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Abstract. The terrestrial subsurface is the largest source of
freshwater globally. The organic carbon contained within it
and processes controlling its concentration remain largely
unknown. The global median concentration of dissolved or-
ganic carbon (DOC) in groundwater is low compared to sur-
face waters, suggesting significant processing in the subsur-
face. Yet the processes that remove this DOC in groundwa-
ter are not fully understood. The purpose of this study was
to investigate the different sources and processes influencing
DOC in a shallow anoxic coastal aquifer. Uniquely, this study
combines liquid chromatography organic carbon detection
with organic (§ 13CDOC) carbon isotope geochemical anal-
yses to fingerprint the various DOC sources that influence
the concentration, carbon isotopic composition, and charac-
ter with respect to distance from surface water sources, depth
below surface, and inferred groundwater residence time (us-
ing 3H activities) in groundwater. It was found that the av-
erage groundwater DOC concentration was 5 times higher
(5mgL~") than the global median concentration and that
the concentration doubled with depth at our site, but the
chromatographic character did not change significantly. The
anoxic saturated conditions of the aquifer limited the rate of
organic matter processing, leading to enhanced preservation
and storage of the DOC sources from peats and palaeosols
contained within the aquifer. All groundwater samples were
more aromatic for their molecular weight in comparison to

other lakes, rivers and surface marine samples studied. The
destabilization or changes in hydrology, whether by anthro-
pogenic or natural processes, could lead to the flux of up to
10 times more unreacted organic carbon from this coastal
aquifer compared to deeper inland aquifers.

1 Introduction

Organic matter (OM) in aquatic systems forms a fundamen-
tal part of the global carbon cycle. The soil and unsaturated
zone has the potential to store at least 3 times more organic
carbon than in the atmosphere or in living plants (Schmidt
et al., 2011; Fontaine et al., 2007) and represents the largest
source of carbon within terrestrial ecosystems (Keiluweit et
al., 2017). The below-ground environment forms the largest
source of freshwater, and the organic carbon within these
systems remains largely unaccounted for in the global car-
bon budget. Groundwater replenishment can occur either as
diffuse recharge through the OM-rich soil zone or as indi-
rect recharge originating from streams and wetlands that have
the potential to contain high concentrations of OM. Despite
the many sources of OM, groundwater dissolved organic car-
bon (DOC) concentrations are typically low (~ 1 mgL~! for
the global median DOC concentration; McDonough et al.,
2020a), suggesting significant processing in the subsurface.
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Very few studies have investigated why concentrations
of DOC in groundwater are low. Recent research provided
evidence of the attenuation of chromophoric dissolved or-
ganic matter (DOM) at a scale of tens of metres along a
flow path with measurements of increased optical clarity of
groundwater (Chapelle et al., 2016). This attenuation was
proposed to be due to the combined effects of biodegrada-
tion and sorption. Chapelle et al. (2016) also showed that
the presence of a hyperbolic relationship between DOC con-
centrations and dissolved oxygen provided indirect evidence
for groundwater DOC that is bioavailable to microbes. Di-
rect monitoring of groundwater DOC within a fractured rock
aquifer in South Carolina, USA, which included measure-
ments of both bioavailable and chromophoric DOM, was per-
formed by Shen et al. (2015). They demonstrated a decrease
in lignin-derived phenols in groundwater compared to sur-
face inputs and prevalent amino acids in groundwater. At
this site, it was proposed that a small fraction (8% =+ 4 %)
of groundwater DOC was bioavailable and that a substantial
fraction of groundwater DOC was of bacterial origin (15 %-—
34 %). Shen et al. (2015) suggested that DOM mobility could
be described by a regional chromatography model (Hedges et
al., 1986, 1994) as it moved through the soil column to the
groundwater. It was shown that the molecular size, polarity,
charge and bioavailability determined the observed decrease
in hydrophobicity of DOM along the flow path due to their
controls on sorption, desorption, biodegradation and biosyn-
thesis (Shen et al., 2015).

Carbon isotope ratios were first used in the 1960s to distin-
guish sources of OM in the coastal zone in order to identify
the difference between salt-marsh sediments and freshwater
peats (Emery et al., 1967). The use of carbon isotopes as trac-
ers has been instrumental in providing greater understanding
of the sources of carbon in coastal, terrestrial and marine en-
vironments (Benner et al., 1984; Lamb et al., 2006). Very few
studies that used DOM chromatographic techniques also em-
ployed isotopic techniques to understand the source of OM in
groundwater and vice versa. The use of multiple DOM char-
acterization techniques to improve our understanding of the
role of different OM sources in contributing to the concentra-
tion, character, and its subsequent processing along ground-
water flow paths is therefore in its early stages of research.

Further work is clearly warranted to improve our under-
standing of the role of different OM sources and the physico-
chemical properties of the aquifer on groundwater DOM. To
this end, we present groundwater DOC concentration, stable
carbon isotopic signatures (§'3C) and organic matter char-
acter data from a shallow (less than 20 m in depth) anoxic
coastal aquifer. Within this hydrogeologically well charac-
terized system, it is anticipated that multiple sources of OM
exist including wetland, soil, peat and palaeosols. To better
understand and test the regional chromatography model, we
utilize a chromatographic technique (liquid chromatography
organic carbon detection — LC-OCD; Huber et al., 2011).
Uniquely, this study combines the chromatographic tech-
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Figure 1. Location of the study area and groundwater monitor-
ing wells in relation to coastal quaternary geology (adapted from
Hashimoto and Toedson, 2008).

nique with organic isotope geochemical analyses to finger-
print the various DOC sources that influence concentration,
813Cpoc and character with respect to distance, depth and in-
ferred groundwater residence time (using 3H activities). This
was done to identify controls on groundwater DOC sources
and processing in a coastal groundwater system.

2 Environmental setting

The coastal environment of Samurai Beach is located north-
east of Anna Bay, New South Wales, Australia (Fig. 1). The
Holocene sand dunes at the site rise 30 m above sea level and
extend up to 800 m inland. A freshwater wetland and for-
est lie in the northwest corner of the sand dunes near Site
1 (S1), and the aquifer is part of the Tomaree groundwater
source supplying towns in the Hunter Valley with potable
water. The local geology of the field site was investigated
during borehole construction and using hydraulic profiling
tools to produce the lithology cross section depicted in Fig. 2
(Maric, 2013; Howley, 2014). The lithological cross section
is parallel with the main groundwater flow direction from the
wetland to the coast.

The upper 15m of the aquifer contained a combination
of barrier and back barrier sand deposits, capped by aeo-
lian dune deposits. Site 1 was located in the northwest corner
closest to the freshwater wetland, while Site 5 (S5) was clos-
est to the Pacific Ocean. The lithology of the aquifer differs
with distance along the transect with a peat layer identified
at ~ 5m below ground level at sites 1 and 2 and a clay unit
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at Site 5 (Fig. 2). A shallower organic-rich layer was also
identified at about 1 mb.g.1. (below ground level) at S1.

Five sites were drilled and wells installed to three differ-
ent depths: shallow (S_3.4 to 5.0mb.g.l.), medium (M_9.8
to 12.5m) and deep (D_12.7 to 17.5m), which formed a
~ 500 m long transect. The boreholes were drilled by hollow
stem auger using a Geoprobe rig, and wells were constructed
out of 50 mm diameter PVC with screened intervals of 1 m
located at the bottom.

Three different sources of groundwater were identified
based on hydrochemistry and the evaluation of groundwater
flow direction (Maric, 2013; Howley, 2014). These ground-
water sources included (1) direct rainfall recharge through
the dunes, (2) indirect wetland infiltration and (3) deeper re-
gional groundwater (Fig. 2). Multiple sources of OM may be
present at the site from (1) surface vegetation, (2) transported
particulate organic matter (POM) and/or (3) in situ sedimen-
tary sources such as peat, palaeosol or finely disseminated
POM.

3 Methods

From 17 to 22 February 2014, 15 groundwater samples were
collected from the five nested sites (Fig. 1). Surface water
samples were also collected from the adjacent wetland. Wa-
ters were measured for major ion chemistry, carbon isotopes
(513CD1C, where DIC represents dissolved inorganic carbon,
and $3Cpoe), tritium (3H) and DOM character.
Groundwater samples were generally collected using a
submersible centrifugal pump (Monsoon). A Hach multime-
ter (HQ40d) and probes (LDO probe) were used for dis-
solved oxygen and pH measurements in an inline flow cell
(Waterra) isolated from the atmosphere. Subsamples for lab-
oratory analysis were collected through an inline, 0.45 pm fil-
ter (bypassing the flow cell) with § 13Cpic and §'*Cpoc sam-
ples further filtered through a 0.22 um filter. Total alkalinity
was determined in the field by Gran titration (Stumm and
Morgan, 1996) using a Hach digital titrator (model 16900)
and 0.16 N HSO4. Samples for anions were collected in
50mL polyethylene centrifuge bottles with no further treat-
ment, but they were stored cool (~ 5 °C) and dark. Samples
for cations were collected in 20 mL high-density polyethy-
lene acid-washed bottles and acidified with 1 % of concen-
trated nitric acid (HNO3). The §'3Cpjc samples were col-
lected in 12 mL pre-combusted glass vials (Exetainers) with
no head space. The DOC and 813Cpoc were collected in
60 mL acid-washed HDPE bottles and frozen within 12 h of
collection. Samples for 3H analysis were collected in 1L
Nalgene HDPE bottles and were sealed with tape to elimi-
nate atmospheric exchange during storage. Major and minor
cations were determined using a Perkin Elmer NexION 300D
ICP-MS and a Perkin Elmer Optima 7300 ICP-OES. Anions
(for C1 and SO4) were analysed using a Dionex IC1000 ion
chromatography system. Cations and anions were assessed
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for accuracy by evaluating the charge balance error percent-
age (CBE %; Table 2). Samples fell within the acceptable
45 % range.

The §'3Cpjc isotopic ratios of waters were analysed with
an isotope ratio mass spectrometer (IRMS), and the results
were reported as per mil (%) deviations from the inter-
national carbonate standard, NBS 19, with a precision of
+0.1 %o, according to the methods reported in Meredith et
al. (2016). The DOC concentration and 8'3Cpoc were anal-
ysed using a total organic carbon analyser interfaced with a
PDZ Europa 20-20 IRMS utilizing a GD100 gas trap inter-
face. Results were reported as %o deviations from the NIST
standard reference material with an analytical precision of
40.6 %o. The 3H activities were expressed in tritium units
(TU) with an uncertainty of £0.1 TU and a quantification
limit of 0.3 TU. Samples were analysed by liquid scintillation
counting. Extended methods for 3H activities can be found in
Meredith et al. (2012). Tritium activities were used as an in-
dication of groundwater recharge occurrence by rainfall, and
groundwater ages were not calculated due to a lack of time
series data collected for this study. Bryan et al. (2020) show
the importance of collecting >H data and then calculating a
groundwater age using a lumped parameter model in a shal-
low unconfined aquifer.

The DOM character was determined using liquid chro-
matography organic carbon detection (LC-OCD). The LC-
OCD technique is a size-exclusion chromatographic tech-
nique that allows for the characterization of DOC, based on
molecular weight, into six fractions. The fractions obtained
are biopolymers (>20kDa), humic substances (~ 1000 Da),
building blocks (300-500Da), low molecular weight acids
(<350Da), low molecular weight neutrals (<350 Da) and a
hydrophobic fraction (fraction of DOC that remains in the
column and is determined by the difference between to-
tal DOC and the total of the other fractions); for full de-
tails see Huber et al. (2011). The humic substances frac-
tion is further characterized for its molecular weight (based
on the retention time of the humic substances peak) and
aromaticity (the specific UV absorption at 254 nm of the
humic substances peak). Calibration is based on the chro-
matograms of the Suwanee River humic and fulvic acid
standards of the International Humic Substances Society
(IHSS). Principal component analysis (PCA) was performed
in R. Parameters which were consistently above their limit
of detection were investigated by PCA. The data were
centred to the mean of the variable and then scaled us-
ing the variable standard deviations in R and the prcomp
function: https://stat.ethz.ch/R-manual/R-devel/library/stats/
html/prcomp.html (last access: 18 February 2020).

4 Results

Although common at coastal sites, a fresh—saline water in-
terface was not identified in the wells, even though Site 5 is
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Figure 2. Lithology and potentiometric contours (in metres) in the aquifer in February 2014 (adapted from Maric, 2013; Howley, 2014).
Open black rectangles represent groundwater wells, filled rectangles are the location of the well-screen intervals within the aquifer and

arrows indicate groundwater flow direction.

Table 1. Water chemistry data for the site. Elevation of midpoint of the screen (m AHD), EC (electrical conductivity; uS cm_l), DO (dis-

solved oxygen; mg L=h,T (temperature; °C), Eh (redox potential; mV), cations and anions (mg L_l), and n.a. (not detected).

ID Eleva- Field EC DO T Eh Ca Fe K Mg Mn Na Si Sr Cl SO4 NO3z N-NHy
tion pH
S1_S 29 719 495 006 221 -97.2 8120 327 0281 412 008 2311 256 0.70 4021 na. na. 0.22
S1_M —6.1 6.1 337 0.04 196 —145 3860 140 097 796 002 2405 211 035 43.03 na.  na 0.14
SI_D —104 536 215 0.04 204 78 791 058 1.15 3.65 0.01 3200 527 008 38.19 na. 0.18 0.80
S2_S 34 82 293 0.12 228 —592 4580 007 049 446 0.01 1098 223 036 21.75 107 na. 0.00
S2.M —53 6.03 408 0.06 212 —429 4531 0.17 1.66 1454 0.01 2465 204 035 43.69 na. 0.16 0.40
S2.D -105 532 231 0.06 208 —6.7 8.19 041 120 675 0.01 3049 580 0.08 40.69 na. 0.28 0.90
S3_S 1.0 724 306 017 241 —429 4595 023 054 458 0.01 1236 267 036 1948 445 na. 0.03
S3_M —-57 698 282 0.04 214 —47.8 4393 0.05 063 424 002 1319 263 033 2034 520 na 0.08
S3_D -119 6.5 245 0.05 219 —40.6 10.67 025 100 1856 0.01 1368 149 0.06 2224 11.61 n.a. 0.81
S4_S 01 659 323 0.1 219 -—-281 4749 003 109 581 001 1402 188 037 2240 0.67 na. 0.57
S4_M —-63 626 268 0.03 22 —-49 2471 021 133 1035 001 1726 165 0.18 2744 0.10 na 0.84
S4.D —-12.8 624 319 0.04 224 55 744 022 138 2728 0.03 1844 257 0.04 29.06 na.  na. 0.51
S5_S 0.1 6.69 365 006 218 —62.5 5122 071 110 596 0.00 19.13 243 042 31.16 10.18 na. 0.16
S5_M —4.6 6.1 316 0.04 221 —465 7.89 031 225 2138 003 2661 339 006 3746 na. 0.14 0.69
S5_D -74 6.6 348 0.1 21 —-584 810 059 289 2239 0.04 3413 372 007 4315 na. 0.17 0.43
WS 53 548 200 1.01 217 87.1 8.00 043 218 274 001 28.01 123 0.07 5423 393  na. 0.03

located ~ 100 m from the ocean and there was no evidence
of seawater infiltration after storm events based on the hydro-
chemical data. Groundwater had low salinities with Cl con-
centrations ranging from 0.5-1.2mmol L~!. The highest CI
concentration occurred in the deeper groundwater at sites 1
and 2 (Table 1 and Fig. 3a). Water level data suggested that
under most conditions groundwater followed a west to east
direction towards the coastline (Fig. 2). Notably, groundwa-
ters were anoxic with dissolved oxygen below 0.2mgL ™!
(Table 1). Water level patterns suggested that a buried-peat
layer identified at sites 1 and 2 was restricting the vertical
flow of rainfall-derived recharge into the deeper sections of
the aquifer at these two sites.

The presence of detectable H in all samples (>0.7 TU)
indicates that the groundwater had a component of water
that had been in contact with the atmosphere during the
past decade. Variations in >H contents were seen with depth
and distance from the wetland, suggesting groundwaters had
varied water residence times (Fig. 3b). The wetland had
the highest 3H content (1.7 TU) and represented a rainfall
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value for the region (Tadros et al., 2014). All wells located
between 3.4 to 12.5mb.g.l. had high 3H contents greater
than 1.2 TU. Groundwaters from Site 3 had consistent val-
ues around 1.5 TU, suggesting a similar source of water and
that the aquifer is hydraulically connected at this site. Deeper
groundwaters (other than Site 3) had lower 3H values (less
than 1TU), indicating slightly older groundwater at depth
(Table 2).

The average DOC concentration in groundwater for this
site was high (5.0mgL~!; n=15) compared to the ~
ImgL~! for the global median DOC concentration in
groundwater (McDonough et al., 2020a). The carbon isotopic
signature of the groundwater DOC represented a C3 vegeta-
tion signature (average 813Cpoc value of —27.4%0; n = 15).
Significant variation in DOC concentration and 81BCpoc val-
ues occurred within the aquifer (Fig. 4). The increase in DOC
concentration in deeper groundwaters compared to shallow
groundwaters (except Site 4) suggested a source(s) of DOC
within the aquifer, which is generally not seen in groundwa-
ter environments and will be discussed below.

www.hydrol-earth-syst-sci.net/24/2167/2020/
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Table 2. Environmental isotope data for the site. DOC (dissolved organic carbon), uncert (tritium uncertainty), QL (tritium quantification
limit), CBE (charge balance error), Sk¢c (saturation index for calcite), and Pco, (partial pressure of carbon dioxide).

D Date §13Cpc DOC  8BCpoc *H SHuncert QL  CBE DIC  Slke Pco,

(%0)  ppm (%) TU TU TU %  mmol L1 atm
SI_S  18/02/2014 —118 50 -293 152 0.07 0.5  0.10 497 003 0016
SI_M  18/02/2014 —105 88 —289 141 007 015 125 6.64 —1.64 0.107
SI_D  18/02/2014 —41 95 —274 0.83 005 016  1.69 1131 —3.37 0.265
S2.S  19/02/2014 —140 03 —28.6 137 0.07 0.5 —0.54 253 059  0.001
S2.M  18/02/2014 —42 106 —283 132 006 015  0.74 991 —1.50 0.175
S2.D  18/02/2014 -26 105 -27.8 094 005 016 0.2 1423 —3.33 0340
S3.S  19/02/2014 —148 04 —27.1 149 0.08 0.16  0.87 2.88  —0.33  0.009
S3_M  19/02/2014 —123 1.3 -267 151 0.08 0.16 094 299 —0.66 0.015
S3_D  19/02/2014 —123 42 —26.6 145 007 016 254 3.14 —1.86 0.034
S4.S  20/02/2014 -9.0 56 —268 142 0.07 015 —0.07 448 —0.95 0.043
S4 M 20/02/2014 —11.0 36 -26.5 127 007 016  0.14 471 —1.67 0.069
S4.D  20/02/2014 —72 43 -26.5 1.01 0.06 015  0.90 583 —2.13 0.088
S5.S  21/02/2014 -129 21 —250 147 0.07 0.16  0.89 413  —0.83 0.034
S5.M  21/02/2014 —9.1 45 —26.7 081 005 0.16 —0.34 649 —228 0.111
S5.D  21/02/2014 —94 38 —264  0.69 0.04 016 —0.47 6.66 —2.19 0.105
WS 20/02/2014 —236  18.0 -303  1.70 0.08 0.15  4.40 156 —3.96 0.037

The LC-OCD results did not show significant differences
in DOM character in the groundwater (Fig. 5). The fractions
of humic substances were generally between 40 % and 60 %
of the total DOC (Fig. 5a). Minor exceptions existed in the
shallow samples at sites 2 and 3 for humic substances and
at sites 2, 3 and 5 for the low molecular weight neutrals
(LMW-Ns). The LMW-Ns were low, representing approxi-
mately 10 % of the total DOM, and they did not change sig-
nificantly along the groundwater flow path (i.e. with distance
from the wetland) (Fig. 5b).

Principal component analysis (Fig. 6) using water qual-
ity parameters, isotopes and DOC variables included LC-
OCD fractions (%), 8'3Cpoc (%), 8"*Cpic (%0), H, pH,
Na, pCO,, Cl, Ca, Sr, DO, SO4, NH4 and DOC concen-
tration and confirmed the presence of different groundwater
sources. The variables contributing to PC1 in order of im-

www.hydrol-earth-syst-sci.net/24/2167/2020/

portance were pH, Na, pCO», CI, DOC, Ca, humics, LMW-
N, Sr and *H. The variables contributing to PC2 in order of
importance were 813CDOC, DO, biopolymers, HS aromatic-
ity, 813CDIC, HS molecular weight, Cl, DOC and hydropho-
bic DOM. PC1 mainly explained the variations with sample
depth in the aquifer. Samples S1_D, S2_S, S2_D and S3_S
were the samples that most strongly influenced PC1. The
deep samples likely to have originated from a deeper regional
source of water (S1_D and S2_D) influenced the right-hand
side of the PCA with high pCO,, humic substances, Na and
Cl. These samples were also characterized by low Ca, 3H
and Sr. The shallow samples (S1_S, S2_S and S3_S) influ-
enced the left-hand side of the PCA with low pCO;, humics,
Na, and Cl and had high Ca, 3H, and Sr, which is suggestive
of rainfall recharge waters. This analysis further highlighted
the wetland sample that is not related to the other samples

Hydrol. Earth Syst. Sci., 24, 2167-2178, 2020
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(Fig. 6) and heavily influenced PC2 with low §'3Cpoc val-
ues, high DO, high biopolymers, low HS aromaticity, low HS
molecular weight and high DOC concentration.

DOC variation in groundwater

The wetland had the highest DOC (18 mg L~") concentration
and the lowest carbon isotope value (513CD0C = —30.3 %0)
for the site. It also had a similar LC-OCD character to
groundwater. The closest groundwater sample to the wetland,
located less than 5 m downgradient at 3.5 m depth (S1_S),
had a significantly lower DOC concentration (5mgL~!) and
1 %o higher carbon isotope value (83 Cpoc = —29.3 %o). In-
terestingly, this decrease in DOC was not reflected in the
change in the mass fractions of the LC-OCD results.

The deeper samples (>17.0m) at sites 1 and 2 had the
highest DOC concentrations (10 +0.5mgL™") for ground-
waters at the site. The §'3Cpoc values were higher in the
deeper groundwaters (—27.6 £ 0.2 %0) compared to the shal-
low samples (—29.0 & 0.2 %o). The humic substances aro-
maticity and molecular weight showed there were two dis-
tinct groups of DOM (Fig. 7). Samples that generally had
lower values were from sites 1 and 2 and the wetland. All
samples were more aromatic for their molecular weight in
comparison to surface lakes, rivers and marine samples (Hu-
ber et al., 2011).

Hydrol. Earth Syst. Sci., 24, 2167-2178, 2020

Groundwaters from sites 3—5 had lower DOC concentra-
tions (<6 mg L") and a 1 %o higher average §13Cpoc value
(—26.6%o) than shallow and medium groundwater samples
from sites 1 and 2. Samples from sites 3, 4 and 5_S also had
higher humic substances aromaticity and humic substances
molecular weight than sites 1 and 2 (Fig. 7). The DOC did
not show significant or consistent trends in aromaticity or
molecular weight, nor did it show a trend of declining DOC
concentration with depth or along a flow path.

5 Discussion

Our results showed that groundwater DOC varied in con-
centration and isotopic character along a 500 m groundwa-
ter flow path. The average groundwater DOC concentration
found in this coastal site was 5 times higher (5 mgL~!) than
the global median DOC concentration for groundwaters (Mc-
Donough et al., 2020a). The concentration of groundwater
DOC doubled with depth, but we did not see any consis-
tent trends in the DOM chromatographic character related to
depth (Fig. 5). These results were in contrast to those from a
deeper fractured rock aquifer (Shen et al., 2015), where DOC
decreased with depth. Furthermore, despite observed differ-
ences in DOM characteristics (e.g. higher humic substances
aromaticity and molecular weight in S3, S4 and S5_S), per-
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Figure 6. Principle component analysis for Anna Bay waters. The
blue oval represents the shallow waters, the green oval represents
the medium waters and the red oval represents the deeper waters.
The wetland sample plots at the bottom of the graph with a distinct
chemistry compared to the groundwater samples.

centages of LC-OCD fractions did not show any consistent
trend along the groundwater flow path, contrary to what was
found in other studies where biodegradation, sorption, des-
orption and biosynthesis controlled DOM (Chappelle et al.,
2016; Shen et al., 2015). The experimental work of Oudone
et al. (2019) also confirmed that sorption predominantly af-
fects the humic substances fraction, especially with high aro-
maticity. If biodegradation were occurring, we would expect
to see a decline in the biopolymer and low molecular weight
neutral fractions (Catalan et al., 2017); however, we do not
make a clear observation of this in our data. In contrast,
Fig. 6 shows that the shallow samples located further from
the wetland (S4_S and S5_S) have higher humic substances
aromaticity and molecular weight, which supports the con-
clusion that sorption is not the dominant process determining
DOM character from the wetland to the coastline.

Organic matter is more readily preserved under anoxic
conditions (Bertrand and Lallier-Verges, 1993), particularly
in saturated environments. In such systems, remineralization
can be low, leading to enhanced preservation and storage of
OM (Schefuf et al., 2016). Marine sediments, wetlands and
peatlands have been suggested as having between 60 % and
95 % reduced mineralization rates (Keiluweit et al., 2017).
The OM itself is thermodynamically unstable, but Schmidt
et al. (2011) suggested it can persist because of the physic-
ochemical and potentially biological influence of the sur-
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Figure 7. The relationship between humic substances molecular
weight (M;,) and humic substances aromaticity (SAC / OC repre-
sents spectral absorption coefficient / organic carbon). The curved
lines show the area that samples would plot if the humic substances
aromaticity and molecular weight are derived from the humic sub-
stances standard and water samples from Huber et al. (2011). The
figure also indicates that the humic substances samples plotting at
the top are interpreted as pedogenic in origin and that the fulvic
acids at the bottom are aquagenic in origin. Note that humic acid
(HA) and fulvic acid (FA) are isolated from the humic substances
standard of the IHSS from Suwanee River (Huber et al., 2011).
Surface water samples of humic-substances-aquagenic origin and
humic-substances-pedogenic origin are also indicated.

rounding environment that reduces the rate of decomposi-
tion. Our hydrochemical data showed evidence to suggest
OM degradation may have occurred. Dissolved oxygen was
less than 0.2 mg L~! for all groundwaters, which we inferred
to be due to the respiration of microbes that have adapted
to access OM in relatively anoxic conditions. Additional ev-
idence for microbial activity included the presence of sig-
nificant concentrations of reduced redox-sensitive species
such as ammonium (up to 0.9 mgL~") and ferrous iron (up
to 3.3mgL~!) together with very low nitrate concentration
(<0.3mgL™"), the absence of sulfate in the deeper ground-
waters (Table 1) and the detection of H>S odour. This fits
with what was observed in anoxic subsurface environments
where microbes utilize nitrate, iron oxides and sulfate as
electron acceptors in the absence of oxygen, increasing the
ammonia, ferrous iron and sulfide concentrations (Berner,
1981; Appelo and Postma, 2005). A possible explanation for
the similar character of the DOM with the evolved inorganic
redox chemistry is that the rates of biodegradation are far
lower than the rate of DOM leaching into the groundwater.
Furthermore, if there are additional sources of DOM along
the flow path, we would expect to the see inconsistent vari-
ations in LC-OCD fractions along the flow path that we ob-
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Figure 8. Schematic of OM sources and processes influencing DOC within the coastal aquifer at Anna Bay based on concentration, character
(isotopic and chromatographic), tritium and hydrochemical data (Tables 1 and 2); marine and freshwater DOM characterization from Lamb

et al. (2006).

serve in our data, rather than a consistent decline in any DOM
fraction or DOC concentration.

5.1 Sources of OM

Dissolved organic carbon in groundwater may originate from
various sources. The most abundant source is generally from
decomposing OM in the soil zone, and sedimentary OM from
buried peat or palaeosols can also be a source (Clark and
Fritz, 1997). The wetland organic-rich sediments, such as or-
ganic muds and silts associated with freshwater depressions,
are characteristic of coastal dune-slack systems which have
formed since the maximum Holocene sea-level transgression
and have a global occurrence, including along the southeast-
ern coast of Australia (MacPhail, 1974). These units have the
potential to form peat. In suitable environments, the decay of
OM under anaerobic conditions is much slower (Benner et
al., 1984), allowing a greater accumulation of refractory OM,
which may lead to peat accumulation (Lamb et al., 2006).
Three “peat” horizons were identified in a similar coastal en-
vironment to Anna Bay (Fingal Bay, Central Coast, NSW)
and ranged in age from 3.0 to 6.5 ka (MacPhail, 1974). The
peat formation was suggested to be very rapid, with metres
of sediment accumulating over the past few thousand years.
The sand dunes at Anna Bay were likely to have formed
around 7 ka (Sloss et al., 2007; Jones, 1990; MacPhail, 1974),
and the OM-rich layers contained within them would have
formed over this time. Organic matter can be characterized
by very long turnover times that increase with depth from
1 to 10ka depending on the system (Schmidt et al., 2011).
The radiocarbon age of DOC for the deeper groundwaters at
S1_D and S2_D was measured by McDonough et al. (2020b)
for the Anna Bay site. The results showed that DOC was
~ 1ka (88.3+0.4 pMC) in the deeper groundwater samples,
while the shallow water was modern (> 100 pMC), suggest-
ing an older OM source at depth. The destabilization of these
older OM-rich units, whether by anthropogenic or natural
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processes, could result in an increase in the flux of older car-
bon into the surface water environment as observed by Moore
et al. (2013), and the transport of this carbon has been shown
to be dependent on the hydrological response in coastal sys-
tems (Webb et al., 2018).

5.1.1 Wetland OM

Initially, it was thought that the wetland was the major source
of OM for the groundwater system because it contained el-
evated DOC concentrations (18 mgL~!) and appeared to be
hydraulically connected to the aquifer. Based on these as-
sumptions, it would mean that approximately 70 % of the
OM from the wetland would be removed after groundwa-
ter recharge (i.e. 10 m downgradient at sample S1_S at 3.5m
depth). This estimate seemed reasonable when considering
that Shen et al. (2015) found that about 90 % of surface-
derived DOC was removed prior to reaching the saturated
zone.

Our data showed that the chromatographic character of the
DOM in the wetland was similar to that in the groundwater,
suggesting that if the wetland was a significant source of OM,
the chemical composition and bioavailability of the wetland-
derived DOM remained relatively unchanged during trans-
port through the aquifer. The higher relative contribution of
DOC and evidence for the limited transformation of the wet-
land OM compared to groundwater at this site could also be
explained by the limited sorption capacity of the predomi-
nantly quartz sand aquifer.

If biological processing was influencing the wetland DOM
during transport into the groundwater, it would be expected
that the §13Cpoc values would become heavier than the ori g-
inal C3 vegetation source — where the bacteria metabolize the
isotopic light organics — because the '>C—H bonds are easier
to break, leaving the resultant OM more enriched than the
original source (Clark and Fritz, 1997). The carbon isotope
value in the wetland was 1 %o lighter compared to the shal-
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lowest groundwater sample located near the wetland. This
suggests that a small amount of microbial processing may
have occurred or that unprocessed DOM inputs are very high
at this site.

Alternatively, because we do not observe clear decreases
in DOC concentration or major changes in the LC-OCD frac-
tions, the difference in isotopic values could be explained
by the DOM in the groundwater system having a different
source to the wetland and the limited interaction between
the surface water and groundwater at this site. The lack of
interaction would also explain the distinctly different water
chemistry of the wetland sample compared to the ground-
water (Table 1 and Fig. 6). The wetland contained elevated
concentrations of DOC, but it is likely that the OM is be-
ing mobilized and deposited into the hyporheic zone of the
wetland (i.e. 1-2 m) by either sorption or abiotic transforma-
tion (Kerner et al., 2003). This hypothesis is being investi-
gated with further detailed water—sediment investigations at
this location.

5.1.2 Insitu OM sources

Organic-rich sediments were present in the unconsolidated
aquifer units, and the physicochemical properties of the
aquifer were governing the persistence of the OM within
the aquifer. We see several in situ DOM sources based on
the carbon isotopes and the humic substances aromaticity
and molecular weight data (Fig. 7). Two major groundwater
groups were identified at sites 1 and 2 and sites 3—5. The aro-
maticity of the humic substances in both groups was higher
than those previously reported for rivers and lakes for the
corresponding molecular weight, especially for sites 3-5.
Furthermore, we see groupings for the deeper samples
from sites 1 and 2 that corresponded with carbon isotopes
that are 1 %o higher (—27.6 0.2 %o) than other groundwater
at sites 1 and 2. These groundwaters contained less tritium,
suggesting they were older (<0.8 TU), and the OM is likely
to have originated from the deeper, older palacosol unit(s)
contained within the coastal sediments (Fig. 8). The shallow
groundwaters had lower DOC concentrations and lower car-
bon isotope values (—29.0£0.2 %o), suggesting the OM orig-
inating from these sources is also different from the deeper
palaeosol. The overlying peat units most likely formed in a
similar environment to the palaeosol located at depth but con-
tained younger OM with lower source §'>Cpoc values.
Groundwater from sites 3—-5 had lower DOC concentra-
tions (<6 mgL~") and higher humic substances aromaticity
and humic substances molecular weights (Fig. 7) together
with higher consistent 813Cpoc values (average & BCpoc:
—26.6%o0). The exception was the shallow sample at Site 5,
which had the highest §'*Cpoc value (—25.0%0) and trended
towards a marine OM value (Lamb et al., 2006) with a DOC
concentration (2.1 mgL~") well below the average for this
site, which suggests a localized source of OM that may be
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derived from marine sources due to its close proximity to the
ocean.

5.2 Implications

Most studies investigate the character or carbon isotope sig-
natures of DOC in groundwater but rarely use both tech-
niques. Our findings showed that there are several sources
of OM within this coastal aquifer, ranging from buried peat
units to palaeosols, and that if both techniques were not used,
these sources would not have been identified. It is impor-
tant to understand the sources to estimate the contribution
of subsurface carbon to the global carbon cycle. The com-
bination of the low sorption capacity of the coastal aquifer
sediments and the presence of various sources of OM to-
gether with the associated anoxic aquifer conditions appears
to have limited the sorption and/or biodegradation that might
be observed elsewhere in groundwater. Therefore, this study
further demonstrated that the persistence of OM was found
to be due to complex interactions between the OM and its
environment (Schmidt et al., 2011).

The groundwater that discharges from young unconsoli-
dated coastal environments such as these has much higher
DOC concentrations than groundwater from older, deeper
aquifers that have undergone a greater degree of OM pro-
cessing (McDonough et al., 2020b). The degradative pro-
cesses that act on freshly produced DOM can produce green-
house gases and produce less reactive DOM that is ex-
ported (Davidson and Janssens, 2006; Zhou et al., 2018).
This means that the DOM transported from this coastal sys-
tem has the potential to impact the carbon budget. More-
over, sandy coastal aquifers containing palaeosol horizons
are globally widespread as they formed during Holocene
sea-level changes. These systems are sensitive to sea-level
changes and climate-change drivers that are likely to impact
DOC export from coastal systems because of changes in ei-
ther the hydrology or ecosystem dynamics. The OM sources
found in this system are currently saturated and anoxic. If the
physicochemical conditions of the aquifer were altered, these
coastal groundwater systems would then have the potential to
export a 1-order-of-magnitude-higher volume of unreacted
carbon to the surface than are previously realized based on
the current global median DOC concentration of 1 mgL~!
for groundwaters (McDonough et al., 2020a). These coastal
groundwater systems form a significant OM source that is
largely unaccounted for in the global carbon budget. The
magnitude and timing of the soil C reservoir change as a re-
sult of climate and land-use changes are difficult to quantify
and is a large source of uncertainty in global C cycle models
(Kendall and McDonnell, 1998). Therefore, studies like this
that identify the sources of OM in aquifers will contribute to
refining calculations in the future.
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6 Conclusions

The purpose of this study was to investigate the role of dif-
ferent OM sources and the influence of the physicochemi-
cal properties of an aquifer on groundwater DOM. This was
done to identify the major controls on groundwater DOC
sources and processing in a coastal groundwater system. Our
results showed that groundwater DOC varied in concentra-
tion and isotopic character along a 500 m groundwater flow
path. The average groundwater DOC concentration for this
study was 5 times higher (5mgL~!) than the global median
DOC concentration for groundwaters. The concentration of
DOC doubled with depth, reaching 10 mg L~!, but the DOM
chromatographic fractions did not change significantly with
depth or along the groundwater flow path. We note that the
carbon isotopic composition did, however, vary slightly.

Multiple sources of organic matter were identified, includ-
ing those formed during the maximum Holocene sea-level
transgression such as wetland, soil, peat and palaeosols. It
was found that the DOC character at this site did not follow
the regional chromatography model due to OM processing
with depth and along a groundwater flow path. All samples
were more aromatic for their molecular weight in compari-
son to surface lakes, rivers and marine samples. It was also
found that the physicochemical properties of the aquifer and
in this case the anoxic-saturated conditions limited OM pro-
cesses, leading to enhanced preservation and storage of OM.
The contradiction in DOM trends when compared to the re-
dox chemistry of the groundwater for this study challenged
our current understanding of groundwater DOC mobilization
and degradation in coastal aquifers. A possible explanation
for not observing a decrease and change in DOM character
with evolved inorganic redox chemistry is that DOM is being
released from the OM sources at a higher rate than biodegra-
dation is occurring.

In situ sources such as peats and palaeosols are the main
contributor of OM to the groundwater DOC in this coastal
system. The destabilization or changes in hydrology, whether
by anthropogenic or natural processes, could result in in-
creased fluxes of unreacted old carbon from deep within the
peat column. Significantly, the results of this study show that
understudied anoxic coastal groundwater systems have the
potential to export up to 10 times more unreacted carbon to
the surface than previously realized, considering the global
median DOC concentration is 1 mgL~! for groundwaters.
These coastal groundwater sources are largely unaccounted
for in the global carbon budget and are likely to play more of
arole in carbon transport in the future.
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