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This study investigates the inorganic and organic aspects of the carbon cycle in groundwaters throughout the
freshwater lens and transition zone of a carbonate island aquifer and identifies the transformation of carbon
throughout the system.Wedetermined 14C and 13C carbon isotope values for both DIC andDOC in groundwaters,
and investigated the composition of DOC throughout the aquifer. In combination with hydrochemical and 3H
measurements, the chemical evolution of groundwaterswas then traced from theunsaturated zone to thedeeper
saline zone. The data revealed three distinct water types: Fresh (F), Transition zone 1 (T1) and Transition zone 2
(T2) groundwaters. The 3H values in F and T1 samples indicate that these groundwaters are mostly modern.
14CDOC values are higher than 14CDIC values and are well correlated with 3H values. F and T1 groundwater geo-
chemistry is dominated by carbonatemineral recrystallisation reactions that add dead carbon to the groundwater.
T2 groundwaters are deeper, saline and characterised by an absence of 3H, lower 14CDOC values and a different DOC
composition, namely a higher proportion of Humic Substances relative to total DOC. The T2 groundwaters are
suggested to result from either the slow circulation of water within the seawater wedge, or from old remnant
seawater caused by past sea level highstands. While further investigations are required to identify the origin of
the T2 groundwaters, this study has identified their occurrence and shown that they did not evolve along the
same pathway as fresh groundwaters. This study has also shown that a combined approach using 14C and 13C
carbon isotope values for both DIC and DOC and the composition of DOC, as well as hydrochemical and 3H
measurements, can provide invaluable information regarding the transformation of carbon in a groundwater
system and the evolution of fresh groundwater recharge.
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1. Introduction
Estimating groundwater residence time is critical for our under-
standing of hydrogeological systems, for groundwater resource assess-
ments and for the sustainable management of groundwater resources
(Cartwright et al., 2013; Fan, 2016; Meredith et al., 2016). Understand-
ing the age of groundwater resources in a coastal setting which are sus-
ceptible to seawater intrusion and often utilised as a potable water
source is particularly important. In this setting, radioactive isotopes
such as radiocarbon (14C) and tritium (3H), which are produced by the
interaction of atmospheric gases with cosmic radiation, are the most
commonly used tools to determine groundwater residence times
(Clark and Fritz, 1997; Kalin, 2000; Edmunds, 2009).While 3H is consid-
ered a robust tool for residence time calculations, it only covers a short
time scale (b50 years). 14C is suitable for longer time scales, but has
many more problems associated with its application due to the cycling
of carbon, especially in a coastal limestone aquifer. However, a suitable
tracer for dating groundwater covering a similar age range as 14C re-
mains unavailable, leaving 14C as the only option at present. As such, it
is important to understand the carbon isotopic composition of Dissolved
Inorganic Carbon (DIC; 14CDIC, δ13CDIC) and Dissolved Organic Carbon
(DOC; 14CDOC, δ13CDOC) and how various carbon sources impact on
14CDIC and 14CDOC groundwater values. A key process that influences
14CDIC values involves the dissolution of old 14C-free solid carbonates
in the aquifer matrix (Munnich, 1957; Ingerson and Pearson, 1964),
which dilutes the initial surface derived 14C activity in the DIC pool
and results in an apparent “aging” of groundwaters. Other processes
which affect the 14CDIC activity include precipitation of the atmospheric
DIC component, isotope exchange reactions between the carbonate
phases, groundwater mixing and microbial respiration (Pearson and
White, 1967; Pearson and Hanshaw, 1970; Mook, 1980; Murphy et al.,
1989b).

The carbon sources in coastal aquifers include organic and inorganic
carbon contributed from both marine and continental sediments
(Yechieli et al., 2001). Not only can geochemical reactions affect the car-
bon isotopes but the physical process ofmixing between differentwater
bodies with varying chemistry can result in a mixture of waters with
distinctly different residence times. The mixing of fresh groundwater
and seawater may also promote additional geochemical reactions that
directly (e.g. sulphate reduction, mixing corrosion) or indirectly (e.g.
ion exchange) change the DIC content and its isotopic signature. High
salinity waters may also complicate the interpretation of 14C ages, as
the salinity may influence the rate of isotopic exchange between solid
calcium carbonate and dissolved bicarbonate ions (Wendt, 1971). A
small number of studies have investigated the application of 14CDIC in
coastal settings undergoing seawater intrusion (De Breuck and De
Moor, 1991; Hahn, 1991; Yechieli et al., 2001; Sivan et al., 2004),
where it has assisted in the identification of both modern and old sea-
water intrusion, as well as the rate of seawater intrusion.

The geochemical processes controlling the carbon mass balance of
DIC are not complete without including those that involve DOC (Kalin,
2000), as the oxidation of DOCwill contribute carbon to the groundwa-
ter DIC. DOC in groundwater originates from active biological processes
in the soil, unsaturated and saturated zones, andmay introduce fossil or
modern organic material to the groundwater (Thurman, 1985a). The
DOCmay be derived fromorganicmatter originating fromdecomposing
organic carbon in the soil zone, which is produced by both C3 (trees)
and C4 (grasses) photosynthetic pathways (Plummer and Sprinkle,
2001; Plummer and Glynn, 2013).When released as DOC itmay be sub-
sequently transported to the groundwater via recharge. Where organic
matter comprises a significant input of carbon to a groundwater system,
the isotopic composition of the source organicmatter should be investi-
gated (Kalin, 2000). Like 14CDIC, 14CDOC will undergo exponential radio-
active decay and can be used as a suitable tracer for estimating
groundwater residence times and ages, provided only one DOC source
exists (Wassenaar et al., 1991b). As soil and dissolved humic substances
are a polymeric mixture of young and old organic carbon, finite 14CDOC
ages should not be considered absolute ages, rather they represent the
‘mean apparent age’ ormean residence time of the humicmaterial mix-
ture (Van Veen and Paul, 1978; Murphy et al., 1989b; Wassenaar et al.,
1990a).

The analysis of 14CDOC has been investigated in a relatively small
number of studies (Spiker and Rubin, 1975; Thurman, 1985a; Murphy
et al., 1989a; Murphy et al., 1989b; Pettersson et al., 1989; Wassenaar
et al., 1989; Wassenaar et al., 1990a; Wassenaar et al., 1990b; Purdy et
al., 1992) to assist with the interpretation of 14CDIC results, however to
the authors' knowledge, the application of 14CDOC in coastal aquifers is
unique to this study. The combined interpretation of DIC and DOC and
their isotopes is expected to lead to improved understanding of the evo-
lution of groundwater, and better age estimates based on 14CDIC. This
paper aims to identify the sources of carbon in an island aquifer from
the freshwater lens to the saline groundwater, and the processes that af-
fect its cycling throughout the system, using a combined approach of 14C
and 13C carbon isotope values of both DIC and DOC, the composition of
groundwaterDOC and 3Hmeasurements. It specifically aims to trace the
geochemical evolution of waters from rainfall to fresh groundwater in
the modern setting and identify key reactions taking place. It then
aims to investigate processes in the transition zone of the aquifer to
identify whether groundwaters of varying salinity have evolved under
similar pathways to fresh groundwaters. Finally, this study aims to iden-
tify the occurrence ofmodern and old seawater intrusion into the fresh-
water lens.

2. Environmental setting

2.1. Geology and hydrogeology

Rottnest Island is located approximately 18 km off the coast of Perth
in the south-west Western Australia region (Fig. 1A) and is ∼10.5 km
long and up to 4.5 km wide, with a maximum elevation of ∼45 m Aus-
tralian Height Datum (AHD). The island is composed of Pleistocene to
mid-Holocene carbonate aeolianite (Tamala Limestone) with a total
thickness of ∼115 m (Playford and Leech, 1977). The Tamala Limestone
on Rottnest Island varies from strongly lithified to friable and consists of
creamy-white to yellow, or light-grey calcarenites which contains vari-
ous proportions of quartz sand, fine- to medium-grained shell frag-
ments, and minor clayey lenses (Playford et al., 1976). The
calcarenites are composed of 50–99% fine to coarse sand-sized carbon-
ate bioclasts (Playford et al., 1976; Mory, 1995; Playford, 1997; Hearty
and O'Leary, 2008). The carbonate composition is assumed to be similar
to that of themainland Tamala Limestone Grey member, which is com-
prised of approximately 21% aragonite, 12% high Mg-calcite and 67%
lowMg-calcite (Lipar andWebb, 2014). The non-carbonate grains con-
sist of quartz andminor amounts of microcline and orthoclase feldspar,
ilmenite, magnetite, garnet, amphibole and epidote (Bastian, 1996;
Lipar andWebb, 2015).The surficial geology is also composed of various
sands, clay, silt and coquina which is present around the coastline and
hypersaline lakes as indicated by Fig. 1A.

The Tamala Limestone can be considered typical of Late Quaternary
age coastal aeolianites that are related to Quaternary sea level change,
and are widely distributed globally (Brooke, 2001; Vacher and Quinn,
2004; Hearty and O'Leary, 2008). Several Tamala Limestone exposures
in south-west Western Australia and on Rottnest Island have been ex-
amined, which show dune, paleosol and shallow marine units. The
paleosols, which generally contain higher proportions of quartz grains
and clay than the surrounding calcarenites, represent periods of local
stand-still in dune development and the concurrent formation of soil
and establishment of vegetation (Playford and Leech, 1977; Lipar and
Webb, 2014; Lipar andWebb, 2015). The Tamala Limestone was previ-
ously dated by Hearty (2003) using whole-rock amino-acid
racemisation, which revealed that the limestone was deposited in
stages, commencing during Marine Isotope Stage (MIS) 5e, continuing



Fig. 1. A) Location and geological map of the study area showing sample locations (production and monitoring wells), weather station and rainfall collector. Surficial geology is based on
information provided by Gozzard (2011); and B) A conceptual east-west cross section of Rottnest Island, adapted from Smith (1985), showing groundwater flow directions (Bryan et al.,
2016). The numbers in Fig. 1A refer to well numbers.
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through MIS 5c and peaking at the end of MIS 5a, approximately 70–
80 ka ago (Hearty, 2003). As a result, the carbonate units within the
Tamala Limestone are classified as “dead” with regards to 14C and can
be considered to have a value of 0 pMC. A study by Meredith et al.
(2012) analysed two carbonate containing sediment samples for δ13C
composition from the top 25 m of a Tamala Limestone profile in the
Perth Basin, which is in relatively close proximity to Rottnest Island. Re-
sults showed an enriched signature with an average δ13C value of
−1.0‰ (Meredith et al., 2012), which is typical of marine derived car-
bonate values (≈0‰; Craig, 1953).

Interbedded aeolian and paleosol sequences such as those observed
on Rottnest Island are typical of Quaternary coastal sequences globally
(Mauz et al., 2013; Pedoja et al., 2014; Rowe and Bristow, 2015;
Swezey et al., 2016) and record complex cycles of coastal sedimentation
linked to a wide range of sea-level positions and climatic periods of the
middle and late Pleistocene (Fairbridge and Teichert, 1953; Playford et
al., 1976; Kendrick et al., 1991; Brooke, 2001; Price et al., 2001;
Hearty, 2003; Gozzard, 2007; Hearty and O'Leary, 2008; Playford et al.,
2013; Brooke et al., 2014). Coshell and Rosen (1994) reported a sea
level highstand, where sea level was ~2 m higher than present ~7 ka
ago, while a study by Gouramanis et al. (2012) used an ostracod record
in a sediment core from Barker Swamp on Rottnest Island to determine
that a notable sea level highstand occurred between ~4.5 and 4.3 ka ago,
which would have resulted in the incursion of marine water below the
island and through the islands porous calcium carbonate sediment
(Gouramanis et al., 2012).

Undulating sand dune hills characterise most of the island, with an
absence of water courses due to the highly permeable nature of the
Tamala Limestone. The island is similar to other carbonate aeolianite
islands such as Bermuda and the Bahamas, which are all characterised
by dune shaped topography, large amplitude, high-angle cross-bedding,
paleosols and fossiliferous marine units (Vacher, 1997). A number of
permanent hypersaline lakes at or slightly below mean sea level are
present and cover approximately 10% of the Island's surface area
(Playford and Leech, 1977), as well as many lower salinity inter-dunal
swamps (Edward and Watson, 1959; Edward, 1983). The freshwater
lens on the island is located within the upper section of the Tamala
Limestone (Fig. 1B). The aquifer at all locations and depths is aeolianite
and overlain by unconsolidated dune material in places. Thin paleosol
sequences are also present. A transition zone below the fresh
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groundwater is reported to be N10m thick (Edward andWatson, 1959;
Playford and Leech, 1977). Thewater table was previously documented
to be at a maximum of ~0.5 m above sea level, with groundwater
flowing from the centre of the lens towards the coast and hypersaline
lakes (Bryan et al., 2016). Isotopic investigations showed that thehyper-
saline lakes had no impact on the composition of groundwaters that
were previously sampled (Bryan et al., 2016). The spatial extent of the
freshwater lens was reported to have contracted significantly since
the late 1970s due to a decline in precipitation since the mid-1960s
(Bryan et al., 2016), which has resulted in the rising of the transition
zone and salinisation of fresh groundwaters, particularly in the northern
area of the lens (Bryan et al., 2016).

2.2. Climate

Rottnest Island has a Mediterranean type climate characterised by
hot, dry summers and mild, wet winters. The island has a long term av-
erage rainfall of 691 mm/year (1880–2015) and an annual reference
evapotranspiration (ETo) of 1694 mm (Station Number 9038 and
9193) (BOM, 2016).

2.3. Land use and vegetation

Rottnest Island has been used for various purposes since European
settlement in the 1830s including as an aboriginal prison, for military
training and agricultural production. In recent decades, it has primarily
been a tourist destination. The native vegetation of Rottnest Island,
which once covered an estimated 65% of the Island, has been heavily dec-
imated by human activities and fire, with native forest and woodland
cover reduced to 23% by 1941 and 5% by 1997 (Playford, 1997). The
vegetation has been negatively impacted by native marsupials known
as quokkas (Setonix brachyurus) (Rippey and Hobbs, 2003), with the
reestablishment of native vegetation, particularly after fire, hindered by
quokka grazing. The native flora of Rottnest Island consists of around
140 species, with the coast dominated by grasses including Spinifex
sericeus and Westringia fruticosa (Gouramanis et al., 2012). Acacia
rostelifera shrubs and three tree species (Melaleuca lanceolata, Callitris
preissii and Pittosporum ligustrifolium) dominate the inland areas of the is-
land (Rippey andHobbs, 2003). Revegetation has commenced around the
island, however the area above the freshwater lens has been left generally
free of trees to ensure maximum recharge to the freshwater lens.

3. Methods

3.1. Field procedures

During two field campaigns in September 2014 and March 2015,
twenty-nine samples were collected from production and monitoring
wells throughout the study area (Fig. 1A). Samples were collected at,
or just above the well screen, which is located at the bottom of each
well, and measure a maximum of 1.5 m in length. The short screen
length of bothmonitoring and productionwells ensure a representative
sample from varying depths throughout the aquifer. Prior to sampling,
standingwater levels were recorded and in-fieldmeasurements includ-
ing pH, temperature, electrical conductivity (EC) and dissolved oxygen
(DO)weremeasured (YSI 556Multiparameter Instrument).Monitoring
well samples were collected using a plastic submersible centrifugal
pump (Supernova 120) after wells were purged of three well-volumes
and stabilisation of in-field parameters was observed. Production well
samples were collected using permanently installed pumps after purg-
ing until stabilisation of in-field parameters. One seawater sample was
also collected using a peristaltic pump (Masterflex E/S portable sam-
pler). Total alkalinity concentrations were determined by a double end-
point titration method using a HACH digital titrator at a dedicated field
laboratory at the end of each day.
Samples for anions, 3H and 14CDIC analysis werefiltered through 0.45
μm filters and collected in 60 mL and 1 L high density poly-ethylene
(HDPE) bottles respectively, with no further treatment. Samples for cat-
ions were filtered through 0.45 μm filters and collected in 60 mL HDPE
bottles and acidifiedwith 65% Suprapur® nitric acid. Liquid Chromatog-
raphy-Organic Carbon Detection (LC-OCD) samples were filtered
through 0.45 μmfilters, collected in 30mLHDPEbottles and refrigerated
until analysis. Stable isotopes of DIC (13CDIC) samples were filtered
through 0.2 μm filters, collected in 12mL glass vials (Exetainers) and re-
frigerated after sampling. Dissolved Organic Carbon (DOC) and stable
isotopes of DOC (13CDOC) samples were filtered through 0.2 μm filters,
collected in 60 mL HDPE bottles and frozen after sampling. 14CDOC sam-
ples were filtered through 0.2 μm filters, collected in 2 L HDPE bottles
and frozen after sampling. All samples were sealed with tape after col-
lection to limit atmospheric exchange.

Composite rainfall sampleswere collected on aweekly basis fromMay
2014–March2015 in a rainfall collector designed to collect samples for iso-
topic analysis by preventing evaporation (Gröning et al., 2012). Samples
for major ions were collected in 30 mL HDPE bottles, and sealed with
tape after collection to limit atmospheric exchange. All samples were fil-
tered, and samples for cations were acidified with 65% Suprapur® nitric
acid, on return to the laboratory. In-field measurements were not collect-
ed, hence a pH value of 5.5 is assumed (Appelo and Postma, 2005).

3.2. Analysis

The chemical composition of water samples were analysed at the
Australian Nuclear Science and Technology Organisation (ANSTO) by
ion chromatography and inductively coupled plasma-atomic emission
spectroscopy for anions and cations respectively. Analytical accuracy
was assessed by evaluating the charge balance error, with 80% of the
samples falling within ±5% and all samples falling within ±6.2%.

The δ13CDIC signatures of water samples were analysed at ANSTO by
isotope ratio mass spectrometry (IRMS) and results were reported as
per mil (‰) deviations from the international carbonate standard
NBS19 (δ13C = +1.95‰ VPDB) with a precision of ±0.3‰. 13CDOC

and DOC concentrations were analysed at the UC Davis Stable Isotope
Facility using a total organic carbon analyser interfaced to a PDZ Euro-
pa20-20 IRMS utilising a GD-100 gas trap interface. δ13CDOC results
were reported as per mil (‰) deviation from a standard reference ma-
terial (KHP δ13C = −25.17‰ PDB) with an analytical precision of
±0.6‰. DOC characterisation was completed at the Mark Wainwright
Analytical Centre at the University of New South Wales, Australia, and
was based on methodology outlined by Huber et al. (2011). In brief,
the analysis involves an automated size-exclusion chromatography sys-
tem coupled to three detectors for organic carbon, organic nitrogen and
UV absorbance, respectively. A Toyopearl HW-50S gel filtration column
was used with a phosphate buffer mobile phase of pH 6.4 at a flow rate
of 1.1 mL/min. Sample injection volumes were 1 mL. The chromato-
grams obtainedwere interpreted using theDOC-Labor ChromCALC soft-
ware program, which identifies six fractions of DOC based onmolecular
weight; Humic Substances, Building Blocks, Biopolymers, Low Molecu-
lar Weight (LMW)-neutrals, LMW-acids and Hydrophobics (Refer to
Table S1 - Supplementary Data for a description of each fraction
(Huber et al., 2011, Rutlidge et al., 2015)).

14CDIC and 14CDOC samples were analysed by accelerator mass spec-
trometry (AMS) at the ANSTO AMS facility described by Fink et al.
(2004). The 14CDIC content of waters was determined by accelerator
mass spectrometry after samples were processed according to the
method outlined by Meredith et al. (2012). Briefly, the total DIC was
converted into CO2 by acidifying the samples and extracting the liberat-
ed CO2 gas. The CO2 sample was then heated with CuO, Ag and Cu wire
at 600 °C for 2 h, followed by conversion into graphite by reducing it
with excess hydrogen gas in the presence of an iron catalyst at 600 °C.
14CDOC sampleswere acidified to pH b2with HCl, and rotary evaporated
until approximately 95% of the sample water was removed. The sample
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was transferred to a beaker and dried to completion, before the residue
was heatedwith CuO, Ag and Cuwire at 600 °C for 2 h, followed by con-
version into graphite as described above. The 14C results from the labo-
ratory were reported in percent Modern carbon (pMC) normalised
against the δ13C of the graphite, with an average 1σ error of the AMS
readings at±0.3 pMC. The ‘un-normalised’ 14CDIC values for groundwa-
ter were used and reported as pmc (Plummer and Glynn, 2013), which
was calculated using the 14C/12C ratio and Eq. 1 provided by Mook and
Van Der Plicht (1999). These values are used as the variation in ground-
water δ13CDIC is caused by geochemical reactions that may affect δ13CDIC
and 14CDIC differently, meaning that normalisation of the 14CDIC value
against the graphite value would introduce additional error into the
age calculations.

pmc ¼ pMC
1þ13δDIC
1000

� �
=0:975

� �2
ð1Þ

3H sampleswere analysed at ANSTO, withwater samples distilled and
electrolytically enriched prior to analysis by a liquid scintillation method.
The 3H concentrationswere expressed in tritiumunits (TU)with a general
uncertainty of ±0.1 TU and quantification limit of 0.06 TU.

The correlation of all results was calculated using a Spearman's Rank
Correlation, to account for data that is not normally distributed.

3.3. Calculations

3.3.1. Ion enrichment and depletion
Reactions occurring in the transition zone can be revealed by com-

paring the measured water composition with the composition calculat-
ed for conservative mixing of freshwater and seawater. The fraction of
seawater (fsea) is calculated from the Cl− concentration, assuming that
it acts conservatively and that there is no additional source of Cl−

(Appelo and Postma, 2005):

f sea ¼ mCl− ;sample −mCl− ;fresh

mCl− ;sea−mCl− ;fresh
ð2Þ

wheremCl
–
, sample, mCl

–
, fresh and mCl

–
, sea are the Cl− concentrations in a

sample, fresh groundwater and seawater respectively. The Cl− concen-
tration of the freshest groundwater sample (2-94), which was deter-
mined according to its low TDS value (474 mg/L), was used as the
mCl

–
, fresh value.
The conservative mixing concentration (mi, mix) for other dissolved

species is then calculated from (Appelo and Postma, 2005):

mi;mix ¼ f sea �mi;sea þ 1− f seað Þ �mi;fresh ð3Þ

where mi, sea and mi, fresh are the concentrations in seawater and fresh-
water of the species i. The enrichment or depletion (mreact) of the spe-
cies i is then obtained by (Appelo and Postma, 2005):

mreact ¼ mi;sample−mi;mix ð4Þ

A positivemreact indicates that the groundwater is enriched for spe-
cies i, and a negative mreact indicates that the groundwater is depleted
for species i, compared to conservative mixing.

3.3.2. Hydrogeochemical interpretation and mass balance modelling
Saturation indices for calcite and aragonite, the partial pressure of

CO2 (pCO2), HCO3
– concentration, aswell asDIC concentrationswere cal-

culated with the hydrogeochemical software PHREEQC 3, using the
PHREEQC database (Parkhurst and Appelo, 2013). Calculations were
made with field alkalinity and pH values.

The interactive computer codeNETPATH (Plummer et al., 1991) was
used to reconstruct mass balance reactions and quantify the geochemi-
cal processes that are consistent with the evolution of the water
chemistry observed between two points along a flow path (inverse
modelling), and was used to account for the cycling of carbon along
conceptualised flow paths within the unsaturated zone and fresh
groundwater on Rottnest Island. Modelling was based on the assump-
tion that piston flow recharge is occurring in this system and that the
groundwater system is at chemical steady state. All reactions observed
were constrained by mass balance on Ca, Mg, C, and electron balance.
Recrystallisation reactions were simulated by the dissolution of a high
Mg-calcite (30 mol% Mg) with a δ13C value of −1‰ and the precipita-
tion of pure calcite in equilibrium with the groundwater δ13C value.
The proportion of Mg in High-Mg calcite was based on the maximum
Mg mol% determined by other studies (Mucci, 1987, and references
within). Each geochemical reaction model in NETPATH is solved as an
isotope-evolution problem using Rayleigh distillation calculations
(Wigley et al., 1978), which account for isotope fractionation along
the flow path to predict the δ13CDIC isotopic composition of the final
end member in the reaction. The modelled reactions can then be com-
pared to measured δ13CDIC isotopic values, and the validity of the
model assessed. Models that computed δ13CDIC values within ±1‰ of
the measured value were considered. A more detailed description of
this modelling approach is described by Plummer et al. (1991),
Aravena et al. (1995) and Plummer and Sprinkle (2001).

4. Results

4.1. Inorganic chemistry

The groundwater hydrochemical and isotopic results from the
Rottnest Island aquifer, along with one seawater sample and rainfall,
are presented in Table 1. The rainfall composition on Rottnest Island is
dominated by Na and Cl−, and in general is characterised by low salin-
ity, low DIC content and is assumed to have a pH of ~5.5 (Appelo and
Postma, 2005).

A number of water types were found in the coastal aquifer (Bryan et
al., 2016), which differ from each other by their salinity and chemical
composition as determined by Fetter (2001): Fresh (b1000 mg/L
TDS), Brackish (1000–10,000 mg/L TDS) and Saline (10,000–
100,000 mg/L TDS). Ca concentrations range from 1.0–1.6 mmol/L in
fresh groundwaters, from 1.3–3.9 mmol/L in brackish groundwaters
and from 4.9–9.8 mmol/L in saline groundwaters (Fig. 2A). The Ca con-
centration in seawater is 10.4 mmol/L. Na concentrations range from
2.3–6.1 mmol/L in fresh groundwaters, from 7.3–93.7 mmol/L in brack-
ish groundwaters and from 189.8–393.6 mmol/L in saline groundwa-
ters. The Na concentration in seawater is 491.7 mmol/L. Mg
concentrations range from 0.7–2.0 mmol/L in fresh groundwaters,
from 2.0–10.6 mmol/L in brackish groundwaters and from 22.4–
42.8 mmol/L in saline groundwaters. The Mg concentration in seawater
is 55.5 mmol/L. Sr concentrations are below 0 mmol/L in fresh ground-
waters, and range from 0–0.1 mmol/L in brackish groundwaters and
from 0.1–0.3 mmol/L in saline groundwaters. The Sr concentration in
seawater is 0.1 mmol/L. Cl− concentrations range from 2.7–
7.5 mmol/L in fresh groundwaters, from 8.8–97.4 mmol/L in brackish
groundwaters and from 227.2–485.4 mmol/L in saline groundwaters.
The Cl− concentration in seawater is 573.4 mmol/L. HCO3

– concentra-
tions range from 3.4–5.1 mmol/L in fresh groundwaters, from 4.7–
6.9mmol/L in brackish groundwaters and from2.6–4.1mmol/L in saline
groundwaters (Fig. 2B, C). The HCO3

– concentration in seawater is
1.5 mmol/L. The sum of Ca and Mg show a positive correlation with
HCO3

– concentrations in the fresh and brackish groundwater (r =
0.89), however as the groundwater salinity increases further, HCO3

– de-
creases as the sumof Ca andMg increases (r=−0.57; Fig. 2C). TheMg/
Ca molar ratio also increases with increasing δ13CDIC values (r = 0.72;
Fig. 3).

SO4
2− concentrations range from 0.3–0.7mmol/L in fresh groundwa-

ters, from 0.7–3.8 mmol/L in brackish groundwaters and from 11.3–
23.6 mmol/L in saline groundwaters (Fig. S3A), while the SO4

2−



Table 1
Hydrochemical and isotopic results for groundwaters, seawater and rainfall on Rottnest Island, as well as the mixing water type defined through the study.

Well ID Sample typea Sample date Screen elevation Tb pH Field alkalinity DOc TDSd Ca Mg Na Sr FeTOTe Cl−

m AHDm °C mg/L CaCO3 mg/L mg/L mmol/L mmol/L mmol/L mmol/L μmol/L mmol/L

2-77 Prod 29/9/14 −0.11 18.45 7.64 225.7 1.78 672 1.0 1.7 4.2 0.0 4.5
3-77 Prod 29/9/14 −0.01 15.88 7.48 261.6 1.53 776 1.3 2.0 4.5 0.0 5.1
1-83 Prod 28/9/14 0.09 16.54 7.52 233.6 1.55 789 1.4 1.8 4.9 0.0 6.1
4-83 Prod 30/9/14 −0.11 16.79 7.78 216.8 4.23 674 1.0 2.0 3.8 0.0 4.4
1-90 Prod 29/9/14 −0.90 15.86 7.50 254.5 2.47 2461 1.9 3.8 26.4 0.1 35.1
2-90 Prod 29/9/14 −0.50 18.46 7.78 201.8 3.61 605 1.0 1.5 3.6 0.0 4.2
6-90 Prod 29/9/14 −0.64 18.64 7.66 232.4 3.39 799 1.5 1.6 5.4 0.0 6.7
8–90 Prod 29/9/14 −0.59 18.78 7.43 311.0 1.90 1144 1.5 2.6 8.9 0.0 9.2
16-90 Prod 28/9/14 −0.28 16.83 7.43 263.0 1.33 812 1.6 1.9 4.7 0.0 5.9
17-90 Prod 30/9/14 0.06 16.72 7.87 229.4 3.50 787 1.2 2.0 5.0 0.0 5.9
3-93 Prod 29/9/14 −0.27 18.68 7.59 210.0 2.92 833 1.2 2.0 6.1 0.0 7.5
6-93 Prod 29/9/14 −0.22 16.55 7.62 229.8 4.04 713 1.2 1.7 4.3 0.0 5.5
5-90 Mon 27/9/14 −6.90 17.33 7.33 377.5 0.35 6868 3.9 10.6 93.7 0.1 97.4
7-90 Mon 12/3/15 −7.06 22.25 7.44 185.0 3.26 20,676 6.9 31.9 279.4 0.1 0.3 325.5
11-90 Mon 26/9/14 −6.19 18.61 7.53 182.6 0.50 29,675 9.8 42.8 393.6 0.1 3.4 485.4
13-90 Mon 11/3/15 −3.55 20.10 7.15 197.5 0.50 4997 2.5 7.6 59.5 0.1 74.3
15-90 Mon 26/9/14 −14.92 19.42 7.52 154.5 0.15 22,977 7.3 33.4 287.2 0.3 3.1 386.8
18-90 Mon 27/9/14 −11.16 17.77 7.42 191.6 0.33 25,267 7.6 38.6 317.7 0.1 416.7
21-90 Mon 26/9/14 −4.04 19.13 7.36 325.0 0.32 3584 2.9 5.6 38.5 0.0 1.8 46.4
24-90 Mon 26/9/14 −3.47 19.43 7.56 275.6 0.38 1211 1.5 2.6 9.0 0.0 2.0 11.9
25-90 Mon 27/9/14 17.52 7.54 208.6 0.29 14,489 4.9 22.4 189.8 0.1 227.2
27-90 Mon 26/9/14 −4.98 18.96 7.29 244.8 0.86 20,824 7.1 32.8 293.2 0.1 314.0
28-90 Mon 26/9/14 −1.52 19.96 7.47 245.7 1.07 1986 2.2 2.6 20.6 0.0 27.4
31-90 Mon 28/9/14 −9.20 18.40 7.62 205.2 0.28 16,344 7.8 25.9 219.8 0.1 247.2
1-94 Mon 28/9/14 −0.53 18.73 7.71 231.4 4.64 667 1.5 1.3 3.7 0.0 4.5
2-94 Mon 28/9/14 −1.00 19.17 7.60 176.7 7.05 474 1.5 0.7 2.3 0.0 2.7
3-94 Mon 27/9/14 −0.72 17.56 7.55 251.3 3.04 1244 1.8 2.0 10.8 0.0 13.7
4-94 Mon 27/9/14 −1.83 17.47 7.63 287.2 2.41 1075 1.4 2.8 7.3 0.0 8.9
5-94 Mon 27/9/14 −1.87 18.58 7.70 252.7 1.13 1040 1.3 2.6 7.5 0.1 8.8
SW SW 12/3/15 0.00 21.19 8.13 109.8 6.69 35,780 10.4 55.5 491.7 0.1 573.4
RF RF 5.50r 0.12 0.20 1.78 0.0 2.13
RFt RF 0.15 0.25 2.25 0.0

a Prod = Production well, Mon = Monitoring well, SW= Seawater, RF = rainfall.
b Temperature.
c Dissolved Oxygen.
d Total Dissolved Solids.
e Total Iron.
f Charge Balance Error.
g Saturation Indices for Calcite.
h Saturation Indices for Aragonite.
i Partial Pressure of CO2.
j Dissolved Inorganic Carbon.
k Dissolved Organic Carbon.
l F = Fresh groundwater, T1 = Transition zone 1 groundwater, T2 = Transition zone 2 groundwater.
m Meters Australian Height Datum.
n Atmosphere.
o Percent modern carbon.
p Percent Modern Carbon (normalised).
q Tritium Units.
r Assumed value.
s Calculated by difference.
t Concentration factor of 1.3 applied.
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Table 1
Hydrochemical and isotopic results for groundwaters, seawater and rainfall on Rottnest Island, as well as the mixing water type defined through the study.

SO4
2− NO3

− HCOs
− CBEf SIccg SIArh PCO2i DICj δ13CDIC

14CDIC DOCk 13CDOC
14CDOC

3H Mixing typel

mmol/L mmol/L mmol/L % atmn mmol/L ‰ pmco mg/L pMCp TUq

0.5 0.1 4.4 −2.1 0.08 −0.07 0.005 4.7 −7.0 52.50 1.18 24.96 0.93 F
0.7 0.2 5.1 −2.6 0.02 −0.13 0.009 5.6 −8.2 56.64 1.13 25.01 88.91 0.89 F
0.6 0.2 4.5 −3.8 0.05 −0.10 0.007 5.0 −8.6 66.53 1.96 24.66 105.62 0.96 F
0.7 0.3 4.2 −2.7 0.18 0.03 0.004 4.5 −5.9 45.32 1.24 25.28 1.11 F
1.0 0.3 4.9 −5.0 0.06 −0.09 0.007 5.4 −6.7 48.50 1.40 26.92 54.46 T1
0.4 0.2 3.9 −2.9 0.18 0.03 0.003 4.2 −6.5 41.81 0.56 26.51 0.87 F
0.5 0.2 4.5 −3.8 0.25 0.10 0.005 4.8 −8.6 67.68 1.02 26.26 0.62 F
1.0 0.7 6.0 −2.5 0.10 −0.05 0.012 6.7 −7.3 56.81 2.02 25.86 97.50 T1
0.5 0.2 5.1 −2.8 0.08 −0.07 0.010 5.7 −9.8 74.13 2.90 26.09 99.78 0.96 F
0.7 0.3 4.4 −3.1 0.32 0.17 0.003 4.7 −8.6 66.12 1.53 25.49 93.73 F
0.7 0.3 4.1 −3.1 0.03 −0.12 0.006 4.4 −5.9 44.45 0.83 25.99 F
0.4 0.2 4.5 −5.1 0.09 −0.06 0.006 4.8 −5.8 46.39 0.78 26.58 F
3.3 0.4 6.9 5.5 0.22 0.07 0.015 8.2 −2.3 8.71 1.20 26.27 0.12 T2
16.6 0.1 3.1 −0.03 0.12 −0.03 0.005 3.9 −3.1 21.17 0.10 30.30 0.67 T1
23.6 2.9 −2.9 0.25 0.10 0.004 3.8 −7.3 43.98 1.10 24.84 57.78 0.09 T2
2.9 0.5 6.0 −3.75 −0.12 −0.27 0.021 7.2 −4.1 23.99 1.00 28.60 0.21 T1
16.4 2.6 −6.2 0.10 −0.05 0.003 3.2 −2.9 8.35 0.50 25.51 0.03 T2
20.8 0.2 3.1 −5.3 0.06 −0.08 0.005 4.1 −5.9 35.12 0.20 23.87 50.61 0.07 T2
3.8 0.0 6.1 −3.4 0.18 0.03 0.013 7.0 −9.0 59.33 2.80 25.90 91.48 0.62 T1
1.1 5.3 −5.8 0.19 0.04 0.008 5.8 −7.4 56.31 2.20 24.83 94.80 0.65 T1
11.3 0.1 3.6 −1.2 0.13 −0.02 0.004 4.4 −2.2 13.18 0.20 27.07 46.57 0.04 T2
17.8 0.3 4.1 3.4 0.06 −0.09 0.009 5.3 −3.0 18.28 0.40 26.03 66.99 0.29 T2
0.7 0.3 4.7 −4.9 0.18 0.03 0.008 5.2 −9.8 77.03 0.80 26.59 83.97 0.95 T1
14.4 0.1 3.4 2.0 0.38 0.23 0.004 4.2 −9.4 52.47 0.90 31.07 66.93 0.07 T2
0.4 0.2 4.5 −2.7 0.34 0.19 0.005 4.8 −9.7 85.76 0.60 25.24 1.16 F
0.3 0.1 3.4 −1.8 0.14 −0.01 0.005 3.7 −11.0 95.23 0.60 25.33 1.35 F
0.7 0.1 4.8 −4.0 0.20 0.05 0.007 5.3 −11.4 97.21 0.80 26.61 1.04 T1
1.0 0.4 5.5 −3.8 0.23 0.08 0.007 6.0 −6.7 54.68 1.30 25.44 0.67 T1
1.2 0.3 4.9 −2.8 0.22 0.07 0.005 5.2 −4.1 28.23 0.90 24.66 86.11 0.42 T1
32.1 0.0 1.5 −0.52 0.60 0.45 0.000 0.0 0.9 0.40 24.50
0.14 0.05s

0.17

Table 1 (continued)
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Fig. 2. Bivariate plots of A) Ca vs. Cl−, B) HCO3
– vs. Cl− and C) HCO3

– vs. Ca + Mg in groundwaters. Fig. 2C shows a 2:1 (HCO3
−:Ca + Mg) ratio (dashed line) and all figures show a

conservative mixing line (solid line) between a freshwater and seawater end-member. Samples are grouped according to the TDS classification (Fresh: b1000 mg/L, Brackish: 1000–
10,000 mg/L, Saline: 10,000–100,000 mg/L) outlined by Fetter (2001) and symbol size according to screen elevation.
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concentration in seawater is 32.1 mmol/L. SO4
2− values are well corre-

lated with Cl− (r = 0.93) and the data points follow a conservative
mixing line between fresh groundwater and seawater (Fig. S3A). NO3

−

is present in most groundwaters, with concentrations ranging from
0.1–0.3mmol/L in fresh groundwaters, from0.0–0.7mmol/L in brackish
groundwaters and from 0.1–0.3 mmol/L in saline groundwaters (Fig.
S3B). NO3

− concentrations do not show a strong correlation with Cl−

(r = −0.17; Fig. S3B) and the NO3
− concentration in seawater is below

detection limits. Total Fe concentrations were below detection limits
in all fresh groundwater samples andmost brackish and saline samples,
however five samples had measurable Fe concentrations that ranged
from 0.3–3.4 μmol/L (Table 1). DO concentrations ranged from 1.3–
7.0 mg/L in fresh groundwaters, from 0.3–3.0 mg/L in brackish ground-
waters and from0.1–3.3mg/L in saline groundwaters and decreasewith
increasing Cl− concentration (r = −0.74; Fig. S3C) and decreasing
screen elevation (r=0.68). All groundwaters (except one) are in equi-
librium or slightly oversaturated with respect to calcite (Fig. S3D) and
most groundwaters are close to saturation with respect to aragonite
(Table 1).

Ionic exchange reactions occurring in the aquiferwere investigated by
comparing the measured water composition with the expected water
composition resulting from the conservative mixing of freshwater and
seawater (Eqs. (2)–(4)). Results are shown in Table S2 and bivariate
plots of mreact values vs. elevation are shown in Fig. S4. Over half of the
groundwaters show a deficit of Ca compared to conservative mixing
(Careact b 0; Fig. S4A), with freshwater Careact values ranging from −0.5
Fig. 3. Bivariate plot showing the molar ratio of Mg/Ca vs. δ13CDIC for groundwaters
according to the TDS classification (Fresh: b1000 mg/L, Brackish: 1000–10,000 mg/L,
Saline: 10,000–100,000 mg/L) outlined by Fetter (2001) and symbol size according to
screen elevation. The figure also shows a conservative mixing line (solid line) between a
freshwater and seawater end-member.
to 0.1mmol/L, brackish values from−0.3 to 1.0mmol/L and saline values
from −0.3 to 2.5. An excess of Mg (Mgreact N 0) is observed in all fresh
waters (Mgreact=0.5–1.1 mmol/L) and all but one brackish groundwater
(−0.5–1.5 mmol/L), while a deficit is noted in most saline groundwaters
(−4.2–2.3 mmol/L; Fig. S4A). Most fresh samples show a small deficit in
Na (Nareact b 0), with Nareact values ranging from −0.4 to 0.4 mmol/L.
Brackish and saline Nareact values show more variation and range from
−4.2 to 10.2 mmol/L and −44.6 to 23.9 mmol/L respectively (Fig. S4B).
All samples show an excess of HCO3

– (HCO3
−
react N 0) compared to conser-

vative mixing, with HCO3
−
react values ranging from 0.4 to 3.8 mmol/L

(Fig. S4C). Brackish groundwaters show the highest excess of HCO3
−,

which ranges from 1.3 to 3.8 mmol/L, compared with 0.5–1.7 mmol/L
for fresh and 0.4–1.7 mmol/L for saline groundwaters (Fig. S4C). Around
half of the groundwater samples showed a deficit of SO4

2− compared to
conservative mixing (SO4

2−
react b 0), with the largest deficit observed in

brackish and saline samples which range from −2.2 to 1.0 mmol/L and
−5.3 to 0.5 mmol/L respectively (Fig. S4C). Freshwater SO4

2−
react values

range from−0.1 to 0.3 mmol/L.
DIC concentrations range from 3.7 to 5.7 mmol/L in fresh ground-

waters, from 5.2 to 8.2 mmol/L in brackish samples and from 3.2 to
5.3 mmol/L in saline groundwaters. In fresh and brackish groundwa-
ters the HCO3

– concentration accounts for 83–94% of the DIC, while in
saline groundwaters the HCO3

– concentration accounts for 76–83% of
the DIC. CO2 accounts of the majority of the remaining carbonate
speciation, accounting for 3–11% of DIC in fresh and brackish ground-
waters and 3–6% of DIC in saline groundwaters. δ13CDIC values range
from −11.0‰ to –5.8‰ in fresh groundwaters, from −11.4‰ to –
2.3‰ in brackish groundwaters and from −9.4‰ to –2.2‰ in saline
groundwaters (Fig. 4A, C). Seawater has a δ13CDIC value of 0.9‰. 14CDIC
values range from 41.8 to 95.2 pmc in fresh groundwaters, from 8.7 to
97.2 pmc in brackish groundwaters and from 8.4 to 52.5 pmc in saline
groundwaters (Fig. 4B, C). 14CDIC values decrease with increasing
depth below ground surface (r = 0.60), while δ13CDIC values increase
with increasing depth (r = −0.56). A very strong correlation between
14CDIC and δ13CDIC is also observed (r = −0.94; Fig. 4C).

3H values range from 0.62 to 1.35 TU in fresh groundwaters, from
0.12 to 1.04 TU in brackish groundwaters and from0.03 to 0.67 TU in sa-
line groundwaters (Fig. 5A–C), suggesting that most groundwaters are
modern and recharged within the past 50 years. A general trend is ob-
served for all groundwater samples (except three wells: 11–90, 18–90
and 31–90), which shows decreasing 14CDIC values (r = 0.76) and
δ13CDIC enrichment (r = −0.64) with decreasing 3H concentration
(Fig. 5A and B, respectively).

4.2. Organic chemistry

DOC concentrations range from 0.6 to 2.9 ppm in fresh groundwa-
ters, 0.8 to 2.8 ppm in brackish samples and from0.1 to 1.1 ppm in saline



Fig. 4. Han and Plummer diagrams of 14CDIC-δ13CDIC-DIC diagrams (Han et al., 2012) of groundwater samples according to the TDS classification (Fresh: b1000 mg/L, Brackish: 1000–
10,000 mg/L, Saline: 10,000–100,000 mg/L) outlined by Fetter (2001) and symbol size according to screen elevation. The blue arrows indicate evolution trajectories according to
carbonate dissolution.
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groundwaters. δ13CDOC values range from −26.6 to –24.7‰ in fresh
groundwaters, from −28.6 to −24.7‰ in brackish groundwaters and
from −31.1 to –23.9‰ in saline groundwaters. Deeper groundwaters
tend to have less DOC compared to shallower groundwaters (r =
0.30), while δ13CDOC values throughout the system show little correla-
tion with depth (r = 0.10). 14CDOC values range from 46.6 to 105.6
pMC across all groundwater samples, with saline samples showing the
lowest 14CDOC values (46.6 to 67.0 pMC; Fig. 6). Freshwater 14CDOC

values range from 88.9 to 105.6 pMC and brackish groundwaters
range from 84.0 to 97.5 pMC. 14CDOC values decrease with increasing
depth (r=0.55) and decreasing 3H (r=0.89; Fig. 5C), while good cor-
relation between 14CDOC and 14CDIC is also observed (r = 0.71; Fig. 6).
Fig. 5. Bivariate plots of 3H vs. A) 14CDIC, B) δ13CDIC and C) 14CDOC for groundwaters according t
100,000 mg/L) outlined by Fetter (2001) and symbol size according to screen elevation. The da
LC-OCD analysis shows that groundwater DOC is primarily com-
posed of Humic Substances (as defined in Table S1), which consti-
tute between 46 and 78% of the total DOC, while Building Blocks
and LMW-neutral fractions constitute between 4 and 33% of the
total DOC in most groundwaters (Fig. 7). The other fractions are
omitted here due to their limited occurrence. Seawater contains
51% Humic Substances, 16% Building Blocks and 18% LMW-neutrals,
with the remaining 14% of DOC composed of Biopolymers, LMW-
acids and Hydrophobic organic carbon (HOC). Saline groundwaters
with less 3H and lower 14CDOC values tend to have higher propor-
tions of Humic Substances compared to young fresh groundwaters
(Fig. 7).
o the TDS classification (Fresh: b1000 mg/L, Brackish: 1000–10,000 mg/L, Saline: 10,000–
shed lines indicate the 3H detection limit (0.06 TU).



Fig. 6. Bivariate plot of 14CDOC vs. 14CDIC for groundwaters according to the TDS
classification (Fresh: b1000 mg/L, Brackish: 1000–10,000 mg/L, Saline: 10,000–
100,000 mg/L) outlined by Fetter (2001) and symbol size according to screen elevation.
The black line indicates a 1:1 ratio.
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5. Discussion

The following section discusses the geochemical evolution of waters
from rainfall to fresh groundwater in the modern setting and then dis-
cusses the evolution of groundwaters in the transition zone of the aqui-
fer to identify whether groundwaters of varying salinity have evolved
under similar pathways to fresh waters and identify the occurrence of
modern and old groundwaters in the transition zone. The data revealed
three distinct water types (Fig. 8): fresh (F), Transition zone 1 (T1) and
Transition zone 2 (T2) groundwaters, which evolved along alternate
pathways described below.

5.1. Geochemical processes in the freshwater lens

The following section investigates the hydrochemical evolution in
the Tamala Limestone on Rottnest Island between the surface and shal-
low groundwater, which encompasses the unsaturated zone and fresh
groundwaters. The groundwaters are designated as F (Fresh) type wa-
ters, and occur at the top of the saturated zone. They are characterised
by TDS values between 474 and 833 mg/L (n = 12), 14CDIC values be-
tween 41.8 and 95.2 pmc (n = 12), 14CDOC values between 88.9 and
105.6 pMC (n = 4) and 3H values between 0.62 and 1.35 TU (n = 9).
All waters located at the top of the water table (−1.0–0.1 m AHD) are
evolved compared to rainfall, suggesting that the composition of F
groundwater is largely governed by processes occurring in the unsatu-
rated zone. These processes are explored by comparing the composition
of rainwater with the freshest groundwater sample (well 2-94), which
Fig. 7. Bivariate plots showing A) Humic Substances, B) Building Blocks and C) LMW-neutrals v
analysis. Groundwaters are grouped according to the TDS classification (Fresh: b1000 mg/L, B
symbol size according to screen elevation. Refer to Table S1 for a description of each DOC frac
organic matter decomposition were occurring.
was determined according to its low TDS value (474mg/L) and relative-
ly low δ13CDIC value (−11.0‰), when compared to other groundwaters
in the lens. The concentration of major dissolved ions in the rainwater
are likely to increase prior to, and during infiltration due to a combina-
tion of evaporation and transpiration removing water but leaving be-
hind the solutes. Seawater spray and salt dry deposition by aerosols
onto the ground surface and vegetation in this coastal environment is
also likely to be contributing to the enrichment of the infiltrating
water (Appelo and Postma, 2005). As Cl− is assumed to behave conser-
vatively (in contrast to other solutes such as Ca and SO4

2− which may
participate in precipitation and dissolution reactions), it is used to de-
termine the combined contribution from evapotranspiration and salt
deposition. As such, average rainwater values for major cations and sul-
phate were adjusted by a concentration factor of 1.3 (Table 1), which
was calculated by [Cl-]well 2-94/[Cl-]rainfall.

After rainfall infiltrates the soil, the limestone or carbonate minerals
contained in the unsaturated zone are susceptible to dissolution reac-
tions. This is due to dissolution of CO2 produced in the soil, and the sub-
sequent formation of carbonic acid:

CH2Oþ O2→CO2 þ H2O→H2CO3 ð5Þ

The carbonic acid in turn drives the dissolution of carbonate min-
erals and the release of Ca and HCO3

– according to:

CaCO3 þ H2CO3↔Ca2þ þ 2HCO−
3 ð6Þ

PCO2 values range from 10–2.5 to 10–2.0 atm within the freshwater
lens,which are one to two orders ofmagnitudehigher than atmospheric
partial pressure (10–3.5 atm), and are indicative of CO2 generation by
root respiration and decay of labile organic material according to Eq.
(5) (Hanson et al., 2000). Only small concentrations of DOC were ob-
served within F groundwaters (average = 1.2 ppm; n = 12), which is
likely due to biochemical processes such as oxidation to CO2 gas and ad-
sorption within the vadose zone, which can result in an 80% loss of DOC
as it is transported downwards from the soil zone (Wassenaar et al.,
1991a). The freshwater DOC is primarily composed of Humic Sub-
stances (48–64% of total DOC; n=12; Fig. 7) and δ13CDOC signatures re-
flect a dominant C3 organicmatter source (−26.6‰ to –24.7‰; n=12),
suggesting that it originates from the decomposition of organic carbon
in the soil zone. DO concentrations decline with increasing Cl− concen-
tration in the F groundwaters and range from 1.3–7.0mg/L (n=12; Fig.
S3C), which is lower than concentrations due to equilibrium with the
atmosphere. The low DO values, combined with high PCO2 values, sup-
port the hypothesis that organic matter is a source of CO2 in the
s. 3H. The results are expressed as fractions normalised to total DOC determined by LC-OCD
rackish: 1000–10,000 mg/L, Saline: 10,000–100,000 mg/L) outlined by Fetter (2001) and
tion. Arrows indicate the expected concentration trend of each DOC fraction over time if



Fig. 8.A conceptual cross-section of the groundwater systemonRottnest Island, showing key processes and the threewater types identified through this study: Fresh (F), Transition zone 1
(T1) and Transition zone 2 (T2). OX− refers to a reactant undergoing oxidation while RED refers to a product that has been reduced.
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unsaturated zone, and is oxidised by aerobic bacteria that consume
available oxygen according to Eq. (5).

All groundwaters sampled at the top of the water table (−1.0 to
0.1 m AHD) are saturated with respect to calcite and aragonite (Table
1), which implies that infiltrating recharge waters react rapidly with
carbonateminerals in the unsaturated zone and suggests that carbonate
dissolution has occurred. As the Tamala limestone retains primary po-
rosity, rapid fracture flow in the near surface is thought to be unlikely.
As a result, relatively slow recharge would allow for carbonate dissolu-
tion to proceed to near completion in the shallow vadose zone, which
can occur in hours to days (Svensson and Dreybrodt, 1992). The
enriched δ13CDIC values also support the occurrence of carbonate disso-
lution, with values trending towards the δ13C value of the Tamala Lime-
stone (−1‰) determined by Meredith et al. (2012). This is also
evidenced by the significant increase, by an order of magnitude, of Ca,
Mg and HCO3

– concentrations between (evapo-concentrated) rainfall
and F groundwater at the top of the water table, as well as the [Ca
+Mg]:HCO3

–molar ratio (average 1:1.7; n=12) that is close to the ex-
pected ratio (1:2) for Mg-calcite dissolution (Eq. (7); Fig. 2C). NETPATH
modelling of rechargewaters through the unsaturated zone predicts the
dissolution of 1.2mmol/kg H2O of 30mol%Mg-calcite (highMg-calcite)
and 0.4 mmol/kg H2O of aragonite (Table S5) to form a fresh Ca, Mg-
HCO3

– dominated groundwater (2-94).
After the groundwater system becomes closed to soil CO2, isotope

exchangemay occur as the groundwater DIC is exposed to solid carbon-
ate in the aquifer via recrystallisation. Marine carbonate sediments,
such as those found on Rottnest Island, generally consist of aragonite
and high Mg-calcite [(Ca, Mg)CO3] of biogenic origin (Appelo and
Postma, 2005), which can undergo extensive recrystallisation when in
contactwith freshwater. Recrystallisation reactions involve the dissolu-
tion of less stable or slightly impure forms of calcium carbonate (e.g.
aragonite and Sr or Mg substituted calcite) ofmarine or salinewater or-
igin and the precipitation of more stable forms (e.g. calcite) in fresh
water (Kloppmann et al., 1998; Plummer and Sprinkle, 2001; Brown
et al., 2014). The reactions are likely driven by small differences in
Gibbs free energy of carbonates (Plummer and Sprinkle, 2001). The
dissolution of Mg-calcite that results in the release of Mg can be repre-
sented by (Chapelle and Knobel, 1985):

Ca1−xMgxð ÞCO3 þ H2CO3→ 1−xð ÞCa2þ þ xMg2þ þ 2HCO−
3 ð7Þ

The incongruent dissolution of high Mg-calcite and the formation of
more stable low Mg-calcite results in the release of Mg to the ground-
water (Edmunds, 1980; Edmunds et al., 1987; Moore, 1989; Appelo
and Postma, 2005; Stumm and Morgan, 2012) according to Eq. (7),
which is observed on Rottnest Island through an excess of Mg in all F
groundwaters (Mgreact = 0.5–1.1 mmol/L; n = 12). An increase in the
Mg/Ca ratio with δ13CDIC enrichment (Moore, 1989) is also indicative
of incongruent dissolution of high Mg-calcite (Fig. 3), with similar re-
sults observed in a study by Kloppmann et al. (1998). Aragonite will
begin to be dissolved once theMg-calcite is converted to calcite, thereby
increasing the Sr/Ca ratio in the water (Moore, 1989). While a small in-
crease in Sr was observed in all F groundwaters, the larger increase in
Mg is likely caused by preferential loss of Mg from the high Mg-calcite
as it undergoes dissolution and recrystallisation to pure calcite
(Berner, 1967). The geochemical reactions between the freshest
groundwater (well 2-94) and the most evolved F groundwater (well
3–77) was modelled using NETPATH and the results indicate that
4.5 mmol/kg H2O of high Mg-calcite would dissolve while 3.5 mmol/kg
H2O of pure calcitewould precipitate (Table S5),which further supports
the occurrence of recrystallisation in the freshwater lens.

Carbonate dissolution should result in an increase in DIC as HCO3
– is

released according to Eqs. (6) and (7), and we would expect to see
groundwaters increasing in both DIC and δ13C along the blue arrow
from end-member F towards end-member S in Fig. 4A. End-member F
is the freshest groundwater just below the water table (well 2–94;
δ13CDIC = −11‰, DIC = 3.7 mmol/L, 14CDIC = 95.2 pmc) and S is the
carbonate mineral (δ13CS = −1‰, 14CDIC = 0 pMC). Only small in-
creases in F groundwater DIC concentrations were observed
(2.0 mmol/L; n = 12), which would result from the ~1.0 mmol/kg
H2O difference between the high Mg-calcite dissolved and calcite pre-
cipitated. During the recrystallisation dissolution/precipitation step,
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carbon from the carbonatemineral is exchangedwith groundwater DIC,
with the concentration of DIC remaining relatively constant while
δ13CDIC and 14CDIC values vary (Brown et al., 2014). Isotopic exchange
between DIC and solid carbonate in F groundwater is supported by
the Han and Plummer plots (Fig. 4A–C; Han et al., 2012), due to the var-
iation in δ13CDIC values (−11.0 to –5.8‰; n = 12) without significant
change in DIC concentration, and the strong correlation between in-
creasing δ13CDIC and decreasing 14CDIC values (Fig. 4C). As
recrystallisation lowers the 14C activity of DIC, correction of this data
would naturally be required if it is to be used to date the groundwater.

While carbonate dissolution and recrystallisation are the dominant
geochemical reactions within the F groundwaters on Rottnest Island,
other minor processes were also investigated. Ion exchange often
plays an important role in determining the geochemistry of groundwa-
ter, especially in coastal areas where the mixing of fresh and saline
groundwaters occurs (Andersen, 2001; Andersen et al., 2005; Appelo
and Postma, 2005). The hydrochemical results show that all F ground-
water samples have a slight depletion of Ca relative to conservative
mixing, while over half of the F samples also have a slight depletion of
Na. The occurrence of ionic exchange requires further investigation as
the results do not show opposing trends of Ca depletion and Na enrich-
ment that would generally be expected (Table S2). An excess of Mg is
observed in all F groundwaters (Table S2), which is likely caused by
the release of Mg during progressive recrystallisation of the carbonate
minerals (Edmunds et al., 1987) rather than ion exchange. Iron and sul-
phate reduction reactions were also investigated, however they were
not deduced to play a significant role in the F groundwaters. The pres-
ence of organic matter in the unsaturated zone however may influence
the concentration of nitrate in the water. The observed NO3

− concentra-
tion in F groundwaters (0.1–0.3mmol/L; n=12) may be caused by the
oxidation of ammonia (not analysed) released from oxidising organic
matter according to Eq. (8) (Appelo and Postma, 2005):

NHþ
4 þ 2O2→NO−

3 þ H2Oþ 2Hþ ð8Þ

Nitrogen in soil can occur in several forms including as organic nitro-
gen in plants through the fixation of atmospheric nitrogen and in bacte-
ria associated with leguminoses, or in soil fauna (Canter, 1996). The
transformation of organic nitrogen into NO3

− leads to the production
of H+ (Eq. (8)), with the resulting drop in pH often being buffered by
calcite dissolution in the soil and/or aquifer (Stadler et al., 2008). The
nitrate formed in the unsaturated zone may then be leached into the
groundwater and explain the excess NO3

− in the F groundwaters. A re-
lated investigation at ANSTO that analysed nitrogen isotopes (15N) of
soils and groundwater on Rottnest Island determined a soil nitrogen
source throughout the F groundwaters, which further supports the
results found in this study (results not shown).

5.2. Groundwaters in the transition zone

Coastal aquifers are influenced by transition zone processes between
fresh groundwater and seawater (Plummer, 1975; Andersen, 2001;
Yechieli et al., 2001; Sivan et al., 2004; Andersen et al., 2005). These
mixing processes, which can lead to an increase in salinity in an aquifer,
have been previously investigated and determined to be a fundamental
process governing groundwater hydrochemical and isotopic values on
Rottnest Island (Bryan et al., 2016). The following section describes two
groundwater types in the transition zone, which undergo carbonatemin-
eral reactions described above, as well as additional reactions (Fig. 8).

The first transition zone groundwater type (T1) is characterised by
TDS values ranging from 1040 to 20,676 mg/L (n = 10), 14CDIC values
between 21.2 and 97.2 pmc (n = 10), 14CDOC between 84.0 and 97.5
pMC (n = 4) and 3H values between 0.21 and 1.04 TU (n = 9). The
lower 14CDIC values in these groundwaters imply either an older seawa-
ter source or water-rock interactions which dilutes and lowers the
14CDIC pool via carbonate dissolution and precipitation reactions, as
discussed above. The presence of 3H, combined with an increase in
δ13CDIC values and a decrease in 14CDIC values (Fig. 4A–C), supports the
occurrence of carbonate mineral processes, rather than an older source
of seawater, to explain the 14CDIC. The 14CDOC values are consistent with
14CDOC values observed in the young F groundwaters (Fig. 6). The DOC
composition is also similar to that of F groundwaters, with comparable
proportions of Humic Substances relative to total DOC (Fig. 7A), sug-
gesting that it also originates primarily from the decomposition of or-
ganic carbon in the soil zone. One sample (well 7-90; Fig. 1), which
was previously hypothesised to be undergoing the effects of modern
seawater intrusion (Bryan et al., 2016), has a DOC composition similar
to that of modern seawater (Fig. 7A–C). While further investigation is
required, the DOC composition, combined with a modern 3H signature
and a high TDS value, further supports the hypothesis that modern sea-
water intrusion is occurring in the region around this well.

A continued increase in the Mg/Ca molar ratio compared to δ13CDIC
values (Fig. 3), aswell as an excess ofMg inmost T1 groundwaters, sug-
gests that recrystallisationmay continue to occur. A small excess of both
Ca and Na is observed in most of these waters which may be indicative
of ionic exchange (Table S2; Fig. S4), however concurrent patterns of
enrichment and depletion in these ions are not detected across samples,
probably due to changes in Ca concentrations being rapidly buffered by
carbonate precipitation and dissolution reactions. As such, temporal
monitoring is required to definitely deduce the occurrence of ion ex-
change reactions.

The second group of groundwaters identified in the transition zone
(T2) are those that have little to no measurable 3H (0.03–0.29 TU; n
= 7). These waters are characterised by higher TDS values (6868–
29,675 mg/L; n = 7), 14CDIC values between 8.4 and 52.5 pmc (n = 7)
and 14CDOC between 46.6 and 67.0 pMC (n = 5). A continued increase
in δ13CDIC values and a decrease in 14CDIC values are observed through-
out T2 groundwaters (Fig. 4A–C), which supports the occurrence of car-
bonate dissolution, however 14CDOC values are notably lower than all
other groundwaters, ranging from 46.6 to 67.0 pMC. They are also
characterised by a different DOC composition, with a higher proportion
of Humic Substances relative to total DOC (Fig. 7A). Their DOC composi-
tion is also quite different from the DOC composition of modern seawa-
ter (Fig. 7A), which suggests these waters did not evolve along a similar
pathway to modern day waters of the freshwater lens or from modern
seawater intrusion. This will be discussed in further detail below.

An excess ofMgwas observed in someof the T2 groundwaters, how-
ever theMg/Camolar ratio appears to follow a different trajectory to the
F and T1 groundwaters (Fig. 3). This is likely the result of furthermixing
with seawater, which has a significantly higherMg concentration. As for
T1 groundwaters, concurrent patterns of cation enrichment and deficit
were not detected across the T2 samples. Themost saline groundwaters
have a significant Na deficit (Nareact =−44.6 to –22.7 mmol/L; n= 3),
however this is not countered by an excess in other cations that would
suggest concurrent patterns of ion exchange.

The degradation of organic matter (CH2O) via various redox reac-
tions was also investigated, as they can affect the dissolved carbonate
composition, change endmember compositions prior to mixing, and in-
fluence the carbonate mineral saturation states of mixed groundwaters
(Stoessell et al., 1993; Whitaker and Smart, 1997; Andersen, 2001).
Since low NO3

− concentrations were observed throughout the aerobic
part of the profile (0.1–0.7 mmol/L) and since additional amounts of
NO3

− released from degradation of organic matter is approximately lim-
ited by the Redfield ratio of organic matter (0.15 mol of N released per
mol of C oxidised), the amount of denitrification in the mixing zone is
assessed to be less than ~1 mmol/L of DIC released according to the re-
action equation for denitrification:

5CH2Oþ 4NO−
3 →2N2 þ Hþ þ 5HCO−

3 þ 2H2O ð9Þ

An absence of dissolved iron throughout the mixing profile suggests
that iron-oxide reduction does not play a major role, although Fe2+
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released from iron-oxide reduction may be masked by reaction with
H2S for sulfidogenic conditions to form insoluble FeS or FeS2 solids. A
deficit of sulphate in the more saline T1 and T2 groundwaters was de-
termined, which is commonly observedwhen seawater with a high sul-
phate content intrudes into an anoxic costal aquifer (Nadler et al., 1980;
Hahn, 1991; Stuyfzand, 1993; Barker et al., 1998; Logan et al., 1999;
Andersen, 2001; Yamanaka and Kumagai, 2006). In most cases it can
be attributed to SO4

2− reduction according to:

SO2−
4 þ 2CH2O→H2Sþ 2HCO−

3 ð10Þ

In some cases however, SO4
2− depletion by gypsum precipitation in

the transition zone has been modelled (Gomis-Yagües et al., 2000). To-
gether with SO4

2− depletion, gypsumprecipitation leads to Ca depletion
according to:

SO2−
4 þ Ca2þ→CaSO4 ð11Þ

This reaction could therefore trigger renewed carbonatemineral dis-
solution. However, gypsum is subsaturated in all mixing groundwaters
(SIgypsum average=−1.37mg/L; n=17) and hence unlikely to precip-
itate. Elevated DO concentrations in most T1 groundwaters (average =
1.6 mg/L; n = 10) would inhibit sulphate reduction, however sulphate
reduction was hypothesised to occur in the more saline T2 groundwa-
ters, due to low DO values (0.1–0.9 mg/L; n = 7; Fig. S3C), a deficit of
SO4

2− (SO4
2−

react = −5.3–0.5 mmol/L; n = 7) and an excess of HCO3
–

(HCO3
-
react = 0.4–3.8 mmol/L; n = 7; Fig. S4C). While the SO4

2− deple-
tion is more pronounced than the HCO3

– enrichment in some of the T2
groundwaters, it is possible that excessHCO3

– could be removed through
carbonate precipitation reactions, which can explain the difference
between the expected concentrations.

5.3. Old seawater in the transition zone

As discussed above, the lower 14CDOC values (b68 pMC) and the dif-
ferent DOC composition of the T2 groundwaters indicate distinct
groundwaters. The spatial distribution of the 14CDOC values show that
lower values are associated with areas of the lens that have receded
since the 1970's (Fig. S6). This suggests that as the volume of fresh
water is reduced due to climate change and groundwater abstraction
and a subsequent thinning of the lens occurs (Bryan et al., 2016), saline
3H-free groundwaters in the transition zone can rise to a point where
they become evident within the wells sampled.

Compared to F and T1 groundwaters, T2 waters are characterised by
more Humic Substances and less Building Blocks relative to total DOC
(Fig. 7A,B). The continued occurrence of a high proportion of Humic Sub-
stances in deeper, saline groundwaters is the opposite ofwhat is expected.
Humic Substances, which are a mixture of acids containing carboxyl and
phenolate groups produced by the biodegradation of dead organicmatter
(molecular weight ~1000 Da), can be of terrestrial or marine origin. They
are generally expected to be easily sorbed and broken down to lower
weightmolecules (such as Building Blocks or LMW-neutrals; refer to pro-
cess arrows in Fig. 7) via a number of physical, chemical, and biological
processes in the subsurface, such as biodegradation. These processes can
have a significant effect on both the concentration and composition of
DOC (Thurman, 1985b; Schiff et al., 1990; Schiff et al., 1997; Sun et al.,
1997; Tye and Lapworth, 2016). As a highproportionofHumic Substances
remain in the deeper salinewaters and the 14CDOC values are considerably
lower than all other groundwaters, it is suggested that the DOC originated
from another source compared to that of F and T1 groundwaters.

One potential source of groundwater DOCmay be solid phase organ-
ic carbon originating from the aquifer matrix (Thurman, 1985b), with
DOC arising from in-situ abiotic or bacterial decomposition of buried
peat, paleosols, organic rich horizons, or from the polymerisation of
low molecular weight organic compounds (Krom and Sholkovitz,
1977; Wassenaar et al., 1991a). The DOCmay be attributed to paleosols
which have been identified in the unsaturated zone of the Tamala Lime-
stone (Playford and Leech, 1977; Brooke et al., 2014; Lipar and Webb,
2014; Lipar and Webb, 2015), which could contribute old organic mat-
ter to the groundwater during recharge. However, the groundwater
flow path for samples with high salinity (N50% seawater) would gener-
ally be from the ocean rather than from the land surface, which would
limit the influence of these paleosols on the groundwater DOC concen-
tration and composition. Additionally, as a result of the timing of
paleosol deposition in the unsaturated zone (N70 ka), we would expect
significantly lower 14CDOC values if the groundwater DOC composition
was heavily influenced by paleosols.

Alternatively, we propose that these 3H–free groundwaters are older
groundwaters resulting from either the slow circulation of water within
the subsurface seawater wedge, or from seawater intrusion caused by a
past sea level highstand. The slow circulation of water within the sea-
water wedge has been shown to result in distinctly higher ages in the
transition zone compared to those in the underlying saltwater or over-
lying freshwater (Post et al., 2013). The saline groundwaters also could
result from trapped remnant seawater remaining after sea level
highstands associated with glacial/interglacial cycles in the late Pleisto-
cene and early Holocene, with other studies documenting such waters
as a result of seawater intrusion due to sea level rise (De Breuck and
De Moor, 1991; Hahn, 1991; Bear et al., 1999; Yechieli et al., 2009).
However, the permeable nature of the Tamala limestone would likely
lead to relatively fast re-equilibration of the saltwater-freshwater inter-
face after sea level highstands (occurring ~3–7 ka ago) well before pres-
ent, making this alternative less likely.

While the saline, 3H-freewater 14CDOC values on their own provide a
rough residence time estimation of between 3 and 7 ka (using an initial
14C activity value (A0) of 100 pMC), which coincideswith the aforemen-
tioned sea level high-stand, caution should be observed. Before 14CDOC
can be used as a reliable tracer of residence time, further investigation
into the various carbon sources, their age, the impact of fractionation
and dilution by 14C-depleted organic carbon on the final 14CDOC value
and the retardation of DOC in the aquifermatrix are required.While ad-
ditional investigations are required to accurately identify organic carbon
processes of the 3H–free, saline T2 groundwaters and apply 14CDOC as a
dating method, this study has shown how combining isotopic tech-
niques (stable and radioactive tracers) with the characterisation of the
DOC identified the occurrence of an old saltwater source and has
shown that these groundwaters did not evolve along a similar pathway
to the modern day waters of the freshwater lens.

6. Conclusions

This study aimed to investigate both the inorganic and organic facets
of the carbon cycle in groundwaters throughout a freshwater lens and
transition zone of an island aquifer and identify the carbon sources
that contribute to the groundwater system. We traced the geochemical
evolution of waters from rainfall to fresh groundwater and it was deter-
mined to be dominated by carbonatemineral recrystallisation reactions,
with the dissolution of high Mg-calcite and the precipitation of calcite
quantified. This was done to then assess whether other groundwaters
of varying salinity had evolved under similar pathways. The 3H values
in T1 groundwaters indicate that, like fresh groundwaters, these waters
are mostly modern. Saline, 3H-free T2 groundwaters underlying the
freshwater lens were shown to be older and did not evolve along a sim-
ilar pathway to modern day waters of the freshwater lens. As such, the
T2 groundwaters are suggested to result from either the slow circula-
tion of water within the seawater wedge, which has been shown to re-
sult in distinctly higher ages in the transition zone, or from old remnant
sea water resulting from past sea level highstands. While further inves-
tigations are required to identify the origin of the T2 groundwaters, this
study has identified their occurrence and shown that they did not
evolve along a similar pathway to the modern waters of the freshwater
lens. This study has also shown that a combined approach using 14C and
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13C carbon isotope values for both DIC and DOC and the composition of
DOC, as well as hydrochemical and 3H measurements, can provide in-
valuable information regarding the transformation of carbon in a
groundwater system, the evolution of fresh groundwater recharge and
the occurrence of older waters that evolved along a different pathway.
This is important for understanding the evolution of groundwaters
and for residence time calculations, aswell as for the long termmanage-
ment of the freshwater lens on Rottnest Island, as well as on other
islands globally.
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