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Summary

Carbon-14 (1*C) dating of groundwater has been widely used over the past 50 years to estimate apparent
groundwater ages and investigate groundwater recharge. With a half-life of approximately 5730 years, “C
has proven particularly useful in arid environments, where low rainfall and low recharge rates can result in

long residence times. However knowledge gaps relating to '“C interpretation still exist.

The first part of this thesis investigates the '“C activity of unsaturated zone gas. Unsaturated zone 'CO,
is typically assumed to be in equilibrium with atmospheric '*CO, (ie. modern). A number of researchers
have shown that this may not be the case, with significant implications for groundwater '“C interpretation.
However little is known about how unsaturated zone '“C activities may vary spatially. Measurements of '“C
in unsaturated zone gas were made at five sites across the arid Ti Tree Basin in central Australia. At all sites,
a trend of decreasing '“C activity with depth in the unsaturated zone was observed. Variation in unsaturated
zone thickness related to variation in the '#C activity above the watertable at each site (generally lower '“C
for deeper unsaturated zones). Modelling of unsaturated zone CO, production and transport showed that
the dilution of unsaturated zone '“C related to production of ‘old’ CO, in the unsaturated zone, most likely
from mineral dissolution-precipitation fluxes. Where these processes are homogeneous, spatial variation in
unsaturated zone thickness leads to spatial variation in the '#C activity of unsaturated zone gas above the

watertable.

The second part of this thesis explores the influence of spatially variable '4C inputs and recharge on '“C
activities in an aquifer. This was investigated through theoretical 2D groundwater flow and solute transport
modelling, with a focus on low recharge environments (where diffusive transport is significant). Results
show that recharge estimated from discrete point measurements of 'C may be wrong when recharge and
14C inputs vary spatially, and that vertical profiles of '*C in groundwater are needed to overcome this
problem. Vertical profiles of '“C in groundwater in the Ti Tree Basin were then interpreted using 2D flow
and transport models, with a spatially variable boundary condition for '*C. This revealed mountain front

recharge, as well as recharge from ephemeral surface water to be important mechanisms.

The final part of this thesis synthesizes these findings into a 3D regional groundwater flow and solute
transport model of the Ti Tree Basin. Carbon-14 activities were modelled directly, accounting for advection,
diffusion and dispersion. The '#C boundary condition at the watertable was based on measurements of '*C
near the watertable and unsaturated zone thickness (ie. lower '“C activities where unsaturated zones are
thicker). Recharge rates were determined by calibrating to groundwater head and '*C activities. The results
demonstrate the value of a distributed tracer data set (and understanding of its boundary condition) in
resolving spatial variability in recharge. These findings will be relevant to other arid environments, and to

other tracers which are transported to groundwater through the unsaturated zone.

iv



Contents

Declaration i
Co-authorship i
Acknowledgements iii
Summary iv
Contents v
List of Figures viii
List of Tables Xi
1 Introduction 1

1.1 Theresearch problem . ... .. .. e 1

12 TRESIS AIMS . . oottt e 3

1.3 Contribution of thiSPhD . . . .. .. . 4

2 Factors affecting carbon-14 activity of unsaturated zone CO, and implications for groundwater

dating 7
2.2 INtrodUCHION . . ..o 7
2. SHUAY ArBa . . . ot vttt e 9
2.3 Methods - field programme . . ... .. 9
24 Methods -modelling . . .. ... oo 11
25 Results-field data . . ... ..o 14
2.6 Results - modellingof fielddata . . . ... o 15
2.7 Results - sensitivity analysis . . ... ..ot e 19
2.8 DISCUSSION « o o vt ettt et e e e e 21
2.9 CONCIUSION . . .o 23

3 Vertical carbon-14 profiles for resolving spatial variability in recharge in arid environments 27

B INtrodUCHION . . . oo 27
3.2Theoretical modelling . .. ... e 28
32 L MEthOOS . ..ot 28
3. 2.2 RESUIS . . o 30
3.3 Field demoOnStration . .. ... ottt e 33
3.3.1 Site desCription . . ... oo e 33



B33 RESUIS . .o 35
3.3.4 Sensitivity to variations in **C input at the watertable . ........... 36
B DISCUSSION . . o vt et ettt et e e e 38
BB CONCIUSION . . .t 40

4 Constraining spatial variability in recharge in an arid environment through modelling carbon-

14 transport in groundwater 43
A1 INtrodUCTION . . . . e e 43

4.2 Site deSCrIPLION . . . ..ot 44

A3 MEthOOS . . ..o 45
43.1Datacollection . ... 45

4.32Numerical modelling . ... 46

A4 RESUIS . ..ot 48

4.4.1 Groundwater Chemistry .. ... 48

442 Numericalmodelling .. ... 51

A5 DISCUSSION . . o ottt e e e et e e e e e e 53

4.6 CONCIUSION . . . oot 57

5 Conclusion 61
5.1Summary of findings . . . .. .o 61

B2 FUIUrE WOTK . . o oo 61

6 Appendices 65
B.LAPPENIX 1 - Data . . oo vt 65

6.2 Appendix 2 - Discussion of regional groundwater chemistry in the Ti Tree Basin . ... ... 76

6.2.2 INtroduCtion . . . ...t 76

B.2.2 MEtNOOS . . . .o 77

B.2.3 RESUNS . . ... 77

6.2.4 ConClUSION . . . .o 81

6.3 Appendix 3 - Determination of equilibration times for diffusion samplers in piezometers of

different depth . .. ... 82

6.3.1 Background . . ... ... e 82

Vi



6.3.2 Noble gas measurements inthisstudy . ............ ... oo, 83

6.3.3 Methods for testing equilibrationtimes............... ... ... ... ... 85
6.3.4 Results for testing equilibrationtimes . ............. ... ... . i 86
6.3.5 CONCIUSIONS . . . .o e 87
BiblOgrapny. .« . 88

Vil



List of Figures

2.1 Study sites in the Ti Tree Basin, Northern Territory, Australia. . ............................. 10
2.2 Measured concentrations of (a) **C, (b) CFC-12, (c) CO, and (d) 8*3C in unsaturated zone gas in the
Ti Tree Basin. *C activities and 8**C contents in groundwater beneath these profiles are also shown. . . 16
2.3 Measured and modelled concentrations of unsaturated zone CFC-12, *CO,, **CO, and *C activity (as
PIMIC) fOr SItE AL o 17
2.4 Calibrated unsaturated zone **C (pMC) models for all other profiles. ........................ 19
2.5 Influence of (a) shallow and (b) deep rate of *CO, production for Site A. Panel (c) shows that the
thickness of the zone of deep CO, production is relatively unimportant so long as bulk CO, production is
the same however panel (d) shows that the thickness of the shallow production zone is important. . . . . 20
2.6 Modelled results from HYDRUS showing the influence of (a) recharge rate, (b) shallow CO,
production, (c) deep CO, production and (d) the depth of the shallow CO, production zone (i.e. depth of
root zone) on calculated **C activity (pMC) of unsaturated zone gas directly above the watertable (for
DTW 1210 100 M), . .ottt e e e e e e e e e e e e e e e e 22
3.1 Theoretical scenarios 1 to 4 showing the recharge and **C activity at the watertable, the resulting
streamlines, **C activities with depth and recharge rates estimated using equation (3.2) based on
simulated '“C activities at observation points at 8 km, 25 km and 42 km along the transect. In Scenario 1
recharge and “C are spatially constant (at 1 mm y™ and 100 pMC respectively); in Scenario 2 recharge
occurs exclusively at the basin margin (at 25 mm y™ between 0 and 2 km); in Scenario 3 recharge occurs
exclusively at the basin margin (at 25 mm y™) and 'C activities at the watertable vary spatially; in
Scenario 4, recharge is 25 mm y™ from 0 — 2 km, 0 mm y™* from 2 — 10 km, and 1 mm y™* for the rest of
the transect, while **C activities at the watertable vary spatially. . ...................ccoue.o... 31
3.2 Advective (particle tracking) ages compared with apparent ages estimated from **C profiles at the
observation point 42 km from the basin margin in Scenarios 1 to 4. RCH denotes recharge. Observation
points are spaced vertically 4 m apart from 0 — 60 m depth, then 1 m apart in the bottom 5 m of the
aquifer. Both **C and advective ages increase with increasing depth in the aquifer. . ............. .. 33
3.3 Location of carbon-14 observation sites in the Ti Tree Basin, Northern Territory, Australia. Also
shown are inferred groundwater flow paths (based on potentiometric surfaces) and aerial imagery (Inset)

showing denser vegetation around parts of the Allungra Creek floodplain......................... 34

viii



3.4 Relationship between unsaturated zone thickness and **C activity above the watertable for different
rates of ‘old” CO, production in the unsaturated zone (after Wood et al. (2014)). Also shown are
unsaturated zone *C activities above the watertable measured by Wood et al. (2014)). .............. 36
3.5 Measured and modelled C activities in groundwater at investigation sites A, B and C. At Site A
recharge occurs at the basin margin (10 mm y™), with 0 mm y* recharge between 1 km and 13 km, then -
0.5 mm y* (discharge) between 13 km and 15 km. Also shown is the profile generated by spatially
constant recharge (at a rate of 0.65 mm y™, equal to the total amount of recharge in the calibrated
scenario) demonstrating the need to invoke spatial variability in recharge and mountain front recharge. At
Site B, recharge occurs predominantly at the basin margin (28 mm y™) with a small amount of discharge
(-0.1 mm y™) across the rest of the transect. Also shown is the profile generated using spatially

constant recharge (1.14 mm y™, again equal to the total amount in the calibrated scenario). At Site C there
is mountain front recharge and significant recharge 10 km up gradient of the observation point. . .. . .. 37
3.6 Measured vs. modelled *C activities at Sites A and C for the scenarios considered in the sensitivity
ANAIY SIS, oo 38
4.1 Location of *C investigation in the Ti Tree Basin, Northern Territory (NT), Australia (groundwater
discharge area Stirling Swamp is not shown, but lies ~20km north-west of the northern margin). ... ... 45
4.2 (a) Carbon-14 activities measured in the Ti Tree Basin aquifer in this study and theoretical **C
profiles for recharge ranging from 0.1 mm y™ to 5 mm y™ (based on equation 4.2 and assuming A, = 100
pMC) and (b) the relationship between *C activity and 8"*C content. . .......................... 49
4.3 Vertical profiles of §*3C in unsaturated zone gas (**CO,) and groundwater (**Cp,c) at five

investigation sitesinthe Ti Tree Basin . . ... i e e e 50
4.4 Data used in the cokriging approach for determining the **C boundary condition at the watertable:
groundwater “C activities near the watertable (primary data source, where groundwater samples are the
shallowest piezometer at each site, generally <10 m below the watertable) and the relationship
unsaturated zone thickness and *C activity directly above the watertable (based on earlier work in the Ti
Tree Basin (Wood et al., 2014)) . . ...t e 50
4.5 Model domain showing geometry and **C activity boundary condition for the transport model, based
on the coKriging approach. . ... ... 51
4.6 Measured vs. modelled hydraulic head measurements and **C activities in the Ti Tree Basin. . . ... 52
4.7 Measured vs. modelled *C vertical profiles at investigation sites in the central Ti Tree Basin (RN

refers to registration number of the drill holes in which piezometer nests were installed). .. ......... 52



4.8 95% confidence intervals for recharge estimates with 18 recharge zones and 4 recharge zones. . . .. 54

6.1 Groundwater sampling in the Ti Tree Basin, February 2012 ............ ... .. ... ... ... .... 78
6.2 Piper plot for major ion chemistry of groundwater inthe Ti TreeBasin...................... 78
6.3 Schoeller plot for representative groundwater samples across the Ti Tree Basin ... ............. 79

6.4 Spatial distribution of groundwater salinity as given in Read and Tickell (2007) for the main part of
the Ti Tree Basin. Overlain are measurements made in this study (triangles, where colours represent the
same salinity ranges as Read and Tickell (2007) values). Location of Stirling Swamp is given by red
triangles, where the salinity ranges from 36,859 t0 148,672 mg L™ ............................. 79
6.5 Stable isotope composition of groundwater in this study. Also shown is the LMWL for Alice Springs
(150 km south of the study area), and long term amount weighted mean compositions of different
monthly rainfall amounts (after Harington etal. (2002)). ........ ... i i 80
6.6 Chloride vs. 8°H for groundwater in the Ti Tree Basin, showing the influence of evaporation
(concentration of chloride and enrichment of §?H) and transpiration (concentration of chloride with no
significant change in 8°H) on groundwater Chemistry. . .. .............ooiriririeiaanann... 81
6.7 Helium-4 concentrations vs. carbon-14 activities of groundwater samples in the Ti Tree Basin (a)
collected by Harrington (1999) and in this study on multiple field trips using conventional diffusion
samplers and (b) modified versions of the diffusion samplers described by Gardner and Solomon
(2009) . . . e 83
6.8 Argon-40 vs. neon-20 - the green line displays concentrations that would be observed in water in
equilibrium with the atmosphere for temperatures ranging from 30°C (lowest values) to 5°C (highest
values). Deviation from this trend demonstrates ‘addition’ of noble gases, or formation of excess air,
which may be as high as 80% for some of the samples near the Allungra Creek floodout. . .......... 84
6.9 Measured gas concentrations (cm® STP g') and pressures in the diffusion samplers versus
equilibration time. Results in the left panel are for the shallower bore, while those in the right are for the

EBPEr DOME. . . o 86



List of Tables

2.1 Diffusion and partition coefficients used for models shown in Figure 2.3 (*the same diffusion

coefficient in water DY was applied to both 2CO, and “CO,). . ... ..o 14
2.2 Summary of CO, production rates and porosity values used to calibrate each model. ............ 18
3.1 Table 1. Model parameters used in simulations where * are based on values in Gelhar et al. (1992) for

the aquifer scale modelled; ** are from Browne and Firestone (1999); *** is from Li and Gregory (1974).

4.1 Model parameters used in simulations where * are based on values in Gelhar et al. (1992) for the

aquifer scale modelled; ** are from Browne and Firestone (1999); *** is from Li and Gregory. . ... .. 47
4.2 Calibrated recharge rates and 95% confidence intervals for models with 18 recharge zones. . ... .. 55
4.3 Calibrated recharge rates and 95% confidence intervals for models with 4 recharge zones. . . .. ... 55

4.4 Calibrated recharge rates and 95% confidence intervals for models with 18 recharge zones and **C
input activities based purely on unsaturated zone thickness (Figure 4.5(b)) ....................... 55
6.1 Unsaturated zone gas data (m-bgl denotes metres below ground level). . ...................... 66
6.2 Location and field parameters (during sampling) of piezometers at sites where soil gas profiles were
COIIBCtE. . . o 67
6.3 Dissolved ion and isotopic content of groundwater samples from piezometers at sites where soil gas
profileswere collected. . .. ... . o e 68
6.4 Location and field parameters (during sampling) of piezometers near the Woodforde River. Bore
elevations are taken at the top of casing (TOC). . .. ...t e 69
6.5 Dissolved ion and isotopic content of groundwater samples from piezometers near the

W00OTOrde RIVET. . o 70
6.6 Location and field parameters (during sampling) of piezometers in Stirling Swamp. Bore elevations
are taken at the top of €asing (TOC). . ... ..ottt e e e e 71
6.7 Dissolved ion and isotopic content of groundwater samples from piezometers in Stirling Swamp. . . 72
6.8 Location and field parameters (during sampling) of piezometers in the central Ti Tree Basin and
Allungra floodout area. Bore elevations are taken at the top of casing (TOC). ..................... 73
6.9 Dissolved ion and isotopic content of groundwater samples from piezometers in the central Ti Tree
Basin and Allungra floodout area. . ............ i 74
6.10 Location and field parameters (during sampling) of piezometers in the south eastern Ti Tree Basin.

Bore elevations are taken at the top of casing (TOC). . . ... ..ottt e 75

Xi



6.11 Dissolved ion and isotopic content of groundwater samples from piezometers in the south eastern Ti
TrEE BaSIN. . ..ot 76
6.12 Details for the two bores which were sampled as part of the equilibration time experiment (m-bgl

denotes metres below ground level) . . ... ... 85

Xii



1 Introduction

1.1 The research problem

In arid zones such as central Australia, low average rainfall and high evapotranspiration result in a scarcity
of surface water supplies, making groundwater an important source of water. Appropriate management
of groundwater resources in arid zones requires knowledge of their water balance and turnover times. An
understanding of groundwater recharge processes is therefore crucial to understanding and managing water
resources in arid zones. However groundwater recharge in arid zones can be sparse and episodic, and

difficult to quantify using traditional water balance techniques (Gee and Hillel, 1988).

Methods of recharge investigation using environmental tracers have been widely used in arid and semi-arid
zones (IAEA, 1980; Herczeg and Leaney, 2011). A number of different tracers have been applied in arid
areas to investigate different aspects of groundwater recharge. Because of the generally low recharge rates
and longer residence times, radioactive ‘age’ tracers such as carbon-14 (*C) and chlorine-36 (3°Cl) have
been used to asses groundwater age and whether or not ‘modern’ groundwater recharge occurs (Torgersen
etal., 1991; Cresswell et al., 1999). In arid and semi-arid areas where unsaturated zones may be quite deep
(>10 m), profiles of tracers such as chloride (Cl) and tritium (*H) have proven to be useful in estimating
rates of groundwater recharge (Cook et al., 1989; Dincer et al., 1974). The stable isotope ratios ('40/'°0
and 2H/'H) of water have been used to delineate sources of recharge, for example the importance of diffuse
rainfall recharge through the unsaturated zone compared with rapid infiltration of rainfall following high
intensity events or flooding (Vogel and Van Urk, 1975; Harrington et al., 2002). Atmospheric noble gases
(e.g. neon-20, argon-40, helium-4 (*He)) have also proven useful in identifying recharge mechanisms and
the influence of paleo-recharge in arid areas (Beyerle et al., 2003). Furthermore “He, which accumulates in
aquifers over time through the decay of uranium and thorium minerals, has been used in arid zones as an
age indicator to provide comparative chronology with tracers such as '*C and 3°ClI (Torgersen and Clarke,
1985; Kulongoski et al., 2008) and to constrain interpretation of regional flow processes (Bethke et al.,

1999).

Carbon-14 has proven to be a useful tracer for determining subsurface residence times and recharge (Vogel,
1967). Carbon-14 is produced by cosmic ray bombardment of nitrogen atoms in the atmosphere, where
it mixes with atmospheric CO,. In this phase (i.e. '*CO») it may equilibrate with infiltrating rainwater
and become part of the total dissolved inorganic carbon (TDIC) pool in groundwater, where ‘closed’ from
its source it decays radioactively, with activities expressed in units of percent Modern Carbon (pMC),
relative to the atmospheric activity (100 pMC). Carbon-14 has a half life of 5730 years, making it useful
for dating of groundwater over time scales of ~ 10? - 10* years (Clark and Fritz, 1997), and it has hence
found application in arid and semi-arid settings for estimating both rates and spatial variability in recharge
(Leaney and Allison, 1986; Harrington et al., 2002). It has also proven to be a useful tracer in calibrating

groundwater flow models in semi arid environments. Sanford et al. (2004) modelled advective ages (particle



tracking) in the Rio Grande Basin, New Mexico, and compared the results with apparent ages derived from
14C measurements in order to constrain recharge. Zhu (2000) used a groundwater flow and solute transport
model (accounting for both advection and diffusion/dispersion) to simulate '*C activities in the Black Mesa
Basin, Arizona, and likewise compared the results to '“C measurements to help calibrate the model and

constrain estimates of recharge.

Despite it’s widespread use in arid and semi arid settings, there remain knowledge gaps that limit the
certainty with which *C activities in groundwater are interpreted. This PhD thesis investigates three of

these areas:

Firstly, the interpretation of '*C activities in groundwater is complicated by a number of factors. For exam-
ple, weathering of carbonate minerals in the aquifer matrix through water-rock interactions can introduce
‘old’ carbon into the TDIC pool in groundwater, diluting the '4C activity of groundwater. Consequently a
number of geochemical correction models have been developed to account for carbonate weathering and
assign an initial 14C value at the time of recharge (Ingerson and Pearson, 1964; Tamers, 1975; Fontes
and Garnier, 1979; Harrington and Herczeg, 1999). These models typically assume the '*C activity of
unsaturated zone gas (which infiltrating water equilibrates with prior to recharge) is in equilibrium with
atmospheric CO; (i.e. ~ 100 pMC). Several studies have shown that this is assumption can be invalid
(Haas et al., 1983; Leaney and Allison, 1986; Thorstenson et al., 1998) due to production of ‘old” CO,
in the unsaturated zone from sources such as oxidation of organic matter (Keller and Bacon, 1998) calcite
precipitation-dissolution fluxes (Walvoord et al., 2005; Gillon et al., 2009), with significant implications
for interpretation of '#C activities in groundwater and determination of apparent groundwater age (Bacon
and Keller, 1998). However these studies have typically been limited to measurement of unsaturated zone
14C at one location, and there is little understanding of how these processes may vary spatially and impact
groundwater “C activities over a regional scale. Thus a better understanding of the influence of unsaturated

zone processes on groundwater '4C is needed (Glynn and Plummer, 2005; Herczeg and Leaney, 2011).

Secondly, the interpretation of '#C activities in arid environments is further complicated by diffusion
and dispersion. Groundwater age tracers such as '#C are often interpreted assuming that advective flux
(recharge) is the primary transport mechanism into the aquifer (Cook and Bohlke, 2000). However when
recharge is low (< 1 mm y!), diffusive transport of '#C in the aquifer will result in a vertical tracer profile
showing higher '#C activities with depth than would be observed if diffusion were not occurring (Walker
and Cook, 1991). Dispersion may likewise significantly influence the transport of tracers such as '*C in
low flux environments (Castro and Goblet, 2005), potentially leading to underestimates of groundwater age.
Spatial variability in recharge can also influence the vertical shape of tracer profiles in an aquifer (Robert-
son and Cherry, 1989), as well as the spatial distribution of tracer concentrations (Harrington et al., 2002).
However it is unclear how these processes together (diffusion, dispersion, spatial variability in recharge),
along with the influence of unsaturated zone processes, influence '“C activities and vertical profiles in an

aquifer.



Thirdly, studies in which *C has been used as a calibration target in 3D numerical modelling have typi-
cally taken the approach of modelling advective ages (through particle tracking) and comparing modelled
groundwater ages with those estimated from '*C measurements in an aquifer (Sanford and Buapeng, 1996;
Sanford et al., 2002; 2004; Michael and Voss, 2009). This approach compares modelled advective age (not
accounting for diffusion and dispersion) with ‘modelled’ '#C ages (where the model is the geochemical
correction scheme applied to '#C measurements). Approaches in which '#C transport has been modelled
directly (ie. solute transport modelling accounting for advection, diffusion and dispersion) have generally
been limited to 2D flow and solute transport models (Zhu, 2000; Castro and Goblet, 2005; Schwartz et
al., 2010). This is because the level of model discretisation required to accurately simulate dispersion and
diffusion in large regional aquifers makes accurate simulation difficult (Sanford and Pope, 2010). However,
in arid zones diffusion will need to be accounted for in any regional scale model of groundwater age tracers.
Also, with advances in computing power, it is becoming increasingly recognised that direct simulation of
age tracer concentrations with solute transport models is a desirable to model groundwater age and thus
help constrain estimates of residence time and groundwater recharge (Troldborg et al., 2007; McCallum et

al., 2015; Turnadge and Smerdon, 2014).

1.2 Thesis aims

The broad aim of this thesis is to investigate groundwater recharge in an arid environment through the use of
14C as a tracer, with the Ti Tree Basin in central Australia serving as the study site for these investigations.
The thesis looks at some of the uncertainties surrounding the use of '4C as a tracer, including the influ-
ence of CO, production in the unsaturated zone on the '“C activity of infiltrating groundwater. The thesis
further explores the implications of these processes on groundwater '“C activities, and how understand-
ing these processes can assist in constraining estimates of groundwater recharge and its spatial variability.

Specifically, this thesis investigates:

i. How !4C activities of unsaturated zone gas may become diluted. This study build on previous research
by investigating how the '4C activity of unsaturated zone gas may vary spatially by measuring vertical
profiles at five sites. Through numerical modelling the factors that influence unsaturated zone '#C

activity are explored.

ii. The influence spatial variability in unsaturated zone '#C activities and spatial variability in recharge
have on '#C profiles in an aquifer. Through theoretical modelling, the need to measure vertical pro-
files of groundwater age tracers such as '*C in order to constrain recharge processes is demonstrated.
This is particularly important in arid environments where diffusion of tracers from the unsaturated
zone into the aquifer may be important. Through a field application it is shown that measurement of
vertical '*C profiles, coupled with knowledge of the spatial variability in unsaturated zone '“C helps

constrain understanding of spatial variability in recharge along 2D flow lines.



iii. Modelling '*C activities directly using a regional scale 3D flow and solute transport model. This part
of the thesis builds upon the process understanding developed in earlier chapters to determine the rate
and spatial variability of groundwater recharge and discharge in the Ti Tree Basin, central Australia.
Calibration to '4C activities and hydraulic head is achieved with the use of parameter estimation

software PEST.

These areas are the focus of three manuscripts which are presented in Chapters 2, 3 and 4. Two of these

manuscripts are now published in the Journal of Hydrology, and the third has been submitted for review.

1.3 Contribution of this PhD

This thesis explores the use of '*C as a tool for estimating spatial variability in groundwater recharge in an
arid environment. The research is performed through a field investigation in the Ti Tree Basin, central Aus-
tralia, and data interpretation and analysis is augmented with numerical modelling. The research provides
new constraints on the use of '*C as a tracer in arid zone recharge studies. This is achieved by specifically

examining:

1. How unsaturated zone '*C activities may vary spatially across a groundwater basin. Unsaturated zone “C
activities are typically assumed to be in equilibrium with atmospheric CO, in groundwater studies, however
many studies have shown this assumption to be false. Despite this, little is known about spatial variability in
unsaturated zone *C activities. Measurements of unsaturated zone '*C in the Ti Tree Basin, coupled with
interpretation through modelling help resolve this knowledge gap, by demonstrating a relationship between
unsaturated zone thickness and CO, activity (with lower 14C0, activities where unsaturated zones are

thicker).

2. How spatial variability in unsaturated zone '“C activity and spatial variability in recharge may influence
vertical '4C profiles in an aquifer. Many studies use single point measurements of '4C in groundwater to es-
timate apparent groundwater age and recharge rate, however these estimates may be significantly erroneous
due to the influence of unsaturated zone '“C activities and spatial variability in recharge. This research
demonstrates through measurement and modelling that vertical profiles of '*C in an aquifer, coupled with
understanding of unsaturated zone '“C activities, may greatly reduce error in the estimates of recharge and

its spatial variability.

3. The use of this new understanding in unsaturated zone '“C activities to calibrate a 3D regional scale
flow and transport model and constrain estimates of spatial variability in recharge. Tracers such as '4C are
increasingly being used as calibration targets in numerical models, however regional transport models for
14C have typically been 2D and spatial variability in the boundary condition for '*C not considered. This
research demonstrates the benefit in considering a spatially variable '*C input concentration, and provides

further constraints by using vertical profiles of 14C as calibration targets.



These findings will help improve the way '“C is used and interpreted in groundwater studies, particularly
in arid environments. It demonstrates the importance of considering unsaturated zone '#C activities and
vertical profiles of '#C in groundwater. This will be useful for future researchers planning groundwater

studies in other arid and semi-arid environments.



Central Ti Tree Basin at dawn, January 2014



2 Factors affecting carbon-14 activity of unsaturated zone CO;, and

implications for groundwater dating

Based on the publication: Wood, C., P.G. Cook, G.A. Harrington, K. Meredith, and R. Kipfer, 2014: Factors
affecting carbon-14 activity of unsaturated zone CO, and implications for groundwater dating. J. Hydrol.,

519, Part A, 465-475, doi: 10.1016/j.jhydrol.2014.07.034

Abstract

Unsaturated zone processes may influence the carbon-14 (14C) activity of infiltrating groundwater and
thus introduce error in derived groundwater residence times. However unsaturated zone '4C activities are
rarely measured and there is little understanding of how they may vary spatially in a groundwater basin.
In this study we measured '4C activity in unsaturated zone gas at five sites with different watertable
depths (8.2 to 31.5 m) in the arid Ti Tree Basin, central Australia. We observed a relatively uniform
decrease in '4C activity of unsaturated zone gas with depth at most sites, with variation in unsaturated
zone depths leading to variation in '4C activities directly above the watertable at each site (ranging from
54 to 106 percent Modern Carbon (pMC)). Through modelling we show that the profiles are influenced
by CO, production at different depths from sources with different isotopic ratios, including production
of ‘modern’ CO; in the root zone and production of ‘old’” CO, above the watertable. Scenario modelling
showed that these processes are independent of recharge when recharge is low (0 to 10 mm y!) but
that higher recharge rates (>100 mm y-!) result in more advective transport of atmospheric CO, to the
watertable. The variation in '*C above the watertable was more sensitive to watertable depth and shallow
and deep CO, production rates. These findings offer insight into how unsaturated zone '“C activities
may vary spatially and provide guidance as to when '#C depletion in unsaturated zone CO, may become

important for groundwater dating, particularly in arid settings.

2.1 Introduction

Carbon-14 (*C) has been widely used as a tracer in groundwater studies to investigate groundwater resi-
dence time, groundwater recharge and its spatial and temporal variability, and regional flow characteristics
(Vogel, 1967; Love et al., 1993; Harrington et al., 2002). A consistent problem in interpreting 14C activities
in groundwater is accounting for reactions and processes other than radioactive decay that may alter the
14C activity (such as dilution caused by carbonate weathering and oxidation of ‘old’ organic matter) and
determining the '*C activity at the time of recharge. Geochemical mass balance models are typically used
to correct for carbonate weathering and assign an initial '*C activity at the time of recharge (Ingerson and
Pearson, 1964; Tamers, 1975; Fontes and Garnier, 1979). Accurate calculation of the initial '4C activity
also requires knowledge of the '4C activity of unsaturated zone gas, however this is rarely measured and

typically assumed to be in equilibrium with atmospheric CO, (Mazor, 2004).

Several studies have shown that '“C activities in unsaturated zone CO, can be depleted relative to atmo-

spheric CO, (Haas et al., 1983; Leaney and Allison, 1986; Yang et al., 1994; Thorstenson et al., 1998;



Keller and Bacon, 1998) and the implications for groundwater age calculation may be significant (Bacon
and Keller, 1998). Bacon and Keller (1998) reported unsaturated zone '“C activities of 20 pMC in a 7 m
deep profile in Saskatchewan, Canada. This depletion of *C was caused by oxidation of old (low '*C)
organic matter near the watertable, and hence production of old CO,. They presented a model of unsatu-
rated zone '4C transport (with diffusion in the gas phase being the dominant transport process) with two
isotopically distinct zones of CO, production: a shallow zone of CO, production with an atmospheric '“C
activity (representing plant root respiration) and a deeper zone of CO, production with a depleted '“C activ-
ity (from oxidation of organic matter). Walvoord et al. (2005) reported unsaturated zone '4C activity of 20
pMC in a 110 m deep profile in the Amargosa Desert, USA, and likewise replicated their profile with a gas
transport model that considers shallow and deep zones of CO, production with different isotope signatures.
However Walvoord et al. (2005) considered the source of deep older CO, to be calcite precipitation at a
slowly declining watertable. Walvoord et al. (2005) also assessed the sensitivity of *C profiles to shallow
‘modern” CO, production (in a 1 m thick root zone) and deep ‘old’ CO, production, however the influence

of other processes such as recharge rate, root zone thickness and watertable depth was not assessed.

These studies demonstrate both the importance of measuring '#C in the unsaturated zone and provide a
conceptual understanding of the controlling processes. However despite the wealth of studies that have
used 4C activities to date groundwater, there remains a paucity of measured unsaturated zone '#C profiles
in the literature (approximately 9 profiles to the authors knowledge that are >10 m in depth (Thorstenson
et al., 1983; Haas et al., 1983, Suchomel et al., 1990; Leaney and Allison, 1986; Striegl and Healy, 1990;
Yang et al., 1996; Keller and Bacon, 1998; Walvoord et al., 2005; Gillon et al., 2009). Most of the previous
studies are limited to one to two profiles and are in arid settings, hence limiting their assessment of spatial
variability in unsaturated zone '*C, and how understanding of the controlling processes may be transferred
to other locations. Consequently there is a poor understanding of when unsaturated zone processes are
likely to alter the '#C activity of unsaturated zone gas, and the difficulties in interpreting '#C activities in

groundwater persist (Herczeg and Leaney, 2011).

In this study we measured unsaturated zone '“C activities at five sites with different watertable depths in the
arid Ti Tree Basin, central Australia, providing insight into spatial variability in unsaturated zone '#C activ-
ity. We interpret and model our data in terms of CO, production in the unsaturated zone from sources with
different carbon isotope compositions, consistent with previous studies. Diffusive transport is constrained
by measurements and modelling of chlorofluorocarbons (CFCs) in the unsaturated zone (rather than mea-
suring porosity and assuming a value for tortuosity, which may be poorly constrained in gravelly sediments
(Walvoord et al., 2005)). This enables CO, production rates to be much more accurately determined. We
then evaluate the influence of recharge rate, and shallow and deep CO, production on unsaturated zone
14C profiles over a range of watertable depths. This sensitivity analysis draws attention to the factors most
likely to affect '*C activity at the watertable, and demonstrates how spatial variability in '*C activity at the

watertable may arise. These findings help constrain the conditions under which dilution of the '*C activity



of unsaturated zone CO;, may occur, and act as a guide as to when these unsaturated zone processes need to

be considered in groundwater dating studies.

2.2 Study area

The Ti Tree Basin covers an area of ~5500 km? and is located 150 km north of Alice Springs in central Aus-
tralia (Figure 2.1). Mean annual rainfall is low (300 mm y') and occurs mostly in the southern hemisphere
summer (December — March). Soil types are generally either dark red massive clays that support predom-
inantly Mulga vegetation (Acacia spp.) or red earthy sands that are dominated by Spinifex grass (Trioda
spp.) under a sparse open woodland of bloodwood (Corymbia spp.) and coolabah trees (Eucalyptus spp.).
The basin is comprised of Tertiary lacustrine and fluviatile sediments which make up the main unconfined
aquifer (undifferentiated sandstone, limestone and silty sandstone). Depth to groundwater ranges from >60
m in the southern portion of the basin to <10 m in the north (Figure 2.1). Observation wells in shallower
watertable areas near the Woodforde River have historically shown rises in response to heavy rainfall and
flooding, however there is little evidence that this has occurred since the year 2000, and groundwater levels
are generally static or slightly declining at rates of 0.01 to 0.05 m y™! (Knapton, 2009). Total dissolved
solids (TDS) of groundwater ranges from <1,500 mg L™! in the southern parts of the basin, but increases to

>100,000 mg L! towards the northern terminus of the basin.

Harrington et al. (2002) investigated recharge processes in the basin using environmental tracers (chloride,
carbon-14 and stable isotopes). Carbon-14 activities in groundwater ranged from 4 to 70 pMC, and ground-
water ages were estimated using a geochemical correction scheme that accounted for addition of HCO3
from weathering of old silicate minerals and calcite. The '*C activity of soil gas was assumed to be 100
pMC. Estimated recharge rates from corrected groundwater ages ranged from 0.1 to 50 mm y™! (median
0.9 mm y!), in reasonable agreement with the mean rate provided by the chloride mass balance method
(0.8 mm y'). The higher recharge rates were spatially linked to the areas overlain by the (normally dry)
Woodforde River and Allungra Creek floodplain. Hence across the Basin recharge is believed to be low,
although higher recharge may occur during rare flood events in areas associated with surface water features

(Harrington et al., 2002).

2.3 Methods - field programme

Installation of unsaturated zone gas samplers was concurrent with piezometer installation in the Ti Tree
Basin between 2011 and 2012. Conventional rotary drilling methods were used with a blade bit and air
circulation. Where hard calcrete and silcrete layers were encountered, a hammer bit was used. Piezometers
were completed at five sites with 50 mm diameter PVC that had slotted screens of 1 mm aperture. For all
piezometers, screen length was between 1 and 2 m with a gravel pack (5 to 7 mm aggregate gravel) around

the screen. Bentonite was used to seal the borehole annulus above the gravel pack and the remainder of the
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Figure 2.1: Study sites in the Ti Tree Basin, Northern Territory, Australia.

borehole was back filled to the surface with sand. Unsaturated zone gas sampling tubes consisted of '4”
nylon tubing fitted with a stainless steel filter on the end. These were taped to the outside of the piezometers
during installation and a connection port was attached to the tubing at the ground surface. The filter ends
of the gas sampling tubes served to prevent any soil particulate matter entering and potentially clogging the
tubing, and were ‘screened’ in the backfill material (sand). At each site up to six gas sampling tubes of
different length were attached to the outside of the piezometer, so that samples could be taken at multiple

depths.

Samples of unsaturated zone gas were collected for analysis of CO, (percent by volume), '*C (pMC),
8"3C (%o), CEC-11 and CFC-12 (pptv). Sampling was conducted in 2011 for sites A to E (Figure 2.1).
Unsaturated zone gas samples were collected by attaching a small air pump to the sampling ports at the
surface. The pump was run for five minutes at a flow rate of ~500 mL min™! to flush the sampling tube
then a sample was collected into either 110 mL Isotubes (*C and §'3C analysis) or 330 mL stainless
steel canisters (CFC and CO; analysis). Groundwater was sampled from the piezometers to which the gas
samplers were attached, using a Grundfos MP1 submersible pump. Samples were collected for carbon
isotope analysis after approximately three bore volumes had been purged and field parameters (electrical

conductance, pH, temperature) had stabilised, and stored in 1 L high density polyethelene plastic bottles.

Analysis of *C and §'3C was performed on groundwater and unsaturated zone gas using the method

described by Meredith et al. (2012), however acid evolution (to convert DIC to CO;) was not required
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in the case of unsaturated zone gas. The analysis was performed using AMS facilities at the Australian
Nuclear Science and Technology Organisation (ANSTO, Fink et al., (2004)). '#C activities of unsaturated
zone gas and groundwater are reported as the ratio 14Cc0,:12C0O, and 14CDIC:12CDIC (respectively) relative
to the international standard (Stuiver and Pollach, 1977) in units of pMC. Stable isotope ratios (!3C:12C) are
reported in per mil (%o) relative to the international standard (Craig, 1957). CO, analysis was performed
at Flinders University, South Australia, using a Quibit S-151 CO, analyser. Given the relatively low range
of the CO, analyser (0 to 2000 ppm), samples were diluted in a closed loop of known volume using ultra
high purity (UHP) nitrogen and appropriate corrections applied to give an accurate measurement of CO;
concentration. CFCs were analysed by gas chromatography at CSIRO Land and Water in Adelaide, South
Australia, using a setup similar to that described by Busenberg and Plummer (1992). Only CFC-12 data is

presented in this paper, as the trends in both tracers are well correlated.

2.4 Methods - modelling

Based on previous studies, dilution of unsaturated zone '#C can be linked to production of CO, relatively
devoid of '*C, hence our modelling approach is to model both '*CO, and '>CO, production and transport
in the unsaturated zone. Modelling '>CO, and '#CO, separately in identical units allows us to consider
the ratio '#C:12C in soil gas for direct comparison to our measured units of '#C activity (pMC). Following
the work of Thorstenson et al. (1983), we converted '#C activity in pMC to concentration units of '#CO,
in mass/volume (mmol m>), and estimated '2CO, concentration (mmol m™>) based on measurements of
CO, (ppm) and the calculated '*CO, concentrations (knowing that “C in pMC directly relates to the ratio

1c:120).

Our model considers advective and diffusive transport in the liquid phase and diffusive transport in the
gaseous phase. However given the arid environment transport is predominantly diffusive in the gas phase.
We have constrained diffusive transport through measurement and modelling of CFCs. CFCs are trace
gases of anthropogenic origin, which were introduced into the atmosphere in the 1950s. Their atmospheric
concentration increased until the 1990s when they were phased out of production (owing to their ozone
depleting qualities). Atmospheric concentrations have been measured in several locations, including Aus-
tralia, over the past 60 years, hence input concentrations to the unsaturated zone over time are known.
Therefore CFCs can be used to indicate timescales of unsaturated zone gas transport (Cook and Solomon,
1995) and help determine parameters related to the effective diffusion coefficient in a soil (e.g. porosity and

tortuosity, Weeks et al. (1982)).

To reproduce our data we modelled CFC-12, '2CO, and '*CO, using HYDRUS 1-D (Simunek et al., 2013).

HYDRUS uses the Richards equation to model variably saturated flow:

20 d dh
P_2 (K (ax +c0sa)> s @.1)
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Where 6 is the volumetric water content (m> m™), & is the water pressure head (m), 7 is time (y), x is the
spatial coordinate (m), K is the unsaturated hydraulic conductivity (m y'') o is the angle between the flow
direction and the vertical axis (0° for vertical flow in our case) and S is the sink term. Solute transport is
modelled with an advection dispersion equation in which transport may occur in the liquid and gas phases.
Exchange between the liquid and gas phase is assumed to be instantaneous and determined by the partition

coefficient:

ke = - 2.2)

Where ¢,, and ¢, are concentrations in the liquid and gas phase (mmol m). We assume that sorption is
negligible for both CFCs (Cook and Solomon, 1995) and CO,, hence there is no partitioning between the
solid and liquid phases. Sorption of 'CO, may become important as water content increases (Striegl and
Armstrong, 1990), however preliminary modelling showed our results to be insensitive to sorption at the

low water contents we model. Thus the solute transport equation can be written as:

dt dr  dx

ox

—A0c,, — Aayco + ycga, (2.3)

tox ox ox

20c¢,, N da,cg 0 (9 Wa(cw)> 88 <ang8cg> _ dgcy
x

where ¢ is the volumetric flux (m y™!); A is the decay constant for 14C (y'!), v represents production of CO,
in the gas phase (mmol m y!), g, is the air content (m* m™), D" is the dispersion coefficient in the liquid
phase (m? y'!) and D? is the diffusion coefficient in the gas phase (m? y'!). The dispersion and diffusion

coefficients are calculated as follows:

DY = DL% +6DyT, (2.4)

DS = angﬂCg (25)

where Dy is longitudinal dispersivity (m), lgl is the absolute value of the volumetric water flux (m y!),
Dy is the molecular diffusion coefficient of the solute in free water (m? y!) and 7, is tortuosity for the
liquid phase (-); Dg is the molecular diffusion coefficient in free air and z, is tortuosity in the gas phase (-).
Tortuosity is calculated within the model based on water and air content in the liquid and gas phase using

the relationships derived by Millington and Quirk (1961):

03
Twzeisz (26)
7
a
Tg = ﬁ (27)



where 0 is the saturated water content (equivalent to total porosity).

The models are 1D columns which represent the full extent of both the unsaturated and saturated zones at
each site, however only transport in the unsaturated zone is of interest here (as '“C activities in ground-
water will be influenced by up-gradient processes, and cannot be accurately considered in 1D). The Van
Genuchten (1980) model for soil hydraulic properties was used. However as the models are run with steady
state flow and water content does not vary with time, the model results are insensitive to the hydraulic
model used. The models were finely discretised at the surface (cells of 0.05 m thickness), with increasing

cell thickness with depth to a maximum of 0.5 m.

The upper boundary condition for flow was a second type boundary which allows for a specified recharge
flux into the model. The upper boundary condition for solutes was a specified concentration boundary. A
transient upper concentration boundary condition for CFC-12 was based on atmospheric measurements in
the southern hemisphere from 1952-2012 (CSIRO, 2013). A constant upper concentration boundary for
the '2CO, and '*CO, models was based on concentrations for a '“C activity of ~108 pMC and a '*C:!2C
ratio of 1.39x107'2 estimated from data in Hua et al. (2013). The activity of 108 pMC was chosen as it
appears to be consistent with the uppermost values in the unsaturated zone at our sites (from plant respired
CO,). Although the '*C activity of atmospheric CO, has changed over the timescale of our model we do
not model this, as Thorstenson et al. (1983) have previously shown that such a transient '*C atmospheric

boundary condition does not have a significant influence on the unsaturated zone profile.

The lower boundary for flow was a first type boundary, which was assigned by setting a pressure head
boundary (m) at the bottom of the model domain, with an appropriate pressure head value to represent the
watertable depth (this establishes the unsaturated/saturated interface). This boundary was made constant so
that the position of the watertable does not change with time regardless of recharge fluxes across it. The
lower boundary conditions for concentration were set at zero to represent infinite age at the bottom of the

profile.

An initial model was run to steady state with zero recharge to establish initial flow conditions, then the CFC
model was calibrated (to constrain gas transport parameters). The model for CFC-12 was run for 60 years
representing the period over which atmospheric CFCs have been above zero. Diffusion coefficients in free
air and water (Dfy and Dg ) were based on literature values (Table 2.1). Given that tortuosity is determined
within the model and water contents are likely to be low, calibration was achieved manually by altering

porosity (which informs the values for a, and 6, and hence the effective diffusion coefficients D, and D,,).

The porosity values determined by the CFC modelling were then used to model '>CO, and '*CO, profiles
(with appropriate free air and water diffusion coefficients Dfy and Dﬁ for both species, Table 2.1). Calibra-
tion of the CO, models was achieved manually by altering production rates in (a) the top 10 m for both
12C0, and '*CO, models — replicating respiration of modern CO, by plant roots (based on observations of
atmospheric '“C at this depth, and knowledge of the vegetation types in the area (O’Grady et al., 2009)) and

(b) in a 2 m thick zone above the watertable for the >CO, model only, replicating production of CO, devoid
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of 14CO,. The ratio of modelled '*CO,:12CO, was then calculated and compared to our measurements of

14C activity as a final check on the model fit.

Table 2.1: Diffusion and partition coefficients used for models shown in Figure 2.3 (*the same diffusion
coefficient in water Dy was applied to both 12C0, and '*CO,).

Parameter |  Value | Reference \
CFC-12 diffusion coefficient in air (Dg), m? y'1 287 (Montfort and Pellegatta, 1991)
CFC-12 diffusion coefficient in water (D), m> yT | 3.41 x 107 (Zheng et al., 1998)
CFC-12 partition coefficient (k,) 0.0718 (Warner and Weiss, 1985)
13CO, diffusion coefficient in air (Df), m” y’! 515 (Walvoord et al., 2005)
2CO, diffusion coefficient in air (Df), m” y’! 520 (Walvoord et al., 2005)
*CO, diffusion coefficient in water (D}), m*> yT | 6.03x 107 (Jahne et al., 1987)
CO; partition coefficient (kg) 0.836 (Weiss, 1974)

A number of scenarios were run in order to further our understanding of unsaturated zone processes and
their influence on '“C activity. We modelled profiles with a variety of watertable depths (12 to 100 m) and
varied recharge rates from 0 to 500 mm y~'. We also varied the rate and thickness of shallow atmospheric
CO, production (100 to 10000 mmol m y'l) to assess the influence of root respiration and root depth.
These rates of CO, production correspond to rates of soil respiration of 0.3 to 32 mol m™ y!, which equate
to carbon fluxes of 3.6 to 384 g C m™? y™'. This covers the range for arid areas reported by Raich and
Schlesinger (1992) of 60 to 224 g C m™? y'! (based on limited measurements). Rates of deep ‘old” CO,»
production were also varied (0 to 500 mmol m> y!). There are few reported rates of shallow/deep CO,»
production in the literature that pertain to this problem. Keller and Bacon (1998) and Walvoord et al. (2005)

give deep production rates of 47 and 100 mmol m™ y™! respectively, hence our scenarios cover this range.

2.5 Results - field data

Figure 2.2 shows measured concentrations of '*C (pMC) CFC-12 (pptv), CO; (percent by volume) and
8'3C (%o) in unsaturated zone gas at each site. '*C activities in groundwater sampled below these profiles
(generally within 2 to 6 m of the watertable, however at Site D the groundwater sample is from 18 m below
the watertable) are also shown in Figure 2.2. Measurement errors are not shown as they are generally very
low (£ 5% for CFCs and CO,, 4+ <1% for '*C). C activities are generally modern (>100 pMC) within
the top 11 m of each profile and decline relatively uniformly with depth, with variable watertable depths
leading to varying '“C activities directly above the watertable. The exception is Site C which shows a sharp
decline in '*C activity to 54 pMC in a shallower profile than Site A and B. The shallowest site (E) shows

modern '“C throughout the profile to a depth of 8.2 m.

The modern '#C activity and high CO, in the top 11 m of each profile suggests a modern source of CO,
is present. The most likely source of this modern CO; is plant root respiration rather than the oxidation of
organic matter, as a significant amount of modern organic matter is unlikely to be present at depths up to
11 m in this arid setting (Trumbore, 1993). Also the presence of tree roots to depths of 11 m in this type of

environment is not unrealistic (O’Grady et al., 2009), and the §'3C results fall in a relatively narrow range
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of -13.5 to -16.8 %o, which is around the values that would be expected from respiration from spinifex grass

(~ -14 %o, Cook and Dawes-Gromadzki (2005)).

The similarity in declines of '“C activity with depth at Sites A, B and D suggest that the mechanisms
responsible for '4C dilution are relatively consistent throughout the study area. We have not investigated
the mechanism for this dilution in great detail, however the presence of soft and cemented calcrete above and
below the watertable at our sites suggests the source of ‘old” CO; is similar to that identified by Walvoord et
al. (2005). That is, precipitation of calcite at the watertable (in the case of Walvoord et al. (2005) promoted

by a slowly declining watertable) releases old CO, via:

Ca2+

(ag) +2HC03_<aq) — C02<g) +H20(1) +C(JC03(S) (2.8)

At Site C, '4C appears more depleted and the trend with depth is different to the other sites. Drilling logs
from this site revealed significantly more calcrete in the profile, commencing at 6m depth (13 m above
the watertable). This calcrete may act as a source of old CO, through active dissolution-precipitation
reactions in this shallower part of the profile, with precipitation (and release of CO,) possibly driven by
evapotranspiration of shallow soil water (Dever et al., 1987). However understanding the physical drivers

for calcite precipitation at our site would require further work and was beyond the scope of this study.

CFC-12 concentrations are close to current atmospheric concentrations (~525 pptv, CSIRO (2013)) in the
upper parts of the profiles and then decrease with depth towards the watertable, consistent with existing
theory on CFC transport in the unsaturated zone (Cook and Solomon, 1995). The CFC-12 concentrations at
the bottom of the profiles represent apparent lag times (time taken for diffusive transport from the surface
to the base of the profile) of 35 years for Site A (depth to water of 31.5 m), 25 years for Site B and D
(watertable depths of 25.8 m and 20.6 m respectively) and 18 years for Site E (depth to water of 8.2 m).
CO; concentrations are much higher (up to 60 times higher) than atmospheric concentrations (~393 ppm
at the time of the study, CSIRO (2013)) and generally increase with depth. Concentrations are highest at
site Site D from 10 to 15 m depth before declining towards the watertable. We cannot explain this decline
in terms of any physical process and hence it is likely the low concentration near the watertable represents
contamination from loss to the atmosphere either in sampling, sample transport or analysis. '4C samples do

not appear to show any contamination though, and the trend of declining activity is present.

2.6 Results - modelling of field data

Figure 2.3 shows modelling results from the deepest profile (Site A). Porosity, '>?CO, and '*CO, production
rates that provided the best model fit, as well as other model parameters are given in Table 2.2. The best
fit to CFC-12 data was obtained with a porosity of 0.4 in the top 10 m of the profile, and 0.2 from 10

m to the watertable. The higher porosity (and hence higher effective diffusion coefficient) required in the
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Figure 2.2: Measured concentrations of (a) l4¢, (b) CFC-12, (c) CO; and (d) 813C in unsaturated zone gas
in the Ti Tree Basin. '“C activities and §'3C contents in groundwater beneath these profiles are also shown.

upper layers of the model may have several causes other than changes in soil texture, such as the presence

of root channels and animal burrows. This also captures likely higher rates of effective gas diffusivity in

the shallow unsaturated zone which may be driven by barometric pumping (Weeks et al., 1982). Since

HYDRUS relates tortuosity to water and air content (equations 2.6 and 2.7), changing porosity is the only

way to change the effective diffusion coefficients (equations 2.4 and 2.5) to accurately simulate the CFC
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transport. The best fit to carbon isotope profiles at Site A was achieved with '>CO, production rates of 863
mmol m> y! in the upper 10 m (accompanied by '“CO, production of 1.2 x 10" mmol m~>y™! based on the
atmospheric ratio) and 290 mmol m™ y*! in a 2 m thick zone above the watertable (with no accompanying
14C0O, production). '2CO, flux out of the top of the calibrated model (i.e. modelled soil respiration) was

~3mol m?2 y!.

All other sites were likewise modelled and Figure 2.4 shows the calibrated '*C (pMC) profiles. The good-
ness of fit varies but the profiles are mostly well matched, with the decrease in '“C activity replicated in the
models. Shallow production rates (0 to 10 m) varied from 600 to 1500 mmol m~ y!, while deep production
rates varied from 290 to 450 mmol m™ y™! (in a 2 m thick zone above the watertable), reflecting the range
in CO;, concentrations observed (Figure 2.2(c)). The shallowest profile (8.2 m depth) was modelled without
a deep source of old CO; as measured '#CO, activity was modern for the entire profile suggesting no sig-
nificant source of old CO;. Soil respiration rates, determined from the model as the concentration flux out
of the top boundary of the soil profile, ranged from 0.9 — 3.3 mol m™? y! (Table 2.2 summarises this infor-
mation for each profile). Our modelled soil respiration rates are relatively low compared with carbon flux
values measured by eddy covariance (EC) towers in the Ti Tree Basin (up to 59 mol m? y™!, Cleverly et al.
(2013)). However these measurements include CO, flux from vegetative respiration and photodegradation
of organic matter, which Cleverly et al. (2013) cite as much larger sources of CO, flux than soil respiration.
Our values of soil respiration do however compare well with modelled values from both Keller and Bacon

(1998) and Walvoord et al. (2005) of 2.9 mol m™ y'! and 3 mol m y! respectively.
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Figure 2.3: Measured and modelled concentrations of unsaturated zone CFC-12, 12C0,, *CO, and '*C
activity (as pMC) for Site A.
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Table 2.2: Summary of CO; production rates and porosity values used to calibrate each model.

Site 7 Site A 7 Site B 7 Site C 7 Site D 7 Site E
Piezometer 18611 18779 18781 18893 18897
registration number
(RN)

Depth to water (m-bgl) 31.5 25.8 19.1 20.6 8.2
Shallow 2CO, 863 1007 863 1500 600
production rate
(mmol m= y1)

Deep 2CO, 290 300 400 450 -
production rate
(mmol m3 %._v

Modelled soil 2.8 33 1.7 39 0.9
respiration rate

(mol m2 y1)

Porosity 0to 10m: 0.4 0to 10m: 0.4 0to 10m: 0.35 0 to 10m: 0.33 0to Sm: 0.28
10to 19.1m: 0.2 10 to 15m: 0.27 5to 8.2m: 0.35

10to 31.5m: 0.2

10 to 23m: 0.35
23 to 25.8m: 0.2

15 to 20.6m: 0.38
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Figure 2.4: Calibrated unsaturated zone '*C (pMC) models for all other profiles.

2.7 Results - sensitivity analysis

The purpose of the scenario modelling was to assess the sensitivity of *C activity in the unsaturated zone to
changes in the calibrated parameters (shallow and deep production rate and thickness of production zones)
as well as the influence of watertable depth and recharge rate. Figure 2.5 shows the influence of different
12C0O, and '*CO; production rates and production zone thicknesses on the modelled '4C (i.e. the ratio of
modelled '*CO; to modelled '2CO;) for Site A. Low rates of shallow atmospheric CO, production result
in greater dilution of '“C with depth (2.5(a)) as there is less ‘modern’ CO, in the profile to buffer against
the production of ‘old” CO,. Similarly, lower rates of deep ‘old’ CO; production result in less dilution of
14C and activities are higher with depth (2.5(b)), consistent with the sensitivity modelling performed by

Walvoord et al. (2005).

The thickness of the deep production zone is relatively unimportant, so long as the total CO, production
rate is the same. However the same cannot be said for the thickness of the shallow zone of modern CO,
production. Panel (2.5(d)) shows that shallower zones of modern CO, production (with the same total
amount of soil respiration) result in greater dilution of '4C above the watertable. This is because with
a smaller zone of modern CO» production there is less '“C present with depth, and the profile becomes
dominated by upward diffusion of the deep, older '>CO, (diluting the '*C activity). A greater amount of
modern CO; needs to be produced when the root zone is shallower in order to avoid this dilution. For
example, modelling Site A with a 5 m thick root zone meant a '>?CO, production rate of 10,000 mmol m-
y! (i.e. ten times greater than that used in the calibrated model with a 10 m thick root zone) was needed to
produce the same profile of dilution of '*C. This however resulted in '2CO, and '*CO, models that show

concentrations that are much higher than measured values in the top 5 m. It should be noted that in Panel
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(2.5(d)), the higher porosity (0.4) is maintained in the top 10 m for all scenarios except where the root zone
is extended to 15 m - here the porosity is also higher to 15 m. This explains the inflection point in the graph

seen at 15 m.

(a) Shallow *2 CO, production rate (b) Deep 12 CO, production rate
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Figure 2.5: Influence of (a) shallow and (b) deep rate of 12Co, production for Site A. Panel (c) shows that
the thickness of the zone of deep CO, production is relatively unimportant so long as bulk CO, production
is the same however panel (d) shows that the thickness of the shallow production zone is important.

Figure 2.6 shows the influence of recharge (2.6(a)), shallow CO; production (2.6(b)), deep CO, production
(2.6(c)) and root depth (2.6(d)) on the '#C activity of unsaturated zone gas above the watertable for various
watertable depths. In all these scenarios, parameters are held constant at the values used to calibrate Site A
(Figure 2.3; Table 2.2) except for those parameters being tested as shown in each panel. The first apparent
conclusion is that when watertables are deeper there is more depletion of '*C with depth for nearly all
scenarios considered. This is consistent with our field measurements which showed similar trends in '*C

activity with depth, but varying activities at the watertable as dictated by the variation in watertable depth.

Figure 2.6(a) shows that when recharge is low (1 to 10 mm y™!), there is no significant change in '*C above
the watertable. As recharge increases there is less dilution of '#C activity above the watertable (because
there is more advective transport of '*CO, downwards), however this effect is most significant when the
watertable is deeper. For example for recharge rates of 1 to 100 mm y™!, the '*C activity of gas above the

watertable varies from 22 — 45 pMC when the depth to water is 100 m, but only varies from 51 to 62 pMC
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when the depth to water is 40 m. When recharge is very high (>300 mm y!) there is less dilution of '“C,

with values generally > 80 pMC.

The influence of shallow ‘modern’ CO, production on '“C activity of unsaturated zone gas above the
watertable can be seen in Figure 2.6(b). As with the model for site Site A, modern CO, production is
limited to the top 10 m of the unsaturated zone, deep production is limited to a 2 m thick zone above the
watertable (with the deep production rate kept constant at 200 mmol m~ y*! for each scenario) and recharge

isOmmy!.

Figure 2.6(c) shows the modelled influence of deep '>CO, production. Shallow '>CO, and '*CO, produc-
tion is kept constant and recharge is 0 mm y-'. Greater rates of deep '>CO, production result in greater
dilution of '#C. When there is no deep CO, production however, there is no significant dilution of '“C
above the watertable, even when the depth to water is 100 m. Figure 2.6(d) shows that the thickness of the
zone of shallow ‘modern” CO, production is significant in influencing the '4C activity of unsaturated zone
gas. As discussed earlier this is because the production of deep ‘old’ CO, starts to dominate the profile

when ‘modern’ CO; is closer to the surface (and diffuses out more rapidly).

2.8 Discussion

Both our data and our model support the hypothesis that '#C in unsaturated zone gas above the watertable is
controlled primarily by stratified production of CO, from isotopically different sources. This is consistent
with previous work on unsaturated zone 14C measurements (Keller and Bacon, 1998; Walvoord et al., 2005).
Our results extend these earlier findings to show that these processes can be relatively consistent across large
areas in a groundwater basin, but that variation in watertable depth may lead to spatial variability in the '“C

activity of unsaturated zone gas directly above the watertable.

The scenario modelling in this study helps elucidate the conditions under which depletion of unsaturated
zone '*C may become significant for '“C dating of groundwater. We find that depletion of '*C may be
more significant where watertables are deeper (>10 m). The degree to which #C is depleted above the
watertable is not affected by low rates of recharge (0 to 10 mm y-!). However it is sensitive to both the
shallow CO; production rate and the thickness of this production zone (root zone thickness), with lower
rates of shallow CO, production (12C0, and C0O,) leading to greater depletion. This helps explain some
of the different profiles seen in previous studies. For example Leaney and Allison (1986) observe high '*C
activity (>90 pMC) to depths of 35 m in the unsaturated zone in an area where mallee vegetation is known
to be very deep rooted (roots extending to 15 to 20 m depth, (Cook et al., 1989)). However Keller and
Bacon (1998) observe significant dilution of '*C in a 7 m deep profile, where the root zone is only 1 m
thick. Higher rates of deep ‘old” CO, production (12CO, only) likewise lead to greater depletion. Recharge
is generally lower and more sporadic in arid areas (Scanlon et al., 2006), which suggests that the dilution

of 1*C activity in unsaturated zone CO, may be more of a problem in arid areas, and most previous studies
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Figure 2.6: Modelled results from HYDRUS showing the influence of (a) recharge rate, (b) shallow CO;
production, (c) deep CO, production and (d) the depth of the shallow CO, production zone (i.e. depth of
root zone) on calculated '*C activity (pMC) of unsaturated zone gas directly above the watertable (for DTW
12 to 100 m).

of unsaturated zone '*C come from arid areas. However the root depth of vegetation in arid areas may be
significant (>20 m, Canadell et al., 1996) which would potentially limit the amount of dilution as Figure
2.6(d) shows, presuming such deep roots are respiring atmospheric CO,. Therefore determining if there
is dilution of '*C in unsaturated zones on a site by site basis would require a broad understanding of the
local hydrogeology (recharge rates) and ecology (rooting depth). Variations in soil type will also become
important, with lower porosity soils having lower diffusion coefficients, hence potentially more depletion

of 14C activity at depth, however we have not assessed this in our sensitivity analysis. Nevertheless, for
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general purposes when watertables are deep, recharge is moderate to low and vegetation rooting does not
extend to the watertable, '“C in the unsaturated zone may be significantly diluted if a source of old CO» is
present. The presence of organic matter or minerals within the aquifer such as calcite should also act as an

indicator as to when unsaturated zone '*C may be diluted.

Our model assumes steady state flow and production, however both recharge and root respiration will vary
temporally. However previous studies have shown that transient variation in shallow unsaturated zone
CO; does not necessarily influence variations in 14 and that '*C activities of unsaturated zone CO, are
controlled by other processes such as the ones considered in this paper (Thorstenson et al., 1983; Bacon
and Keller, 1998). Episodic recharge, driven by rare and extreme rainfall events, is likely to be an important
recharge mechanism in Ti Tree. Hydrographs from some bores in the Basin show sporadic sharp rises
in water level, indicating episodic recharge has occurred at least five times in the last 50 years, with the
last event in the year 2000 (Knapton, 2009). However this does not seem to have affected CFC profiles,
with apparent gas ages of up to 35 years (i.e. equivalent of atmospheric concentrations in 1976) at depth,
suggesting episodic recharge events of the magnitude observed in Ti Tree do not flush the unsaturated zone

or perturb the unsaturated zone gas profiles significantly.

We did not measure the isotopic content of sedimentary organic carbon in our profiles which limits the
interpretation of causes of CO, production in the unsaturated zone. However the assumption that production
of CO, in the top 10 m at our site is from root respiration with a modern '#C signature is likely given
what is known about rooting depth of vegetation such as spinifex (Reid et al., 2008). We treat this root
respiration in our model as being uniform with depth based on our CO, and '“C measurements, however
this assumption may not carry to all environments. We have not investigated organic carbon processes
thoroughly as it was beyond the scope of this study, however other studies are furthering this work (Meredith
et al., 2013). Likewise our understanding of the source of deep ‘old’ CO; is limited. Two mechanisms of
deep CO, production in the unsaturated zone that have been put forward in the literature are oxidation
of organic matter (Keller and Bacon, 1998), and calcite precipitation (Walvoord et al., 2005). Given the
absence of any significant organic matter in the lithology in Ti Tree and the presence of calcrete layers,
we postulate that calcite precipitation is a source of old CO; in our case. However the mechanisms behind
this are poorly understand, and it is not clear whether a slowly declining watertable is a pre-condition for
calcite precipitation (Walvoord et al., 2005) or whether precipitation is independent of this. More work is
needed to better understand the mechanisms for deep CO, production in different situations and settings.
Further studies and measurement of unsaturated zone '“C activity in different settings would benefit not

only interpretation of groundwater age, but also understanding of these CO, production mechanisms.

2.9 Conclusion

Depletion of '*C in unsaturated zone gas is a common occurrence based on the limited amount of published

measurements available worldwide. This casts doubt on the typical assumption in '*C dating of groundwater
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that unsaturated zone gas is in equilibrium with the atmosphere. Our measurements of unsaturated zone '“C
activity in the Ti Tree Basin support this finding for watertable depths >10 m. We have modelled depletion
of 14C in unsaturated zone gas with a shallow and deep source of CO, production from sources that have
isotopically different signatures. We find that the processes controlling '“C dilution in the unsaturated zone
are relatively consistent over a large spatial area (distances of 35 km between sites), and that variation in
watertable depth over this scale leads to spatial variation in '#C activities directly above the watertable. It
appears from our sensitivity analysis that the problem of *C dilution in the unsaturated zone may be more
pronounced in arid settings (where recharge rates are lower), however further work is required to better

understand the mechanisms of deep, old CO, production.

These findings improve our understanding of how unsaturated zone processes affect the spatial variation in
14C activities directly above the watertable, with unsaturated zone depth being a key influence. This gives
improved guidance as to when depletion of unsaturated zone '*C becomes significant, which will be of great

benefit for future researches looking to accurately determine groundwater ages from '#C measurements.
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3 Vertical carbon-14 profiles for resolving spatial variability in recharge

in arid environments

Based on the publication: Wood, C., P.G. Cook, G. A. Harrington, 2015: Vertical carbon-14 profiles for re-
solving spatial variability in recharge in arid environments. J. Hydrol., 520, 134-142, doi:10.1016/j.jhydrol.
2014.11.044

Abstract

Groundwater age tracers are often measured to help constrain estimates of groundwater recharge,
especially in arid environments where other methods are unsuitable. However multiple processes can
influence the shape of vertical tracer profiles in an aquifer including (1) variation in tracer input concen-
trations from the unsaturated zone, (2) the role of diffusion in transporting tracer into the aquifer when
fluxes are low and (3) spatial variability in recharge. This study demonstrates the influence of spatially
variable recharge and spatially variable carbon-14 (14C) activities in the unsaturated zone on vertical '#C
profiles in groundwater. Through groundwater flow and solute transport modelling, we demonstrate that
recharge estimated from single point measurements of '*C may be wrong more than an order of magni-
tude when unsaturated zone '*C activities and recharge vary spatially. We then present a case study from
the Ti Tree Basin in arid central Australia, where detailed profiles of *C activity in unsaturated zone gas
and groundwater have been measured, and spatial variability in unsaturated zone '*C is observed (ranging
from 54 to 106 pMC above the watertable). Through modelling our data, we show that when unsaturated
zone 14C activities are known, measurement of the 4C profile can help constrain estimates of recharge
and its spatial variability. This approach improves our understanding of groundwater flow in the Ti Tree

Basin, by showing mountain front recharge to be an important mechanism.

3.1 Introduction

Environmental tracers have been widely used to estimate groundwater age and residence time, and can
potentially provide more accurate estimates of recharge and flow velocity than traditional hydraulic methods
(Cook and Bohlke, 2000). Vertical profiles of groundwater age can be especially useful as indicators of
spatial variability in groundwater recharge. For example, Robertson and Cherry (1989) measured vertical
profiles of groundwater age using tritium in an aquifer in Ontario. They found that the depth at which
‘bomb-peak’ tritium was measured in the aquifer varied spatially, and used this to infer spatial variability

in groundwater recharge.

In arid environments low recharge rates lead to longer residence times and tracers that can provide estimates
of age over longer time scales are needed. Carbon-14 (14C) dating of total dissolved inorganic carbon
(TDIC) in groundwater can provide estimates of age over time scales of ~10% to 10* years, making '“C
useful for estimating recharge in arid zones (Herczeg and Leaney, 2011). For example Harrington et al.

(2002) measured '#C activities in groundwater in the Ti Tree Basin in arid central Australia. Harrington
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et al. (2002) used an analytical approach to demonstrate that recharge varied spatially, with many of the
higher recharge rates lying on flow lines originating near ephemeral surface water features that are subject
to flooding after rare, high intensity rainfall events. Carbon-14 may additionally be used to help calibrate

groundwater flow models in arid and semi-arid environments (Sanford, 2011).

Many factors can complicate the interpretation of '*C in aquifers. For example, carbonate mineral weath-
ering can dilute the '#C activity of groundwater compared to that of the atmosphere (Fontes and Garnier,
1979). In low recharge environments, diffusion and dispersion can significantly enhance transport of '*C in
the aquifer, and this may influence the assessment of groundwater fluxes (Walker and Cook, 1991; Castro
and Goblet, 2005). Production of ‘old’ (low '“C) CO, from oxidation of organic matter or calcite precip-
itation in the unsaturated zone may significantly reduce the '“C activity of soil CO, (Keller and Bacon,
1998; Walvoord et al., 2005; Gillon et al., 2009), which influences the lac activity of infiltrating ground-
water. This may lead to misinterpretation of '#C activities when estimating groundwater age (Bacon and
Keller, 1998). Wood et al. (2014) showed how variation in watertable depth may lead to spatial variation in
14C activities above the watertable (i.e. '“C activity that recharging water would equilibrate with) when a
source of old CO; is present in the unsaturated zone. In this regard estimates of groundwater age from '#C
may differ significantly from estimates provided by other methods (e.g. estimates of age provided by other

environmental tracers or advective ages determined by groundwater modelling).

While previous studies have considered these processes (diffusion, dispersion, production of old CO; in
the unsaturated zone) and their influence on '“C activities in groundwater separately (Walker and Cook,
1991; Castro and Goblet, 2005; Bacon and Keller, 1998), their potential combined effects, along with
spatial variability in recharge on groundwater age profiles have not been assessed. The aim of this study
is to investigate the influence of spatially variable '*C activities at the watertable and spatially variable
recharge on vertical '#C profiles in an unconfined aquifer, firstly in a theoretical study, then secondly using
a field example. We focus on low recharge environments where diffusion and dispersion are also significant.
Through theoretical modelling we show how estimated '“C age profiles under different recharge and '*C
input (14C activity at the watertable) scenarios compare with those determined from particle tracking (i.e.
advective ages, which are not influenced by diffusion and dispersion). We then use measured '“C profiles
from an unconfined aquifer in arid central Australia (Ti Tree Basin), and measurements of unsaturated zone
14C activity, along with groundwater flow and solute transport modelling to inform the likely magnitude

and spatial variability of recharge along three inferred flow lines.

3.2 Theoretical modelling

3.2.1 Methods

To evaluate the influence of spatial variability in recharge and '*C input on '*C derived age profiles, we

present four scenarios using a 2D transect model constructed using the MODFLOW-2005 code. MOD-
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FLOW is a widely used code which solves the partial differential groundwater flow equation using a finite
differencing approach (Harbaugh, 2005). The model represents an unconfined aquifer 50 km long and 65
m deep based approximately upon the length and thickness of the unconfined aquifer in the Ti Tree Basin,
Northern Territory, Australia. The domain is discretised into cells approximately 250 m long and 0.5 m
thick. The left hand boundary and bottom boundary are no-flow boundaries, while the right-hand bound-
ary is a constant head boundary set to maintain saturated thickness at 65 m. Relevant model parameters
(hydraulic conductivity, porosity) are listed in Table 3.1. Recharge rates used for individual scenarios are

discussed later.

Table 3.1: Model parameters used in simulations where * are based on values in Gelhar et al. (1992) for the
aquifer scale modelled; ** are from Browne and Firestone (1999); *** is from Li and Gregory (1974).

] Parameter \ Value |
Horizontal hydraulic conductivity (Ky,y) 100 m d-!
Vertical hydraulic conductivity (K;) 10mdT
Porosity 0.2
Longitudinal dispersivity* 100 m
Transverse dispersivity™* 10 m
T4C decay constant™* 1.21x 104 yT
T4C diffusion coefficient in water*** 3.15x 102 m? y!

Carbon-14 transport was simulated using MT3D, which couples the groundwater flow model with the
advection-dispersion/diffusion equation to simulate solute transport (Zheng, 2010). The unsaturated zone
was not modelled in this exercise. Rather diffusion of '4C into the aquifer from the unsaturated zone is con-
sidered by assigning a concentration boundary at the watertable (which varies spatially in scenarios three
and four). Parameters for diffusion, dispersion and radioactive decay are given in Table 3.1. We ignore
the potential influence of geochemical reactions on '“C dilution in order to assess the influence of *C in-
put activity and spatial variability in recharge in isolation of any other complicating factors (eg. carbonate

weathering).

Advective ages were modelled using the post processing particle tracking code MODPATH (Pollock, 2012),
with particles being assigned to the cells where recharge is applied. This method of modelling groundwater
age ignores the role of diffusion and dispersion which the solute transport model takes into account. The
particles were ‘forward tracked’ so that the time taken to reach a particular cell of interest (i.e. a cell where
age is calculated from 4C concentrations) could be determined. These ages were compared with apparent

14C ages, calculated from simulated '#C activities using the equation:

1 (A

where f represents age (time since recharge in years), A is the initial activity (100 pMC for this exercise),

A is the activity simulated in a particular model cell and A is the decay constant for '*C (Table 3.1).

Recharge rates are often estimated from measurements of groundwater age using simplified analytical so-

lutions (Cook and Bohlke, 2000). Vogel (1967) presents such a solution, which describes the vertical age
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profile in an unconfined aquifer of constant thickness and porosity for a given recharge rate. This method

can be used to estimate recharge in unconfined aquifers via:

HO H
R=="In (H_Z) (3.2)

where R is the average recharge rate over the interval between where the groundwater was recharged and
the sampling location, 0 is porosity, H is the aquifer thickness and z is the depth at which groundwater age
(#) is measured. Here we compare our modelled recharge rates with those that would be calculated based

on application of equation (3.2) to individual points (discrete depths).

Four scenarios were considered in the modelling. In Scenario 1 a recharge rate of 1 mm y™' was applied
across the entire top of the model domain, representing low diffuse recharge in an arid environment. The
14C input activity is 100 pMC (approximating the atmospheric value). Scenario 2 considers all the recharge
to be focused in a small area at the start of the transect, representing preferential recharge or ‘mountain
front recharge’ at an aquifer margin. Mountain front recharge may be a significant source of recharge in
arid and semi-arid climates. It can occur if a basin has an uplifted boundary (eg. a mountain), and large
rainfall events in the uplifted area generate runoff that can lead to focused recharge at the mountain front
(the basin margin) (Wilson and Guan, 2004). The '“C input activity was again 100 pMC across the whole

model domain.

Focused recharge at the aquifer margin was applied in Scenario 3 but in this case the '*C activity at the
watertable varies spatially from 50 pMC to 100 pMC. Wood et al. (2014) measured unsaturated zone “C
activities at multiple sites in the Ti Tree Basin in central Australia, and found consistent trends in l4c
dilution at most sites, with variation in unsaturated zone thickness leading to variation in '#C activities at
the watertable (lower '“C when the unsaturated zone is thicker, data is presented later in section 3.3). The
transition from low to high '4C activity at the watertable across the transect thus replicates what would be
observed if unsaturated zone thickness were to vary from deep to shallow (again, the unsaturated zone was
not modelled in the transect models). Such variation may be observed in groundwater basins with variable

surface topography and flow towards a surface discharge area.

Scenario 4 considers focused recharge at the aquifer margin, spatially variable '*C input activities, but also
includes a low amount of recharge further along the transect. Recharge rates and '“C input activities for all

scenarios are outlined in Figure 3.1.

3.2.2 Results

For Scenario 1 (Figure 3.1), recharge rate and '#C input are spatially constant, which means the '*C profiles
are similar along the transect. Estimated recharge rates (from equation (3.2)) are nearly double the modelled

recharge close to the watertable. This is because of diffusion of *C into the aquifer at this low recharge rate,
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Figure 3.1: Theoretical scenarios 1 to 4 showing the recharge and '“C activity at the watertable, the resulting
streamlines, 1*C activities with depth and recharge rates estimated using equation (3.2) based on simulated
14C activities at observation points at 8 km, 25 km and 42 km along the transect. In Scenario 1 recharge and
14C are spatially constant (at Imm y™! and 100 pMC respectively); in Scenario 2 recharge occurs exclusively
at the basin margin (at 25 mm y-! between 0 and 2 km); in Scenario 3 recharge occurs exclusively at the
basin margin (at 25 mm y!) and '*C activities at the watertable vary spatially; in Scenario 4, recharge is
25 mm y! from 0 — 2 km, 0 mm y-' from 2 — 10 km, and 1 mm y"! for the rest of the transect, while '“C
activities at the watertable vary spatially.

which is not considered in equation (3.2). Recharge estimated from equation (3.2) is close to the modelled
rate in the middle of the aquifer (~30 m depth), but increases exponentially towards the base of the aquifer,
again because diffusion and dispersion transport more '*C to depth in the aquifer. In the model the lower
boundary is a no flow boundary. In reality however, the lower boundary of an aquifer may be an aquitard

containing significantly ‘older’ water. In this case '*C activities (and hence estimated recharge rates) at the
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bottom of the aquifer would be lower, as '#C would diffuse into the aquitard.

In Scenario 2 recharge occurs only at the aquifer margin, so the '“C profiles become progressively ‘older’
further away from the recharge area. However diffusion from the unsaturated zone causes all profiles to
meet the boundary condition of 100 pMC at the watertable. The result is higher '“C activities at the bottom
of the profile than there would be if diffusion were not occurring, consistent with previous findings (Walker
and Cook, 1991). Assessment of the spatial variability in recharge cannot be captured in equation (3.2).
However, for 22% of the observation points, a recharge rate of between 0.5 and 1.5 mm y! is estimated,
which is close to the spatially averaged recharge rate along the transect (1 mm y'). Estimates from the
remaining 78% of observation points range from 0.3 to 28 mm y™!, between approximately a factor of thirty
above the spatially averaged recharge rate (1 mm y!), or a factor of thirty below the recharge rate at the
basin margin (25 mm y!). Deeper observation points closer to the basin margin give the best indication of
the mountain front recharge rate, while shallower observations further downstream give an estimate closer

to the spatially average recharge rate.

In Scenario 3 the influence of spatially variable '#C activities at the watertable can be observed (Figure 1).
As in Scenario 2, activities at depth become lower with increasing distance of the profile from the recharge
area. However as the '4C activity at the watertable is increasing further away from the recharge area, the
profile shapes are different from Scenario 2. The result is that the profile furthest away from the recharge
area has the lowest '“C activities at depth, but the highest activities near the watertable. Conversely, the
profile closest to the recharge area has the highest '“C activities at depth, but the lowest activities close to
the watertable. This complexity that arises from a spatially variable '*C activity at the watertable is further
seen in Scenario 4 (Figure 3.1) where recharge occurs at the aquifer margin, and also at a low rate across

much of the transect.

Discrepancies between modelled groundwater ages using particle tracking (advective ages) and solute trans-
port modelling (tracer ages) are expected in low flux environments, where diffusion and dispersion may
have a significant influence on the distribution of tracer ages (Castro and Goblet, 2005). This discrepancy
between apparent age estimated from modelled '“C activities (using equation (3.1) and assuming Ao = 100
pMC) and ages determined through particle tracking (advective ages) is shown for our theoretical scenarios
in Figure 3.2. The comparison is made for each scenario at the observation points furthest from the aquifer
margin. For Scenario 1 the ages agree well in the upper part of the aquifer (younger ages), however towards
the bottom of the aquifer advective ages increase exponentially, while downward transport of '*C by diffu-
sion and dispersion limit the maximum '*C age. In Scenario 2 advective ages are consistently >5000 years
reflecting the time taken to travel from the recharge source at the aquifer margin. However the presence
of a *C boundary of 100 pMC at the watertable means '#C ages are younger (because of diffusion) in the
upper part of the aquifer. There is some crossover where ages are in agreement in the middle of the profile,
but then advective ages increase with depth while diffusion limits the increase in '*C age, as is observed in

Scenario 1.
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Figure 3.2: Advective (particle tracking) ages compared with apparent ages estimated from '“C profiles at
the observation point 42 km from the basin margin in Scenarios 1 to 4. RCH denotes recharge. Observation
points are spaced vertically 4 m apart from 0 — 60 m depth, then 1 m apart in the bottom 5 m of the aquifer.
Both 4C and advective ages increase with increasing depth in the aquifer.

In Scenario 3 the influence of the spatially variable '“C activity at the watertable has a greater effect on age
disparity than that observed in Scenario 2. Apparent ages from “C become significantly older with depth
than in Scenario 2 — as the '“C input activity from recharge was 50 pMC (not 100 pMC as used in equation
(3.1) to calculate age). In Scenario 4 both the variable '*C boundary and variable recharge result in '“C

ages being consistently older.

3.3 Field demonstration
3.3.1 Site description

To demonstrate the benefit of considering both '*C profiles in groundwater, and spatially variable '“C
activity at the watertable, we present data and modelling from the Ti Tree Basin in Northern Territory, Aus-
tralia (Figure 3.3). The basin, which covers ~5500 km?, is comprised of Tertiary lacustrine and fluviatile
sediments that make up the main unconfined aquifer (undifferentiated sandstone, limestone and silty sand-
stone). Groundwater flows from deeper watertable areas in the south to shallower watertable areas in the

north, where it discharges in a saline wetland.

Our focus in this study is three sites in the centre of the basin. These sites lie on the ‘floodout’ area of
Allungra Creek — a low gradient alluvial surface that is only inundated in rare, large flood events (Tooth,
1999). Tracts of denser vegetation (predominantly mulga trees) are associated with the floodout, and clearly
visible from aerial imagery (inset Figure 3.3). Harrington et al. (2002) estimated recharge rates in the Ti

Tree Basin from '#C activities and the chloride mass balance method, ranging from 0.1 to 50 mm y™!, with
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Figure 3.3: Location of carbon-14 observation sites in the Ti Tree Basin, Northern Territory, Australia. Also
shown are inferred groundwater flow paths (based on potentiometric surfaces) and aerial imagery (Inset)
showing denser vegetation around parts of the Allungra Creek floodplain.

a median value of 0.9 mm y!. Higher estimated recharge rates were few, and spatially associated with the
floodout area of Allungra Creek and the Woodforde River. However Harrington et al. (2002) did not obtain

vertical profiles of '#C and did not consider diffusion and unsaturated zone processes on C.

Detailed profiles of '“C activity in unsaturated zone gas and groundwater were obtained at each site (Figure
3.3, see Wood et al. (2014) for details on sampling and analysis). Based on potentiometric contours, the
three sites are assumed to lie on separate groundwater flow paths (Figure 3.3). At sites A, B and C the
watertable depths are 32 m, 26 m and 19 m respectively. Along each flow line the maximum watertable
depth occurs at the basin margin, and is ~50 m in the case of sites A and B, and ~40 m for site C. Wood
et al. (2014) observed similarity in unsaturated zone 14C0o, profiles with depth at five sites in the Ti Tree
Basin, but noted that variations in unsaturated zone thickness led to variations in the '4C activity observed
above the watertable (Figure 3.4). The depletion of '4C activities in soil CO, was attributed to production of
old CO; deep in the unsaturated zone, most likely through dissolution-precipitation of calcite in the profile
(Walvoord et al., 2005; Gillon et al., 2009). CO, production rates were obtained through unsaturated zone
gas transport modelling and matching CO, and '#C profiles. Sites A and B were calibrated using similar
rates of deep ‘old” CO, production (290 and 300 mmol m™ y!, respectively). At Site C, '4C activities
were more depleted above the watertable and a higher production rate was needed to match the profile
at site C (400 mmol m= y!). Wood et al. (2014) postulated this may be due to some local variation
in unsaturated zone lithology, with potentially more ‘old’ CO, being produced as a result of enhanced
calcite dissolution/precipitation cycles (there was significantly more calcite in the drilling cuttings from

Site C). Based on a sensitivity analysis, relationships between unsaturated zone thickness and '4C activity
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for different rates of deep CO, production were developed which fit observed measurements for the majority
of sites (Figure 3.4). The profile at Site C was also calibrated using lower unsaturated zone porosities than
the ‘base case’, which explains why it does not lie on any trend line). Unsaturated zone '*C data from two
additional sites (D and E) are also shown on Figure 3.4, however these sites have not been modelled as part

of this study.

3.3.2 Methods

For the field demonstration, the models were identical to the earlier presented theoretical models in terms
of discretisation, however, hydraulic conductivity was lowered to 5 m d”! based on estimates for the Ti Tree
Basin given by Knapton (2007). Also the lower boundary of the aquifer at the start of the flow path was
altered, with aquifer thickness increasing from 0 m at the basin margin to a maximum depth of 65 m. This
is based on aquifer cross sections and borehole data presented in McDonald (1988). The aquifer depth of
65 m is an approximate yet realistic representation of saturated thickness throughout this part of the basin.
The length of the transects in each case matches the length of the inferred flow lines. The C activity at
the watertable was handled in the same way, with specified concentrations being assigned in the top layer

of saturated cells in the aquifer.

The relationship between unsaturated zone thickness and *C activity above the watertable shown in Figure
3.4 is used as a basis for assigning '“C activities at the watertable in the field comparisons (Figure 3.5). As
outlined above, the unsaturated zone '*C activity at Site C was more depleted than other sites, and does not
fit the same trend. Because of this, the '“C boundary condition used in the field comparison in Site C is
different from that of Sites A and B. Sensitivity to these concentration boundary conditions is tested in the

following section.

3.3.3 Results

The profile at Site A is a similar shape to those generated in Scenarios 2 and 3 of the theoretical modelling
with a steep '“C gradient near the watertable, and a gentler gradient with depth. Accordingly a good fit to
the '4C data is found with the majority of recharge occurring at the basin margin as mountain front recharge
(Figure 3.5) as recharge close to the sampling point does not produce the low '*C activities (<20 pMC)
at the bottom of the profile. A small amount of negative recharge (simulating groundwater discharge) is
modelled immediately upgradient of the observation site in order to fit the steep '*C gradient in the shallow
part of the aquifer. The modelled profile is somewhat insensitive to the rate and spatial extent of mountain
front recharge (e.g. twice as much recharge over half the distance would yield the same result). But
importantly, the total amount of mountain front recharge and its spatial variability can be determined. The
need for spatial variability in recharge along the transect can be demonstrated by comparing with a profile

that would be generated by spatially constant recharge (also shown in Figure 3.5).
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Figure 3.4: Relationship between unsaturated zone thickness and '“C activity above the watertable for
different rates of ‘old’ CO, production in the unsaturated zone (after Wood et al. (2014)). Also shown are
unsaturated zone '“C activities above the watertable measured by Wood et al. (2014)).

Site B also shows a steep '“C gradient near the watertable, and a much lower gradient with depth, similar
to Scenarios 2 and 3 of the theoretical modelling. A good fit is found with recharge occurring at the basin
margin as mountain front recharge, then a small amount of discharge across the rest of the transect. The
discharge is over a greater distance than Site A, which is required to fit the steeper profile at Site B. The “C
profile at Site C is reproduced with recharge occurring at the basin margin as mountain front recharge, and
also high recharge within 10 km of the observation point which is required to fit the concave shape of the
profile. As discussed earlier, the '*C boundary assigned at Site C is different to that of Sites A and B. At
the start of the transect, '4C activities are similar to those of Sites A and B, but activities are lowered closer
to the site to reflect the lower unsaturated zone '*C activity observed at Site C (sensitivity to this boundary

condition is tested in the following section).

3.3.4 Sensitivity to variations in 1*C input at the watertable

To assess the sensitivity of these profiles to variations in '*C input, two different scenarios were run and
compared with the ‘base case’ scenario for sites A and C. One scenario has a '*C input that varies more
strongly across the transect (from 20 to 80 pMC compared to 40 to 70 pMC for Site A), and one scenario
uses a constant '*C input at the watertable (based on the value measured at the site). Recharge rates are

then varied to fit the '*C profile.

The sensitivity analysis for Site A (Figure 3.6) shows that when the '“C activity at the watertable varies

more steeply, a good fit to the profile can still be obtained, and recharge rates for the mountain front zone
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Figure 3.5: Measured and modelled '*C activities in groundwater at investigation sites A, B and C. At Site
A recharge occurs at the basin margin (10 mm y™'), with 0 mm y! recharge between 1 km and 13 km,
then -0.5 mm y™! (discharge) between 13 km and 15 km. Also shown is the profile generated by spatially
constant recharge (at a rate of 0.65 mm y™!, equal to the total amount of recharge in the calibrated scenario)
demonstrating the need to invoke spatial variability in recharge and mountain front recharge. At Site B,
recharge occurs predominantly at the basin margin (28 mm y!) with a small amount of discharge (-0.1 mm
y!) across the rest of the transect. Also shown is the profile generated using spatially constant recharge
(1.14 mm y™!, again equal to the total amount in the calibrated scenario). At Site C there is mountain front
recharge and significant recharge 10 km up gradient of the observation point.

differ by only 5 mm y!. Likewise when '“C activity is constant, a good fit can still be found with mountain
front recharge lower by 2 mm y™!. Thus with different '“C boundaries upgradient of the sampling point, ,
the profiles can still be fit with similar patterns of spatial variability in recharge. However all models must
have the same '*C boundary value at the observation point in order to fit the profile. As demonstrated in

Figure 3.5, the profiles cannot be fit with spatially constant recharge rate.

Sensitivity results from Site C (Figure 3.6) are more complex. A reasonable fit to the '*C data is obtained
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Figure 3.6: Measured vs. modelled '#C activities at Sites A and C for the scenarios considered in the
sensitivity analysis.

with a steeper '“C boundary condition and more spatial variation in recharge. Interestingly, when “C
activity at the watertable is spatially constant, a reasonable fit is achieved by modelling spatially constant
recharge. Thus to determine spatial variability in recharge, an understanding of likely unsaturated zone '“C
activities upgradient is needed. As with Site A, '4C input activity at the site is needed to model the profile

accurately and determine spatial variability in recharge.

3.4 Discussion

All of the modelled recharge scenarios used to reproduce our Ti Tree Basin '4C data (Figure 3.5) invoke
mountain front recharge as an important mechanism. In some cases (eg. Site C), this conclusion de-
pends upon knowing the likely '*C boundary condition upgradient of the observation point. Mountain front
recharge processes have been hypothesised to be important in the Ti Tree Basin, with recharge driven by
surface water flow off of the uplifted basin margin in the south (Wischusen et al., 2012). Furthermore,
mountain front recharge creates different depth profiles of '*C than scenarios of spatially constant recharge,
as both our theoretical modelling and field demonstration show. Discharge (negative recharge) is required
in these models to produce some of the steep '“C gradients near the watertable and is consistent with deep
rooted vegetation in the basin that may induce evapotranspiration (Reid et al., 2008; O’Grady et al., 2009).
The model for Site C also has mountain front recharge, as well as high amounts of recharge within 10 km of

the Site. Aerial photography (Figure 3.3) shows Site C lying in an extended branch of the Allungra flood-
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plain system that is not densely covered in vegetation (unlike Sites A and B). Hence, Site C is more likely
to be associated with sandy soil types, rather than clays associated with denser vegetation (Harrington et
al., 2002). Aerial photography also shows morphological features resembling channels (not discernible on
the land surface) suggesting significant surface water flows have occurred upgradient and over Site C in the
past (Figure 3.3). The higher recharge rates (up to 30 mm y!) are in the same range as the highest spatially
averaged recharge estimates of Harrington et al. (2002) (25 to 50 mm y™!) and estimates for other arid and
semi-arid regions in the world where recharge from ephemeral streams occurs (Scanlon et al., 2006). Thus
recharge from ephemeral streams and ‘floodouts’ is still likely to be an important mechanism in the Ti Tree

Basin, in addition to mountain front recharge.

We have shown how a variable *C activity as a boundary condition for '*C transport can complicate the
vertical tracer profile in an aquifer. To our knowledge this has not previously been considered when '#C has
been incorporated into groundwater models, and may help improve such models in future studies. We also
demonstrate that without measurement of vertical tracer profiles, very little can be inferred about spatial
variability in recharge, and recharge estimates may be in error by more than an order of magnitude. Mea-
surement of tracer concentrations close to the watertable help constrain the upper concentration boundary
condition, while measurements from deeper in the profile help constrain upgradient recharge processes.
The infrastructure required to sample unsaturated zone gas is relatively inexpensive and can easily be in-
corporated into a drilling program when monitoring wells are being installed (with soil gas sampling tubes
being attached to the outside of a piezometer, see Wood et al. (2014) for details). Installation of piezometer
nests to obtain vertical profiles can be more expensive. However, if accuracy in estimation of recharge and
its spatial variability is desired, then vertical profiles of age tracers and unsaturated zone measurements are

essential.

Although the main focus of this work is '4C, analogous problems related to spatial variation in recharge
and unsaturated zone concentrations may arise with use of other age tracers, especially in arid settings
where diffusion is important. For example anthropogenic tracers with temporally varying input signals
(CFCs, krypton-85, sulfur hexafluoride-6) are transported through the unsaturated zone before reaching the
watertable. Where unsaturated zones are thick (>10 m), spatial variation in unsaturated zone thickness leads
to spatial variation in input concentrations at the watertable (Cook and Solomon, 1995). Spatial variability
in recharge is also known to generate variations in vertical tracer profiles in aquifers (Robertson and Cherry,
1989). Thus in these cases measurement of vertical profiles coupled with knowledge of unsaturated zone
concentrations becomes crucial to assessing recharge. Tracers with temporally constant input signals that
are not subject to unsaturated zone dilution or production will not be as problematic. Argon-39 (*°Ar)
may be an example of one such tracer in environments where subsurface production is insignificant (Loosli
et al., 2000). However discrepancies between advective age and tracer based aged will still occur for a
tracer such as 3°Ar in arid environments, due to diffusion from the unsaturated zone into the aquifer. The

discrepancy between 3° Ar age and advective age due to this process will be greater than that between '“C
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age and advective age. This is because 3 Ar has a shorter half-life (higher decay constant), thus the vertical

gradient within the aquifer will be higher.

We have not considered the influence geochemical processes on '#C. The influence of carbonate weathering
has received significant attention in the past through the development of numerous correction schemes
(Ingerson and Pearson, 1964; Tamers, 1975; Fontes and Garnier, 1979). Such reactions are clearly important
in some settings (eg. Kroitoru et al. (1987)) and can dilute 4C activities potentially leading to overestimates
of groundwater age and underestimates of recharge if not accounted for. However, our work shows that
fundamental problems in conceptualising and understanding the '*C cycle in the unsaturated zone and
groundwater exist even in geochemically simple systems. These problems can lead to significant errors in
interpretation before the influence of mineral weathering on '#C activities has been considered. At our site
there is not a large variation in §'3C values in groundwater (-6.1 to -8.8 %o PDB, see Wood et al. (2014)),
suggesting carbonate weathering (and associated enrichment of §'3C along a flowpath) does not have a

significant influence on the '4C profiles we observe.

Our models for the field application are both homogeneous and run in steady state. Recent studies have
demonstrated the effect of increasing heterogeneity on environmental tracer data and thus groundwater age
and recharge estimates (McCallum et al., 2014; Kozuskanich et al., 2014), however we do not consider
aquifer heterogeneity in this study. Also, recharge in the Ti Tree Basin is likely to vary temporally in
response to large infrequent rainfall events, which may be several decades or centuries apart (Harrington
et al., 2002). Schwartz et al. (2010) showed how temporal variability in recharge can complicate the “C
profiles in an aquifer, potentially causing larger problems for '4C interpretation than carbonate dissolution
alone. Temporal variability in spatial patterns of recharge could also lead to changes in the flowpath over

time which we have also not considered.

3.5 Conclusion

Spatially variability in recharge and '“C activity at the watertable can create complexities in apparent
groundwater age profiles. Groundwater age may be significantly over or under-estimated leading to er-
ror in recharge estimation. The magnitude of this error depends upon the depth and location in the aquifer
from which samples are collected and age is estimated. Measurement of vertical tracer profiles coupled with
knowledge of tracer processes in the unsaturated zone may help overcome this error. Our field application
shows how both measurement of vertical '“C profiles in groundwater and knowledge of unsaturated zone
14C activities enables us to more effectively quantify recharge and asses its spatial variability. Measurement
of groundwater profiles and unsaturated zone '*C activities will be particularly important in low flux (arid)
environments, where diffusion from the unsaturated zone into the aquifer can be significant. Though we fo-
cus on “C in this study, analogous problems will exist with other tracers, making these findings significant

for researchers concerned with tracer based estimates of groundwater age and recharge in general.
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Allungra Waterhole at the end of Allungra Creek in May 2011 (photo by Dr. John Wischusen)
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4 Constraining spatial variability in recharge in an arid environment

through modelling carbon-14 transport in groundwater

Abstract

Carbon-14 (#C) has been widely used to estimate groundwater recharge in arid regions, and is in-
creasingly being used as a tool to assist numerical model calibration. However lack of knowledge on '#C
inputs to groundwater potentially limits its use in solute transport modelling. In this study we use direct
measurements of *C in the unsaturated zone to develop a spatially variable '*C input map for a regional
scale unconfined aquifer (the Ti Tree Basin in central Australia). The map is used as a boundary condi-
tion for a 3D groundwater flow and solute transport model for the basin. The model is calibrated to both
groundwater '4C activity and groundwater level, and calibration is achieved by varying recharge rates
in 18 separate zones. We test the sensitivity of the calibration to both the '#C boundary condition, and
the number or recharge zones used. The calibrated recharge rates are within previously reported ranges
and agree with previous studies on spatial variability in the basin (recharge is higher in the mountain
front zone and near ephemeral surface water features). This approach demonstrates the importance of
boundary conditions for '*C transport modelling ('4C input activity), for improving estimates of spatial

variability in recharge.

4.1 Introduction

In arid regions, understanding groundwater recharge is critical to managing groundwater resources. How-
ever quantifying recharge is complicated in such environments, as rainfall is often low and episodic (Gee
and Hillel, 1988). Recharge may vary spatially and occur via different processes, such as focused recharge at
the basin margin (ie. mountain front recharge (Wilson and Guan, 2004)), direct recharge beneath ephemeral
rivers (Fulton et al., 2012), or aerially distributed diffuse infiltration through the unsaturated zone (Scanlon
etal., 2006). Environmental tracer techniques such as groundwater dating with carbon-14 (1#C) have proven
useful for investigating groundwater recharge (Vogel, 1967) and have been widely used in arid environments

(Dincer et al., 1974; Cresswell et al., 1999; Kulongoski et al., 2008; Herczeg and Leaney, 2011).

Carbon-14 has also been used as a calibration target (in addition to groundwater level) in numerical ground-
water models. Several studies have compared modelled advective groundwater ages (determined through
particle tracking) with ages estimated from '“C to assist in model calibration and recharge determination
(Sanford and Buapeng, 1996; Sanford et al., 2002; 2004; Michael and Voss, 2009). However comparisons
between modelled advective age and measured apparent age can be complicated. This is because advective
ages do not account for diffusion and dispersion, which can affect the transport of a tracer such as '*C
(thus influencing the distribution of apparent ages). Therefore modelling of tracer concentrations directly
may be more desirable (Troldborg et al., 2007; McCallum et al., 2015; Gardner et al., 2013; Turnadge and
Smerdon, 2014). This is especially important in arid regions, where diffusive transport of tracers such as

14C may be just as important as advective transport (Walker and Cook, 1991).
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Studies that have modelled '*C transport directly (ie. solute transport modelling accounting for advection,
diffusion, dispersion and radioactive decay) have generally been limited to 2D transect models (Zhu, 2000;
Castro and Goblet, 2005; Schwartz et al., 2010). These 2D model studies have assumed l4c inputs from the
unsaturated zone to be modern (90 pMC in Castro and Goblet (2005); 100 pMC in Zhu (2000) and Schwartz
(2010)). However many studies have shown that unsaturated zone '4C activities may be significantly diluted
(Haas et al., 1983; Walvoord et al., 2005, Gillon et al., 2009) and spatially variable (Wood et al., 2014),
with significant implications for the interpretation of groundwater '#C activities (Bacon and Keller, 1998;

Wood et al., 2015).

In this study we use measured vertical profiles of '*C in groundwater in the Ti Tree Basin, central Australia,
and a 3D groundwater flow and solute transport model to estimate the spatial variability of groundwater
recharge. Carbon-14 activities are modelled directly, and the '*C boundary condition at the watertable (14C
input activity) is constrained by measurements of the spatial variability of unsaturated zone '*C activities
(Wood et al., 2014). Parameter estimation software (PEST, (Doherty, 2010)) is used to calibrate the model
to both heads and '“C activities, by allowing recharge to be varied within specified zones. The recharge
zones are user defined and based on physical features in the basin (e.g. ephemeral streams) as well as the
conceptual understanding of recharge processes (ie. the importance of mountain front recharge in the basin,

Wood et al. (2015)).

4.2 Site description

The Ti Tree Basin is located in the Northern Territory, in arid central Australia, and covers approximately
5500 km? (Figure 4.1). Average annual rainfall is 300 mm y! and predominantly occurs in summer months
(December to March). Soil types vary from dark red massive clays that are dominated by mulga vegetation
(Acacia spp.) to red earthy sands that are dominated by spinifex grass (Trioda spp.) understory and a
sparse, open woodland of bloodwood (Corymbia spp.) and coolabah trees (Eucalyptus spp.). Uplifted
Paleoproterozoic rocks form the boundary of the basin, with the interior being relatively topographically
flat (elevation ranges from 648 m above the Australian Height Datum (m-AHD) in the south east corner
to 480 m-AHD in the north). The main unconfined aquifer in the Ti Tree Basin is comprised of a 60 to
90 m deep sequence of Tertiary lacustrine and fluviatile sediments (undifferentiated sandstone, limestone
and silty sandstone). Groundwater flows from deeper watertable areas (> 40 to 60 m below ground) in the
southern parts of the basin to shallower watertables in the north, where it discharges in a saline wetland

(approximately 20km north-west of the northern margin in Figure 4.1).

One of the main topographic features, the Woodforde River, is a predominantly dry river channel underlain
by coarse, pebbly sands that reach a maximum thickness of ~6 m (the sands are underlain by a clayey sand-
stone). A riparian corridor of river red gums and coolabah trees (Eucalyptus spp.) line the river for most

of its length. The coarse sands in the Woodforde River channel host a perched aquifer following flooding
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events in the river, however this aquifer does not persist as water is lost via transpiration by riparian vegeta-
tion and downward leakage towards the regional aquifer (Villeneuve et al., 2015). The downstream section
of the Woodforde River dissipates into a ‘floodout’ - a low gradient alluvial plain with dense vegetation
cover (near the 550m potentiometric contour on Figure 4.1). These floodout areas only become inundated

during large, rare flood events (Tooth, 1999).

Allungra Creek is an ephemeral river channel that originates in the southern basin margin, and dissipates
into a floodout in the south-central part of the basin. Both Allungra Creek and the Woodforde River have
previously been identified as likely locations of preferential recharge to the Ti Tree Basin (McDonald,
1988; Calf et al., 1991; Harrington et al., 2002). The margins of the basin have also been identified as
areas where recharge may be higher, through mountain front recharge (Wood et al., 2015). Harrington et al.
(2002) estimated recharge to the Ti Tree Basin using both '“C and the chloride mass balance method, and
found recharge generally ranged from 0.1 - 2 mm y-'. However some higher rates (up to 50 mm y') were

estimated from '*C measurements in the vicinity of the Woodforde River and Allungra Creek.
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Figure 4.1: Location of '*C investigation in the Ti Tree Basin, Northern Territory (NT), Australia (ground-
water discharge area Stirling Swamp is not shown, but lies ~20km north-west of the northern margin).

4.3 Methods
4.3.1 Data collection

Approximately 90 piezometers were installed and sampled in this study between June 2011 and August
2012. Drilling for piezometer installation was done using conventional rotary methods and air circulation.
At many locations, multiple piezometers were installed in a single borehole in ‘nested’ configurations, so
that vertical profiles of groundwater samples could be collected. Piezometers were constructed of 50 mm

diameter PVC with slotted screen apertures of 1 mm. Screen lengths were between 1 to 2 m, and a gravel
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pack of 5 to 7 mm aggregate gravel was installed in the annulus around screened intervals. At each site the
borehole annulus above the gravel packs was sealed with bentonite, then back-filled with drilling cuttings
(to the surface in single piezometer holes, and to just below the level of the next shallowest piezometer
screen for nested holes). Unsaturated zone gas sampling tubes were also installed at sites A2, A3, A4, N1

and N3 (Figure 4.1). Installation and sampling details for these may be found in Wood et al. (2014).

Groundwater was sampled using a Grundfos MP1 submersible pump, and measurements of salinity (as
specific conductivity), pH and temperature were made while purging bores. Alkalinity (mg L' as CaCO3)
was also measured in the field by titration using a Hach AL-DT alkalinity kit. Samples for carbon isotope
(**C and §'3C) analysis of dissolved inorganic carbon (DIC) were collected after approximately three bore
volumes had been purged and field parameters had stabilised. Carbon-14 isotope analysis was performed
by accelerator mass spectrometry (AMS), while §'3C was performed by Isotope Ratio Mass Spectrom-
etry (IRMS). Analysis was performed predominantly at Rafter Radiocarbon (New Zealand), however 12
samples were analysed using the facilities at the Australian Nuclear Science and Technology Organisation
(Fink et al., 2004). Carbon-14 activities of groundwater are reported as 14Cpic:2Cpc relative to the in-
ternational standard (Stuiver and Pollach, 1977) in units of percent Modern Carbon (pMC). Stable isotope

ratios ("3Cpyc:'?Cpic) are reported in per mil (%o) relative to the international standard (Craig, 1957).

4.3.2 Numerical modelling

The use of measured '4C activities in groundwater to constrain spatial variability in recharge was achieved
by linking a 3D numerical flow model with a '*C transport model. The numerical model in this study is
based on a groundwater flow model developed by Knapton (2007) using the finite element code FEFLOW
(Diersch, 2014). The model domain represents ~3700 km?, which covers the majority of the saturated
sediments in the basin, based largely on the interpretation of Read and Tickell (2007) (Figure 4.1, note
the model domain does extend 10 km further north, see Figure 4.5). The domain is bounded by a no-flow
boundary representing out-cropping Paleoproterozoic rocks, with the exception of the northern limit of the
domain where a constant head boundary is assigned to allow discharge from the domain. This constant
head boundary represents regional discharge, which in reality is thought to occur via evapotranspiration
in a saline wetland further north, where the basin terminates and the watertable comes with 1 m of the
ground surface. The model of Knapton (2007) consisted of two layers: an upper layer of lower horizontal
conductivity (0.2 m d!) and a lower layer of higher hydraulic conductivity (5 m d-!for the majority of the
domain, then 17 m d'in the north-eastern branch of the domain). Vertical conductivities were assigned an
order of magnitude lower than horizontal values. The conductivity distribution was based on information
from drilling logs and aquifer tests, and the conductivity values were adjusted by Knapton (2007) during
calibration. As part of this study the model was more finely discretised by increasing the number of layers

(42), nodes (347,956) and elements (661,920).

Solute transport was implemented in FEFLOW to simulate '#C, and relevant parameters are listed in Table
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4.1. An upper concentration boundary condition was applied at the watertable by combining two spatial
data sets using cokriging. Cokriging is a method of spatial interpolation that uses more than one data set
(where there is a relationship between data sets) to improve interpolation. Cokriging is useful when a
primary data set of interest for interpolation is sparse, and an additional data set (with some relationship to

the primary data set) may provide additional spatial coverage. In our case, these data sets were:

1. 14C activities measured near the watertable (generally within O - 10 m of the watertable, in groundwater
and unsaturated zone gas) at all investigation sites in the Ti Tree Basin (Figure 4.1). These data give the
best indication of spatial variability in '“C inputs at the watertable (and are discussed further in the Results

section (Figure 4.4)) however they provide limited spatial coverage.

2. A relationship between unsaturated zone thickness and unsaturated zone!'*CO, activity directly above
the watertable, outlined by Wood et al. (2014) (where greater unsaturated zone thickness is related to lower
14C0, activities above the watertable).

Table 4.1: Model parameters used in simulations where * are based on values in Gelhar et al. (1992) for the
aquifer scale modelled; ** are from Browne and Firestone (1999); *** is from Li and Gregory (1974).

’ Parameter \ Value ‘
Porosity 0.3
Longitudinal dispersivity* 50 m
Transverse dispersivity* S5m
T4C decay constant™* 1.21x 104 y!
T4C diffusion coefficient in water*** | 3.15x 107 m? y’!

Model calibration was performed with PEST (Doherty, 2010). PEST uses the Gauss-Levenberg-Marquardt
algorithm (GLMA) to iteratively improve the fit to model calibration targets, expressed as the weighted sum

of squares of the residuals between measured and modelled results:

¢ :Zwi(h;)hs_hfim)z (41)

where ¢is the objective function, 4°”’is a measured value (eg. hydraulic head or '*C activity), #*™is the
simulated value, and w is the weight applied to the measurement. Calibration targets were both hydraulic
head measurements and '“C activities. Carbon-14 activities were weighted in the calibration by applying
the inverse of their assumed error (in this case ten percent of the measured value). This error accounts
predominantly for sampling error (ie. possible mixing over the screened interval of the aquifer during
pumping and sampling) and also analytical error (generally < 1 pMC). In this way, '#C observations were
normalised so that values an order of magnitude apart (eg. 6 to 81 pMC in our case) had equal contribution
to the objective function. Hydraulic head values were assigned a weight of 0.2 to give them a slightly lower
contribution to the objective function compared to '#C. In addition to measurements made in this study,
a number of hydraulic head measurements were taken from the Northern Territory Government database,
where measurements may have been made up to three years prior to this study at locations where “C

was not measured in this study. While groundwater levels are generally static in the Ti Tree Basin, these

47



measurements were nonetheless assigned a lower weight (0.1) to the head measurements made as part of

this study. In total, 70 observations of both 14C and head were used in the calibration.

The basin was divided into 18 zones in which recharge rates were optimised. The zones were based on
physical features in the basin (such as the Woodforde River and its floodout area, and the Allungra Creek
floodout) thought to be associated with recharge rates. Zones were also placed at the basin margins to

represent locations where mountain front recharge may occur.

4.4 Results
44.1 Groundwater chemistry

Measured '“C activities ranged from 104.5 pMC in the perched aquifer beneath the Woodforde River, to
6.7 pMC near the bottom of the regional aquifer in the south-central part of the basin (Figure 4.2). There is
a trend of decreasing '*C activity with depth below the watertable across the basin and in vertical profiles
at individual sites (see later Figure 4.7 for vertical profiles). The trend of decreasing '“C activity with depth
can be used to infer the likely range of recharge rates, using the analytical model of Vogel (1967) that relates

14C activity with depth in an aquifer to aquifer geometry, recharge and porosity:

A=Ay (H’i Z) o A(HO/R) 4.2)

where A is '4C activity measured at depth z, Ag is the initial or ‘input® '*C activity, H is aquifer thickness,
Ais the decay constant for '*C, @ is porosity and R is the recharge rate. The solution to equation 4.2
assumes aquifer thickness and recharge are constant and ignores diffusive transport of '#C. Assuming Ay is
100 pMC, the decreases in '“C activity with depth in this study suggest recharge ranges from 0.1 mm y-!
to S mm y! (Figure 4.2(a)). As discussed earlier, both Ag and R are known to vary spatially in the Ti Tree
Basin, thus the range of recharge rates is only a broad estimate. Nevertheless, it is consistent with generally

low recharge rates estimated by previous studies (Harrington et al., 2002).

Samples collected near the Woodforde River (both in the perched aquifer and in the regional aquifer close
to the river) are generally higher in '*C activity (> 65 pMC, up to 23 m below the watertable) than those
collected in the rest of the basin (generally < 60 pMC). As previous work has shown, depth of plant roots
may play a role in determining unsaturated zone '#C activities, which in turn influences '“C activities in
underlying groundwater (Wood et al., 2014). Close to the Woodforde River a riparian corridor of predom-
inantly Eucalyptus spp. vegetation is present, and tree roots were observed in a piezometer screened 20 m
below ground near the Woodforde River in November 2013. Hence these deep roots may be responsible for

respiring more modern '4CO, at depth in the unsaturated zone.

Elsewhere in the basin, '#C activities in groundwater within 0 - 10 m below the watertable generally follow

a trend of being lower where unsaturated zones are thicker (Figure 4.4). This is consistent with our under-
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standing of the spatial variability of '*C inputs in the Ti Tree Basin (Wood et al., 2014). Figure 4.4 also
shows the theoretical relationship between unsaturated zone thickness and '*C activity above the watertable
developed previously (Wood et al., 2014). This relationship is based unsaturated zone gas transport models
of varying thickness (eg. 10 m to 50 m thick unsaturated zones) where rates of CO, production from root
respiration (modern 14C) and ‘old’ CO, production near the watertable (zero 14C) are kept constant. The
result is lower '“C activities above the watertable where unsaturated zones are thicker. Groundwater sam-
ples lie below the line as is expected (the line represents “C activity of gas at the base of the unsaturated
zine). There is some scatter, which most reflects the spatial variability in factors affecting '#C dilution in
the unsaturated zone and hence input activity, and the different depths at which groundwater samples were
collected (0 - 10 m below the watertable). These factors include variation in lithology and unsaturated zone
mineralogy (dissolution-precipitation of calcite is thought to be responsible for the '4C dilution (Walvoord
et al., 2005; Gillon et al., 2009; Wood et al., 2014)) and variation in root depth (which acts as a source of
modern CO; in the unsaturated zone through respiration). As discussed earlier, deeper rooted vegetation

near the Woodforde River is thought to be responsible for higher '“C activities in groundwater in that area.
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Figure 4.2: (a) Carbon-14 activities measured in the Ti Tree Basin aquifer in this study and theoretical '4C
profiles for recharge ranging from 0.1 mm y! to 5 mm y™! (based on equation 4.2 and assuming Ay = 100
pMC) and (b) the relationship between '“C activity and §'3C content.

Carbon-13 composition of DIC in groundwater ranges from -5.5 to -8.5 %o for most of the Ti Tree Basin,
however closer to the Woodforde River and in the perched aquifer, values range from -9.3 to -16 %o (Figure
4.2(b)). Vertical profiles of '*CO, in unsaturated zone gas at five of these sites (Figure 4.3) showed val-
ues ranging from -13.5 to -16.8 %o, consistent with respiration from C4 grasses at these sites (ie. spinifex
with 8§'13C ~-14.5 %o (Cook and Dawes-Gromadzki, 2005). Thus the range of §'3C values in groundwater
away from the river is consistent with inputs from unsaturated zone gas, given a fractionation factor of
approximately 8 %o between *CO, in unsaturated zone gas and '*Cpjc in groundwater (consistent with
the expected fractionation given that measured pH generally ranges from 7 to 8 and temperatures generally
~ 28 °C (Clark and Fritz, 1997)). Vertical profiles of §'3C in groundwater also show little variation spa-

tially (Figure 4.3), suggesting that weathering of aquifer minerals, though likely to be occurring, is not a
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significant source of DIC to groundwater (ie. there is no clear trend of enrichment in §'3C with dilution
of 14C for large parts of the basin). Closer to the Woodforde River, the more depleted §'3C values likely
represent inputs from unsaturated zone gas where a mixture of grasses and C3 trees are present. The most
depleted values are seen in the perched aquifer in the Woodforde River, where uptake of water and CO,
respiration is likely to be dominated by riparian trees (e.g. Eucalyptus camaldulensis with §'3C -27.7 to

-29 %o (Thorburn and Walker, 1994)).
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Figure 4.3: Vertical profiles of 813C in unsaturated zone gas (13C0,) and groundwater (BCpje) at five
investigation sites in the Ti Tree Basin
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Figure 4.4: Data used in the cokriging approach for determining the '*C boundary condition at the wa-
tertable: groundwater *C activities near the watertable (primary data source, where groundwater samples
are the shallowest piezometer at each site, generally <10 m below the watertable) and the relationship un-
saturated zone thickness and '*C activity directly above the watertable (based on earlier work in the Ti Tree
Basin (Wood et al., 2014) .
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4.4.2 Numerical modelling

Cokriging was performed using ArcMap software (ESRI, 2014) using both measurements of '#C near the
watertable, and a relationship between unsaturated zone thickness and 'C activity directly above the wa-
tertable (Figure 4.4). The result is a map of spatially variable '4C input activities for the solute transport
model (Figure 4.5(a)). Generally '“C input activities are lower in the southern parts of the basin, where
unsaturated zones are thicker, and become more modern in the northern parts of the basin. However higher
14C activities associated with proximity to the Woodforde River can be seen near the western margin of the

basin.
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Figure 4.5: Model domain showing geometry and “C activity boundary condition for the transport model
(a) based on the cokriging approach and (b) based on unsaturated zone thickness.

Prior to running PEST, a small manual refinement to the hydraulic conductivity (K) values of Knapton
(2007) was made in the lower south-east portion of the model of the model domain, where lower K values
were assigned (Kx,y = 0.1 m d'!). This was based on drilling and groundwater sampling conducted as part

of this study, where piezometers were found to be low yielding (site SE2 in Figure 1).

The model was calibrated in steady state. Initial best-guess estimates of recharge were based on existing
knowledge (higher recharge along the basin margin and the Allungra Creek floodout from Harrington et al.
(2002) and Wood et al. (2015)) and then final calibration was achieved with PEST (Figure 4.6). The PEST
simulations obtained recharge rates that varied spatially from -1.9 to 11.6 mm y-!, with an average recharge
rate across the basin of 1.11 mm y™!. The root mean squared error (RMSE) for modelled groundwater level
was 2.9 m. The RMSE for '4C activity was 8.02 pMC, demonstrating a reasonable fit to measured '*C and
vertical profiles (Figure 4.7). Higher recharge rates (3.7 - 9.6 mm y!) are generally in the basin margins
representing mountain front recharge (zones 2, 4, 5, 7, 8, Figure 4.8). The highest recharge rate (11.6 mm
y 1) is in the centre of the basin (zone 13), associated with the floodout from Allungra Creek. Negative
recharge rates (ie. discharge) were found for zones 1, 9, 10, 15 and the Woodforde River vegetation area.
Zones 9 and 15 are in the northern part of the basin where watertables become shallower (<10m below

ground level) and higher salinity values are found (total dissolved solids > 1500 mg L!), thus discharge
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may be occurring through plant transpiration.
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Figure 4.6: Measured vs. modelled hydraulic head measurements and '4C activities in the Ti Tree Basin.
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Figure 4.7: Measured vs. modelled '“C vertical profiles at investigation sites in the central Ti Tree Basin
(RN refers to registration number of the drill holes in which piezometer nests were installed).

PEST was used to calculate 95% confidence intervals for recharge in the 18 zones (Figure 4.8, Table 4.2).

While recharge estimates in some zones appear well constrained with narrow confidence intervals (eg.

zones 10 to 17), other zones have very wide confidence intervals, well outside the recharge range expected

(eg. zones 7, 8, 9). This may be due to these zones being relatively small. Also the widest confidence
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interval is for zone 9, which has no observation data located in it or down gradient from it (zone 8 is similar
with wide confidence intervals and there is likely no influence from recharge in this zone on observations
down gradient). Further sensitivity analysis was performed by reducing the number of recharge zones
(amalgamating some of the 18 zones, Figure 4.8). Reducing the number of recharge zones to four resulted
in narrower confidence intervals, however one zone still displays high uncertainty (zone 3 in this case -
however there is little groundwater head data and no '#C data in this zone (Figure 4.8, Table 4.3). Also this
results in an increase in RMSE for both '*C (up to 8.62 pMC) and head (up to 5.5 m). A further calibration
was performed in PEST using one recharge value for the entire model domain. The calibrated recharge rate
(0.36 mm y!') had narrow confidence intervals (0.07 to 0.65 mm y-!), however model fit was poorer again
(RMSE of 12.41 pMC for *C and 7.07 m for head). Thus while confidence in estimates for the 18 recharge

zones may be low, a higher degree of spatial variability in recharge produces a better fit to measured data.

Sensitivity to the boundary condition for '“C was tested by running a second model where “C input ac-
tivities were based purely on the relationship between unsaturated zone thickness and '“C (ie. using only
the trend line in Figure 4.4 and no additional data, see Figure 4.5(a)). This model was also calibrated with
PEST. Calibrated recharge rates were similar in magnitude (ranging from -1.8 to 11.7 mm y!) and spatial
variability (higher recharge in the Allungra floodout and mountain front recharge zones). However the fit to
14C activity and head was poorer, with a RMSE of 16.46 pMC and 5.59 m respectively, and 95% confidence
intervals are generally wider for all recharge zones (see Table 4.4 for recharge rates and confidence intervals
from this scenario). Also for this second model (with a simpler boundary condition), confidence intervals
for nearly all zones overlap 0 mm y'!, meaning there is uncertainty as to whether these are recharge or
discharge zones. The exception are zones 13 (Allungra Creek floodout) and 14, where confidence intervals
are positive (do not overlap 0 mm y™!). However for the model with the boundary condition based on cok-
riging, fewer zones overlap 0 mm y*!, thus an increased number of zones can be more confidently described
as recharge zones (including the Allungra Creek floodout zone 13, and zones 2 and 4 representing mountain

front recharge).

4.5 Discussion

The calibrated recharge rates in this study are within ranges previously reported for the Ti Tree Basin.
Harrington et al. (2002) reported recharge rates (estimated from '“C data) ranging generally from 0.1 to 2
mm y!, with a few estimates ranging from 5 to 50 mm y! (median 0.9 mm y™'). The ‘average’ recharge
rate from this study (ie. the total volumetric flux into the model divided by the area) is 1.11 mm y!, also in
good agreement with with the average reported by Harrington et al. (2002) from the chloride mass balance
method (0.8 mm y'!). The highest recharge rate in this study (11.69 mm y') is spatially associated with
the Allungra Creek floodout, in the same part of the basin as Harrington et al. (2002) estimated recharge to
be highest. Likewise, higher recharge rates around the basin margin (representing mountain front recharge)

are in agreement with the findings of Wood et al. (2015). Recharge is estimated to be low (1.26 mm y!)
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Figure 4.8: 95% confidence intervals for recharge estimates with 18 recharge zones and 4 recharge zones.

or negative (-0.85 mm y!) along the Woodforde River, despite it previously being identified as a likely
recharge area. However the highest estimate of recharge near the Woodforde River from Harrington et al.

(2002) of 6.86 mm y'was for a location further north of the Woodforde River floodout (recharge zone 18
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in Figure 4.8) where the watertable is shallower than at our investigation sites.

The finding that recharge may be negative (ie. discharge is occurring) in parts of the basin is also consistent
with recent studies showing that plant water use is a significant component of the water balance in the basin
(Chen et al., 2014). Shanafield et al. (2015) investigated groundwater discharge in Stirling Swamp (thought
to be the regional groundwater discharge zone, north of the model domain), and found that estimated dis-

charge volumes were not sufficient to resolve the water balance for the basin, suggesting discharge occurs
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Table 4.2: Calibrated recharge rates and 95% confidence intervals for models with 18 recharge zones

Model with eighteen recharge zones and cokriged "*C boundary

Recharge zone | Recharge rate (mm y') | Upper 95% limit | Lower 95% limit
1 -1.89 -34.14 30.36
2 9.59 3.19 15.98
3 1.34 0.74 1.93
4 8.21 1.19 15.23
5 3.71 -3.68 11.11
6 3x104 -1.28 1.29
7 7.98 -41.49 57.46
8 8.84 -118.10 135.77
9 -0.21 -133.53 133.11
10 0.02 -0.81 0.86
11 0.33 -0.40 1.06
12 1.26 0.15 2.37
13 11.69 8.12 15.24
14 1.12 0.68 1.55
15 -0.13 -0.90 0.63
16 7.3x10° -1.99 1.99
17 0.01 -2.56 2.58
18 -0.85 -40.27 38.57

Table 4.3: Calibrated recharge rates and 95% confidence intervals for models with 4 recharge zones

Model with four recharge zones and cokriged "*C boundary

Recharge zone | Recharge rate (mm y') | Upper 95% limit | Lower 95% limit
1 0.65 0.47 0.82
2 1.20 0.97 1.43
3 -2.00 -28.03 24.03
4 17.00 12.72 21.29

Table 4.4: Calibrated recharge rates and 95% confidence intervals for models with 18 recharge zones and

14C input activities based purely on unsaturated zone thickness (Figure 4.5(b))

Model with eighteen recharge zones and I C boundary based on unsaturated zone thickness

Recharge zone | Recharge rate (mm y 1) | Upper 95% limit Lower 95% limit
1 -1.37 -42.41 39.66
2 19.95 -32.01 71.91
3 3.65 -2.88 10.18
4 5.00 -3.05 13.05
5 3.79 -2.25 9.83
6 -1.00 -7.90 5.90
7 10.32 -56.33 76.97
8 13.05 -97.34 123.45
9 -0.09 -22.66 22.48
10 -0.08 -2.34 2.19
11 0.28 -0.76 1.32
12 0.01 -0.58 0.61
13 8.70 3.18 14.23
14 2.00 1.33 2.67
15 2.00 -33.05 37.05
16 2.67 -23.68 29.03
17 0.75 -22.40 23.90
18 -1.00 -31.22 29.22

elsewhere in the basin (most likely through plant transpiration). Tree roots in the study area are thought to

extend to at least 10 m depth in parts of the basin (Wood et al., 2014), however work in similar environments
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in central Australia has demonstrated that plant roots may extend to at least 20 m below ground level (Reid
et al., 2008). Likewise profiles of soil water potential in the Ti Tree Basin and similar environments have
shown that upward movement of water is likely to occur from watertables up to 20 m below ground, where

soil water potentials as low as -10 mega Pascals (MP) have been observed (Cook et al., 2005).

Sensitivity analysis showed that overall confidence in estimates of spatial variability in recharge may be low,
with wide confidence intervals on recharge estimates for some zones. The widest confidence intervals were
for mountain front recharge zones along the northern boundary of the model. These zones were relatively
small and had few or no observation data ‘down gradient’ of them. Reducing the number of recharge zones
(amalgamating these mountain front recharge zones with larger parts of the model domain, Figure 4.8)
did improve confidence in recharge estimates in these areas, however this also resulted in a poorer fit to
model data, and our expert knowledge of mountain front recharge processes was not accommodated. The
model fit to measured data was also sensitive to the boundary condition for transport (*C input activities).
A poorer fit was observed when the boundary condition was based solely on the relationship between
unsaturated zone thickness and '*C input activity (and not augmented with measurements of '4C activity
in groundwater near the watertable). Thus more accurate determination of spatial variability in '*C input
activities, achieved through measurement of 14C activities near the watertable (in both the unsaturated zone

and groundwater) can help improve model calibration.

Temporal variability in recharge has not been considered in this study, despite it being an important process
in the Ti Tree Basin. The intense rainfall events and flooding that generate recharge occur approximately
once every 5 - 10 years in the basin (Harrington et al., 2002). Such periodic flooding is thought to have been
occurring throughout the past 20,000 years in the region (English et al., 2001). The lowest 'C measure-
ments in this study are ~6 to 8 pMC, which correspond to apparent ages of ~20,000 years, encapsulating
the period over which periodic flooding has been occurring. Thus the recharge rates determined here are
likely to represent long term averages for this period, and thus are useful for water resource planning and

management to achieve long term sustainability.

Spatial variability in hydraulic conductivity, as well as recharge is likely to have an influence of the dis-
tribution of tracers such as '4C (Sanford, 2011; McCallum et al., 2014; Kozuskanich et al., 2014). The
conductivity field used in our model is based on available drilling and aquifer testing, however it is a sim-
plification of the real hydraulic conductivity distribution. Nevertheless this study demonstrates that spatial
variability in '*C input activity (!#C activities at the watertable) is equally important in obtaining good
model fit, and thus a significant constraint on modelling '#C transport. Also we do not consider the in-
fluence of geochemical reactions such as carbonate weathering or oxidation of organic carbon, which may
lower the activity of '*C in an aquifer. Salmon et al. (2014) have developed a modelling framework for
simulating the influence of such geochemistry on '*C age within an aquifer, which represents an important
step forward in modelling '#C transport in groundwater. Though our study does not incorporate this reac-

tive transport component, the demonstrated influence of boundary conditions for '4C transport will likely
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inform future studies which attempt to simulate '*C transport, reactivity, and '“C derived age.

We have not made a direct comparison between modelled groundwater age and '#C estimated age, as
previous studies have done (eg. Sanford et al. (2004)). This would be difficult in our case, as a particle
tracking model would be needed to ‘back track’ the recharge location of '*C measurement points in the
model, and then determine the '*C input activity (from the map of spatially variable '*C inputs (Figure
4.5)) in order to provide an estimate of '#C age. However the particle tracking method does not account
for the influence of diffusion, which is important in defining the '*C distribution where recharge is < 1
mm y! (Walker and Cook, 1991), which is the case for large parts of our model. Thus modelling tracer

concentrations directly is more appropriate in this case.

Previous studies have shown the value of collecting spatially distributed tracer data and vertical profiles
of age tracers for determining spatial variability in recharge (Robertson and Cherry, 1989; Solomon et al.,
1992). These previous studies have considered 2D conceptual and numerical models to interpret tracer data.
The present study builds upon this previous work by demonstrating the value that a spatially distributed set
of age tracer data can provide in determining spatial variability in recharge across an entire basin with the
use of a 3D flow and transport model. Determining regional scale variability in recharge is complex, and of-
ten involves a multidisciplinary approach where various aspects of recharge are investigated separately (eg.
mountain front recharge, ephemeral river recharge, diffuse recharge (Bartolino and Cole, 2002)). Though a
significant amount of previous work has been conducted in the Ti Tree Basin which has assisted our study
(Calf et al., 1991; Harrington et al., 2002, Knapton, 2007), the 14 data set presented here and interpretation
through transport modelling has greatly improved our understanding of spatial variability in recharge and
importance of different recharge processes. This would not have been possible without the measurement of
unsaturated zone '“C and '*C activities in groundwater near the watertable. With an increase in the num-
ber of studies in which environmental tracer concentrations are interpreted with a solute transport model
(Turnadge and Smerdon, 2014), these findings will be useful in the design and implementation of future

environmental tracer studies.

4.6 Conclusion

Environmental tracers such as '“C are finding increasing use as tools to help numerical model calibration,
particularly using a solute transport modelling approach. However the suitability of such tracers to solute
transport problems has not been extensively tested in 3D models, and is limited by understanding of tracer
input concentrations which may vary spatially. This study demonstrates that incorporation of a spatially
variable boundary condition for '*C input into a regional groundwater flow and solute transport model
greatly improves the use of '4C as a calibration target. Recharge rates obtained from the calibrated model
are in good agreement with existing estimates, helping to validate model results. Measurement of envi-

ronmental tracer data near the watertable (either directly below in groundwater or above in the unsaturated
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zone) provides the best way to understand the spatial variability in tracer inputs. These findings will help

inform future studies of both measurement and modelling of environmental tracers such as '“C.
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Sturt’s desert rose (Gossypium sturtianum) and an incoming storm near the Woodforde River and southern

basin margin, January 2014
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5 Conclusion

5.1 Summary of findings

The three studies in this thesis investigated the use of '#C as a tracer in groundwater, particularly to inves-

tigate spatial variability in recharge in an arid environment. The key findings of these studies were:

1. Unsaturated zone '“C activities directly above the watertable ranged from 54 to 106 pMC in the Ti
Tree Basin. The reason for non-modern '“C in unsaturated zone gas likely relates to mineral precipitation-
dissolution fluxes in the capillary zone (release of ‘old’ CO, during calcite precipitation). Modelling showed
that where these processes are homogeneous, spatial variation in unsaturated zone thickness leads to spatial
variation in '*C activities of unsaturated zone gas directly above the watertable (lower '“C activities where

unsaturated zones are thicker).

2. Spatial variability of '*C in unsaturated zone gas and spatial variability in recharge both influence the
distribution of '*C in groundwater. In arid areas where recharge is low, diffusive transport of “C adds an
additional complication to interpreting '“C activities in groundwater. In these cases, vertical profiles of '#C
in groundwater are needed, otherwise recharge estimated from discrete points may be wrong by more than
one order of magnitude. Measurement of vertical profiles of '*C in groundwater and understanding of '*C
activities in unsaturated zone gas yields significant insight into spatial variability in recharge. Applied to the
Ti Tree Basin, this revealed mountain front recharge and preferential recharge through ephemeral surface

water to be important processes.

3. Synthesizing the first two studies in this thesis, spatially distributed measurements of '“C in groundwater
were used as calibration targets in a 3D flow and solute transport model of the Ti Tree Basin. The boundary
condition for '*C (14C input activities) was constrained by measurement of '“C in unsaturated zone gas and
in groundwater close to the watertable. Calibration was achieved by altering recharge within 18 separate
zones, resulting in a map of spatially variable recharge. Sensitivity analysis demonstrated the importance

of understanding the boundary condition for '*C in solute transport modelling.

5.2 Future work

The first study in this thesis drew conclusions relating the '“C activity of unsaturated zone gas directly
above the watertable to unsaturated zone thickness (where there is a source of ‘old” CO; present). This was
based on measurement of unsaturated zone gas at five sites in the Ti Tree Basin, one of which did not follow
this trend. Further measurements of unsaturated zone '“C in the Ti Tree Basin and other arid and semi-arid

environments would greatly improve our understanding of this relationship.

Furthermore, we model dilution of unsaturated zone '“C through production of ‘old’ CO, in the unsatu-
rated zone, most likely from mineral precipitation-dissolution fluxes (eg. calcite precipitation). Our under-

standing of this ‘production’ process is limited by our measurements (eg. we did not measure the carbon
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isotope composition of minerals in the unsaturated zone). Better characterisation of this process through
measurement of carbon isotopes of minerals and more detailed geochemical modelling (eg. Gillon et al.
(2009)) would help elucidate this process, and how it may vary with different unsaturated zone lithol-

ogy/mineralogy.

The 2D and 3D models of groundwater flow and '“C transport in this thesis do not consider the influence
of geochemical interactions within in the aquifer on '#C activities. Though this is partially supported by
our 8'3C data, application of a reactive transport model (such as that of Salmon et al. (2014)) would help
test the sensitivity of our model results to this assumption. Heterogeneity is likewise known to influence the
distribution of age tracers such as 14C in groundwater (McCallum et al., 2014; Kozuskanich et al., 2014),
however our models are relatively simple in terms of conductivity distribution (homogeneous in Chapter 3,
and only conductivity only varies with a few zones in the model in Chapter 4). Thus further work could

also be done to incorporate heterogeneity into assessments of spatial variability in recharge with “C.

Chapter 4 demonstrates that better characterisation of boundary conditions for age tracers (such as '*C) in
solute transport models is needed, particularly for determining spatial variability in recharge. Future studies
that incorporate such tracers could constrain this through measurement of tracers close to the watertable
(either in groundwater or in the unsaturated zone). With an increasing number of studies using solute
transport models to interpret age tracer data (Turnadge and Smerdon, 2014), these findings are timely and

offer useful guidance to future researchers and practitioners.
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Campsite near the Woodforde River at dusk, June 2014
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6 Appendices

6.1 Appendix 1 - Data

The main focus of this thesis has been the use of carbon-14 (14C) as a tracer for investigating spatial vari-
ability in groundwater recharge. While collecting samples for '#C analysis in the Ti Tree Basin, additional
samples for major ion chemistry, stable isotopes of water (§°H and §'30) and strontium isotope ratios
(®7Sr/%6Sr) were collected and analysed. All of this data, along with carbon isotope data (in groundwater

and unsaturated zone gas) is presented here. Appendix 2 follows with a brief discussion of this data.

Noble gas (“He, “°Ar, 2’Ne) data was also collected as part of this study, and is presented and discussed in

Appendix 3.
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Bore ID Site Easting Northing Date sampled Depth l4c (pMC) 14¢ error (£ 53¢ (%o CO, (ppm) CO, duplicate CFC-11 CFC-11 CFC-12 CFC-12
(m-bgl) pMC) PDB) (ppm) (pptv) duplicate (pptv) duplicate
(pptv) (pptv)
18611-5 Site A | 369180 | 7508295 6/09/2011 5 105.26 0.44 -15.70 7476 - 206.56 197.04 504.74 471.12
18611-8 Site A | 369180 | 7508295 6/09/2011 8 106.84 0.48 -17.10 12821 12544 205.39 194.58 474.18 471.12
18611-11 Site A | 369180 | 7508295 6/09/2011 11 104.26 0.42 -16.80 14264 14389 189.14 - 427.81 -
18611-16 | Site A | 369180 | 7508295 6/09/2011 16 94.61 0.39 -15.90 14049 14131 136.72 - 342.32 -
18611-21 Site A | 369180 | 7508295 6/09/2011 21 80.30 0.39 -16.00 18445 18314 84.97 - 202.07 -
18611-26 | Site A | 369180 | 7508295 6/09/2011 26 72.63 0.33 -15.90 18103 18415 - - - -
18779-5 Site B 369138 7515709 7/09/2011 5 107.39 0.55 -14.30 10686 - 178.05 - 445.56 -
18779-8 Site B 369138 7515709 7/09/2011 8 107.95 0.48 -15.60 13248 13223 199.92 191.95 482.34 469.11
18779-11 Site B 369138 7515709 7/09/2011 11 107.03 0.42 -15.20 14725 - 192.82 182.35 466.01 437.88
18779-16 | Site B 369138 7515709 7/09/2011 16 9291 0.38 -15.+80 15864 15589 151.86 147.69 400.35 387.96
18779-21 Site B 369138 7515709 7/09/2011 21 79.14 0.36 -16.00 12018 12140 150.19 140.90 375.55 372.87
18781-5 Site C | 369089 | 7522002 7/09/2011 5 107.34 0.53 -15.10 6626 - - - - -
18781-8 Site C | 369089 | 7522002 7/09/2011 8 104.73 - -14.80 10995 10410 - - - -
18781-11 SiteC | 369089 | 7522002 7/09/2011 11 89.49 0.38 -13.90 10672 - - - - -
18781-16 | SiteC | 369089 | 7522002 7/09/2011 16 54.55 0.28 -14.20 9551 9633 - - - -
18893-3 Site D | 347207 7535112 11/08/2012 3 108.00 0.44 -15.40 4115 - 217.56 21722 492.72 481.81
18893-5 Site D | 347207 7535112 11/08/2012 5 104.99 0.37 -15.10 13114 - 197.53 210.73 475.90 476.62
18893-10 | SiteD | 347207 7535112 11/08/2012 10 104.31 0.33 -16.80 28174 28338 195.29 191.33 435.62 433.48
18893-12 | SiteD | 347207 7535112 11/08/2012 12 101.32 0.31 -16.60 27071 - 181.30 184.24 44191 402.00
18893-15 | SiteD | 347207 7535112 11/08/2012 15 95.38 0.36 -16.60 29003 - 173.81 159.93 406.39 361.89
18893-18 | SiteD | 347207 7535112 11/08/2012 18 86.20 0.32 -15.10 11191 11276 191.16 154.79 480.32 369.49
18897-5 Site E | 359844 | 7534757 11/08/2012 5 102.61 0.44 -13.50 3700 3318 209.70 197.87 498.62 492.69
18897-6 Site E | 359844 | 7534757 11/08/2012 6 108.69 0.35 -15.10 7861 7777 213.29 216.19 481.86 500.67
18897-7 Site E | 359844 | 7534757 11/08/2012 7 107.05 0.40 -14.70 10021 9894 215.17 213.80 493.83 486.99
18897-8 Site E | 359844 | 7534757 11/08/2012 8 106.42 0.36 -14.30 10303 - 213.80 213.46 500.63 504.66

Table 6.1: Unsaturated zone gas data (m-bgl denotes metres below ground level).
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soren | DS | Na [ K [ ca [ Mg ]| a [ncos [sos [nos | s [ Br ] si [880] 620 | Mc | sl3c TDIC -
mg L! %o SMOW PMC | %cPDB | mmol kg™l
186112 | 1434 | 257 | 256 | 686 | 376 | 370 | 28615 | 200 | 94 | 0783 | 23 | 363 | 72 | 523 | 525 | -8.80 5.96 734204
18611-1 | 1349 | 240 | 27 | 729 | 398 | 350 | 24620 | 180 | 99 | 0817 | 21 | 37 | 723 | 535 | 228 | 740 5.10 736235
186102 | 1309 | 221 | 23.6 | 692 | 357 | 350 | 24180 | 180 | 98 | 0745 | 20 | 352 | -74 | 529 | 130 | -7.00 480 738264
18610-1 | 1308 | 222 | 213 | 669 | 337 | 340 | 24620 | 200 | 88 | 073 | 21 | 331 | 74 | 531 | 99 | -6s0 5.00 740555
18609 | 1249 | 228 | 183 | 59.4 | 296 | 340 | 24071 | 180 | 71 | 0662 | 1.8 | 294 | -74 | 526 | 81 | -6.80 480 743526
187792 | 917 | 119 | 20.1 | 557 | 309 | 220 | 211.24 | 110 | 82 | 0.689 | 15 | 351 | -67 | 495 | 214 | -680 4.40 744879
18779-1 | 969 | 155 | 202 | 59 | 31 | 210 | 21460 | 130 | 72 | 0732 | 14 | 352 | -67 | -496 | 13.1 | -6.50 440 748374
186143 | 976 | 151 | 182 | 535 | 276 | 220 | 217.28 | 140 | 74 | 0664 | 14 | 33.1 | -67 | -505 | 129 | -640 4.50 748179
186142 | 990 | 152 | 185 | 534 | 275 | 220 | 21899 | 150 | 73 | 0675 | 14 | 329 | -68 | -495 | 126 | -6.80 450 748632
18614-1 | 957 | 152 | 20.5 | 59.6 | 309 | 210 | 21686 | 120 | 73 | 074 | 14 | 351 | -68 | -490 | 126 | -6.70 4.50 750130
187812 | 666 | 106 | 188 | 33.6 | 239 | 73 | 22809 | 52 | 71 | 0469 | 07 | 41 | 72 | 523 | 443 | -7.00 470 741221
187811 | 660 | 105 | 17.3 | 315 | 218 | 71 | 23137 | 55 | 70 | 0423 | 06 | 30.1 | -71 | -519 | 443 | -7.00 4.80 742251
18780-3 | 678 | 109 | 161 | 305 | 185 | 70 | 23851 | 69 | 69 | 0380 | 07 | 355 | -70 | -51.6 | 39.1 | -7.00 4.90 742513
187802 | 718 | 114 | 159 | 322 | 17 | 77 | 24260 | 91 | 66 | 038 | 07 | 355 | 69 | -504 | 360 | -6.80 5.00 746271
18780-1 | 800 | 126 | 168 | 39 | 196 | 100 | 24296 | 120 | 69 | 0420 | 08 | 33.1 | -68 | -487 | 254 | -6.90 5.00 750380
188932 | 1238 | 250 | 438 | 121 | 87.8 | 414 - 200 | 86 | 131 | 25 | 235 | - - - - - -
18893-1 | 1337 | 165 | 37 | 977 | 732 | 478 | 1748 | 158 | e8 | 114 |21 | 34 | 74 | 42| 218 | 781 32 -
18892-3 | 1426 | 195 | 36.1 | 984 | 704 | 487 | 1778 | 197 | 64 | 113 | 22 | 358 | -74 | -533 | 208 | -7.98 33 -
188922 | 1587 | 228 | 333 | 108 | 658 | 518 | 1857 | 277 | s0 | 107 | 21 | 348 | 78 | 555 | 163 | -7.70 34 -
18892-1 | 1512 | 180 | 353 | 140 | 732 | 496 | 1723 | 251 | 44 | 114 | 20 | 373 | 79 | 551 | 128 | -7.29 3.1 -
188972 | 755 | 879 | 235 | 457 | 288 | 99 | 2819 | 63 | 65 | 0519 | 04 | 393 | 74 | 554 | 664 | -613 47 -
18897-1 | 873 | 104 | 253 | 61.8 | 343 | 175 | 2551 | 88 | 64 | 0602 | 07 | 385 | -74 | -541 | 509 | -6.80 42 -
188963 | 943 | 114 | 26 | 68 | 368 | 214 | 2383 | 110 | 63 | 0659 | 09 | 393 | - - | 408 | 662 3.9 -
188962 | 1127 | 151 | 272 | 814 | 41.1 | 288 | 2200 | 170 | 59 | 0745 | 12 | 36 | -74 | -530 | 186 | -7.23 3.8 -
18896-1 | 1160 | 167 | 249 | 796 | 371 | 275 | 233.1 | 201 | 51 | 0720 | 11| 283 | 75 | 525 | 139 | 750 3.9 -

Table 6.3: Dissolved ion and isotopic content of groundwater samples from piezometers at sites where soil gas profiles were collected.
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soreln | S [ Na [ kK [ ca [ Mg | a [Hcoy [so, [ Nos [ st [ Br [ si [8%0] 6%u | Hc [ s8¢ ™IC [ g g6
mgL! %o SMOW pMC | %cPDB | mmol kg!
18600 | 61 | 441 | 34 [ 415232 [ 35 [ 3300 [ 12 | 006 | <005 | 006 | 87 | o1 [ 587 [ 964 | -1170 0.70 750399
186032 | 1033 | 190 | 266 | 355 | 206 | 47 | 58133 | 59 | 12 | 0535 | 05 | 313 | 91 | 617 | 799 | -1080 11.60 736941
18603-1 | 1363 | 221 | 209 | 66.1 | 499 | 300 | 41212 | 180 | 30 | oss2 | 15 [ 315 | 84 | 64 | 661 | -930 8.40 741052
186052 | 1042 | 198 | 202 | 30.1 | 204 | 60 | 48965 | 130 | 15 | 045 | 04 | 316 | 96 | 669 | 737 | -1070 9.90 736646
18605-1 | 1069 | 196 | 232 | 422 | 338 | 72 [ 53424 | 82 | 24 | o604 | 07 [ 336 | 92 | 42| 739 [ 990 10.90 738604
18608-1 | 842 | 137 | 117 | 432 | 266 | 150 | 31720 | 87 | 10 | 0500 | 095 | 321 | 80 | 557 | 399 | -1030 6.00 -
18880 | 49 | 432 [ 316 | 31 | 14 |28 | 258 | 17 | <005 | <005 | <005 | 571 | <1 | 732 | - - - -
18888 | 82 | 583 | 481 | 655 | 31 | 28 | 497 | 23 | <005 | 00506 | <0.05 | 619 | -104 | 684 | 1045 | -1580 118 -
18891 | 452 | 659 | 114 | 328 | 108 | 50 | 1647 | 80 | 078 | 0264 | 033 | 883 | -110 | 753 | 594 | -1680 340 -
18337 | 1228 | 170 | 208 | 737 | 511 | 272 | 3950 | 140 | 32 | 0788 | 12 | 295 | 86 | -584 | 662 | -9.86 670 -
18336-1 | 857 | 17 | 176 | 467 | 317 | 90 | 4441 | 49 | 14 | 0506 | 04 | 305 | 90 | 501 | 749 | -9.84 740 -
183362 | 784 | 115 | 136 | 402 | 261 | 83 | 39%.1 | 50 | 13 | 041 | 04 | 305 | 86 | 580 | 723 | -10.00 6.70 -

Table 6.5: Dissolved ion and isotopic content of groundwater samples from piezometers near the Woodforde River.
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et | TP | Na | K [ ca [ Mg [ a [mHooy | so, [ Noy | s | B [ si | 880 [ 82u [ Mc [ sl3c
mg L %0 SMOW pMC | %0PDB
18830 | 95416 | 22700 | 3550 | 731 | 3740 | 36435 | 163.1 | 2089 | 66 | 15 | 207 | <10 | -48 | 481 | 855 | -4.50
18820-3 | 111852 | 26400 | 4090 | 693 | 4350 | 42251 | 1946 | 25238 | 120 | 138 | 243 | <10 | 44 | 469 | 708 | -7.00
188202 | 80676 | 23900 | 4190 | 1410 | 417 | 40955 | 1070 | 7098 | 41 | 405 | 192 | <10 | 35 | 439 | 560 | -19.60
18820-1 | 101147 | 24200 | 3790 | 735 | 3580 | 39848 | 2331 | 21490 | 85 | 133 | 229 | <10 | 45 | 458 | 795 | -660
18882 | 36859 | 8710 | 1360 | 662 | 944 | 11488 | 2323 | 10060 | 37 | 14 | 65 | <5 | -38 | 248 | 1041 | -1190
18881-1 | 106126 | 27800 | 3870 | 720 | 2530 | 42289 | 1903 | 21526 | 44 | 111 | 238 | <10 | 39 | -379 | 834 | -820
188812 | 133320 | 34000 | 4670 | 700 | 3630 | 54832 | 1777 | 26599 | 37 | 113 | 310 | <10 | 39 | 418 | s14 | -850
18881-3 | 136285 | 34200 | 4700 | 672 | 4410 | 53747 | 1804 | 28737 | 46 | 119 | 307 | <10 | 40 | -430 | 795 | -830
18828 | 108014 | 26600 | 4170 | 675 | 2970 | 42215 | 2790 | 23339 | 50 | 141 | 238 | <10 | 47 | 419 | 1075 | -670
18827-3 | 148672 | 37300 | 5630 | 621 | 4190 | 57764 | 2006 | 31829 | 674 | 128 | 317 | <10 | 34 | -427 | 836 | -440
18827-2 | 120776 | 37100 | 5600 | 1060 | - [ 56620 | 16043 | 13522 | 578 | 765 | 324 | <10 | 33 | 309 | - -
18827-1 | 137038 | 34600 | 5280 | 646 | 3680 | 53169 | 2618 | 29192 | 518 | 117 | 309 | <10 | 38 | -393 | 897 | -570
18885 | 127495 | 32300 | 4640 | 691 | 3730 | 50894 | 189.9 | 25184 | 1542 | 135 | 300 | <10 | -11 | 240 | 862 | -5.30
18884-1 | 134798 | 35200 | 5200 | 808 | 2720 | 54188 | 3222 | 26532 | 1212 | 12 | 321 | <10 | 20 | -308 | 642 | -890
188842 | 121486 | 37000 | 5510 | 1300 | 378 | 59063 | 1502 | 12607 | 1025 | 125 | 342 | <10 | 25 | 366 | - -
18884-3 | 145933 | 36500 | 5130 | 646 | 4700 | 55614 | 1904 | 31776 | 854 | 125 | 338 | <10 | 34 | -395 | 609 | -800
18824-1 | 130103 | 32100 | 5580 | 590 | 3240 | 47301 | 2908 | 26774 | 5308 | 135 | 295 | <10 | 33 | 354 | 956 | -3.80
188242 | 135242 | 34100 | 5710 | 637 | 3350 | 49647 | 2705 | 27172 | 5373 | 139 | 315 | <10 | 35 | -386 | 872 | -500
18823-1 | 136152 | 34400 | 5700 | 663 | 3270 | 50755 | 2502 | 26961 | 5243 | 132 | 319 | <10 | 35 | 411 | ser | -570
188232 | 136714 | 33900 | 5710 | 661 | 3320 | 51033 | 3232 | 27394 | 5278 | 138 | 322 | <10 | 37 | 401 | 866 | -560

Table 6.7: Dissolved ion and isotopic content of groundwater samples from piezometers in Stirling Swamp.
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o | DS | Na | K [ ca [ Mg | a [ncos | soa [ wos [ sr [ Br | si [ 880 ] 82 [ Hcemo | sl3c TDIC 876,86 5,
mg L pMC %o PDB mmol kg!
181342 | 649 | 798 | 21.8 | 334 | 202 | 51.04 | 3285 | 4175 | 30.18 | 0365 | 036 | 288 | 77 | -556 65.6 29.16 5.57 732294
18134-1 | 764 | 995 | 244 | 425 | 237 | 11419 | 2672 | 6651 | 71.06 | 0428 | 085 | 339 | 7.1 | -524 4038 -6.89 448 734441
181333 | 779 | 107 | 242 | 411 | 24 | 12446 | 2506 | 7075 | 79.64 | 041 | 092 | 347 | 70 | -52.1 39.6 -5.50 - 735337
181332 | 927 | 124 | 253 | 566 | 279 | 160.24 | 2544 | 12080 | 8838 | 0.504 | 115 | 31.8 | 6.6 | -49.3 257 -5.60 - 739410
18133-1 | 872 | 116 | 253 | 514 | 286 | 17220 | 2299 | 9247 | 9191 | 0526 | 121 | 352 | -67 | -49.0 18.1 -4.90 - 743851
181362 | 1119 | 164 | 245 | 692 | 341 | 257.38 | 1430 | 12542 | 22903 | 0.697 | 1.69 | 329 | 67 | -50.5 338 9.91 5.5 740547
18136-1 | 1053 | 152 | 241 | 63.1 | 30.8 | 23370 | 1626 | 10276 | 21472 | 0626 | 159 | 37 | -67 | -50.0 18.0 -6.74 4.67 743181
181353 | 1074 | 164 | 209 | 593 | 272 | 22113 | 2245 | 12718 | 15042 | 0615 | 148 | 343 | 69 | -50.5 219 768 5.24 742500
181352 | 1057 | 171 | 212 | 572 | 282 | 20588 | 2864 | 147.13 | 6667 | 0.584 | 136 | 336 | 69 | -51.3 114 -5.60 - 748173
18135-1 | 986 | 152 | 202 | 556 | 255 | 19639 | 2799 | 122.63 | 60.09 | 0.606 | 121 | 35 | 70 | -50.4 6.8 5,50 - 752870
181382 | 695 | 934 | 188 | 307 | 207 | 5435 | 3041 | 4541 | 7277 | 04 | 040 | 389 | 72 | -53.0 0.8 -6.00 - 742648
181381 | 679 | 854 | 19.1 | 314 | 214 | 5502 | 3046 | 3747 | 7257 | 0412 | 041 | 39 | 72 | -532 595 5.80 - 743337
181373 | 749 | 111 | 174 | 20.1 | 203 | 5966 | 3033 | 7315 | 7331 | 0382 | 041 | 378 | 72 | -53.0 553 27,00 - 742152
181372 | 769 | 107 | 192 | 357 | 226 | 8237 | 3005 | 6585 | 77.62 | 045 | 056 | 368 | 7.1 | -514 440 -6.30 - 744926
18137-1 | 836 | 120 | 19 | 413 | 235 | 11632 | 3016 | 8634 | 6954 | 0468 | 074 | 317 | 7.0 | -50.3 323 -5.20 - 748949
181402 | 747 | 948 | 23.1 | 328 | 256 | 7969 | 3137 | 4388 | 8041 | 0464 | 049 | 37.6 | 73 | -537 585 -6.70 5.24 741599
18140-1 | 797 | 109 | 174 | 376 | 241 | 9629 | 239.1 | 6455 | 15895 | 0445 | 069 | 303 | -72 | -52.8 525 27,60 535 742556
181393 | 892 | 111 | 214 | 384 | 24 | 10787 | 3883 | 67.41 | 7993 | 046 | 079 | 328 | 70 | -517 4.1 -6.60 - 747519
181392 | 859 | 118 | 218 | 41 | 24 | 11641 | 3059 | 89.85 | 8275 | 0468 | 086 | 324 | 7.0 | -51.8 407 .14 - 751124
18130-1 | 869 | 124 | 192 | 417 | 232 | 127.12 | 2454 | 9222 | 14391 | 0464 | 093 | 253 | 71 | 511 40.1 -8.00 5.39 753218
188992 | 1197 | 205 | 282 | 604 | 37.8 | 324 | 2643 | 137 67 | 0747 | 18 | 285 | 70 | -50.0 346 27,99 43 -
18809-1 | 1225 | 200 | 29.6 | 647 | 417 | 335 | 2753 | 146 59 08 | 18 | 279 | -69 | -4938 314 -8.00 46 -
188983 | 1228 | 207 | 289 | 60.1 | 392 | 340 | 2549 | 148 74 | 0751 | 19 | 298 | 67 | <49.1 26.4 -6.83 43 -
188082 | 1224 | 202 | 269 | 673 | 379 | 337 | 2557 | 153 68 | 0776 | 18 | 294 | 67 | -499 205 635 43 -
18898-1 | 1193 | 192 | 27.1 | 667 | 387 | 333 | 2480 | 145 64 | 0753 | 18 | 338 | 67 | -50.8 140 -6.06 44 -
188952 | - | 113 | 32 | 741 | 41 103 - 55 136 | 0717 | 07 | 416 | - - - - - -
18895-1 | 918 | 114 | 247 | 602 | 332 | 138 | 292.1 80 12 | 0619 | 07 | 371 | 76 | 559 81.3 8.62 5.1 -
188943 | 1110 | 128 | 207 | 809 | 48 | 274 | 2073 | 134 128 | 0852 | 13 | 379 | 77 | -550 462 27,46 37 -
188042 | 1228 | 141 | 315 | 992 | 57.1 | 363 | 2067 | 158 84 | 0982 | 1.6 | 367 | 17 | -548 313 739 37 -
18894-1 | 1408 | 175 | 337 | 110 | 628 | 459 | 1936 | 214 59 105 | 19 | 353 | 75 | -541 202 27,69 33 -

Table 6.9: Dissolved ion and isotopic content of groundwater samples from piezometers in the central Ti Tree Basin and Allungra floodout area.
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6.2 Appendix 2 - Discussion of regional groundwater chemistry in the Ti Tree Basin

The main focus of this thesis has been the use of carbon-14 (C) as a tracer for investigating spatial vari-
ability in groundwater recharge. While collecting samples for '“C analysis in the Ti Tree Basin, additional
groundwater samples were collected and analysed for major ion chemistry, stable isotopes of water (§°H
and §'80) and strontium isotope ratios (37Sr/%0Sr). This appendix presents a brief discussion of this data.

Noble gases (*He, 4°Ar, 2°Ne) were also analysed and will be further discussed in Appendix 3.

6.2.1 Introduction

Groundwater chemistry in the Ti Tree Basin has been investigated previously (McDonald, 1988; Calf et al.,
1991; Harrington, 1999), and groundwater salinity generally ranges from 500 mg L™ to more than 3000 mg
L . Fresher groundwaters (total dissolved solids (TDS) < 1000 mg L!) are generally Na-HCO3 dominated,
and spatially associated with ephemeral surface water features (eg. the Woodforde River and Allungra Creek
floodout, Figure 5.4). More saline groundwaters are Na-Cl dominated, and groundwater salinity generally
increases towards the north of the basin. Harrington (1999) presented a geochemical mass balance model
which demonstrated that the chemical evolution of fresher waters was influenced by water-rock interactions.
These reactions included dissolution of gypsum (resulting in addition of Ca and SO4 to groundwater),
dissolution of Ca-Mg-HCOj3, and weathering of Na-rich silicate minerals (eg. Na-montmorillonite, albite).
This was supported by mineralogical analysis of rock core samples from the Ti Tree Basin, and geochemical
reactive transport modelling (using NETPATH). Harrington (1999) also reported high 87Sr/%0Sr ratios in
the groundwater of the Ti Tree Basin, ranging from 0.72562 to 0.76248. These high 87Sr/%0Sr values
further support the evolution of groundwater chemistry in the Ti Tree Basin through water rock interactions,
predominantly with carbonate minerals (®37S1/80Sr from 0.71884 to 0.73707) and silicate minerals (37 Sr/3¢Sr

0.74334 to 0.94883).

The higher salinity waters (dominated by Na-Cl) were interpreted by Harrington (1999) as being derived
through evaporative concentration during recharge. This was supported by stable isotope ratios measured
in groundwater (§*H and 8'30). Measurement of stable isotopes in groundwater, when compared to local
rainfall, can yield insight into recharge processes. For example the size and intensity of rainfall events that
generate recharge, and the degree of evaporation prior to recharge lead to mass based fractionation of the
stable isotope compositon of water (Coplen et al., 2000). Qualitative assessments can be made by plotting
8°H against §'80 for groundwater and local rainfall. Rainfall generally follows a linear trend (referred to as
a Local Meteoric Water Line (LMWL)), and groundwater may follow or deviate from this trend depending
upon the recharge process. Harrington (1999) found that groundwater in the Ti Tree Basin plotted below
the LMWL for Alice Springs (§°H = 6.9 §'80 + 4.5). The groundwater samples displayed a trend of
evaporative enrichment (§°H = 4.0 §'30 - 27.3) from the LMWL. Extrapolating this trend showed that

groundwater was likely recharged by rainfall with a depleted §>H and §'80 signature, typical of rainfall
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associated with large monsoonal storms in central Australia (where rainfall may range from 150 - 200 mm

month™!).

Previous studies have reported high nitrate concentrations in Ti Tree Basin groundwaters (up to 280 mg L™!
(McDonald, 1988; Calf et al., 1991; Harrington, 1999)), while noting there are no significant sources of
anthropogenic nitrate in the basin. This is a common phenomenon in arid zone groundwaters in Australia,
where nitrate fixed by bacteria in termite mounds may be flushed to the watertable following large episodic
rainfall events (Barnes et al., 1992). Harrington (1999) investigated these processes in the Ti Tree Basin
through analysis of nitrogen isotopes in nitrate (§'°N), and found the most likely source of nitrate accession
into groundwater was via termites. Bacteria within the hind gut of termites fix atmospheric nitrogen as well
as ogranic nitrogen derived from the termites food source (vegetation). The excreted organic nitrogen is
converted to ammonium, which is oxidised to nitrate. Thus termite mounds, which are ubiquitous in the Ti
Tree Basin, act as a source of nitrate which may be mobilised and transported to the aquifer during large

recharge events.

6.2.2 Methods

Groundwater samples were collected on several field trips between August 2011 and August 2012 (see Ap-
pendix 1 for dates and sample locations). Piezometers were sampled using a Grundfos MP1 submersible
pump, and measurements of salinity (as specific conductivity), pH and temperature were made while purg-
ing. Alkalinity (mg L*! as CaCO3) was also measured in the field by titration using a Hach AL-DT alkalinity
kit. Samples for major ion chemistry, stable isotopes of water (§*H and §'30), and 7Sr/%0Sr analysis were
collected after approximately three bore volumes had been purged and field parameters had stabilised. Ma-
jor ion analysis was performed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) at CSIRO in
Adelaide (Australia), and stable isotopes were analysed with a Laser Water Isotope Analyzer V2 at the Uni-
versity of California Davis, Stable Isotope Facility. Strontium isotope analysis was performed at Adelaide

University (Australia) by Thermal Ionisation Mass Spectrometry.

6.2.3 Results

Trends in major ion chemistry in this study are similar to those reported by Harrington (1999). The fresh-
est groundwater samples were found in the shallow perched aquifer beneath the Woodforde River (total
dissolved solids (TDS) ranging from 48 - 452 mg L!). Elsewhere in the basin salinity ranged from 650 -
1942 mg L' (with the exception of Stirling Swamp, where salinity ranged from 36,859 - 148,672 mg L'!).
Fresher groundwater samples were generally Na-HCO3 dominated, trending towards Na-Cl dominated with
increases in salinity (Figure6.2). Spatial patterns of salinity were also similar to those reported by Harring-
ton (1999) and Read and Tickell (2007). Salinity values were generally lower near the Woodforde River

and in the centre of the Ti Tree Basin where the Allungra Creek floodout occurs (Figure 6.4). Nitrate con-

77



Figure 6.1: Groundwater sampling in the Ti Tree Basin, February 2012

centrations ranged from 0.06 mg L™! in the perched aquifer beneath the Woodforde River to 230 mg L™! in

the vicinity of the Allungra Creek floodout.

EXPLANATION
Perched aquifer
Woodforde regional

Allungra floodout and central basin
Northem boundary
South east comer
Stirling Swamp

a0+ 0

CATICNS ANICNS

Figure 6.2: Piper plot for major ion chemistry of groundwater in the Ti Tree Basin

As with major ion chemistry - stable isotopes show very similar results to those of Harrington (1999).
The low TDS samples in the perched aquifer plot on or very close to the LMWL for Alice Springs (ap-
proximately 150 km south of the study site). The rest of the samples plot below the LMWL suggesting
evaporative enrichment prior to recharge (Figure 6.5). Plotting an evaporation trend line demonstrates the

groundwaters are likely derived from heavy monsoonal rainfall events (where rainfall is 150 - 200 mm
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Figure 6.4: Spatial distribution of groundwater salinity as given in Read and Tickell (2007) for the main
part of the Ti Tree Basin. Overlain are measurements made in this study (triangles, where colours represent
the same salinity ranges as Read and Tickell (2007) values). Location of Stirling Swamp is given by red
triangles, where the salinity ranges from 36,859 to 148,672 mg L'\

month™!). The slope of the evaporation line in this study is only slightly different to that of Harrington
(1999), and the general trend and interpretation is the same. Samples from Stirling Swamp are further en-
riched. There is a larger amount of scatter than with other regional samples, and one sample plots close to

the LMWL. However the groundwater at Stirling Swamp is relatively shallow (1 - 3 m below ground) and
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subject to seasonal recharge/discharge patterns, hence mixing of local saline groundwater with fresher (and

less isotopically enriched) infiltrating water is expected.
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Figure 6.5: Stable isotope composition of groundwater in this study. Also shown is the LMWL for Alice
Springs (150 km south of the study area), and long term amount weighted mean compositions of different
monthly rainfall amounts (after Harington et al. (2002)).

The relationship between chloride and §H is of interest (Figure 6.6). Samples from the shallow perched
aquifer underlying the Woodforde River show 8H values ranging from -75 to -55 %o with only a small
variation in chloride concentration. This suggests that rainfall events of different intensity may be respon-
sible for recharging the perched aquifer (this can also be seen in Figure 6.5 with samples lying along the
LMWL). Regional groundwater samples with low chloride concentrations (<10 to 100 mg L!) have §*H
values ranging from -75 to -50 %o (higher chloride broadly correlated with more enriched §>H). This trend is
consistent with evaporative concentration of chloride and enrichment (through fractionation) of 8%H. How-
ever for samples with chloride ranging from 100 to 580 mg L', there is no significant enrichment trend
in §2H. This suggests that salinity increases over this range may be due to transpiration rather than evap-
oration (Simspon et al., 1987). This hypothesis is supported by earlier parts of this thesis, which showed
that groundwater discharge through transpiration is likely to be occurring at various locations in the Ti Tree
Basin (Chapter 3.3.3 and 4.4.2). Recent research into discharge processes in Stirling Swamp (previously
thought to be the regional discharge location for the Ti Tree Basin) has also suggested that groundwater

discharge may be occurring in other parts of the basin through plant water uptake (Shanafield et al., 2015).
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Figure 6.6: Chloride vs. §*H for groundwater in the Ti Tree Basin, showing the influence of evaporation
(concentration of chloride and enrichment of §2H) and transpiration (concentration of chloride with no
significant change in §*H) on groundwater chemistry.

6.2.4 Conclusion

Though not the primary focus of this thesis, a significant amount of major ion and isotope groundwater
chemistry has been collected in the Ti Tree Basin. Qualitative analysis demonstrates that evolution of
groundwater chemistry in the basin can be explained in much the same way as Harrington (1999). That
is, fresher groundwaters are spatially associated with areas of likely recharge, near the Woodforde River
and Allungra Creek floodout. Fresher waters are generally Na-HCO; dominated, with their chemistry influ-
enced by water-rock interactions. Higher salinity samples are generally Na-Cl dominated and influenced by
evaporation prior to recharge. Additionally, this thesis identifies transpiration (through groundwater uptake

by vegetation) to be a likely influence on groundwater salinity on a regional scale.
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6.3 Appendix 3 - Determination of equilibration times for diffusion samplers in

piezometers of different depth
6.3.1 Background

An initial objective of this thesis was to obtain measurements of the dissolved noble gases helium-4 (“He),
argon-40 (**Ar) and neon-20 (**Ne) in groundwater in the Ti Tree Basin. Atmospheric noble gases are
soluble in water, with their solubility being dependent upon the temperature and salinity of water, as well
as elevation. Noble gas concentrations in groundwater are commonly greater than atmospheric equilibrium
concentrations. This is because when rainfall infiltrates in the unsaturated zone, unsaturated zone air may
be ‘trapped’ and forced to dissolve into the infiltrating groundwater, resulting in groundwater having higher
concentrations of noble gases than expected from equilibrium with the atmosphere. This ‘excess air’ phe-
nomenon may provide information on changes in groundwater recharge over time (Kipfer et al., 2002). For
example - if the component of excess air can be determined and accounted for, then the noble gas concen-
trations can be compared to their known solubility at given temperatures yielding an indication of recharge
temperatures. The amount of excess air also reflects the intensity of rainfall, and when combined with
measurements of apparent groundwater age (e.g. '*C measurements) can help reconstruct paleoclimate

influences on groundwater recharge (Beyerle et al., 2003).

Helium-4 can provide further information on groundwater residence times. Helium-4 is produced in the
Earth’s crust via radioactive decay of uranium and thorium isotopes. These isotopes are present in most
rock minerals, thus concentrations of “He in groundwater should accumulate with residence time in an
aquifer (Solomon, 2000). Where concentrations of uranium and thorium in the aquifer matrix are known,

“He can be used to calculate the apparent groundwater age via:

r= [“He}gw.lof(gm.(r;w).p.(1.21U+0.287Th))‘1 (6.1)

where 7 is groundwater age or residence time, [4H e] gwis the concentration of radiogenic “He in groundwater
(cm® STP g'1), Ep.is the emanation efficiency of the minerals (assumed to be ~1), r:w is the rock:water ratio
in the aquifer, pis the rock density (g cm™), and U and Th are uranium and thorium concentrations of the

aquifer matrix (g g'!).

Harrington (1999) previously made measurements of “He in groundwater in the Ti Tree Basin, and found
that “He concentrations in the Ti Tree Basin broadly correlated with '*C estimates of groundwater age
(older groundwater corresponding with higher “He). However “He derived groundwater ages were in ex-
cess of those estimated from '#C based on measured uranium and thorium from aquifer mineral analysis.
Harrington (1999) hypothesised that this “He excess was due to a similar mechanism reported by Solomon
et al. (1996). That is diffusion of “He out of the Tertiary sediments, which themselves are comprised of

weathered Precambrian rocks, in which “He would have accumulated prior to weathering (and subsequent
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formation of the Tertiary aquifers).

6.3.2 Noble gas measurements in this study

Initial measurements of groundwater chemistry were made in this study in August and September 2011, in
piezometers located in the vicinity of the Woodforde River and the Allungra Creek floodout. Samples for
noble gas analysis were collected using diffusion samplers exactly resembling those described by Gardner
and Solomon (2009), and following the recommended methodology (ie. allowing the samplers to equilibrate
in the piezometer for 24 hours, and ‘sealing’ the equilibrated diffusion sampler below the watertable, see
Gardner and Solomon (2009) for details). Bores near the Woodforde River (including one screened in
the perched aquifer directly beneath the river) show higher '“C activities (73 to 96 pMC) and lower “He
concentrations (4.8 x1078 to 1.01 x 10”7 cc STP g'!), while bores near the Allungra Creek floodout show
lower '4C activities (8 to 52 pMC) and higher *He concentrations (2.23 x 107 to 2.35 x 10 cc STP
g’1). This trend is consistent with the results of (Harrington, 1999), suggesting that *He concentrations are

broadly related to groundwater residence time (Figure 6.7(a)).
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Figure 6.7: Helium-4 concentrations vs. carbon-14 activities of groundwater samples in the Ti Tree Basin
(a) collected by Harrington (1999) and in this study on multiple field trips using conventional diffusion
samplers and (b) modified versions of the diffusion samplers described by Gardner and Solomon (2009).

Argon-40 and neon-20 results from this first field trip (Figure 6.8) show significant amounts of excess air.
The green line in Figure 6.8 shows the relationship between *°Ar and 2°Ne for water at equilibrium with
the atmosphere for temperatures ranging from 30°C (lowest values) to 5°C (highest values). Groundwater
samples lying to the right of this line show elevated concentrations due to excess air formation during
recharge. A trend line through the Allungra Creek data suggests addition of excess air (AE, up to >80
%) from recharging water with a temperature of 22°C (mean annual temperature for this part of central
Australia from 1961-1990 is between 21 to 24°C, (BOM, 2014)). Extrapolation of individual data points

would give recharge temperatures ranging from 11°C (perched aquifer) to 28°C, however measurement
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errors are likely to be £10%. Nevertheless, the significant amounts of excess air observed are consistent

with recharge through intense monsoonal rainfall events.
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Figure 6.8: Argon-40 vs. neon-20 - the green line displays concentrations that would be observed in water
in equilibrium with the atmosphere for temperatures ranging from 30°C (lowest values) to 5°C (highest
values). Deviation from this trend demonstrates ‘addition’ of noble gases, or formation of excess air, which
may be as high as 80% for some of the samples near the Allungra Creek floodout.

A second field trip was conducted in February 2012, in which modified versions of the diffusion samplers
provided by CSIRO were used. The modifications included a perforated stainless steel sheath around the
cell to protect the silicon membrane. Other changes may also have been made. However when these
modified samplers were used in the field, it was found that they would not seal following the application
of bike pump pressure to the deployment tube (see Gardner and Solomon (2009) and for details on the
shutting mechanism of the samplers). The samplers were thus manually closed upon being brought to the
surface, following instructions from the laboratory. However the majority of samples yielded atmospheric
concentrations of all noble gases, even where '*C activities were as low as 6 pMC (Figure 6.7(b)). Given
the relatively homogeneous nature of the lithology in the Ti Tree Basin, and the close spatial proximity
of piezometers with ‘atmospheric’ “He to high “He samples (ie. within 5 - 15 km), we do not expect
such a severe departure from the trend between '“C and “He. Thus we conclude that the majority of these

measurements are incorrect through some fault of the diffusion samplers.

The problem associated with the shutting mechanism of the samplers was rectified for use on subsequent
field trips. In June 2012 groundwater samples were collected in Stirling Swamp. Helium-4 concentrations
are predominantly at or close to atmospheric equilibrium, however the groundwater in Stirling Swamp also

shows high '*C activities (generally >80 pMC), thus “He concentrations closer to atmospheric values are
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expected. However on the final field trip upon which noble gas samples were collected using modified
diffusion samplers that were sealing properly, results are mixed (Figure 6.7(b)). For example, one of the
lowest “He concentrations (4.51 x 10 cc STP g!, essentially at equilibrium with atmospheric concentra-
tions) is for a sample with a '*C activity of 12.8 pMC. However a separate sample with '*C activity of
12.2 pMC has a “He concentration two orders of magnitude higher than atmospheric equilibrium (2.55 x
10 STP g''). Again, given the relatively homogeneous nature of the lithology in the Ti Tree Basin, the
departure from the trend between '#C and “He is unexpected, thus validity of these noble gas measurements

is considered questionable at best.

6.3.3 Methods for testing equilibration times

Because of these issues with the modified diffusion samplers, an experiment was designed to test equilibra-
tion times. Two piezometers in the Willunga Basin, approximately 45 km south of Adelaide, were selected
for diffusion sampler testing (details in Table 6.12). The experiments were conducted from late May to
early June 2013, with two additional samples collected in early August 2013. Prior to sampling the bores,
diffusion samplers were placed in PVC tubes and flushed with UHP nitrogen for 30 minutes. The PVC
tubes were sealed for 24 hours, then re-flushed with nitrogen for 20 - 30 minutes and re-sealed before being

taken to the field for deployment.

Piezometer ID \ WSS-P2-S4-5 WSS-P2-S4-2

Registration number 6627-14474 6627-14478

Total depth (m-bgl) 47 134
Screen interval (m-bgl) 44 - 47 129 - 134
Bore diameter (mm) 100 100
Depth to water (m-bgl) 7.38 12.4
Specific conductivity (uS cm™) 825 3025
Temperature (°C) 19.2 19.5
Aquifer unit Port Willunga Formation North Maslin Sands (sand
(silty sand) with minor clay)

Table 6.12: Details for the two bores which were sampled as part of the equilibration time experiment
(m-bgl denotes metres below ground level)

The piezometers were purged of 50 L prior to the diffusion samplers being deployed. The diffusion samplers
were deployed by attaching them to 1/4" nylon tubing and carefully lowering to the depth of the screened
interval. Initially the diffusion samplers were left to equilibrate in the bores for 19 hours, then retrieved
by attaching a bike pump to the nylon tubing and pumping to a pressure of 40 - 60 psi to seal the head
space in the diffusion sampler (see Gardner and Solomon (2009) for a detailed description of the shutting
mechanism in the samplers). The experiment was then repeated for increasing equilibration lengths (up to

seven days).
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6.3.4 Results for testing equilibration times

Figure 6.9 shows noble gas concentrations from samples collected in the two piezometers, all gas concen-
trations are in units of cm® STP g'!. Results from the shallower piezometer (WSS-P2-S4-5, left panel) show
total dissolved gas pressure (TDG, atm), nitrogen (N;) and 40Ay decreasing in concentration with increased
equilibration time. The decreasing trend can be attributed to pre-flushing of the samplers with N (it is pos-
sible the UHP N, contained some minor component of argon). Equilibrium is not reached within 24 hours,
but appears to take somewhere in between 24 and 72 hours. Neon-20 concentrations show an inverse trend,
increasing with time and likewise reaching equilibrium somewhere between 24 and 72 hours. Helium-
4 concentrations do not change significantly with time, suggesting that equilibrium is reached within 19
hours. For the 19 hour equilibration time, two values are given for each gas, the lower concentrations are

likely incorrect, however the cause for this error could not be determined.
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Figure 6.9: Measured gas concentrations (cm®> STP g'') and pressures in the diffusion samplers versus
equilibration time. Results in the left panel are for the shallower bore, while those in the right are for the
deeper bore.

Results from the deeper piezometer with a greater water column height (WSS-P2-S4-2, right panel) are
slightly different. There is no significant change in nitrogen or TDG with equilibration time. There is an
increase in “°Ar and ?°Ne concentrations with time, with equilibration being reached somewhere between
50 and 170 hours, most likely around 70 hours (approximately three days). Helium-4 also shows increasing
concentrations with equilibration time, which is different to the results from the shallower piezometer which

indicated equilibration occurred within 19 hours. This demonstrates that the diffusion samplers used take
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longer to equilibrate when deployed in piezometers with a greater column of water above the screened

interval.

6.3.5 Conclusions

This experiment has demonstrated that the diffusion samplers used in this study have equilibration times
that vary for the different noble gases of interest, but also vary depending on the type of piezometer they
are deployed in. Because of the modifications made to the diffusion samplers throughout the course of this
study, a direct comparison with the samplers described by Gardner and Solomon (2009) cannot be made.
The piezometer with a relatively shallow water column (39 m) had a short equilibration time of 19 hours for
“He, and equilibration times between 24 and 72 hours for 2°Ne and “°Ar. The piezometer with the greater
water column (ie. diffusion samplers deployed further below the watertable) had equilibration times for

4He, 2%Ne and #°Ar of somewhere between 50 and 170 hours, most likely around 70 hours (i.e. three days).

These results show that care must be taken in designing sampling programs for noble gases using diffusion
samplers, as equilibration times may vary depending upon the height of the water column. More thorough
testing would be required to quantify this effect for piezometers with water columns depths greater than

120 m.
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