 

14C (dashed lines) as input. Trends from the Exponential-Piston Flow (EPM = 0.5) and Dispersion (D: 720 

DP = 0.1) models also lie within the shaded field. Solid arrowed lines show schematically the effects of 721 

mixing between old regional groundwater (low 14C and 3H free) and modern or recently recharged 722 

water (high 14C and 3H). Calcite dissolution lowers the predicted 14C activities (light shaded field is for 723 

15% calcite dissolution). 724 

Fig. 9. Conceptualisation of the Pike and Katarapko floodplains. Pike (9a) receives regional discharge 725 

resulting in widespread saline soils, surface evaporite deposits. Recharge is largely through the 726 

floodplain during inundation when the head gradients are reversed. Katarapko (9b) has a deeper 727 

water table and recharge through the banks of the River Murray occurs at high river stages; additional 728 

recharge through the floodplain may occur during inundation. Lack of discharge on the floodplain 729 
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results in low salinity soils, few evaporite deposits. Although healthy ecosystems occur at both sites, 730 

they are more common at Katarapko. 731 
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Table 

Table S1. Geochemistry of groundwater and surface water from the Pike and Katarapko floodplains 

Sitea Unitb Depth EC TDS δ18O δ2H δ13C  
14C 3H  HCO3 Cl Br NO3 SO4 Na Mg K Ca Sr Ba Si 

  m uS/cm mg/L ‰SMOW ‰SMOW ‰PDB  pMC TU  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

Pike Floodplain                       
7028-2856 Cbgl 3.5 55900 43782 -3.3 -33 -14.2  71.4 0.232  71.4 24392 64.48 25.16 3238 13195 1544 129.9 1071 43.20 0.250 6.67 

7029-2848 Cbgl 4.5 52100 41805 -3.2 -30 -12.9  77.1 0.253  239.1 22574 57.82 14.35 3275 13034 1372 78.7 1104 36.30 0.139 8.05 

7029-2846 Cbgl 3.8 47500 35805 -2.7 -28 -12.6  76.4 0.253  58.3 20034 61.74 14.73 2895 10661 1203 33.6 795 31.82 0.001 6.80 

7029-2845 Monoman 9.5 38200 27840 -2.3 -24 -13.0  95.4 0.453  65.6 15709 47.17 11.03 1590 8001 1125 17.4 1238 27.26 0.195 7.07 

7029-2857D Monoman 16.0 59800 44814 -3.5 -33 -10.7  67.9 0.031  67.9 24960 75.11 11.93 3302 13712 1568 157.0 901 44.27 0.142 9.15 

7029-2857S Monoman 5.0 47500 36732 -3.2 -30 -12.6  70.5 0.447  70.5 20091 60.47 19.29 2767 11577 1327 49.2 729 38.75 0.002 0.52 

7029-2859D Monoman 18.5 62500 45505 -3.3 -34 -7.8  69.9 0.005  69.9 26372 80.42 25.67 3440 13047 1471 54.3 888 41.56 0.300 10.02 

7029-2859S Monoman 5.5 50800 38970 -3.3 -30 -11.3  65.9 0.410  65.9 21750 61.36 19.85 2847 11908 1345 113.4 811 37.81 0.174 8.75 

7029-2841D Monoman 17.0 61700 46432 -3.5 -32 -9.9  69.7 0.059  69.7 25558 77.77 18.58 3332 14442 1679 158.3 1032 46.56 0.179 8.39 

7029-2841S Monoman 6.0 50100 40306 -3.6 -31 -9.7  69.1 0.399  69.1 22071 51.91 28.81 2873 12637 1467 116.2 939 41.35 0.206 7.95 

7029-2850D Monoman 17.0 47000 35899 -3.5 -33 -9.1  57.5 0.020  170.8 19792 60.73 24.66 2736 11110 1232 111.3 608 39.76 0.085 9.58 

7029-2850S Monoman 5.5 28700 22297 -3.7 -30 -15.2  56.0 0.944  208.6 11862 34.39 7.80 1681 7222 742 129.8 383 23.67 0.114 1.02 

7209-2847D Monoman 19.5 48500 37846 -3.7 -32 -7.4  40.9 0.006  215.9 21034 64.65 21.13 2760 11682 1267 92.9 649 42.87 0.455 9.05 

7209-2847S Monoman 6.5 42100 30317 -3.5 -32 -11.5  58.9 0.357  245.2 16773 50.58 26.54 2233 9328 996 97.7 525 32.13 0.018 8.36 

7029-2854D Monoman 21.0 52100 40242 -3.4 -31 -8.9  56.1 0.057  62.9 21980 67.54 17.41 2945 12891 1412 39.2 769 43.07 0.073 6.08 

7029-2854S Monoman 7.0 36700 26825 -3.4 -29 -13.3  62.9 0.838  56.1 14378 39.83 10.34 1948 8728 939 152.6 530 28.12 0.222 12.34 

7029-2852D Monoman 16.0 55000 41420 -3.3 -32 -8.2  70.9 0.161  75.3 23481 68.66 19.92 2590 11959 1650 123.9 1397 45.83 0.725 8.30 

7029-2852S Monoman 3.0 50200 36567 -3.4 -33 -12.2  80.0 0.041  68.8 20574 60.15 20.60 2350 10762 1468 63.2 1150 41.69 0.021 8.54 

7029-2853D Monoman 14.0 54300 43264 -3.4 -28 -12.3  89.2 nmc  75.1 24325 70.00 46.45 2888 12866 1636 74.2 1228 46.29 0.092 8.28 

7029-2853S Monoman 3.5 51400 42461 -3.4 -31 -11.9  80.3 0.044  125.6 23625 69.36 25.30 2739 12824 1677 48.3 1270 47.49 0.085 8.70 

7029-2843D Monoman 9.5 53800 43839 -3.2 -31 -11.8  80.6 0.039  95.4 24333 69.23 15.38 2871 13284 1719 96.7 1291 48.78 0.021 9.12 

7029-2843S Monoman 6.0 53900 44334 -3.3 -31 -12.0  81.1 0.067  87.6 24003 68.56 12.51 2833 14157 1771 49.1 1293 49.63 0.023 7.98 

SW1 SW  750 264 -2.5 -21 -14.2  105.0 2.513  134.0 33.99 0.13 0.55 6.72 60.01 6.62 1.38 4.84 0.112 0.015 7.55 

SW2 SW  265 315 -2.7 -23 -9.1  97.0 2.631  154.0 45.55 0.12 0.77 9.23 76.25 6.40 3.15 6.69 0.127 0.088 9.82 

                        
Katarapko Floodplain                       

7029-1596 Monoman 6.0 2137 1897 -2.5 -27 -13.4  103.5 2.352  221.3 913 2.85 7.21 6.87 489 72.3 21.3 99.4 1.76 0.105 1.65 

7029-2808 Monoman 5.5 58500 44530 -3.0 -24 -8.3  75.7 0.129  368.9 23899 64.93 20.21 3614 14310 1072 108 1026 43.06 0.088 1.71 

7029-2837 Monoman 11.0 38600 25377 -3.8 -35 -9.2  51.5 bdd  236.1 14063 34.64 28.06 1759 7839 624 56.2 702 32.76 0.080 1.22 

7029-2838 Monoman 19.5 52000 39334 -3.0 -31 -6.0  19.4 bd  221.3 21165 58.26 19.46 2915 12836 966 107 999 43.06 0.052 2.04 

7029-1602 Monoman 4.0 9130 5789 -2.5 -22 -15.0  105.1 1.508  444.3 2946 8.47 8.53 360 1680 196 21.7 108 3.70 0.308 12.1 

7029-1600 Monoman 4.0 759 468 -2.4 -23 -14.2  104.1 1.433  150.8 153 0.42 2.34 6.95 134 4.46 3.15 2.81 0.07 0.001 9.21 
 

a: Sites on Fig. 1 
b: Cbgl = Coonambidgal, SW = surface water 
c: not measured 
d: below detection 
 




