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INTRODUCTION
A number of studies conducted in semi-arid regions of Australia have utilized Cl- composition and electrical
conductivity of soil pore water and groundwater to evaluate the mechanisms contributing to groundwater
salinity (e.g., Johnston 1981, Peck et al. 1981). Far fewer studies (e.g., Cook et al. 1994, Cresswell et al.
1999, Love et al. 2000) have applied cosmogenic isotopes, such as 3H, 14C and 36Cl, to better quantify these
mechanisms and to determine flow rates and salinization timeframes. This study utilizes Cl- and 36Cl content
of pore water extracted from near-surface (0.25-7 m) unsaturated zone regolith materials and deeper (9-73 m)
saturated zone pore water to determine the effects of evapotranspiration, mixing/filtration and 36Cl decay on
groundwater 36Cl/Cl in a saline aquifer system of semi-arid central New South Wales.
REGIONAL SETTING AND LOCAL
HYDROLOGY
The study focuses on 25x25 km low-lying alluviated
basin in central New South Wales (Figure 1). The
basin contains up to 100 m of highly weathered,
unconsolidated Cenozoic sediments which comprise
a heterogeneous hydrogeologic system (Wilford et
al. 2002) and it hosts highly saline groundwater
(TDS > 30,000 mg/L). A low hydraulic gradient (ca.
0.1 m/km) and hydraulic conductivity values of 10-410-6 m/s result in a specific discharge of ca. 0.3-30
cm/yr. Groundwater recharge to the deeper
confined/semiconfined aquifers is likely the result of
vertical infiltration of rainwater at outcropping areas
along the basin margins, and to the shallow
unconfined/semiconfined aquifer through the near
surface (< 5 m) clay-rich sediments present
Figure 1: Location of study area on the Cootamundra
throughout the basin.
1:250,000 topographic sheet.
SAMPLING AND ANALYTICAL TECHNIQUES
Regolith materials were sampled via diamond coring at two locations, GDH03 and GDH04 (Figure 2), to
depths of 59 and 80 m, and pore water was extracted via centrifugation and uniaxial compression from a
variety of unsaturated- and saturated-zone regolith materials. Groundwater was sampled from permanently
installed piezometers (Figure 2). Cl- content was determined via ion chromatography and 36Cl by accelerator
mass spectrometry at The Australian National University Department of Nuclear Physics (Fifield et al. 1987).
Cl- measurements were performed for all extracted pore water (2-3 samples/metre) and groundwater while
36
Cl measurements were performed on selected samples only. 36Cl measurements were performed on
unsaturated and saturated zone pore water samples at GDH04, while 36Cl measurements were performed only
on saturated zone pore water samples at GDH03 (Figure 2).
RESULTS
Groundwater samples exhibit Cl- contents ranging from 5,800-16,000 mg/L and 36Cl/Cl of 79-126x10-15,
which are related to proximity to recharge areas, depth and position along the flow path. Local meteoric
water exhibits a Cl- content of 2.5 mg/L and 36Cl/Cl of 374x10-15. Pore water Cl- concentrations and 36Cl/Cl
are unique to each diamond core location, and results are presented separately below.
GDH04
In the unsaturated zone, pore water Cl- concentration increases from approximately 1,000 mg/L at 0.25 m to
9,000 mg/L at 1.5 m (Figure 3a). Below a depth of 1.5 m, pore water Cl- concentrations are relatively
constant throughout the remainder of the unsaturated zone (0-9 m), followed by a marked increase in the
saturated zone. 36Cl/Cl of pore water in the upper 1.5 m decreases from 157x10-15 at 0.25 m to 130x10-15 at
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1.5 m (Figure 3b). Below 1.5 m,
36
Cl/Cl decrease throughout the
remainder of the unsaturated
zone to a value of 94x10-15 at 7.5
m. Saturated zone pore waters
exhibit highly variable Clcontent (6,000-20,000 mg/L) yet
more consistent 36Cl/Cl (6987x10-15).
GDH03
In the unsaturated zone, pore
water Cl- concentrations increase
steadily from approximately 100
mg/L at 0.35 m to 6,800 mg/L at
8.0 m (Figure 3a). Saturated zone
pore water Cl- concentrations
continue to increase with
increasing depth to the lower
semi-confined aquifer unit (19
m). Below this depth, pore water
Cl- concentrations are relatively Figure 2: Groundwater and pore water sampling locations, shown on a
constant (ca. 10,000 mg/L) Digital Elevation Model (DEM).
throughout the remainder of the
saturated zone profile. Saturated zone pore water 36Cl/Cl is highly variable (115-67x10-15), yet similar within
each hydrogeologic unit (Figure 3b). Pore fluids collected from aquifer materials within the screened interval
exhibit greater Cl- and lower 36Cl/Cl than associated groundwater.

Figure 3a (left): Soil pore water and groundwater Cl- (mg/L) depth profiles for diamond cores GDH03 and
GDH04.
Figure 3b (right): Soil pore water and groundwater 36Cl/Cl (x10-15) depth profiles for diamond cores GDH03
and GDH04.
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DISCUSSION
Cl- contents of near surface (< 2 m) pore waters indicate low infiltration rates and a high degree of
evapotranspiration in the upper several metres of the unsaturated zone. Vertical recharge rates to the
unconfined/semiconfined aquifers estimated by the chloride-mass balance (CMB) technique (Wood 1999) of
unsaturated zone pore waters is 1.5x10-3 cm/yr. Low Cl- and high 36Cl/Cl of meteoric water relative to nearsurface pore water indicates a significant degree of evapotranspiration and/or mixing occurring during
infiltration in the upper 25 cm of the regolith. A rapid increase in pore water Cl- occurs to a depth of 1.5 m
while only a gradual decrease in 36Cl/Cl occurs over the same interval. Below 1.5 m, Cl- content of pore
water remains relatively constant while 36Cl/Cl decreases steadily throughout the remainder of the
unsaturated zone. This suggests that above 1.5 m, rainwater has thoroughly mixed with near-surface pore
water, and has reached a steady 36Cl/Cl more appropriate for use as an input value in age calculations than the
36
Cl/Cl of modern precipitation. Below 1.5 m, 36Cl decay appears to be the dominant mechanism influencing
the 36Cl/Cl of unsaturated zone pore water. If this is the case, the age difference between pore water sampled
at 1.5 m and pore water sampled at 3.5 m is 120,000 yr, indicating a vertical flux of 1.7x10-3 cm/yr. This
value is nearly an order of magnitude less than the CMB calculated vertical flux. Vertical flow age estimates
for the 0-9 m unsaturated zone at GDH04 are 60,000 yr (CMB) and 530,000 yr (36Cl/Cl). The discrepancy
could be due to palaeoclimatic variability such as fluctuations in annual rainfall rate, and variability in Cland 36Cl concentrations of rainwater. Furthermore, clay rich materials are dominant in the upper 4 m, while
the remainder of the unsaturated zone is comprised of sand rich materials. The 36Cl/Cl calculated vertical flux
is based on results from pore waters sampled from only the near surface clay rich zone and is therefore only
representative for the upper 4 m rather than the entire 9 m unsaturated zone.
Within the saturated zone, pore waters exhibit less systematic Cl- and 36Cl/Cl trends with increasing depth,
which may reflect varying degrees of mixing between pore water and groundwater. At a sampling site
located proximal to a granite rock outcropping area, pore waters exhibit a general decrease in 36Cl/Cl with
depth and those extracted from aquifer materials exhibit greater Cl- and lower 36Cl/Cl than groundwater
sampled from piezometers intersecting the same intervals. This suggests that older, more saline, water is
residing in lower permeability pore spaces within the aquifers themselves and is potentially a source of Cl- to
regional groundwater. At a sampling site located distal to the basin margin, saturated zone pore waters
exhibit fluctuating Cl- yet relatively consistent 36Cl/Cl. The corresponding groundwaters in this area exhibit
similar 36Cl/Cl values yet slightly greater Cl- content. Groundwater 36Cl/Cl is likely the result of varying
degrees of mixing between older pore water and younger, more saline groundwater.
Groundwater Cl- concentrations increase down-gradient within each hydrogeologic unit, indicating hydraulic
connectivity and a semi-confined or confined groundwater flow system. Groundwater 36Cl/Cl exhibits two
distinct value ranges that correspond to proximity to saprolith outcrop areas located in the southern portion of
the study area. Groundwater sampled from the southern portion of the study area exhibits an average 36Cl/Cl
of 120x10-15 compared to groundwater sampled in the northern portion of the study area with an average of
approximately 85x10-15. This suggests that recharge is occurring predominantly in the southern portion of the
study area via infiltration of rainwater through saprolith outcroppings. Calculated flow age from the 36Cl
delineated recharge zone in the south to the northern portion of the basin (ca. 10 km) is approximately
150,000 yr. This is within reasonable agreement with the calculated Darcy piston flow age of 135,000 yr B.P.
Determination of actual groundwater ages is complicated by processes occurring in both the unsaturated and
saturated zones. Processes such as mixing, filtration and halite dissolution can produce 36Cl/Cl not solely
attributable to 36Cl decay (e.g., Bethke & Johnson 2002). Furthermore, determining an appropriate input ratio
for age calculations is often too difficult and therefore 36Cl age calculations can be unreliable (e.g., Davis et
al. 1998). In this study, the difference between groundwater age calculations using a 36Cl/Cl input value of
modern atmospheric precipitation verses near surface, unsaturated zone pore water is ca. 350,000 yr. Several
studies in Australia (e.g., Bird et al. 1989, Turner et al. 1991, Cresswell et al. 1999) have used 36Cl/Cl of
shallow groundwater as input values for assessing flow ages in regional systems. However, when vertical
infiltration of rainwater is the dominant recharge mechanism, 36Cl/Cl of near surface (< 2 m) pore water may
be the most appropriate and practical input value available for determining groundwater ages in regional
systems.
CONCLUSION
The specific mechanisms influencing 36Cl/Cl of pore water and groundwater are dependent on depth below
surface, permeability of regolith materials and proximity to recharge areas. The impact of these mechanisms
is most apparent in the unsaturated zone where the meteoric 36Cl/Cl signature of recharge water is
overwhelmed by mixing with near-surface pore water containing greater Cl- and more depleted 36Cl values.
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Knowledge of Cl- and 36Cl/Cl distribution in the unsaturated zone has provided a reliable 36Cl/Cl input value
for use in age assessments of regional groundwater. Evidence of mixing between pore water and groundwater
in the saturated zone is apparent at two sampling locations, yet appears to have more of an impact on the
36
Cl/Cl content of groundwater located proximal to a recharge area. This demonstrates that groundwater is
not in equilibrium with saturated zone pore water, and that 36Cl/Cl age calculations for groundwater sampled
proximal to recharge areas are reflecting a mixed age. Groundwaters sampled distal to recharge areas appear
to be less affected by this type of mixing and exhibit 36Cl/Cl values more indicative of aging along the flow
path.
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