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Abstract

Groundwater organic matter is processed within aquifers through transformations such as the adsorption of dissolved
organic matter (DOM) to minerals and biodegradation. The molecular character of DOM varies according to its source
and this can impact its bioavailability and reactivity. Whilst the character of DOM in riverine and oceanic environments
is increasingly well understood, the sources, character and ultimately the fate of groundwater DOM remains unclear. Here
we examine groundwater DOM from contrasting hydrogeological settings in New South Wales, Australia. For the first time,
we identify the distinct molecular composition of three groundwater DOM end-members including a modern terrestrial input,
an aged sedimentary peat source, and an aged stable by-product pool. We also identify and characterise the processing path-
way of DOM in semi-arid, low sedimentary organic carbon (OC) environments. Based on size exclusion chromatography,
ultrahigh-resolution Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS), isotopic analyses (13C,
14C and 3H) and principle component analysis (PCA), we show that in higher rainfall temperate coastal peatland environ-
ments, large amounts of aged sedimentary organic carbon can leach into groundwater resulting in higher molecular weight
(500 g mol�1 < molecular weight > 1000 g mol�1) and highly aromatic groundwater DOM with high O/C ratios and low
H/C ratios. We show that in semi-arid environments with low rainfall rates and high groundwater residence times, ground-
water dissolved organic carbon (DOC) is processed into increasingly low molecular weight (<350 g mol�1), low aromaticity
DOM with low O/C ratios and high H/C ratios by subsurface processing mechanisms such as biodegradation and adsorption.
We provide the first comprehensive study of groundwater DOM characterisation based on multiple analytical techniques, and
highlight the impact of source inputs and processing on groundwater DOM composition at a molecular level.
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1. INTRODUCTION

Dissolved organic matter (DOM) plays a significant role
in carbon cycling and biogeochemical and ecological func-
tioning (Schiff et al., 1990; Banwart 1999; Burrows et al.,
2017; King et al., 2018; Johannesson et al., 2019; Li et al.,
2019; Wegner et al., 2019) and is an important component
of groundwater quality. Understanding groundwater DOM
sources and processing mechanisms can allow for better
quantification of the role of groundwater DOM in the ter-
restrial carbon budget (Battin et al., 2009). Groundwater
DOM composition also has implications for water quality
parameters that are driven by DOM degradation (e.g. dis-
solved oxygen, ferrous iron and arsenic (Appelo and
Postma, 2005)) which may have implications for human
health (Evans et al., 2019). Furthermore, subsurface
DOM processing has been shown to drive stream ecosystem
food-webs (Burrows et al., 2018). Research is needed to
quantify these processes and their rates in groundwater,
and how they may vary over time and space due to hydro-
logic and external water quality changes. Recent studies
have investigated DOM molecular composition correlated
to reactivity in surface waters, including oceans
(Reemtsma et al., 2008; Lechtenfeld et al., 2014), riverine
(Stubbins et al., 2010; Kaiser et al., 2017), glacial
(Grannas et al., 2006; Spencer et al., 2014), and lake water
(Kellerman et al., 2014; Kellerman et al., 2015). Few inves-
tigations correlate groundwater DOM composition to
source identification or processing pathways (Longnecker
and Kujawinski, 2011; Lechleitner et al., 2017).

The molecular character of DOM (Lechtenfeld et al.,
2014; Kellerman et al., 2018), as well as environmental set-
ting (Kellerman et al., 2014), affect DOM sources, reactivity
and processing pathways. DOM in permafrost for example
is characterised by a relatively large percent relative abun-
dance (% RA) of aliphatic and peptide-like compound
classes (Spencer et al., 2015; Feng et al., 2018; Wang
et al., 2018) which has been shown to be highly biolabile
(Spencer et al., 2015; Wang et al., 2018; Textor et al.,
2019). These energy-rich groups are characterised by
organic matter with high H/C ratios (>1.5). Aliphatics
and peptides are largely photo-resistant and have even been
shown to be photoproduced in rivers when DOM is
exposed to irradiation (Stubbins et al., 2010). Due to their
rapid processing however, they are usually a relatively
minor component (<10%) of DOM in aquatic environ-
ments (Kellerman et al., 2018) and it is likely that these
compounds would not be present in high concentrations
in processed groundwaters due to their biolability and the
lack of UV exposure required to produce these compounds
by photodegradation. In contrast, aromatic DOM groups
have been identified in stream water exported from peat-
lands (Coward et al., 2018), and this has been shown to
be less biolabile, but rapidly photodegraded or adsorbed
to mineral surfaces (Jardine et al., 1989; Kaiser et al.,
1996; Stubbins et al., 2010). These aromatic and polypheno-
lic groups are often leached from organic horizons high in
vascular plant matter and can be a major component of soil
pore water (O’Donnell et al., 2016). Flow path depths and
position along an aquatic continuum also impact on DOM
character (Raymond and Bauer, 2001; Sickman et al., 2010;
Catalán et al., 2016; Barnes et al., 2018; Kellerman et al.,
2018) with younger DOM typically less processed and asso-
ciated with higher dissolved organic carbon (DOC) concen-
tration, higher aromaticity, and shallow flow paths. Older
DOM is typically more processed and has been associated
with lower DOC, lower aromaticity, and deeper flow paths
(Kaiser and Kalbitz, 2012). When elemental compositions
are plotted as atomic ratios of H/C and oxygen to carbon
O/C on a van Krevelen diagram, a highly stable sub-
group of carboxyl-rich alicyclic molecules (CRAM) mole-
cules in aquatic environments have been identified as being
the potential stable end-products of DOM after extensive
degradation (Hertkorn et al., 2006; Lechtenfeld et al.
2014; Kellerman et al., 2018). These CRAM molecules
are predominantly located in a region of highly unsaturated
and phenolic compounds (Kellerman et al., 2014).

Studies characterising DOM at a molecular level in
groundwater are limited, which has restricted our ability
to identify groundwater DOM sources and processing path-
ways. These degradation pathways are expected to differ
from surface waters due to potentially greater exposure to
mineral surfaces for adsorption, and a lack of photodegra-
dation. Research has shown that DOM leached from
organic horizons and soils typically has lower H/C and
O/C ratios in groundwater compared to soil waters or sur-
face waters due to biological and physical reactions in the
vadose zone (Wassenaar et al., 1990). Furthermore,
groundwater has been shown to contain a high relative pro-
portion of carbon (C), hydrogen (H), oxygen (O) (CHO)
containing molecular formulae, with research indicating
that high levels of C, H, O and nitrogen (CHON) molecular
formulae are possible in less biologically processed ground-
water DOM (Longnecker and Kujawinski, 2011).

Here, we aim to determine the sources and controls on
the molecular composition of groundwater DOM in two
semi-arid inland alluvial and fractured rock aquifer envi-
ronments and one coastal sand aquifer environment using
ultrahigh-resolution Fourier-transform ion cyclotron reso-
nance mass spectrometry (FT-ICR MS), size exclusion
chromatography and isotopic analyses. We hypothesise
that groundwater DOM sourced from surface waters will
be of relatively low molecular weight due to pre-
processing at the surface by photodegradation, adsorption
and biodegradation. We expect that adsorption and
biodegradation are major processing pathways of ground-
water DOM, and hypothesise that further processing of
DOM in groundwater will result in a decline in biolabile
(aliphatic and peptide-like compounds) and easily adsorbed
(aromatic, higher molecular weight) compounds. We also
anticipate a relative increase in stable highly unsaturated
and phenolic DOM compounds in groundwater as DOM
is processed. In contrast, we hypothesise that groundwater
DOM sourced from buried sedimentary organic matter in
higher rainfall environments may contain aged, non-
biolabile and unprocessed aromatic and polyphenolic
DOM compounds of high molecular weight and high
aromaticity. We anticipate that in environments where
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sedimentary organic matter (OM) inputs are high, this
source signal could dominate the character of aged ground-
water DOM and overwhelm the processed DOM signal.

2. SAMPLING SITES

The study sites include one sedimentary organic carbon
(OC)-rich coastal aeolian and marine sand aquifer site
Fig. 1. Study areas at Wellington, Maules Creek and Anna Bay in New S
insets. X-axis shows latitude (south), y-axis shows longitude (east) in geog
Transverse Mercator coordinates in Zone 55S (Maules Creek) and Zo
directions are indicated by the black arrows.
(Anna Bay, NSW) and two sedimentary OC-poor inland
alluvial and fractured rock aquifer sites (Maules Creek
and Wellington, NSW, Fig. 1). Both Wellington and
Maules Creek are semi-arid sites, located just under
300 km inland from the coast and located 250 km apart.
Groundwater samples obtained from these two inland sed-
imentary OC-poor environments were collected from dedi-
cated research bores installed as part of the Australian
outh Wales, Australia with sampling sites shown as red diamonds in
raphic coordinates (decimal degrees) with insets shown in Universal
ne 56S (Wellington and Anna Bay). Relevant surface water flow
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National Collaborative Research Infrastructure Strategy
(NCRIS) groundwater program, managed by the Con-
nected Waters Initiative at the University of New South
Wales, Sydney, Australia (UNSW). Each piezometer has
a screened interval of 1 m or less allowing for depth-
specific samples.

The sampling sites at Wellington and Maules Creek are
located near streams (Fig. 1). Eight samples from Maules
Creek were obtained from monitoring bores from different
depths in the alluvial aquifer at Middle Creek farm, and
from the alluvial aquifer and surface water at Elfin Crossing
(see Table 1, Fig. S.1–Fig. S.3 and Appendix for more
information). At Wellington, seven samples were collected
in total from two rivers, the Bell River and Macquarie
River, and from within the fractured rock and alluvial aqui-
fers which dominate the area at two main Wellington sam-
pling sites: Wellington Caves and Wellington Research
Station (see Fig. 1, Fig. S.4–Fig. S.6 and Appendix for more
information).

The sedimentary OC-rich temperate coastal site is
located at Anna Bay, approximately 150 km north of Syd-
ney, New South Wales (NSW), Australia (Fig. 1). Eight
samples were obtained from a shallow aquifer near a wet-
land behind a dune system, approximately 500 m from
the ocean, and from wells located in the sand dunes along
a transect from the wetland to the shoreline (see Fig. S.7
and Appendix for further information). Water level data
shows groundwater levels at Samurai Beach are largely con-
trolled by precipitation (McDonough et al., 2020; Fig. S.8).
There is a long-term trend of water movement from the
Table 1
Summary of the geology, climate and number of samples obtained from
Meteorology. Information on weather station numbers and locations use

Geology Climate

Maules Creek
Quaternary alluvial sediment (gravels and clays)
overlying Permian volcanics and coal measuresa,b,c

Semi-arid climat
Annual average
evaporation rate
and 2.3 mm resp

Wellington
Quaternary alluvial deposits and colluvium,
Devonian Garra Formation limestones, siltstones,
shales, dolomitic limestones, clastic sequences, and
Cuga Burga volcanicsd

Temperate semi-
rainfall uniform
Hot summers an
rainfall of 616 m
summer and win
respectively.

Anna Bay
Unconsolidated aeolian and beach calcareous sand
deposits containing peat layerse

Warm, temperat
round, with hot
average rainfall
rates in summer
respectively.

NB: Summer refers to the months December – February whilst winter re
a Andersen and Acworth (2009).
b Giambastiani et al. (2012).
c McCallum et al. (2013).
d Johnson (1975).
e Meredith et al. (2019).
wetland towards the dunes, to the coast (Fig. S.8) suggest-
ing some bores may also be recharged by wetland surface
water. Previous research has identified a peat layer at site
S1 and S2 between 1 and 5 m bgs, and a clay unit at site
S5 (Meredith et al., 2019). A summary of the study sites
are shown in Table 1.

3. MATERIALS AND METHODS

3.1. Sampling

Major field campaigns were conducted for Wellington,
Maules Creek and Anna Bay (on 15–16 August 2017, 11
October 2017, and 13–14 February 2018 respectively). Sam-
ples were collected to analyse for DOC, cations, anions,
stable water isotopes, d13C and 14C of DOC (d13CDOC

and 14CDOC), d
13C and 14C of dissolved inorganic carbon

(d13CDIC and 14CDIC), and
3H. Sample sites were selected

based on the availability and accessibility of monitoring
bores suitable for groundwater sampling, their placement
in transects from surface waters, and their relatively well-
known recharge mechanisms. We utilised bore fields which
were specifically designed to assist in understanding
groundwater and surface water interactions. A mix of sur-
face waters, shallow groundwaters, and deeper groundwa-
ter samples were selected based on available bore screen
depths. Sample numbers were determined based on the
availability and cost of 14C and 3H analyses. Discussion
regarding the potential for seasonal variability to impact
results or interpretation is provided in the Appendix.
each of the three research sites. Climate data is from Bureau of
d is provided in the Appendix.

Samples taken

e with hot summers and mild winters.
rainfall of 646 mm. Daily
s in summer and winter are 6.4 mm
ectively.

Middle Creek:
2 � groundwater
Elfin Crossing:
5 � groundwater,
1 � surface water

arid climate. Relatively low, episodic
ly distributed for most of the year.
d cold winters. Annual average
m. Daily evaporation rates in
ter are 7.5 mm and 1.7 mm

Wellington Caves:
2 � groundwater,
1 � surface water
Wellington Research
Station: 3 � groundwater,
1 � surface water

e, humid climate. High rainfall year-
summers and mild winters. Annual
rate of 1346 mm. Daily evaporation
and winter are 11.8 mm and 2.9 mm

8 � groundwater samples

fers to the months June – August.
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Surface water samples (Macquarie River, Bell River and
Maules Creek at Elfin Crossing) and shallow groundwater
samples MLSA_40cm, MLSB_100cm and MLSD_115cm
were obtained using a Series II Geopump peristaltic pump
and a 10 mm diameter steel sampling spear with a 50 mm
screen. A Monsoon 12 Volt Plastic Groundwater pump
was used for deeper groundwater samples. Standing bore
water levels were recorded using a dip meter, and in-field
measurements of pH, temperature, electrical conductivity
(EC) and dissolved oxygen (DO) were collected using an
in-line Sheffield flow-cell attached to two Hach HQ40D
multimeters for all samples. Groundwater samples were
collected with the pump intake located just above the well
screen after bores had been purged until in-field parameters
had stabilised. Samples were collected for alkalinity, inor-
ganic anions, cations, stable water isotopes, 3H, 14CDIC,
14CDOC, d

13CDIC, d
13CDOC, DOC concentration, LC-OCD

and FT-ICR MS.
All samples were filtered in the field to 0.45 mm, except

for d13CDIC and d13CDOC samples which were filtered to
0.22 mm. Alkalinity samples were collected in 50 ml syringes
prior to titration. Total alkalinity was determined by per-
forming gran-titrations on 25 ml of each sample using sul-
furic acid (H2SO4) at the end of each sampling day.
Further information regarding sample quantities, storage
and transport can be found in the Appendix.

3.2. Analysis

3.2.1. Isotopes

Samples were analysed for 14CDIC,
14CDOC, d13CDIC,

and 3H at Australian Nuclear Science and Technology
Organisation (ANSTO) in Sydney, NSW, Australia. Infor-
mation on the methods used for the pre-treatment of sam-
ples for 14CDIC and 14CDOC, as well as sample CO2

extraction and graphitisation are summarised in the Appen-
dix and described in Hua et al. (2001) and Bryan et al.
(2017). Radiocarbon data are reported as percent Modern
Carbon (pMC) normalised against the d13C, with an aver-
age 1r error of the AMS readings that did not exceed
±0.56 pMC and ±0.42 pMC for 14CDOC and 14CDIC respec-
tively. 14CDOC (pMC) values were calculated using the ratio
of 14C/12C with conventional radiocarbon ages rounded
according to Stuiver and Polach (1977). Conversions from
pMC to un-normalised 14CDIC (pmc) values and D14CDOC

(‰) values were calculated as per Plummer and Glynn
(2013).

Samples were analysed for 3H at ANSTO. The sample is
distilled to remove salts and organics prior to electrolytic
concentration of 3H. The samples, standards and blanks
then have a current of <100 mA.cm�2 passed through it
which allows for the removal of deuterium. Concentration
is achieved through electrolysis over a period of 2 weeks.
The concentrate is then distilled, and the sample analysed
by liquid scintillation spectrometry using Perkin Elmer
QuantulusTM instruments. Results were reported as tritium
units (TU) with an uncertainty of �0.13 TU and a lower
limit of detection of 0.06 TU.

Samples were analysed for d13CDIC by continuous-flow
Delta V Advantage isotope ratio mass spectrometry
(IRMS) at ANSTO using the methods described in
Assayag et al. (2006). Results for d13CDIC are accurate to
±0.3 per mil (‰). Samples were analysed for d13CDOC at
the UC Davis Stable Isotope Facility using an O.I. Analyt-
ical Model 1030 Total Organic Carbon Analyzer (Xylem
Analytics, College Station, TX) interfaced to a PDZ
Europa 20-20 isotope ratio mass spectrometer (Sercon
Ltd., Cheshire, UK) utilizing a GD-100 Gas Trap Interface
(Graden Instruments). Results for d13CDOC are accurate to
±0.5 ‰ for samples with DOC concentrations <1.2 mg
C L�1, and ±0.4 ‰ for samples with DOC concentrations
>1.2 mg C L�1. Results for both d13CDIC and d13CDOC were
reported as per mil deviations from the international
Vienna Pee Dee Belemnite (VPDB) standard.

Off-Axis Integrated Cavity Output Spectroscopy (OA-
ICOS) was used to analyse stable water isotopes (2H and
18O) at UNSW using an LGR Liquid Water Isotope Anal-
yser (Lis et al., 2008). A primary standard was run
(VSMOW-2), with 5 further standards used to calibrate
samples against. The maximum deviations were no larger
than ±1.0‰ and ±0.2‰ for 2H and 18O respectively from
the known reference material values.

3.2.2. Geochemistry

Anions and cations were analysed at the University of
New South Wales (UNSW), Sydney using a Perkin Elmer
Optima 7300 inductively coupled plasma (ICP) optical
emission spectrometer and a Perkin Elmer NexION 300D
ICP mass spectrometer. A Dionex IC system with an Ion-
Pac AS14A analytical column was used to analyse fluoride,
chloride, bromide, nitrite, nitrate, phosphate and sulphate.
Single element High-Purity StandardsTM were used to pre-
pare multi-element standards at UNSW’s Mark Wain-
wright Analytical Centre at concentrations of 0.2, 1, 10,
and 100 mg L�1 and mg L�1. A Lachat flow injection anal-
yser (FIA) was used to analyse for nitrate and ammonium
nitrogen (NO3-N and NH4-N). Mixed NO3

� and NH4
+ stan-

dards at concentrations of 0.02, 0.05, 0.20, 0.50, 1.00 and
2.00 N - mg L�1 were prepared for each analysis.

3.2.3. DOM characterisation and concentration

A DOC-LABOR LC-OCD size-exclusion chromatogra-
phy system (based on the Gräntzel thin-film UV-reactor),
was used to identify concentrations of biopolymers (BP,
molecular weight > 20,000 g mol�1), humic substances
(HS, 500 g mol�1 < molecular weight > 1000 g mol�1),
building blocks (BB, 300 g mol�1 < molecular
weight > 500 g mol�1), low molecular weight acids
(LMWA, molecular weight < 350 g mol�1), low molecular
weight neutrals (LMWN, <350 g mol�1) and hydrophobic
organic carbon (HOC) in the samples. Chromatogram visu-
alisation and peak position identification of each fraction
described above is performed using a customised software
program for LC-OCD output (ChromCALC, DOC-
LABOR, Karlsruhe, Germany) developed by Huber et al.
(2011). In summary, DOC fractions and molecular weights
are determined based on compound retention times, using
the dominating HS peak in the OCD chromatograms to
identify the positioning of the other fractions. The position
of the HS peak and molecular weight of the HS fraction has
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been calibrated using International Humic Substance Soci-
ety (IHSS) Suwannee River humic acid (HA) and fulvic
acid (FA) standards (Huber et al., 2011). Further informa-
tion regarding how LC-OCD fractions and molecular
weights are classified and calculated can be found in
Huber et al. (2011).

Solid phase extraction (SPE) onto reversed phase
BondElut PPL sorbent (100 mg cartridges, Agilent Tech-
nologies) was performed prior to FT-ICR MS analysis
using the methods described in Dittmar et al. (2008).
Extracts were run at the National Magnetic Field Labora-
tory, Tallahassee, USA, using a negative mode (-) electro-
spray ionisation (ESI) on a 21 Tesla super conducting
magnet (Bruker, U.S.) (Hendrickson et al., 2015; Smith
et al., 2018). A modified aromaticity index (AImod) was cal-
culated for molecular formula (Koch and Dittmar, 2016;
Koch et al., 2007) in order to assess the degree of unsatura-
tion. AImod, H/C ratios, O/C ratios and N were used to
group neutral elemental compositions into compound
classes. Polyphenolic compounds are defined as molecular
formulae with 0.5 < AImod � 0.66; condensed or polycyclic
aromatic formulae are defined as AImod > 0.66; highly
unsaturated and phenolic are defined as AImod � 0.5, H/
C < 1.5, O/C � 0.9; aliphatic formulae are defined as
1.5 � H/C � 2.0, O/C � 0.9 and N = 0; sugar-like formulae
are defined as O/C > 0.9; and peptide-like formulae are
defined as 1.5 � H/C � 2.0, and N > 0 as per Kellerman
et al. (2014). It is noted that these categories are based on
atomic ratios derived from elemental compositions assigned
in FT-ICR MS peaks and not indicative of structural
classes of DOM compounds. Therefore, the term ‘‘group”
does not refer to the compound structural motifs and refers
to the range of atomic H/C and O/C ratios for each elemen-
tal composition assignment, discussed as percent relative
abundance (% RA, scaled to the 100% peak within each
spectrum) of a particular group in the sample.

The FT-ICR MS results represent only the SPE DOM
within the analytical window present in FT-ICR MS. LC-
OCD gives a lower resolution but entire view of the
DOM spectrum, therefore both techniques have been used
to gain a greater understanding of DOM in the samples.
The unextracted DOM is chemically distinct from the
extracted DOM, since composition controls part of extrac-
tion. This manuscript therefore uses FT-ICR MS data to
explore the ways in which the extracted DOM differs
between sites, whilst LC-OCD data is used to explore
how bulk DOM differs between sites. The composition of
the unextracted DOM is not explored.

Details of the methods used to perform statistical anal-
yses, and further details of the limitations and representa-
tiveness of FT-ICR MS and LC-OCD data are presented
in the Appendix.

4. RESULTS

The raw isotope, DOM characterisation, field data and
inorganic anion results for all samples from Maules Creek,
Wellington and Anna Bay are presented in Table S.1,
Table S.2 and Table S.3, respectively. Information on the
water types and sources identified is provided in the Appen-
dix text and Fig. S.9, Fig. S.10 and Table S.4.

4.1. DOC age and concentration

Minimum and maximum 14CDOC values ranged from
72.9 ± 0.3 to 105.8 ± 0.3 pMC (Table 2) with the oldest
sample at EC31 at Maules Creek (radiocarbon age = 2540
years before present (yBP)) which is a shallow regional
groundwater sample (Table S.4).

The youngest 14CDOC values at Anna Bay were found in
samples at the MLSs next to the wetland (MLSA_40cm,
MLSB_100cm, MLSD_115cm, Table S.3). It is noted that
due to problems with obtaining 14CDOC results for some
samples with low DOC concentrations and high EC,
14CDOC results at Wellington were only available for Mac-
quarie River, Bell River, and two bores influenced by Mac-
quarie River water (WRS03 and WRS05). These samples
were all classified as ‘‘modern” (Table S.2) and therefore
younger than the radiocarbon reference year of 1950.

DOC concentrations in groundwater samples (i.e.
excluding surface water samples) were highest at Anna
Bay (average = 8.0 mg C L�1, r= 4.0, Table S.1–Table S.3).
Both inland sites have low average and standard deviation
groundwater DOC concentrations (average = 1.0, r = 0.3
and average = 1.2 mg C L�1, r = 0.6 at Maules Creek
and Wellington, respectively).

4.2. DOM character

At all sites, the dominant LC-OCD fraction is the HS
fraction (500 g mol�1 < molecular weight > 1000 g mol�1,
Table 3). HS comprised an average of 60.3% ± 6.3 (1r
error) of DOM in Anna Bay samples, 56.6% ± 14 (1r
error) at Wellington, and 33.7% ± 11 (1r error) at Maules
Creek. LMWN (molecular weight < 350 g mol�1) and HOC
(classified as the material which does not leave the station-
ary phase in the column) were the next most dominant frac-
tions with sample-averaged % RA of 9.8% ± 2.0 (1r error)
and 16.6% ± 6.4 (1r error) respectively at Anna Bay, 18.2%
± 4.2 (1r error) and 10.8 ± 10.1 (1r error) respectively at
Wellington, and 25.6% ± 7.9 (1r error) and 24.9 ± 7.5
(1r error) respectively at Maules Creek (Table 3 and
Fig. S.11).

The most abundant FT-ICR MS compound class in the
data across all sites corresponds to atomic ratios within the
highly unsaturated and phenolic van Krevelen regions
(Table 3). Compounds within the highly unsaturated and
phenolic-like compositional groupings comprise an average
of 72.7% ± 12.1 (1r error) of DOM compounds detected in
Anna Bay samples, 93.4% ± 3.7 (1r error) at Wellington,
and 95.6% ± 1.4 (1r error) at Maules Creek, and were
the most abundant groups across all sites. Polyphenolic
and aliphatic compounds were second and third highest
in relative abundance across all sites, with averages of
18.8% ± 8.6 (1r error) and 2.9% ± 1.3 (1r error) respec-
tively at Anna Bay, 3.7% ± 2.4 (1r error) and 2.3 ± 0.7
(1r error) respectively at Wellington, and 2.6% ± 1.4 (1r
error) and 1.5% ± 0.4 (1r error) respectively at Maules



Table 2
Summary of the average, median, minimum, maximum and standard deviation values for DOC concentration (mg L�1), 14CDOC (pMC),
D14CDOC (‰) and d13CDOC (‰) samples at Anna Bay (n = 8), Wellington (n = 7) and Maules Creek (n = 8).

Average Max Median Min r

DOC Concentration (mg L�1) Anna Bay 8.0 15.1 7.4 1.0 4.0
Wellington 2.3 8.3 1.6 0.6 2.7
Maules Creek 1.0 1.3 1.1 0.6 0.3

14CDOC (pMC) Anna Bay 94.6 105.3 94.8 80.8 10.1
Wellington 102.7 103.9 102.9 101.3 1.1
Maules Creek 90.0 105.8 92.0 72.9 13.5

D14CDOC (‰) Anna Bay �54.25 53.40 �52.25 �191.80 100.83
Wellington 27.33 38.80 28.68 13.20 10.80
Maules Creek �99.97 57.7 �79.60 �270.90 135.47

13CDOC (‰) Anna Bay �27.6 �26.7 �27.5 �28.5 0.8
Wellington �25.1 �23.9 �24.7 �26.4 1.0
Maules Creek �27.3 �23.2 �25.6 �36.1 4.7

Table 3
Summary of the percent relative abundance (% RA) of FT-ICR MS and LC-OCD groups at each site. LC-OCD groupings include
biopolymers (BP, molecular weight > 20,000 g mol�1), humic substances (HS, 500 g mol�1 < molecular weight > 1000 g mol�1), building
blocks (BB, 300 g mol�1 < molecular weight > 500 g mol�1), low molecular weight neutrals (LMWN, <350 g mol�1) and hydrophobic organic
carbon (HOC, defined as the fraction that does not leave the LC-OCD column). FT-ICR MS groupings include polyphenolic compounds
(0.5 < AImod � 0.66), condensed aromatic formulae (AImod > 0.66), highly unsaturated and phenolic (AImod � 0.5, H/C < 1.5, O/C � 0.9),
aliphatic formulae (1.5 � H/C � 2.0, O/C � 0.9 and N = 0), sugar-like formulae (O/C > 0.9); and peptide-like formulae (1.5 � H/C � 2.0,
and N > 0). FT-ICR MS data also shows the average % RA of CHO, CHON, CHONS and CHOS containing groups.

Group Average % RA ± 1r error
(Maules Creek)

Average % RA ± 1r error
(Wellington)

Average % RA ± 1r error
(Anna Bay)

LCOCD

HOC 24.9 ± 7.5 10.8 ± 10.1 16.6 ± 6.4
BP 1.3 ± 2.5 1.6 ± 1.8 0.3 ± 0.3
HS 33.7 ± 14.0 56.6 ± 11.0 60.3 ± 6.3
BB 14.5 ± 6.0 12.8 ± 5.2 13.0 ± 2.0
LMWN 25.6 ± 7.9 18.2 ± 4.2 9.8 ± 2.1

FT-ICR MS

Peptide-like 0.1 ± 0.0 0.1 ± 0.1 0.1 ± 0.1
Sugar-like 0.0 ± 0.0 0.0 ± 0.1 0.1 ± 0.1
Condensed Aromatics 0.2 ± 0.3 0.5 ± 0.8 5.6 ± 5.1
Polyphenolic 2.6 ± 1.4 3.7 ± 2.4 18.8 ± 8.6
Highly Unsaturated and Phenolic 95.6 ± 1.4 93.4 ± 3.7 72.7 ± 12.1
Aliphatic 1.5 ± 0.4 2.3 ± 0.7 2.9 ± 1.3
CHO 89.2 ± 2.8 83.5 ± 2.9 84.3 ± 2.9
CHON 9.2 ± 2.3 13.0 ± 3.3 6.4 ± 1.0
CHONS 0.0 ± 0.1 0.1 ± 0.2 0.0 ± 0.1
CHOS 1.6 ± 0.7 3.4 ± 1.0 9.3 ± 3.0
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Creek (Table 3). Notably, the highly unsaturated and phe-
nolic group at Maules Creek and Wellington are comprised
of much lower O/C ratios compared to Anna Bay (Fig. 2).

In terms of compound composition, CHO compounds
were the most abundant at all sites (89.2% ± 2.8, 83.5%
± 2.9 and 84.3% ± 2.9 at Maules Creek, Wellington and
Anna Bay, respectively). Anna Bay samples are observed
to contain slightly higher CHOS molecular formulae
(9.3% ± 3.0) compared to Maules Creek (1.6% ± 0.7) and
Wellington (3.4% ± 1.0). The presence or absence of N or
S are not correlated with 14CDOC age for either the inland
or the coastal site (p > 0.1 for all Spearman’s rank correla-
tion coefficients).

4.3. Abundances of molecular formulae

In total, 15,790 unique elemental compositions were
derived from negative-ion ESI FT-ICR MS across 23 sam-
ples. Wellington samples were the most compositionally
complex, with the highest number of elemental composi-
tions assigned, followed by Anna Bay and Maules Creek
(Table 4). 95% of compositional diversity was reached in



Fig. 2. Percent deviation for site average relative abundance (% RA) of each compound group compared to the total sample average at all
sites (normalised to 0) with error bars (1 r). Highly unsaturated and phenolics are shown separated into high (O/C > 0.5) and low (O/C < 0.5)
oxygen categories based on atomic O/C ratios derived from (-)ESI FT-ICR MS.

Table 4
Summary of the total number of individual DOM elemental composition assignments at each site, the number of unique elemental
compositions assigned at each site, and the average number of elemental compositions identified per sample at each site.

Total number of elemental
compositions assigned (all samples)

Number of unique
elemental compositions

Average number of elemental
compositions per sample

Anna Bay (n = 8) 11,702 2,792 7,331
Wellington (n = 7) 11,954 1,115 7,343
Maules Creek (n = 8) 10,123 535 6,093
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17 of 23 samples (i.e. 74% of samples) which indicates that
the elemental compositions derived were not consistent
between samples (Fig. S.12).

Maules Creek had the lowest number of molecular for-
mulae unique to the study site. Wellington and Anna Bay
had the largest average number of assignments per sample
with a two-tailed t-test showing no significant differences
between Wellington and Anna Bay sites (p = 0.99). The
average number of total elemental compositions per sample
at Maules Creek (6093) was significantly lower than both
Wellington (7343) and Anna Bay (7331, p = < 0.05). Sur-
face or near-surface water samples correspond to the sam-
ples with the highest number of elemental composition
assignments. These included Macquarie River (n = 8989)
at Wellington, MLSA_40cm (n = 8862) at Anna Bay and
surface water (n = 7450) at Maules Creek.

4.4. Molecular composition of DOM with 14CDOC age

At Anna Bay, the sample with the oldest 14CDOC value is
at S4_S (80.82 pMC), with a conventional radiocarbon age
of 1710 ± 30 yBP. This sample is located furthest from the
wetland, and contains a higher relative abundance of con-
densed aromatics and polyphenolic (17.0% RA and 34.6%
RA, respectively) compounds compared to the average
for Anna Bay (5.6% RA and 18.8% RA, respectively).
Research has shown that aromatic DOM is susceptible to
photodegradation (Stubbins et al., 2010) and sorption to
mineral surfaces (Jardine et al., 1989; Kaiser et al., 1996),
which suggests that this sample has not been exposed to
photodegradation or sorption mechanisms. The sample
also contains a low weighted average H/C ratio of 0.86
which is the minimum found in any sample at Anna Bay
(Table S.3). High 3H levels in this sample compared to
the regional groundwater samples, and low EC compared
to the samples close to the wetland, suggests that the water
has been recently exposed to the atmosphere and has not
had time to incorporate many dissolved ions from weather-
ing or evaporation. This suggests that the water source
probably comes from recent diffuse recharge (Table S.4),
with aged DOC leached from a peat layer at the site. At
Maules Creek the sample with the oldest 14CDOC value
was located at Elfin Crossing in the shallow regional
groundwater at EC31 (71.91 pMC) closely followed by
the deep regional groundwater sample BH12-4 (75.22
pMC). These samples have conventional radiocarbon ages
of 2540 ± 40 yBP and 2285 ± 40 yBP respectively. When
compared to the aged DOM samples from Anna Bay, these
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samples contain low % RA condensed aromatics and
polyphenolic and a large % RA of highly unsaturated and
phenolic compounds.

The samples with the youngest 14CDOC values were
located at the wetland at Anna Bay (MLSA, 105.3 pMC),
BH18-2 at Maules Creek (105.8 pMC), and at Macquarie
River in Wellington (103.9 pMC, 38.8 ‰). BH18-2 and
Macquarie River have the highest % RA condensed aro-
matics and polyphenolic of all samples at the respective
sampling sites in Maules Creek and Wellington. The MLS
piezometers at Anna Bay had similar FT-ICR MS com-
pound group % RA distribution to the Macquarie River
sample, however due to the high % RA of condensed aro-
matics and polyphenolic in the peat-derived DOM samples,
the MLS samples had the lowest % RA of condensed aro-
matics and polyphenolic for the Anna Bay site. This is
reflected in Fig. 3 which shows aromatic compounds are
not significantly correlated with younger DOM, instead,
aromatic compounds are significantly correlated with aged
DOM at Anna Bay. In contrast, at Wellington and Maules
Creek, aromatic regions of the van Krevelen diagram are
not significantly correlated with aged DOM and there are
no molecular formulae significantly correlated with
younger DOC at these sites. The two distinctly different
regions of aged DOM at the Anna Bay and Wellington/
Maules Creek sites, and the region of young DOM at the
Anna Bay site shown in Fig. 3 indicate three potential
DOM end-members which are explored further in the fol-
lowing sections.

4.5. Compositional end-members of groundwater DOM

Principal component analysis (Fig. 4) using DOM vari-
ables including LC-OCD fractions (% RA), FT-ICR MS
groups (% RA), 14CDOC (pMC), d13CDOC (‰) and DOC
concentration (mg C L�1) shows that the data at the sites
Fig. 3. Spearman correlations of individual molecular formulae that are
and Wellington and Maules Creek (right). Blue dots represent formulae
formulae consistent with aged DOM). Red dots represent formulae that ar
consistent with young DOM). (For interpretation of the references to col
this article.)
group between three end-members which all have unique
DOM compositions and characteristics on the x and y-
axes (Fig. 4A). This supports the results of the Spearman
correlations shown in Fig. 3. The three DOM end-
members identified include aged peat DOM, a young terres-
trial DOM source and an aged DOM by-product (Fig. 4A).
Further discussion regarding the end-member water and
DOM sources is provided in the Appendix.

Anna Bay samples are distributed to the left on the PCA
biplot (Fig. 4A) between the aged sedimentary peat end-
member sample (S4_S) on the lower y-axis, and a young ter-
restrial surface DOM end-member (MLSA_40cm and
MLSB_100cm) on the upper y-axis. Fig. 4A shows that
S4_S is the cleanest peat DOM sample of the entire cohort
and this is supported by EC and 3H data (Table S.3) which
indicates the water is diffuse recharge source and is there-
fore least likely to be mixed with DOM from other sources.
The sedimentary peat DOM signal is identified by high
DOC concentrations, and high % RA of HS, polyphenolic
and condensed aromatics on PC1 (Fig. 4B). It is charac-
terised by low 14CDOC (pMC) and aliphatics, and high
HOC on PC2 (Fig. 4C).

The young terrestrial surface water DOM source is dif-
ferentiated from the aged DOM by variables influencing
PC2 on the y-axis. These include high 14CDOC pMC values
and high % RA aliphatics and peptide-like DOM. These
characteristics of young terrestrial DOM are consistent in
both Anna Bay wetland samples and Wellington river
samples.

The aged, stable by-product end-member is identified at
the inland samples at Wellington (shown in blue font on
Fig. 4) and Maules Creek (shown in green font on
Fig. 4). This by-product DOM is characterised by high %
RA highly unsaturated and phenolics, HOC and LMWN,
and low % RA polyphenolic, HS and DOC concentration
on PC1. On PC2 it is characterised by low 14CDOC (pMC)
significantly correlated with 14CDOC age (pMC) at Anna Bay (left),
that are significantly negatively correlated with 14CDOC pMC (i.e.
e significantly positively correlated with 14CDOC pMC (i.e. formulae
our in this figure legend, the reader is referred to the web version of



Fig. 4. (A) PCA of samples using DOM variables (14CDOC (pMC), d13CDOC (‰), DOC concentration (mg C L�1), LC-OCD fractions (% RA)
and FT-ICRMS groups (% RA). The analysis shows clear groupings of Anna Bay samples (red font), Maules Creek samples (green font) and
Wellington samples (blue font). The coastal Anna Bay samples are differentiated from the inland samples by variables explaining PC1 (shown
in B). At Anna Bay, the PCA identifies a mix of two DOM end-members (aged peat DOM and young terrestrial DOM). These are
distinguished by PC2 variables (shown in C) with the mixing of these sources at Anna Bay represented by the red and blue arrows. Maules
Creek and Wellington samples comprise a mix of young terrestrial DOMwhich ages into stable by-product DOMwhich are also distinguished
by PC2 variables. The degradation into stable DOM at the inland sites is represented by the grey arrow. NB: samples without a result for
14CDOC have not been included. Highly unsaturated and phenolics is abbreviated as HUS&P in the lower bar charts. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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and low % RA aliphatics. It is noted that whilst the trans-
formation pathway from surface water DOM to stable by-
product DOM shown in Fig. 4 is likely to be applicable to
other shallow groundwater environments where there is no
other significant input of DOM, the change in DOM com-
position with age may differ in larger regional groundwater
systems, especially where hydrocarbon deposits may be
present.
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There is a significant positive correlation between
14CDOC (pMC) and DOC concentration at the inland sites
(p = 0.04, Spearman’s rho (rs) = 0.66) which is not seen at
the coastal site (p = 1.00, rs = �0.03, Table S.5). This indi-
cates that at Anna Bay, the input of unprocessed aged
DOM is overwhelming any processed DOM signal. At
Maules Creek and Wellington, the positive relationship
between 14CDOC (pMC) and DOC concentration indicate
that DOC is processed and removed over time. Maules
Creek is observed as having the lowest number of unique
molecular formulae, and is largely comprised of the same
molecular formulae present at the other sites. This further
supports the hypothesis that groundwater DOM at this site
is highly processed with stable DOM remaining.

5. DISCUSSION

5.1. Groundwater DOM sources and processing pathways

Two sources of DOM in groundwater were identified,
including a DOM source originating from surface waters,
and DOM originating from sedimentary organic matter in
the subsurface (Fig. 4). An aged and stable by-product
DOMwas also identified. The results show that unprocessed
sedimentary OM-derived DOM at Anna Bay is associated
with high O/C ratios, low H/C ratios, high molecular
weight, high aromaticity DOM with a large % RA of HS
and polyphenolics. In contrast, processed groundwater
DOM in the inland sites is associated with lower O/C ratios,
higher H/C ratios and a greater proportion of LMWN,
which are likely to include microbial metabolites (Shen
et al. 2015). These finding support the size-reactivity contin-
uum model for OM decomposition in aquatic environments
proposed by Amon and Benner (1996) who suggest an over-
all processing of high molecular weight DOM to low molec-
ular weight DOM over time. Our finding of a greater
proportion of aliphatic and peptide-like DOM compounds
in the young terrestrial DOM suggests that this source is
more biolabile (Hopkinson et al., 1998) whilst the aged sed-
imentary peat source may be vulnerable to photodegrada-
tion or adsorption to mineral surfaces due to its high
molecular weight and aromaticity (Jardine et al., 1989;
Kaiser et al., 1996; Stubbins et al., 2010; Shen et al., 2015)
when transported along a subsurface flow path and dis-
charged to a surface environment. Compounds with higher
DBE, higher O/C and lower H/C ratios, as is observed with
the sedimentary peat source, are more susceptible to adsorp-
tion (Coward et al., 2018). The greater proportion of highly
unsaturated and phenolic low O/C molecular formulae at
inland sites (refer to Fig. 2) suggests that DOM with high
O/C ratios is processed out along pathways due to adsorp-
tion or degradation. As an example, this is supported by a
clear removal of the high O/C and low H/C ratio DOM pre-
sent in Macquarie River as it is recharging the aquifer at
WRS03 (Fig. S.13). Fig. S.14 also shows a significant
decrease in O/C ratios and increase in H/C ratios with
increased screen depth at the inland sites (both p < 0.01)
suggesting increased DOM adsorption with depth.

Huber et al. (2011) define a humification pathway of sur-
face waters based on HS aromaticity and HS nominal aver-
age molecular weight as measured by LC-OCD analysis
using IHSS standards and a range of European surface
water samples. The surface water samples analysed in this
study (Macquarie River, Bell River and Elfin Crossing)
have 54.4% ± 33 (n = 3) lower molecular weight compared
to the surface water samples presented in the HS diagram of
Huber et al. (2011) (n = 20). This may be a result of the
high levels of UV irradiation these surface waters receive
in Australia, and associated photodegradation (Osburn
et al., 2001). Processed groundwater samples from this
research (Maules Creek and Wellington) display reduced
average HS aromaticity (defined as the spectral absorption
coefficient/organic carbon in litres per milligram per meter)
(1.28 ± 0.43, n = 12) compared to the surface water sam-
ples from Wellington and Maules Creek (2.72 ± 0.68,
n = 3), without further reduction in molecular weight. This
indicates that subsurface DOM processing mechanisms
such as adsorption and biodegradation largely impact HS
aromaticity.

5.2. Groundwater DOM preservation mechanisms

Radiocarbon dating is not frequently undertaken when
assessing DOM in aqueous environments, however this
research shows that 14CDOC analyses combined with DOM
characterisation techniques can assist in identifying carbon
sources as well as the transformation of DOM as it is pro-
cessed. The combination of these techniques can also provide
insights into the preservation mechanisms of DOM in sur-
face waters and groundwater. Recent research indicates that
DOC is preserved in surface waters and marine and soil sed-
iment via two mechanisms; selective preservation of com-
pounds that are intrinsically stable (non-biolabile and
therefore not able to be microbially processed), and protec-
tion from degradation bymineral interaction where particles
are shielded from biological respiration (Hemingway et al.,
2019). Hemingway et al. (2019) propose that the selective
preservation mechanism would result in a decline in DOM
diversity (determined by the distribution of C bond
strengths), whilst the mineral interaction/protection mecha-
nism results in an increase in DOM diversity. Despite the
semi-quantitative nature of FT-ICRMSdata, previous stud-
ies have used FT-ICRMS in quantitative statistical analyses
(Flerus et al., 2012; Seidel et al. (2017); Poulin et al., 2017). In
this context, the number of molecular formulae assigned
shows a weak statistically significant positive linear relation-
ship between aging DOM (declining 14CDOC (pMC)) and
declining DOM diversity (p = 0.04, using number of unique
molecular formulae as a proxy for bond strength diversity,
Fig. S.15). We note that the relationship is not present at
all sites and appears to be strongest at Anna Bay, which sug-
gests that the relative percentage of sedimentary OM may
also be an important control on groundwater DOM
diversity.

6. CONCLUSIONS

Our research combines FT-ICR MS, LC-OCD and iso-
topic techniques for the first time to determine groundwater
DOM sources, end-members, and molecular composition in
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contrasting hydrogeological contexts. Inorganic chemistry,
14CDIC and 3H were used to identify water sources, with
14CDOC, DOM characterisation and PCA used to identify
DOM sources and processing pathways. We identified the
character of two unique DOM source inputs. A young ter-
restrial surface DOM source is identified and shares a sim-
ilar composition regardless of site, and was characterised by
higher % RA peptide-like and aliphatic compounds com-
pared to the other end-members. The character of aged
DOM varied between sites and was differentiated from
young fresh terrestrial DOM by its molecular composition.
Spearman correlations uncovered the molecular character
of an aromatic aged sedimentary peat DOM source with
high % RA polyphenolic, condensed aromatics and HS at
Anna Bay. In addition, we identify the change in DOM
composition in two semi-arid environments as it is pro-
cessed into a stable by-product DOM. The processing of
groundwater DOM in semi-arid environments is charac-
terised by an increasing % RA of LMWN and highly unsat-
urated and phenolic compounds, and decreasing % RA of
aliphatics, peptide-like, polyphenolic and condensed aro-
matic DOM, which we suggest is a result of biodegradation,
adsorption and limited leaching of fresh terrestrial or
sedimentary DOM due to the dry and aged landscapes that
these sites represent. We observe an increase in DOM H/C
ratios and decline in O/C ratios with groundwater DOM
processing which suggests that adsorption is a major
removal pathway in aquifers. These results show that the
composition of aged groundwater DOM can differ between
temperate coastal sites and semi-arid inland sites due to
high or low inputs of sedimentary OM and confirm our
hypotheses that DOM source and DOM age both con-
tribute to the composition of aged DOC, with the stable
by-product DOM signal overwhelmed in locations of high
sedimentary OM inputs.
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