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Abstract

The Pearl River drains the second largest watershed in China, funnelling large amounts of
freshwater and organic matter into the northern part of the South China Sea through an
estuary characterized by pronounced biogeochemical gradients. In this study we analyzed
organic extracts of surface sediments collected along land-sea transect that captures a
transition from freshwater environment at the site of the Pearl River discharge, to marine
settings at the most distal sampling point in the coastal South China Sea. Samples were
analyzed using Fourier transform ion cyclotron mass spectrometry (FTICR-MS), to assess the

molecular composition of the organic species present in the sediment and understand the



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

sources and diagenesis of deposited organic matter. Results show a complex mixture of
molecular markers, many of which can be used as proxies to distinguish between the
freshwater and saline settings. For example, geochemical signal at the freshwater site is notably
characterized by species belonging to hydrocarbon and sulphur-containing compound classes —
these are likely markers of terrestrial, natural and/or anthropogenic organic matter inputs. On
the other hand, samples from the coastal marine site bear a unique signature of putative
tetrapyrrole species, molecular indicators of phytoplankton phaeopigments. Notably, some
unusual and or novel species, such as sterenes and alkanones were putatively identified. These
and other biomarkers species that can be detect using our single injection method provide
convenient multiple proxies necessary for interpreting dynamic changes from land to the ocean,

which have even been complicated by anthropogenic activities.

Keywords: Pearl River estuary, South China Sea, organic matter, sediment, biogeochemistry,

molecular markers, FTICR-MS

Synopsis: Molecular markers in surface sediment reflect a shift in the nature of organic matter

along the land-sea transect in the Pearl River estuary and coastal South China Sea.
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1. Introduction

Estuaries are unique biogeochemical interfaces between terrestrial and marine environments.
River discharges introduce natural and anthropogenic organic matter from the continent and
create salinity and other physico-chemical gradients along the land-sea transect. In turn, these
variable ecosystem conditions within estuaries create a dynamic structure of (micro)organisms
and their communities. 2 Ultimately all these complex processes and interactions end up being

recorded and preserved in the geochemical composition of bottom sediments within estuaries.

Therefore, a better assessment of geochemical signals in estuarine organic matter deposition
can afford novel insights into the sources and fate of organic carbon, on a global scale. On the
other hand, molecular level assessment of sedimentary organic matter is a major analytical
challenge, due to its chemical complexity and the presence of high molecular weight, and/or
heteroatom (nitrogen, oxygen, sulphur) bearing species, such as carbohydrates, lignocellulose,
pigments, lipids, and many other, still uncharacterized compounds. Therefore, analyses of
molecular markers in sediments typically involve specific, targeted protocols, often including
laborious fractionation steps, and use of different instruments, all in an attempt to improve
sensitivity and resolution of targeted geochemical proxies. Only recently, developments of
single-run methods that allowed investigators to simultaneously monitor multiple proxies of
interest have emerged; notably, these novel methods use Fourier transform ion cyclotron
resonance mass spectrometry (FTICR-MS) leveraging the capability of this analytical platform to
screen for thousands of compounds, with a very high resolution over a broad analytical window
of polarity and molecular weights.3>® While FTICR-MS approaches may lack the sensitivity and

separation specificity of liquid chromatography-based approaches, they have an advantage of

5
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simplified sample preparation, and the screening capability that can discover novel geochemical

proxies and pathways.® ’

With a length of ~2,400 kilometers, the Pearl River (PR) is the second largest river in China. It is
located in the Guangdong Province and discharges into northern portion of the South China Sea
(SCS). This region is characterized by subtropical climate, with high temperature and abundant,
monsoon rainfalls, contributing to seasonally variable PR discharge into estuary, which on
annual basis amounts to 54x10° tons of sediment.!? Sources of organic matter transported by
PR are heterogenous, and integrate influences of soil erosion in the upstream sections,
contributions from lush subtropical vegetation in the mid-stream portion, and finally significant
anthropogenic inputs from the downstream PR delta region, that houses 20 million people and
hosts a burgeoning industrial sector. In addition to complex sources, processes of sediment

remobilization and degradation further complicate biogeochemical assessments.? 12

In this context, we used our recently developed FTICR-MS methodology® 7’ to assess molecular
composition of surface sediments collected along a transect in the Pearl River estuary and into
coastal SCS. The objectives of the study were to relate molecular composition of surface
sediments with a shift from freshwater to marine environment and derive new knowledge on

the complex biogeochemistry of this estuarine system.

2. Materials and Methods

2.1. Sampling

Sediment samples were collected from the Pearl River estuary and coastal SCS (Guangdong,

China) in January, February, April, and May of 2013, from surface sediment (0-5 cm depth) at



112  sites A, B, C and D, along a gradient of salinity and other physico-chemical parameters (Table

113 S1), Fig. 1. The sampling transect line from site A to site D is approximately 125 kilometers long.

113.5° 114°

—22°

114 South China Sea

115 Figure 1. Map of the Pearl River estuary and coastal South China Sea showing sampling sites where
116  surface sediments were collected.

117  Sediment samples were collected with a portable grab, transferred to sterilized centrifuge
118  tubes (NEST, 50 ml), and immediately frozen and stored at -20°C until they were further

119  processed. The salinity and pH of surface sediments were measured in situ by a conductivity
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meter (SG3, Mettler-Toledo Instruments Co., Shanghai) and a pH analyzer (S20, Mettler—Toledo
Instruments Co., Shanghai), respectively. Detailed sampling information is provided in the Table

S1.

2.2. Sample Extraction

Freeze-dried sediments were extracted for FTICR-MS analysis following a previously reported
procedure.®’ In brief, approximately 2.0 g of dry, homogenized sediment was extracted five
times by ultrasonication with 10 mL of 9:1 (v/v) dichloromethane/methanol at ambient
temperature, for 30 min. The extracts were dried over anhydrous sodium sulfate, and the
combined extracts were rotary evaporated to approximately 10 mL. Small aliquots of the
extracts were blown dry under a N, stream and then reconstituted in toluene to a final

concentration of 1.25 mg/mL.

2.3.  FTICR-MS Analysis
Sediment extracts were analyzed using a 12 T Bruker SolariX mass spectrometer (Bruker, MA,
USA) with APPI-P (atmospheric pressure photoionization in positive ion mode) as the ion
source. Sample solutions were infused into the ion source using a syringe pump set to deliver
200 pL/h. A krypton lamp at 10.6 eV was used for sample ionization. The transfer capillary
temperature and nebulizer pressure were set to 400°C and 1.5 bar, respectively. Previous
studies of biological molecules using APPI under thermospray conditions showed negligible in-
source thermal degradation.> 7 13 The APPI-P technique allows the detection of analyte
components as protonated and/or radical ion species. lons formed depend on the proton and

electron affinities of the dopant relative to the analyte. With a toluene dopant, if the proton
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affinity of the analyte is higher than the proton affinity of the benzyl radical, a protonated
molecule can form. If the electron affinity of the toluene radical cation is higher than the
electron affinity of the analyte (lower or equal ionization energy than toluene) a radical
molecular ion can form (Purcell et al., 2006). In this paper, radical species will be denoted with
e symbol, for example hydrocarbon radical ions will be labelled as HCe, in contrast to
protonated ones, which labels do not contain the bullet symbol - for example, HC stands for
protonated hydrocarbons, as described in previous studies.*

The FTICR-MS instrument is regularly tuned using reference calibration mixtures; other quality
assurance steps include the addition of internal standard compounds to ensure mass spectra
accuracy, as well as acquisition of appropriate blank samples with every batch of samples
analyzed.® 7 lons ranging from m/z 150 to 1500 were isolated by a linear quadrupole and
accumulated over 30 ms in the collision cell, before being transferred to the ICR cell. For each
sample, 200 transients of 8 million points in the time domain were collected over 12 min (0.2 h)
and summed to improve the experimental signal-to-noise ratio. Approximately 50 ug of the
whole sediment extract is consumed in one FTICR-MS analysis (200 pL/h x 0.2 h x 1.25 pg/uL).
FTICR-MS raw data were processed using the CaPA software package (Aphorist Inc., Calgary, AB,
Canada). The compositional boundaries were set to Cs—95 Ho-200 No-4 So-1 Oo-12 Po-1. The double-
bond equivalent (DBE) range, which is a measure of hydrogen deficiency in a molecule due to
double bonds and/or cyclic structures, was set between 0 and 60. Peaks with a signal-to-noise
ratio higher than 4 were assigned, based on highly accurate mass measurements (mean peak
assignment error ~100 ppb) and the comparison of isotopic patterns with the theoretical

isotopolog distributions, whenever possible. Any peak detected in the solvent blanks with relative
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intensity higher than 1% of the base peak had their intensities set to zero in sample spectra. It is
important to note that although FTICR-MS analysis results in unambiguous molecular formula
assignments, the exact structural identity of the peaks cannot be established without additional
experiments, such as tandem mass spectrometry (MS/MS). However, characteristic carbon
number and DBE distributions can be used as a strong indication of the inferred molecular
structures, particularly for the known and well-studied classes of biomarker species where we
have enough prior experience and literature reports.

The Ragnarok software package (Aphorist Inc., Calgary, AB, Canada) was employed for data
analysis and visualization of assigned molecular formulae; this software features advanced
capabilities to treat and visualize various layers of molecular information embedded in the
FTICR-MS outputs, that allow grouping and averaging of multiple samples, and their general
compositional parameters (e.g., heteroatom composition, average carbon numbers and DBE,
etc.). In this study, we focus only on spatial variability among different sampling sites, and
therefore we used this software feature to group and average out all the samples collected at
the same site, regardless of the sampling season. Albeit some temporal differences (January to
May) in geochemical fingerprint can be observed at the four sampling sites, they are less
prominent, and therefore will not be discussed herein, but in future reports.

Finally, due to variable ionization responses and efficiencies among the many diverse species
detected, FTICR-MS analyses are inherently semiquantitative, and are not an expression of
species’ absolute concentration. Therefore, all the discussions and calculations relating to
intensity/abundance of compound classes, and/or putative molecular markers should be

viewed in relative terms, wherein the intensity is normalized to the sum of all assigned peaks in

10
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the analyzed sample (labelled as “% of Sample” on y-axes in the visualization plots).
Notwithstanding, because the same concentrations of sediment extract are injected into the
instrument, these relative intensities can be used to make relevant comparisons, both within a
specific sample, as well as between the samples analyzed in the same batch.

Principal component analysis (PCA) using relative intensity of compound classes as variables

was performed and visualized with the FactoMineR package of R statistical software.’

3. Results and Discussion

3.1. Overall compositional trends

Figure 2 shows general compositional trends of surface sediments at four sampling sites,
derived from FTICR-MS analysis, including heteroatom (N, S, O) ratios relative to carbon, and
average carbon number and double bond equivalent (DBE) values. The values are averaged
over different sampling periods, as commented in the Section 2.3., and normalized to unitary

scale for better comparison.

11
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Figure 2. Radar plots showing the averaged and normalized FTMS-derived compositional parameters
including heteroatom (nitrogen, sulphur, and oxygen) to carbon ratios, carbon number and double-bond
equivalent, at the four sampling sites along the sampling transect - from freshwater, terrestrially

influenced site A to saline site D in the coastal South China Sea.

The most notable observation from Fig. 2 is that the site A, which is the most proximal to the
mouth of the Pearl River, has the highest S/C ratio, while on the other hand the most distal site

D has the highest N/C and O/C ratio, which likely indicates a shift in the nature of organic
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matter from terrestrial-influenced to marine, in line with what was previously observed in the
Pearl River estuary and in other examples of river-coastal sea interface environments. % 16
Furthermore, there is a trend towards more unsaturated species (i.e. with more rings and/or

double bonds) as we move to sites C and D, possibly reflecting a more recent, i.e. “fresh”, and

less reworked character of organic matter sourced from marine organisms.'’- 18

Looking at the distribution of compound classes, Fig. 3, main compositional differences are
characterized by a decreasing relative abundance of HC classes (both radical and protonated)
and sulphur-bearing species (SOxand S classes) going from the site A towards the more distal
sites (B, C, D), with a concomitant increase in relative abundance of oxygen classes (O3 through
Os) and nitrogen classes (NOx and N4Oy). In the following sections we explore the main
molecular features of species comprising some of the most abundant, representative

compound classes.
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Figure 3. APPI-P FTICR-MS heteroatom class distribution is surface sediments at four sampling sites
analyzed in this study. Dots following class labels refer to radical ions (odd electron ion) while the

absence of a dot refers to protonated ions (even electron ion).

3.2.  Hydrocarbon compound classes

Hydrocarbon compound classes, including both the radical (HC) and protonated (HCe) ion
species, are highly prominent at the river discharge site A, followed by a decrease in relative
intensity, by some 3 to 6%, as one moves towards the coastal SCS, Fig. 3 (herein, we discuss
only radical HC class; protonated HCe species shows similar overall composition). Plot of DBE

groups distribution within the HC class, Fig. 4 (A), reveals further differences between the site

14
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A, at which HC species with DBE 5 and 6 have the highest relative intensity, and the rest of the

sampling sites, where DBE relative intensity maxima shifts to 6 and 7, suggesting the presence

of somewhat more unsaturated species.
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Figure 4. Distribution of (A) double bond equivalents (DBE) within HC compound class, and (B-D) carbon

pseudohomolog distributions of the most abundant DBE (5-7) groups.

Within DBE 5 group, pseudohomologs with 27 and 29 carbon atoms are the most prominent at

the riverine-influenced site A, and their relative intensity progressively decreases towards site

D, concomitantly with a relative enrichment of Cy and Cys pseudohomologs. We putatively

assign these DBE 5 species as sterenes, see insert in Fig. 5(A), (poly)unsaturated metabolites of

sterols. Sterols are ubiquitous biomolecules, occurring naturally in most of the living organisms,

including terrestrial plants, phytoplankton, bacteria, and algae.'® 20 Sterols have also been used
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to monitor anthropogenic organic matter fluxes, such as sewage inputs to coastal waters.?!
Early diagenetic transformation of sterols to sterenes in particulate and sedimentary organic
matter has been documented,?? 23 which is typically a first stage in a longer term process of
their transformation to triaromatic steroids and steranes, occurring during organic matter
maturation on geological timescales.?* The only report of direct biogenic sourcing of sterenes in
marine environments has been related to a specific cholesta-3,5-diene found in surface waxes
of isopod Ligia oceanica.?® Herein we observe a diverse geochemical composition of putative
sterenes, which is more in line with complex diagenetic processes likely related to a broader
pool of source endmembers.?®> 26 Notwithstanding the specific source(s), there is a strong
correlation of shorter chain sterenes to increasing salinity, Fig. 4; therefore, based on the
observations within DBE 5 group of HC class, we propose that an increasing ratio of short-
(C224C24) to long-chain (C27+Cy9) sterenes (abbreviated as SLS), can be used to distinguish the

transition between terrestrial and marine environments in modern sediments of Pearl River

estua ry.
(A) SLS Proxy 40 (B)
HC DBE 5 (C22+C24)/(C27+C29) 35 Site D
R
e A Site L
1.2 - It
g stes @ -
1 Z 20 -y =28.064x-2.2089
E ® R?=0.7118
0.8 315
0.6 10 .
0.4 5 Site A
0.2 0 ®
0 0.2 0.4 0.6 0.8 1 1.2 14
0 . y . ’ SLS Proxy
Site A Site B Site C Site D

Figure 5. (A) Ratio of most prominent HC DBE 5 species, tentatively identified as short- and long-chain

sterenes (SLS), at four sampling sites. Insert shows a generalized structure of putative sterenes, where R
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denotes a side alkyl substitutions of variable carbon length. Y-axis denotes the ratio of the selected
species (B) Short- and long-chain sterenes (SLS) proxy as a function of seasonally averaged salinity at

four sampling sites.

In the DBE7 group, there is an increased relative intensity of C19, C21 and Cy7 pseudohomologs at
the distal site D, compared to other locations, Fig. 4(D). Finally, within DBE 6, Fig. 4(C), species
with 19, 27 and 30 carbons in their formulae, are most abundant; however, no significant
differences in molecular distribution between sampling sites are observed. In terms of putative
identification, these species are possibly polyunsaturated sterol derivatives, such as dienes and

trienes.?2

3.3. Oxygen-containing compound classes

Within the oxygen bearing species, an overall trend is that the intensity of single oxygen class
(0), both radical and protonated, decreases from site to A to site D, while more oxygenated
compound classes (i.e., O; through Og) tend to be more abundant in the transition zone (sites B

and C) and marine-influenced site D, Fig. 3.

Within compound class O, we observe that DBE 1 species dominate at site A, with
approximately 2.6% relative intensity, and become gradually less abundant towards site D, Fig.
6(A). The relative intensity of DBE 6-7 molecules is dominant at site D, compared to the other
locations, indicating an increased presence of more unsaturated oxygen species in the marine
setting. Carbon distribution within the DBE 1 species, Fig. 6(B), exhibits a prominent odd-to-

even distribution in the Cso-36 range, where Cz1,33,35 species abound at the riverine site A, and

17



279  then progressively decrease in relative intensity at sites B, C and D, clearly tracking the shifting

280  trend of salinity and other environmental parameters along the sampling transect.
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282 Figure 6. Distribution of (A) double bond equivalents (DBE) within O compound class, and (B-D) carbon

283 pseudohomolog distributions of the most abundant DBE groups.

284  Long chain (Csz-39) unsaturated alkyl ketones (alkenones) are well-known biomarkers found in
285  both freshwater and marine sediments.?” 28 We hypothesize that Cs1, Cs33, and Css species with
286  DBE 1, are fully saturated, shorter chain alkenone analogues.?® Previous reports have found
287  such saturated species termed alkanones, in thermally altered sediments, with carbon chains in
288  the Ci133 range.®® Also, hydroxy alkanones are often reported in different marine settings
289  wherein the postulated formation pathways include the oxidation of n-alkyl diols or hydrolysis

290  of complex mid-chain functionalized polymers.3!33 Based on that, we hypothesize that putative
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Cs1-35 alkanones we detected in this study are also likely diagenetic (by)products of more
functionalized alkyl species. Unambiguous confirmation of their origin is not possible with the
data at hand and would require additional targeted studies. However, at a minimum,
observations from this study suggests that these putative alkanone species seem to have proxy
potential in distinguishing terrestrial-influenced and/or freshwater zones within Pearl River

estuary.

The distribution of DBE 6 and 7 species show prominent peaks at Cig, C20, C27, C28 and Cso, Fig.
6(C) and (D), likely related to the sterene species observed in hydrocarbon class (Section 3.3),
wherein species detected in O compound class are possibly precursor molecules in the
diagenetic sequence that produces sterenes observed in HC class.?* It has been reported that
the Changjiang River acts as a conduit of terrestrially-sourced sterols into the East China sea,*
therefore, it is not implausible that our observations points to a similar process happening in

the Pearl River estuary.

A decreasing ratio of DBE 1 over DBE 6 and 7 seen in species in the compound class O can be

proposed as a proxy of the shift from freshwater to saline/marine setting, Fig. 7.
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Figure 7. Cross-plot of salinity and the ratio between DBE 1 and DBE 6 and 7 species within the

compound class O. Y-axis denotes the ratio of the selected species.

Heteroatom class Oz, most notably shows increased relative intensity of DBE 2 species, more so

at the sites A and B and somewhat less at the marine site D, as well as relative preference of

DBE 7 and 8 groups at sites B, C and D, relative to site A, Fig. 8(A).
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Figure 8. Distribution of (A) double bond equivalents (DBE) within the O, compound class, and (B-C)

carbon pseudohomolog distributions of the most abundant DBE groups.

Within DBE 2 group of the class O3, Fig. 8(B), we observe a clear separation of riverine site A,
dominated by the odd-to-even distribution of C3;, Cs3 and Css carbon pseudohomologs, and
marine site D with notable peaks at Cao, C33, as well as at Ca0 and Caz, while carbon distribution
at sites B and C represents an intermediate/mix of A and D compositional endpoints. Class O3
DBE 2 species have been identified in previous FTICR-MS studies of biodegraded petroleum
reservoirs as naphthenic acids; however in the case of petrogenic naphthenic acids, the carbon
distribution is uniform, i.e., Gaussian-like.3> This “smoothing-out” of geochemical fingerprints is

what is typically observed in crude oil samples, where the original fingerprint of source fossil
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organic matter is made uniform by catagenetic processes occurring over geological
timescales.?®3° However, in the case of sediments analyzed in this study there is a very
pronounced preference in carbon distributions of the molecular markers detected,
characteristic of relatively recently deposited organic matter found in modern sedimentary
environments,* as exemplified herein by the odd-to-even, C31-35 carbon sequence within the
DBE 2 group of O, compound class. Therefore, possibly a more plausible identity of these
species would be long chain di-ketones, i.e., diones, analogs of well known alkenones, and
related to Csi, C33, and Css species in the DBE 1 group of compound class O (as discussed
above). We did not find any reports of long chain alkane dione species in recent sediments,
therefore at this point, without further targeted, confirmatory studies, we only propose this
chemical identity to the community as a working hypothesis. In support of that hypothesis, we
note several studies that reported degradative oxidation of other organic species in sediments,
both xenobiotic such as polycyclic aromatic hydrocarbons,*> 42 and biogenic, such as
triterpenoids,* to their dione analogs. Similarly, it is possible that Cs1, C33, and Css species of the
DBE 1 group in O class are transformed via oxidation to their analogous carbon
pseudohomologs in the DBE 2 group of O, compound class. Regardless of their origin, we can
use these characteristic carbon distributions in DBE 2 group of compound class O3 to distinguish

between terrestrially- and marine-related organic matter in the sediment, Fig. 9.
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Figure 9. Cross-plot of salinity and the ratio between Cs;-33 and Cy9/Cs> pseudohomologs within DBE2

species of the compound class O,. Y-axis denotes the ratio of the selected species.

Heteroatom class O3 features prominent DBE 2,7 and 8 species, Fig. 10(A), with site A having
comparatively lower relative intensity of Os species compared to other sampling locations,
especially site D, Fig. 3. The most distal location D also stands out in terms of prominent carbon
pseudohomolog peaks within those DBE groups, namely Cig, Cs3-35 within DBE 2; C24 and Cy7 in

DBE 7, and Ca4, and Cpgin DBE 8.
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Figure 10. Distribution of (A) double bond equivalents (DBE) within the O3 compound class, and (B-D)

carbon pseudohomolog distributions of the most abundant DBE groups.

Finally, we note a common feature in all the oxygen classes discussed in this section, namely
the presence of indicative peaks in the 40-45 carbon range, across diverse DBE groups, see Fig.
6(C) and Fig. 8(B) as illustrative examples. We have previously reported Cao species in both
recent sediments and immature crude oils and related them to carotenoid pigments.” 3 We
hypothesize that the Cso species detected in this study may also be related to carotenoids and

their alkylated derivatives.

3.4. Nitrogen-containing compound classes

Among compound classes that contain nitrogen, most abundant are the NOy (x=1-5) and N4Ox

classes (x=2-6), Fig. 3. Class NOy.s species with DBE 1-6 have been previously reported in marine
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sediments collected in the Gulf of Mexico,” with resembling molecular properties to NOx

species detected in this study, Fig. 11.
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Figure 11. Distribution of (A and C) double bond equivalents (DBE) within NO, and NOs; compound class,

and (B and D) carbon pseudohomolog distributions of the most abundant DBE groups within those

compound classes.

These species have been related to structural lipids of various (micro)organisms;’ in particular,

we highlight a recent lipidomics mapping of sphingolipids in marine microalgae.** Sphingolipids

are chemically and functionally diverse group of membrane lipids, many of which include NOx

moieties in their molecular structure, bound to long alkyl chains.*®> Common microalgae phyla

such as Bacillariophyta, dinophyta and haptophyte, are abundant in coastal estuarine and
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373  deltaic environments, such as found in the northern SCS and Gulf of Mexico,*® 4" and could be
374 the sources of sphingolipid or analogous species found in sediments from those coastal

375  environments, as reported herein, and in our previous work.’

376  As for the N4Ox species, we putatively identify them as tetrapyrrole phaeopigments,
377 metabolites of phytoplankton chlorophyll pigments. Figure 12 shows carbon pseudohomolog
378  distribution of DBE 20 species within N4Oze compound class wherein Cs3 and Csz-34 are

379 indicative of phaeophytin and pheophorbide chlorophyll metabolites, respectively.” 48
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381 Figure 12. Carbon pseudohomolog distribution of DBE 20 species withing N4Os class. These species are
382 identified as phaeophytin (Cs3) and pheophorbide (Csz-35) analogs, metabolites of phytoplankton

383 chlorophyll pigments, example structures of which are shown in the figure insert.
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There is likely a geochemical relationship between various N4Oy species, for example the Csa
pseudohomolog in the N4Ose class is probably produced by a hydrolytic cleavage of the side
chain in the Cs3 pseudohomolog,” *8 see insert in the Fig. 9. Ratios between relative intensities
of C3s and Csz N4Ose species increases towards site D, probably due to higher inputs of marine
phytoplankton detritus, leading to accumulation of diagenetically more stable Cas
phaeopigment in the sediment.” *® Therefore, this ratio can serve as a proxy of transition to

marine-like environment, from freshwater influenced setting within the estuary, Fig. 13.
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Figure 13. Cross-plot of salinity and the ratio between Cs; and Cs3 pseudohomologs within DBE20 species
of the compound class N4Ose. Y-axis denotes the ratio of the selected species.

3.5.  Sulphur-containing compound classes

Sulphur species in the analyzed sediments were detected in both protonated and radical form
as single sulphur-bearing compounds, as well as molecules with SOx (x=1-3) functional groups,
Fig. 3. Their relative intensity decreases from site A to site D, indicating a geochemical

relationship with the Pearl River discharge. For example, the sulphur compound class is
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dominated by the species with DBE 6, 9, and 12, Fig. 14(A) - such DBE distribution is a strong
indication for the presence of thiophene compounds (DBE 6 - benzothiophenes, DBE 9 —
dibenzothiophenes, DBE 12- benzonaphthothiophenes) of petrogenic origin,* 3>4° suggesting
the input of petroleum-derived pollution from the heavily populated and industrialized
downstream portion of the Pearl River watershed. The presence of anthropogenically-sourced
polycyclic aromatic hydrocarbons, including related thiophene compounds, in the Pearl River
delta and estuary is well documented, and points to preferential partitioning of these species to

particulates and sediment.>->3
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and (B and D) carbon pseudohomolog distributions of the most abundant DBE groups within those
compound classes. Inserts in the panel A represent generalized, putative structures of alkyl-substituted
benzothiophenes, dibenzothiophenes, and naphtobenzothiophenes, as found in DBE 6, 9 and 12 groups,

respectively.

Previous studies of biodegraded crude oils have interpreted compound class 0,S as comprised
of acidic species, likely containing one sulphur and carboxyl functional group, or one sulphur
and two hydroxyl functional groups, that are degradation products of parent species found in
the S compound class.3> However, such transformations of sulphur species would result in DBE
distributions of products that would be either same/similar as in S class (if only hydroxyl groups
are introduced) or increased by one DBE unit (in the case that carboxyl group is introduced). On
the contrary, herein we observe that O3S class is dominated by specific species within DBE 8,
comprised mainly of Css carbon pseudohomolog, Fig. 14(C and D). Such specificity is possibly
indicative of a unique source endmember, and/or organo-sulphur reaction pathway;>*>°

however, with the data at hand we cannot speculate further on the origin of O3S species in the

sediments analyzed in this study.

3.6. Summary, implications, and future work

This study offers a spatial snapshot of the biogeochemical complexity as found in the Pearl
River estuary and coastal South China sea, wherein the composition of surface sediments
clearly reflects two distinctive environments, Fig. S1. Site A is influenced by the freshwater
discharge of PR, and related inputs of terrestrial and anthropogenic organic species, while site D
bears geochemical traits of coastal marine system. Between these two endpoints, at sites B and

C, we find a type of transitional setting, with mixed geochemical fingerprints.
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While these results offer a very exciting glimpse into a plethora of possible sources and fates of
organic matter in the PR estuary and coastal SCS, we are cautious to not overinterpret them.
Geochemical signals preserved in bottom sediments are just an integration of all the input
endmembers, diverse microbial communities and degradation/transformation/transport
processes occurring both in the overlaying water column and sediments themselves. To fully
decouple these elements, future studies should integrate high resolution sampling of organics
in particulate, dissolved and sedimented carbon pools, at key points along the Pearl River and in
the coastal SCS, with comprehensive microbiological and geochemical analyses of those carbon

fractions.

From the geochemistry perspective, results presented in this study illustrate the power of
FTICR-MS and similar multi-proxy approaches, that are particularly suitable for complex
environments such as estuaries, where we have extreme diversity and heterogeneity of sources
and types of organic inputs. While in this study we analyzed modern biogeochemical setting,
the same approach could be, in principle, applied to paleoenvironmental assessments. This
study and previous reports from our and other groups * % ¢° demonstrate that FTICR-MS
methods afford a broad-ranging assessment of various functional and chemical types of organic
species, including discoveries of new species with promising proxy potential. At the same time,
we note and recognize existing limitations of this methodology, especially the lack of fully
guantitative capabilities; therefore, we see a continuous need to develop and improve
complementary analytical protocols, including fractionation schemes and targeted quantitative

methods.
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