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Abstract

This study examines temporal variations of the abundance and carbon isotopic
characteristics of particulate organic carbon (POC) and specific-source compounds in the
context of hydrological variability in the Yellow River. The content and bulk carbon isotopic
characteristics ("*C and '*C) of POC were relatively uniform over the hydrologic (seasonal)
cycle. We attribute these temporally invariant geochemical characteristics to the dominant
contribution of loess material to the suspended particulate matter (SPM). In contrast,
molecular-level signals revealed that hydrologic conditions exert a significant influence on
the proportional contributions of petrogenic and especially fresh plant-derived OC, while
pre-aged soil OC is mobilized via deeper erosion processes (e.g., gully erosion, mudslides)
and is independent of hydrodynamics and surface runoff. A coupled biomarker-isotope
mixing model was applied to estimate the time-varying supply of contemporary/modern
biomass, pre-aged soil, and fossil OC components to Chinese marginal seas from the
Yellow River. We found that natural (e.g., precipitation) and human-induced (e.g., water and
sediment regulation) variations in hydrological regime strongly influence the flux with the
magnitude of the corresponding annual fluxes of POC ranging between 0.343+0.122 to
0.581+0.213 Mt/yr, but less strongly infleunce proportions of the different OC constituents.
Inter-annual differences in pre-aged soil and fossil OC fluxes imply that extreme climate
events (e.g., floods) modulate the exhumation and export of old carbon to the ocean, but the
OC homogeneity in the pre-aged mineral soil-dominated watersheds facilitates robust
predictions in terms of OC transport dynamics in the past (sediment cores) and in the
future.

Keyword: The Yellow River, compound-specific carbon isotopes (**C and 'C),
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The residence time of biospheric OC in terrestrial reservoirs such as soils can play an
important role in buffering variations in atmospheric carbon dioxide concentrations.
Erosion, transport and burial of terrestrial OC in continental margin sediments can also
result in a long-term carbon sink. Rivers connect terrestrial and marine reservoirs, exporting
~0.45Pg C yr' (Pg=1 x 10" g) of organic carbon and ~ 0.26 Pg C yr ' of inorganic
carbon to the ocean from various terrestrial sources including plants, soils and weathered
rocks (Cole et al. 2007). This corresponds to ~25% of the terrestrial sink for anthropogenic
CO, emissions (2.8 Pg Cl/yr; Battin et al, 2009), and thus represents a significant
component of both regional and global carbon cycles. Although spatially localized, over
prolonged time the net OC fluxes in aquatic systems tend to be greater per unit area than in
much of the surrounding land (Cole et al. 2007 and references therein).

POC in river networks is supplied via diverse processes that operate on a range of
timescales. In addition of autochthonous production within fluvial systems, relatively fresh
(young) terrestrial POC may be mobilized from the land via surface run-off, while of aged
OC in deeper mineral soils is remobilized largely through collapse of riverbanks or and
erosion of surrounding soils, contributing POC depleted in '“C content to the river
(Raymond and Bauer 2001; Blair and Aller 2012; Feng et al. 2013b; Vonk et al. 2014).
Riverine POC can be thus considered as a combination of freshly-produced and pre-aged
biospheric organic matter augmented by ancient petrogenic OC eroding from bedrock

within the drainage basin. The majority of recently-synthesized biospheric OC, such as
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plant detritus is rapidly recycled to the atmosphere as CO, during fluvial transport
(Mayorga et al. 2005; Ward et al. 2013). In contrast, mineral-bound soil and petrogenic OC
may be more efficiently exported and buried in coastal environments (Aller et al. 2008; Tao
et al. 2016). The balance between remineralization and sequestration of these different
components is of importance in determining whether fluvial transport serves as a long-term
carbon sink or a source of atmospheric CO, (Berner 1982; Aller and Blair 2004; Bianchi
2011). Thus, improved understanding of the composition of riverine OC, as well as the
magnitude and timescales of fluvial export, are necessary to develop robust constraints on
the terrestrial OC cycle and its links to OC burial in marine environments.

Molecular tools, particularly when coupled with isotopic information, can be used to
trace sources and processes acting upon OC in the environment. Although source-specific
biomarker compounds are generally trace constituents of POC, their isotopic signatures
reflect and are representative of the corresponding carbon source. In particular, the "*C
content of biomass will reflect its biological source independent of its metabolism (e.g,
autotroph vs. heterotroph), and irrespective of the specific class of biochemical (e.g., lipid,
polysaccharide, protein, lignin). Thus, by measuring the '*C content of a source-specific
lipid biomarker (e.g., higher plant wax fatty acid) we can gain insights into the isotopic
characteristics of the overall OC derived from this source, and hence can assess its
contribution to a bulk OC signal. The situation is similar for stable carbon isotopes,
although biosynthetic fractionation effects that impart different isotope compositions to
different cellular components must also be considered (Schouten et al. 1998; Wiesenberg et
al. 2004). Source apportionment approaches involving coupled "*C and '*C measurements on

both bulk OC and specific biomarkers have been applied in prior studies (Drenzek et al. 2007,
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Drenzek et al. 2009; Feng et al. 2013a; Tao et al. 2015; Tao et al. 2016), and while subject to
improvement and refinement, these approaches offer a means to resolve multiple
contributions to riverine POC.

Besides, POC sources and transport processes within fluvial systems likely vary both
spatially and temporally, being influenced by changes in both the provenance of exported
materials and hydrological conditions (e.g., Voss et al., 2015). Moreover, superimposed on
natural variability, are changing dynamics in OC export brought about by on-going
anthropogenic climate change and perturbations to watersheds and river networks. The
latter may result in return of now-dormant OC, held in deep soils or bedrock, to the active
carbon cycle. Determining of the nature and magnitude of OC, as well as putative
remineralization to CO, during or subsequent to transport to the ocean represents an
important question for assessment of carbon-climate couplings (Tarnocai et al. 2009; Galy
and Eglinton 2011). Molecular-level biomarker [isotope] approaches are particularly
powerful as they distinguish 'pre-aged' and 'fossil' sourced OC signatures and enable OC
derived from these pools to be traced into fluvial and marine systems where they become
admixed with organic matter from other sources (Drenzek et al. 2007; Galy and Eglinton
2011; Gustafsson et al. 2011; Feng et al. 2013a). At present, however, while there is
growing information on the *C and '*C isotopic compositions of terrestrial biomarker
compounds exported from different river systems, there is a paucity of information
regarding how vary on seasonal or inter-annual timescales (Drenzek et al. 2009; Martin et
al. 2013). Thus, long-term measurements (> 1 year) are important for understanding how
terrestrial-ocean carbon transfer by rivers will be impacted by climate and anthropogenic

change.
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In this study, we applied a coupled biomarker-isotope approach to investigate
time-varying fluxes and sources of OC transported by the Yellow River (Huanghe). A
previous study focused on establishing a three end-member mixing model in order to
apportion Yellow River suspended POC into three components based on bulk OC and
molecular carbon isotopic characteristics (Tao et al. 2015). This study, based on dual
carbon isotopic mass balance, concluded that pre-aged (ave. 1770 years '*C age) soil OC

(53£12%) and fossil (ave. 24590 years '*C age) OC (3122%) dominated the annual POC

load. The large flux of pre-aged and fossil OC carries important implications for our
understanding of OC cycling associated with erosion and carbon export from this globally
significant fluvial system to the adjacent marginal sea. Temporal variability in the limited
dataset acquired, as this prior study was only examined in the context of uncertainty in
end-member compositions, and did not permit in-depth assessment of the degree and nature
of temporal variability inherent within the river system. The Yellow River exhibits
pronounced inter- and intra-annual variations in sediment and water flux in response to both
natural (e.g., East Asian monsoon) and anthropogenic factors (e,g,, dam construction and
river flow regulation) (Milliman et al. 1987; Wang et al. 2006; Peng et al. 2010), the impacts
of the latter being particularly pronounced over the past 100 years. Comprehensive
investigation of anthropogenic influences is thus a prerequisite for understanding current
and predicting future OC dynamics of the Yellow River. Building on our prior investigation
(Tao et al. 2015), this paper focuses on temporal variations of abundance and carbon
isotopic characteristics of bulk OC and specific biomarker compounds in the context of

hydrological variability in the river. Using an extended time-series sample set collected
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quasi bi-monthly (June 2011 - July 2013) from the main channel near the outlet of the river,
we assess how the proportions and fluxes of different OC source components changes on a

seasonal and inter-annual basis.

Study areas and methods
Study area

The Yellow River, originating on the Qinghai-Tibet Plateau at an elevation of 4500 m, is
the world's fifth longest river, running 5464 km from its source to the Bohai Sea and
encompassing a drainage area of 75.2x10*km? (Fig. 1). The Yellow River basin spans the
entire semi-arid and arid region of northern China (Xu et al. 2006), and encompasses diverse
geological, geomorphic and ecological gradients from the Tibet Plateau in the upper drainage
basin, through the Mu Us desert and the Loess Plateau in the middle basin, to the extensive
floodplain of the lower basin (Zhang et al. 1995; Hu et al. 2012a). Precipitation is influenced
by the East Asian monsoon and exhibits strong seasonal variability (An 2000). Frequent
heavy storms during the wet season (June—September) can account for 50% of annual total
precipitation (Wang et al. 2006), forming a distinct summer-autumn natural high flow (NHF)
period, whereas intensive ice-melting during the dry season (February—April) can also cause
higher runoff in the spring NHF period (Zhang et al. 2013). The monsoon season typically
accounts for about 60% and 80% of the annual Yellow River water runoff and TSS export,
respectively (Fig. 2; archived data from the Yellow River Water Network;

http://www.sdhh.gov.cn/hhsq/).
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Experimental methods

All samples were collected from the main channel at Kenli, near the Lijing
Hydrological Station (ca. 50 km upstream of the river mouth). Near-surface SPM was
collected due to the shallowness of the main channel during most months (0.4-2.0 m; ave.
~1.5m, Wang et al., 2012). Water (typically 120—200 L) was filtered through pre-combusted,
pre-weighed 150 mm diameter GF/F filters (nominal pore size of 0.7 wm, Whatman) to
recover enough SPM for the bulk and compound-specific carbon isotope analysis.

For bulk POC content, bulk '*C and *C measurements, small aliquots of freeze-dried,
homogenized and acidified SPM were prepared to remove inorganic carbon (Komada et al.
2008). For source-specific biomarker measurement, a detailed description of methods for
extraction, purification and isolation of target biomarkers (lipids and lignin derived phenols)
was provided by Tao et al. (2015). Briefly, about 50-100 g of freeze-dried and homogenized
suspended sediment was solvent-extracted, and after saponification (0.5 M KOH in CH;0OH)
the total lipid extract was chromatographically separated to obtain three classes of target
n-alkyl lipid biomarkers including n-fatty acid methyl esters (analyzed as n-FAMEs),
n-alkanes and n-alkanols (analyzed as n-alkanol acetates). To check purity and for
quantification, a small aliquot of each fraction was analyzed by gas chromatography (GC)
and another aliquot (<5%) was kept for stable carbon isotopic analysis. The remaining
fractions (n-alkanes, n-alkanol acetates and n-FAMEs) were further purified and isolated by
preparative capillary gas chromatography (PCGC) prior to compound-specific '*C analysis
(Eglinton et al., 1996) using modified protocols described by Tao et al. (2015).
Lignin-derived phenols were released from the solvent-extracted SPM residues by

microwave-assisted alkaline CuO oxidation (MARS 5; CEM Corporation) (Gofi and
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Montgomery 2000). The resulting phenolic monomers were isolated using an HPLC-based
method developed for compound-specific '*C analysis (Feng et al. 2013a).

Stable carbon isotopic compositions of bulk OC and source specific biomarkers
obtained from each sample were determined in duplicate by a EA-isotope ratio Mass
Spectrometry and GC-isotope ratio Mass Spectrometry, respectively, at ETH-Ziirich.
Results are reported as 3"C values (613CTOC, 3" Ccompound) relative to VPDB standard (%o).
Their corresponding radiocarbon isotopic compositions were measured on a gas-ion source
MICADAS accelerator mass spectrometry (AMS) system at the Laboratory for Ion Beam
Physics, ETH Ziirich (Ruff et al. 2010; Wacker et al. 2010). All radiocarbon data were
expressed as A"*C (A" Croc, AMCCOmpound) and corresponding radiocarbon age (years before
1950 AD). All carbon isotopic compositions of n-FAMEs and n-alkanol acetates were
corrected for the contribution of the added methyl (—1000+1%.) and acetyl carbon
(—999+1%o), respectively, based on isotopic mass balance in order to derive carbon isotope
values and associated errors for underivatized compounds. Analytical uncertainty for Hc
analysis of specific compounds isolated with the PCGC was within 40%o (ave., 12%o) after

the error propagation calculation (Hou et al. 2010).

Monte Carlo calculations

This study quantifies temporal variations in relative fractional proportions of three
different components (i.e. recently synthesized biomass (f), pre-aged mineral soil/loess (fs)
and '“C-free fossil (fy) OC) in Yellow River suspended POC by applying a three

end-member mixing model with two carbon isotopic signals for each end-member (5"°C
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and A'C).

AMCPOC :|:fs XA14CB:|+|:fS XA14CS:|+|:fF XAMCF] (1)
8" Cpoe =[ 5 x8°C, |+ f5x8"Cg |+[ £ x8°C, | @)
I=fy+fs+ /e 3)

We constrain end-member values using 8'*C and A'™C values of source-specific
biomarkers in individual SPM samples. Molecular-level §'°C and A'*C measurements on
compounds representing known end-members allows direct assessment of the fractional
contribution of the three components to river suspended POC for any specific sample
independent of ancillary data. The specific compounds investigated in this study are
well-established biomarkers due to their source specificity, relative diagenetic stability, and
amenability for extraction and purification from geological matrices such as soils, river
suspended particles and marine sediments (Eglinton and Hamilton 1967; Freeman and
Colarusso 2001; Zhao et al. 2006; Galy et al. 2011). One important and inherent limitation
in the approach stems from the unknown and potentially variable fractionation effects
imparted on stable carbon isotope compositions to different cellular components.
Differences in 8"°C between lipid biomarkers and bulk OM resulting from isotopic
fractionation during biosynthesis, diagenesis or thermal alteration (813Cbu]k - 813C1,-pid) need
to be taken in account. This is especially the case for lipids, which tend to be significantly
depleted in *C (5~10%o for algae and 7~10%o for vascular plants; 1~7%o for petrogenic
materials; Tao et al., 2015 and references therein). Since we presently have no data on
813Cbulk — 513C1,'p;d offsets of typical source materials within and surrounding the Yellow
River drainage basin, a moderate offset of 5 to 7%o is applied to the measured 8'°C values

10
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for each of the biomarker class used here to approximate lipid-bulk OC differences.

We have applied a random sampling (Monte Carlo, MC) computer simulation strategy
to incorporate the effect of a potential spread in end-member values on the quantitative
source apportionment. The MC simulations were based on the assumption that the
end-member values (AMCB, AMCs, A¥Cr, §1Cp, 53Cg and §*° Cr) could be represented by a
normal distribution, where the mean and standard deviation are estimated from measured
source-specific lipid compound isotopic compositions and their measurement uncertainty.
The calculations were performed using random sampling from these normal distributions,
while simultaneously fulfilling Egs. (1) to (3) and constraining the solutions to be between
1 and O (i.e., fractional contributions). By repeating the random sampling (4,000,000 times)
and sorting the results in histograms (256 bins), distributions (as probability density
functions) of the fractions fs, fs and fr were obtained (Fig. S4a—S4d). These distributions
were used to calculate the mean and the standard deviation as summarized in Figure 7a and
Table S1. Details regarding end-member ranges are provided in the Discussion section. The

MC calculations were performed in Python (Jupyter Network).

Hierarchical Cluster Analysis

In this study, the content and stable carbon isotopes of multiple compounds were
determined. In order to avoid repetitive discussion, Hierarchical Cluster Analysis was used
to classify various compounds into groups according to similarity of molecular
characteristics (content and 613CCompound values), and the Pearson correlation coefficient (R)

measures the similarities between variables. The concentration matrix is standardized using
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the Z-score as follows:

XX,

g
Where Xj; is the concentration of the i-homolog on the j-sample, and X; and o; are the
mean and standard deviation of the i-homolog, respectively. For this application, the TOC
normalized content and 813Cc°mpound matrixes (X(n X m)) with n-rows (the number of
homologs) and m-columns (the number of samples analyzed) was constructed. The Pearson
correlation coefficient (R) was used as a measure of the similarities between variables. The
number and the structure of clusters formed using these methods are not affected with

either the addition of small numbers of “bad” points or the use of a limited number of

measurements.

Results
Hydrological characteristics (discharge and TSS)

Water discharge (m’/s) and TSS (kg/m’) were monitored on daily to monthly
frequencies by the Yellow River Conservancy Commission (YRCC) (Fig. 2). The
hydrological dataset was collected from the nearest hydrometric station (Lijin) to the
sampling site (Shengli floating bridge, Kenli) and from Tongguan hydrometric station,
which is located near the boundary of the middle and lower reaches (Fig. 1). Only limited
daily TSS data are available. Water discharge and TSS exhibit large seasonal variations; the
middle reach and lower reach showed broadly similar seasonal patterns but slightly different
inter-annual patterns (Fig. 2). The highest water discharge at Tongguan occurred usually in

September with a second smaller peak in March, while the lowest discharge occurred in May

12
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or December—January just before the onset of summer-autumn and spring NHF periods. The
maximum in TSS concentrations coincided with the timing of several NHF events over the
middle reach or on the whole drainage basin scale in the wet season (e.g., August—September
2011, July—early September 2012). In addition to this peak, water discharge and TSS at Lijin
shows a distinct second maximum in June—July, which is due to man-made release of turbid
floodwaters from the Sanmenxia and Xiaolangdi reservoir cascades located in the front of
lower reach (Fig. 1). This period of water and sediment regulation (WSR), carried out by the
YRCC, usually takes place from mid-June to mid-July and is designed to induce artificial
hyperpycnal flow in order to de-silt the whole lower reach below the Xiaolangdi reservoir.
The lowest water discharge was recorded in February—May, and is due to sparse
precipitations and extensive irrigation practices in downstream areas. The lowest TSS
concentrations were observed in the dry season (November—May), likely as a consequence of
weak hydrodynamic conditions and limited surface land or riverbed erosion. Based on the
hydrological characteristics, the middle reach of the Yellow River is dominantly influenced
by natural processes whereas the lower reach is significantly affected by both natural and
man-made processes. Among different years, discharge and TSS in the lower reach during
the WSR period (20 June—10 July in every year) are similar, with maxima of ~ 3500-4000
m’/s and 12-18 kg/m’, respectively (Fig. 2a and 2b). During the summer-autumn NHF
period, discharge and TSS peak intensity and amplitude vary among different years, with
stronger maxima in 2012 (Fig. 2), indicating enhanced flow and turbidity events. Over our
2-year observation period (June 2011-July 2013), total runoff (282.5x 10® m®) in 2012 was

53% and 98% of that in 2011 and 2013, respectively. The corresponding sediment load (1.83
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x 10® t) was 19% and 6% higher than those in 2011 and 2013 respectively, due to the heavy
and high-frequent storm events in the wet season of 2012 (Yellow River Sediment Bulletin,

2011, 2012 and 2013; http://www.yellowriver.gov.cn/nishagonggao/, accessed on 22

January 2017). Moreover, the winter season of 2012 (December 2011-February 2012)
represented the first time in almost a decade that the lower reach of the Yellow River did not
freeze over, resulting in higher than normal flow rates (monthly ave. max. 1160 m?/s in

December 2011; Fig. 2c).

POC characteristics

Measurements on twelve SPM samples collected from June 2011 to July 2013 were
investigated in order to assess seasonal and inter-annual variations of different organic
components transported by the Yellow River. Over the two-year observation period, POC
concentrations (mg/L) co-varied strongly (R = 0.98 and 0.84; P < 0.01) with hydrological
parameters (TSS and water discharge), with higher POC concentrations (6.97-9.41 mg/L)
in the summer WSR period (June) and autumn flooding season (September) and lower
values (1.56—2.86 mg/L) during most other times of the year (Fig. 3a). Despite this
variability in concentrations (ave., 4.204£2.79 mg/L), there is no systematic change in POC
content normalized to TSS (POC%; 0.26-0.47 wt.%; ave., 0.34+0.07 wt.%) but a slightly
higher value was observed in April (Fig. 3b). The time-series dataset also reveals only minor
variability in the carbon isotopic composition of POC, with no distinct seasonal variations
(Fig. 4 and 5). This isotopic consistency is reflected in both 6"°C values (-23.4%0.1 to

~24.240.1%o; ave., -23.8+0.3%o) and A'*C values (—397+7 to —447+6%o; ave., —424+18%o).
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Molecular abundance characteristics

Molecular distributions of three target lipid biomarkers in all twelve SPM samples
exhibited similar patterns, with an even-carbon number predominance and maxima centered
on n-Cy¢ for n-fatty acids (n-FAs), an even-carbon number predominance and maxima
centered on n-Cyg for m-alkanols, and an odd-carbon number predominance centered on
n-Cs; for n-alkanes (Appendix a. Supplementary raw data). Based on the hierarchical
cluster analysis of the content and stable carbon isotopes of all even-carbon-numbered
n-FAs, n-alkanols and all n-alkanes homologs, the even-chain-length n-FAs were divided
into three groups according to similarity of molecular characteristics: (i) short-chain
homologs including n-Ci¢ and n-C;s FA, (ii) mid-chain homologs including 7n-Cyg, n-Cz,
and n-Cys FA, and (iii) long-chain homologs including n-Cys, n-Cys and n-Csy FA
(Supplementary Fig. Sla and S2a). n-alkanols reveal two groups: short-chain homologs
(n-Cs and n-Cy alkanols), and longer-chain homologs (C > 22 n-alkanols; Supplementary
Fig. S1b). All odd-chain n-FAs and n-alkanols were excluded due to lower abundance and
ambiguous sources. Among the n-alkanes, four groups were evident comprising of
short-chain (incl. n-C;7), mid-chain (n-C,3—n-C,s alkanes), long-chain even (n-Czs, n-Cos,
n-Csp and n-Csy alkanes), and long-chain odd (n-Cy;, n-Ca, n-Cs; and n-Css alkanes)
homologs (Supplementary Fig. S1c and S2b).

The concentration of short-chain compounds was uniformly low throughout the year,
with the exception of a maximum during the flooding event in September 2011 (13.6, 7.44

and 0.10 pg/L for n-C¢ FA, n-Cis FA and n-C,; alkane, respectively). For example, n-FAs
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(n-Cy6, n-Cs) and n-alkanes (n-C,7) ranged from 1.1 to 13.6 pg/L (avg., 3.1£3.4 pg/L), 0.3
to 7.4 pg/L (avg., 1.3£2 pg/L) and 0.01 to 0.10 pg/L (avg., 0.03+£0.01 pg/L), respectively
(Fig. 3a). In contrast, their TOC-normalized contents varied more significantly, ranging
from 269 to 1446 ng/g OC (avg., 739+334 ng/g OC), 68 to 791 pg/g OC (avg., 300+208 pg/g
OC) and 3 to 17 pg/g OC (avg., 8+4 pg/g OC), respectively, with higher values during low
flow period and the lowest value during the WSR period (Fig. 3b).

In contrast to short-chain compounds, the concentration of long-chain plant wax
derived lipid compounds co-varied more strongly with daily TSS (R = 0.90-0.96; P < 0.01)
and daily water discharge (R = 0.67- 0.74; P < 0.01). For example, the summed
concentration of long-chain even n-FAs (Cas+28+30), n-alkanols (Ca4+26+28) and long-chain
odd n-alkanes (Ca7+29+31) ranged from 0.7 to 5.0 ug/L (ave., 1.8+1.2 pg/L), 0.9 to 5.6 ng/L
(ave., 2.2+1.5 pg/L) and 0.6 to 2.3 pg/L (ave., 1.2+0.6 ng/L), with higher values during the
high-flow WSR period and the flood events in September 2011, and lower values during
those times of year characterized by lower flow (Fig. 3a). However, TOC-normalized
contents of long-chain n-FAs (312 to 571 pg/g OC; ave., 442480 pg/g OC) and n-alkanols
(374 to 694 pg/g OC; ave., 539493 pg/g OC) did not show any relationship with hydrologic
parameters, but instead exhibit a distinct seasonal cycle over the two-year observation
period. Specifically, higher relative abundances occurred in autumn (September-October)
and during the non-WSR period in summer (June), while cold/dry seasons (November-April)
and the WSR period were characterized by lower OC-normalized values (Fig. 3b).
Long-chain odd n-alkanes (187 to 405 pg/g OC; ave., 31676 pg/g OC) displayed higher
values during low flow-rates (January-April) and the non-WSR period in June, but lower

values during the WSR period and autumn (Fig. 3b).
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Concentrations (0.1 to 0.4 pg/L; ave., 0.3+0.1 pg/L) and TOC-normalized contents (24
to 153 pg/g OC; ave., 89+48 pg/g OC) of long-chain even-carbon-numbered n-alkanes (i.e.,
Cag, Cas, C30) exhibit a pattern of temporal variability that is similar to, but more variable
than those of middle-chain even homologs (i.e., Cz, Ci2, Cas; 0.05 to 0.2 pg/L; ave.,
0.1+0.05 pg/L, and 13 to 114 pg/g OC; avg., 37£29 ng/g OC, respectively). Long-chain
even-carbon-numbered n-alkane concentrations exhibited no obvious temporal patterns (Fig.
3a), but the TOC-normalized content increased from summer (June) to winter (January) and

then decreased to a relatively low level by the following summer (Fig. 3b).

Molecular isotopic characteristics

Stable carbon isotope and radiocarbon (8'°C and A'*C) compositions of n-FAs and
n-alkanes in the twelve SPM samples were also determined in this study. For short-chain
compounds, 31°C values ranged from —26.3+0.1 to —28.7+0.1%o (ave., —27.5%0.8%o) and
from —26.4+0.1 to —28.4+0.2%o (ave., —27.630.8%o) for 8'°C era and 8'°C gra, respectively
(Fig. 4a). Corresponding A'*C values (A'Ciera and ACispa) varied from +115+10 to
—85+8%0 (ave., =20 £ 54%o0) and +44+10 to —84=+11%o (ave.,—21E£46%o), respectively (Fig.
5). Over the two-year observation period, short-chain n-FA 8'*C values decreased from the
WSR period to autumn, and then increased to relatively high values by the following
summer (Fig. 4a), while A"C values displayed an opposite trend, increasing from WSR
period to autumn and then gradually decreasing the following summer (Fig. 5). Although
short-chain (C,7) n-alkane abundances exhibited the same temporal change as short-chain

n-FAs, corresponding 8'°C values were more variable and generally lower, ranging from



380 —29.5+0.1 to —38.0+0.1%0 (ave., —33.3£2.7%o), with the lowest 513C values in autumn
381  (October 2012) and the summer low-flow period (June 2013), and highest values in winter
382  (January 2013) and during the summer WSR period (Fig. 4a). A™C values of n-C) alkane
383  were not measured due to low abundances (Fig. 3).

384 For long-chain compounds, we investigated temporal variability in '*C and "*C isotopic
385  compositions of plant wax-derived long-chain even-carbon-numbered n-FAs (Cas, Cas, C30)
386  and n-alkanols (Ca4, Ca6, Cag), long-chain odd- (Cy9, C3;) and even-carbon-numbered (Cag,
387  Cas Cs0, C3) n-alkanes (Fig. 4b and 5). Over the two-year observation period,
388  abundance-weighted average 8" Cagizgizoras and A'*Caeias:30ras Were systematically lower
389  and less variable than corresponding short-chain FAs, ranging from —30.7+0.1 to —31.7+0.1%o
390  (ave., —31.340.3%0) and from —172+11 to —244+7%o (ave., —2084+23%o), respectively (Fig.
391 4b and 5). Abundance-weighted average A'*Casizsissaikancis values exhibited a similar
392 temporal pattern with those of A™*Cag.8430ras, but with slightly greater variability and less

393 negative values (—143£10 to —243+18%o, ave., —177£32%o; Fig. 5). The 8"°C and A'C

394 values of long-chain n-alkanes were the lowest and exhibited the widest ranges among the
395 three long-chain biomarker classes. Abundance-weighted average &°Caossiaiancs OF
396  long-chain odd (i.e., Cy9 and Cj;) n-alkanes ranged from —28.2+0.1 to —31.6+0.1%o (ave.,

397 —30.01.9%0) and those (8"Ceven alkanes) Of even n-alkanes (i.e., Cas, Cas, C3o and Csy)
398  ranged from —27.0+0.1 to —30.1£0.1%o (ave., —28.8 ==1.1%o) (Fig. 4b). These values were

399  generally more variable and higher compared to those of long-chain n-FA.
400  Abundance-weighted average A'*Caos31aikanes and A™Ceven alkanes values, which varied from

401  —288+10 to —612+9%0 (ave., —469 +94%o), and from —700+40 to —961+21%o (ave., —-858 &
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99%o), respectively (Fig. 5), were also more variable and markedly lower than those of
corresponding long-chain n-FAs and n-alkanols. Over the observation period, cold and dry
seasons (November to April) always corresponded to higher 8'"°C and lower A'*C values for
long-chain n-alkanes, while warm and wet seasons (June to October) corresponded to lower
8"C and higher A'C values. Long-chain even-carbon number (i.e., Cag, Cas, Cs0and Csy)
n-alkanes were most strongly '*C-depleted, especially during winter and spring time (Fig.
5).

For lignin derived phenols, the abundance-weighted average A'*C values of syringyl
and vanillyl phenol A¥Cy.g phenols €xhibited strong temporal variability (16 = 65%o), with
the highest value (+2148%o) in summer (June) and the lowest value (—132+36%o) in winter
(January). Lignin phenol A"C values were generally higher than those of plant wax derived

long-chain lipid biomarkers from corresponding SPM samples (Fig. 5).

Discussion
Molecular isotopic insights into temporal variability in POC sources

In this study, we undertake a detailed examination of temporal variations in carbon
isotopic compositions of POC and of source-specific biomarkers. Yellow River POC 3'*C
values (-23.4 to —24.2%o; Fig. 4a) are relatively high compared to those draining
watersheds dominated by Cs vegetation (Raymond and Bauer 2001; Zou et al. 2006; Martin
et al. 2013; Bouchez et al. 2014). C4-dominanted vegetation and heterotrophic aquatic
organisms, especially near wetlands and reservoirs, along the lower Yellow River may be
responsible for inputs of *C-enriched OC input (Fig. 6). The relatively depleted '*C content

and corresponding old radiocarbon age (40004690 "*C yr; Fig. 5) may reflect large
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contributions from relict floodplain soil sediments, heavily weathered loess deposits or old
sedimentary rock inputs (Keil et al. 1997; Wu et al. 2005; Wang et al. 2012; Tao et al. 2015).
As shown in Figure 4 and 5, standard deviations (1) of POC isotopic characteristics of
samples spanning different seasons fall within threefold analytical error. Despite this
invariance in POC "C and '*C contents, distinct isotopic variability is apparent at the
molecular level (Fig. 6), implying that OC inputs and dynamics are more complex and
variable than apparent at the bulk level. We therefore further examine molecular isotopic
signals in order to derive insights into intrinsic temporal variability in Yellow River
suspended POC.

Isotopic compositions of molecular markers provide a window into the specific source
inputs contributing to the overall (bulk) OC signature, and provide a valuable approach for
quantitative apportionment of OC sources. Although there are intrinsic uncertainties in the
isotope mass balance approach, these uncertainties are sharply reduced when multiple lines
of molecular (isotopic) evidence converge on similar end-member values. We consider,
therefore, that this approach provides a crucial means to track different OC sources to
highly complex bulk OM pools (e.g., riverine POC), and to assess temporal variability in

source inputs.

Contemporary/modern biomass OC
Short-chain (Ci¢ and C,g) n-FAs are ubiquitous molecular marker compounds that are
abundant in terrestrial plant leaf tissue, aquatic biomass and soil OM (Chikaraishi and

Naraoka 2006; Volkman et al. 2008). In the Yellow River, relatively high
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abundance-weighted average A '*C values of Cig and Cis n-FAs (A '*Cierispa:  +44%0 to
—85%o, ave.,—20%o) imply an origin from a relatively labile and fast turnover (decades)
biogenic material pool that is only slightly lower than A "C of atmospheric CO,.

In order to distinguish and examine temporal variability in contributions from different
biogenic sources, short-chain n-FA characteristics were compared with those of #n-Ci7
alkane - an aquatic biomarker (Gelpi et al. 1970; Collister ct al. 1994a) with very low &'"°C
values (as low as —38.0%o; Fig. 4a). Temporal variability in 8"°C values of this marker
should therefore be tightly coupled with the abundance and isotopic composition of
dissolved inorganic carbon (DIC) due to photosynthesis and carbon fixation. The n-Ci;
alkane is most *C-depleted in autumn and during the low flow summer period, with higher
8"°C values in winter and during the WSR period (Fig. 4a). This trend is consistent with
higher concentrations and a more *C-depleted DIC signature in autumn as a consequence
of organic matter decomposition and also terrestrially-derived groundwater DIC inputs
(Hotchkiss et al. 2015), while more *C-enriched DIC signals stem from dissolution of
carbonate and siliciclastic rocks during weathering reactions in spring and winter (Wang et
al. 2016). The pattern of seasonal variability in 8'3C of short-chain n-FA is similar to that of
the n-Cy7 alkane (5"°Ci7aikanc), albeit lower in amplitude (Fig. 4a). Although there are only
two data point available for A'*Cpic in the Yellow River (Wang et al. 2016), higher
A 14C]6+18FA values (—2%o) and A 14Cmc values (—125%o) were observed in October, while
lower A™Cieiigra values €50%0) and A'™Cpic values €164%0) were evident in Spring
(April). These parallel time-series variations suggest that aquatic production is likely a

source of short-chain n-FAs, and hence corresponding carbon isotopic compositions of
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short-chain n-FAs echoes that of aquatic biomass produced via photosynthetic DIC
fixation.

However, '*C signals of short-chain n-FAs are consistently ca. 110—120%o higher than
that of Yellow River DIC, indicating that the former partly derive from fresh vascular plant
carbon or heterotrophic organisms that utilize a different carbon source (e.g., fresh
terrestrial plant detritus). As evident from Figure 6, 8*Cyg+15r4 values are also consistently
1.9- 9.5%0 higher than that of aquatic lipid biomarker (n-C;; alkane), indicating
BC-enriched (e.g., C4-dominanted vegetation and heterotrophic aquatic organisms) sources
could partly contribute short-chain n-FAs in the Yellow River.

Short-chain n-FAs are also prevalent in soils (Otto and Simpson 2005; Chikaraishi and
Naraoka 2006). In order to estimate potential contributions from the soil end member,
short-chain n-FA isotopic characteristics were compared with those of a well-established
suite of terrestrial plant biomarkers — lignin phenols. Lignin has been proposed to be
primarily supplied to rivers via surface export (run-off) of fresh, younger plant-derived
(detritus, litter) or surface soil OC (Feng et al. 2013b; Martin et al. 2013). In the Yellow
River, lignin-derived phenols from the same samples exhibited younger ages in summer and
autumn and older ages in winter and spring (Fig. 5), which is consistent with more plant
growth in warm and wet seasons relative to cold and dry seasons. Erosion from
less-vegetated land surfaces, particularly in cold and dry seasons, would promote
mobilization of older plant markers (plant wax lipids, lignin phenols) from surface and
deeper soil layers. Given that the temporal variability in A '*C values of short-chain n-FAs

does not parallel that of lignin—derived phenols (i.e., Hc ages short-chain n-FAs do not
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increase in winter; Fig. 5), we therefore infer that contributions of aged (mineral soil-derived)
short-chain n-FAs are insignificant compared to those from fresh plant-derived and aquatic
sources. Accordingly, we interpret short-chain n-FAs exported by the Yellow River SPM as
reflecting fresh biogenic contributions from both '*C-enriched (e.g., Ci-dominanted
vegetation and heterotrophic aquatic organisms), and *C-depleted (e.g., aquatic primary
production and/or Cs plants) sources (Fig. 6). Therefore, their carbon isotopic compositions
are considered representative of isotopic end-member values for overall OC derived from
contemporary/modern biomass inputs to the Yellow River.

For a quantitative estimation, a three end-member isotopic approach was applied to assess
the relative contribution of 1n-Cis 13 FAs derived from aquatic production (faquatic), vascular
Cs plants (fc3) and vascular C4 plants (fcs), in SPM from two different time intervals
(October and April). 8" Coquatic; 8°Ccs, 8°Ccq and A"Coguatics AYCes, ACeq are
corresponding end-member isotopic compositions of individual sources, respectively. The
MC simulation (see method) was used to account for variability in the end-member values

in the source apportionment calculation.
ACy =[ frguie XA Coge |+[ fe, xAC, J#] S, xA C ]
8"Chy = figuaie X0 Copae | #[ fi, x8°Ce, |+[ S, x8"C, ]
1= fouaie ¥ fe, ¥ /e,

We defined 6"°Cigrigras and A'™Cieiigras as isotopic representatives of contemporary

biomass inputs (3'°Cg and A'Cg). We used literature A"*Cpic values (- 125%2.1%0 in

October; —16442.1%o in April) and 8"°C values (-32.7£0.1%o in October; —30.940.1%o
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in April) of typical aquatic lipid biomarkers (n-C;7 alkane) for the aquatic autotrophic (and
associated heterotrophic) end-member. Based on literature data for the stable carbon
isotopic composition of plant wax-derived n-alkanes (Collister et al. 1994b; Freeman and
Colarusso 2001) and considering ~2%o *C-depletion for corresponding n-FAs relative to
n-alkanes (Wiesenberg et al. 2004), we assumed a fixed A'*C and §"°C values of +50+10%o

and —32.8+2.4%o for recently-synthesized higher C; plant-sourced n-Ci¢,153 FAs, and +50+

50%o and —20.6+2.1%o for higher C4 plant-sourced n-Ci¢ 15 FAs, respectively. In these two
SPM samples, the fraction of contemporary biomass-sourced organic compounds in
October and April, taking n-Cjs,13 FAs as an example (Table 2). Short-chain n-FAs (and
associated contemporary/modern biomass OC) in the lower reach of the Yellow River stem
from at least three sources, and includes a significant proportion of C4 higher plant and
aquatic sources despite the dominance of Cs vegetation in the upper and middle reaches of
the Yellow River. The proportion of recently-fixed higher plant input was predominant in
October (71%), which is consistent with strong surface terrestrial material erosion during
the autumn NHF period. Zhang et al. (2010) reported vegetation coverage in the Yellow
River drainage basin, indicating that C; vegetation predominates in higher altitude regions
of upper and middle reaches whereas contributions of C4 vegetation generally increases
with decreasing elevation towards the lower basin. In some regions of the lower part of the
river basin, especially near wetlands and reservoirs, C4 vegetation contribution can reach up
to 50%. From the MC source apportionment of contemporary biomass OC, the greater Cs3

plant contribution to Yellow River SPM in October (31%10%) than in April (13£6%)

may reflect intensified erosion of surface land during the autumn NHF period that promotes
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mobilization of C; plant tissue from the upper to the lower reach. Notably, however, ~40%
of the contemporary biomass organic component originated from Cj plant sources. The
relative constancy of this proportion during different sampling times implies that
contemporary C4 plant biomass inputs are local, and independent of temporal variations in
hydrodynamic processes associated with physical erosion or transportation. In addition,
fractional contributions from aquatic sources to the overall contemporary biomass-derived
organic component tended to be higher in April (46%) under conditions of low flow where
light limitation is alleviated due to lower turbidity. While aquatic primary production is
unlikely to be prominent in such a turbid river, there could certainly be secondary
(heterotrophic) aquatic productivity fueled by supply of fresh carbon from the surrounding
landscape. In this case, light availability would not be an issue. However, it is important to
point out that although aquatic production comprises a major source for n-Cjs 13 FAs and
associated contemporary biomass-derived OC, this does not mean that aquatic production is
a major source for bulk OC. In fact, results from the three end-member mixing model
suggest that contemporary biomass OC - including aquatic production and freshly
synthesized terrestrial plant detritus - accounts for a relatively minor component (13-22%) of

bulk POC in this turbid river system (see discussion below; Fig. 7a).

Soil OC

Approximately 88% of the sediment load of the Yellow River originates from the Loess
Plateau (Wang et al. 2011; Hu et al. 2012b), and corresponding loess/soil-derived OC likely
comprises a substantial fraction of the OC discharged to the and buried in the, adjacent

Chinese marginal seas. Plant wax n-alkyl lipids and lignin-derived phenols are two
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well-established groups of biomarker compounds of terrestrial plant biomass which have
been widely applied to trace the fate of vascular plant-derived OC in soils and fluvial
systems (e.g., Feng et al. 2013; Martin et al. 2013). Gustafsson et al. (2011) performed
compound-specific '*C analysis of plant wax n-alkyl lipids (FAs and alkanes) in
river-dominated Siberian margin sediments and concluded that the distinct old OC '*C ages
is consistent with supply from deeper layers of Arctic soils. In this study, we also consider
"C and "*C-depleted (pre-aged) plant wax FAs and alkanols (Fig. 6; i.e., n-Cag, 25, 30 FAS,
n-Caa, 26, 23 alkanols) as isotopically representative of bulk pre-aged soil OC, and use these
signatures to track temporal variability in pre-aged mineral-bound soil OC contiributions to
Yellow River SPM.
As shown in Figure 4b and 5, B¢ and "C isotopic characteristics of n-Casi2s130 FAs and
n-Caat26+28 alkanols exhibit minor temporal variability, with 1 values (0.3%o for 8"C and
27%o for A™C, respectively) falling within measurement uncertainty (0.2%. and 40%,
respectively; see experiment methods). Furthermore, their carbon isotopic compositions and
OC-normalized concentrations do not co-vary with TSS or water discharge (Fig. 3b and
Fig. S3a—S3d). Both of these observations imply relatively constant soil organic matter
contributions to the Yellow River POC. Furthermore, the uniform isotopic compositions
suggest a common origin for plant wax lipids and associated pre-aged soil OC irrespective
of hydrological regime. Any type of erosion, especially deep mobilization process such as
transport via underground conduits, gully erosion or occasional mudslides, seems to
transfer pre-aged soil/loess OC from the Loess Plateau to the Yellow Rive system.

In contrast, '*C characteristics of lignin-derived phenols exhibit greater seasonality. In

the Yellow River SPM, lignin phenol '“C ages are younger in warm and wet seasons
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(summer and autumn; Fig. 5), indicating more rapid mobilization of surface soil OC and
greater inputs of fresh terrestrial primary production via relatively high run-off (Fig. 2a and
2¢). However, lignin-derived phenols generally become older in the dry and cold seasons
with values closer to n-alkyl long-chain lipids (Fig. 5). This suggests pre-aged
mineral-bound lignin are proportionally greater in cooler and less extensively vegetated
conditions, and both plant-derived organic compounds (lignin derived phenols and n-alkyl
lipids) more strongly reflect re-mobilization of deeper mineral-bound soil OC during winter
and early spring time. The "*C contents of lignin-derived phenols also weakly correlate with
hydrological parameters, as the proportion of fresh (MC-enriched) phenols increases with
increasing turbidity and flow rate (Fig. S3g and S3h). We concluded that hydrologic
conditions seasonally influence contributions of fresh higher plant-derived detritus OC via
rapid surface export (run-off), while both the proportion and isotopic characteristics of the
predominant pre-aged soil OC component remains relatively invariant. Overall, these
findings imply that different terrestrially-derived organic compounds may exhibit temporal
variability due to contrasting stabilization, mobilization and transport processes within the

river basin.

Fossil/petrogenic OC

Although long-chain odd-carbon-numbered n-alkanes (i.e., Ca9+31) are frequently-used
biomolecular tracers of vascular plant-derived carbon (Eglinton and Hamilton 1967;
Collister et al. 1992; Collister et al. 1994b), their distributions in contemporary soils and
sediments may be influenced by petrogenic and anthropogenic hydrocarbon inputs (Pearson

and Eglinton 2000; Drenzek et al. 2007; Kusch et al. 2010). In the Yellow River,
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abundance-weighted average 8°C values of long-chain odd n-Caeis; alkanes display
distinct seasonal variability (16 = 1.1%0), with the lowest values (min. —31.6%o) in wet and
warm seasons (autumn and summer) and higher values (max., —28.2%o) in dry and cold
seasons (winter and spring) (Fig. 4b). The seasonal growth pattern of C4/Cs; vegetation
along the Yellow River drainage cannot readily explain this more '*C-enriched signal of
n-Cao+31 alkanes in cold seasons. However, sedimentary rock outcrops and numerous coal
mines in upper and middle sections of the drainage basin may serve as an additional source
of C-enriched n-alkanes (Wiesenberg et al. 2004; Jia and Peng 2005; Tao et al. 2015),
with proportionally greater contributions in winter and spring (Wang et al. 2016).
Corresponding "*C data also support this interpretation: 7-Cyo+3; alkanes exhibit older '*C
ages (2670 to 7550 yr) compared to those of n-Cagi28130 FAs and n-Caas26125 alkanols, with
the oldest “C ages in cold seasons (Fig. 5), consistent with fossil inputs. We therefore
attribute the large temporal variation in A'C values of n-alkanes to variable fossil
hydrocarbon contributions, with higher proportions during cold seasons when terrestrial
primary productivity is low. Long-chain even-carbon-numbered n-alkanes (i.e., Ca6+28+30+32)
show similar seasonal variability in carbon isotopic composition to the 7-Cy943; alkanes, but
with more significant *C-enrichment and "*C-depletion (Fig. 4b and 5). In particular, A"C
values of 1n-Cagi28+30+32 alkanes from cold season samples range from —934 to —961%o (Fig.
5), indicating an almost exclusive origin from fossil sources. However, the biospheric
contribution of n-Cyeias130132 alkanes increases in warm seasons with relatively

BC-depleted and "*C-enriched signals.

In contrast to plant wax FAs and alkanols, hydrologic influence on long-chain
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n-alkanes manifests itself in their carbon isotopic compositions in a manner similar to that
of lignin-derived phenols. Specifically, parallel isotopic variability is evident in long-chain
n-Caoi31 alkanes and n-Cagi2s+30+32 alkanes when the proportion of plant-derived n-alkanes
(characterized by "*C-depletion and "“C-enrichment) increases with increasing turbidity and
flow rate (Fig. S3e, S3f, S3i and S3j). Feng et al (2013b) measured '*C contents of
lignin-derived phenols and plant wax lipids in a suite fluvially-dominated Arctic sediment
samples, and found that plant wax n-alkanes and lignin-derived phenols both carried a
strong plant debris "“C signal whereas plant wax FAs did not. Overall, long-chain n-alkanes
appear to derive from multiple sources, including plant detritus, mineral soils/loess and
fossil materials. The seasonality of the former source can be attributed to temporal
variability in carbon isotopic compositions of long-chain n-alkanes. Notablely, carbon
isotopic characteristics of long-chain even-carbon-numbered n-alkanes in colder and low
flow periods show a predominant petrogenic signal with minor influence from plant detritus,
and provide a window into the isotopic characteristics of petrogenically-sourced OC

contributing to the bulk POC signal.

Temporal variations in OC component fluxes

Over the observation period, the composition and isotope characteristics of bulk OC in
the Yellow River SPM remained relatively invariant despite significant variability in
sediment and water flux. However, distinct variations in molecular isotopic characteristics
were evident, and these can be used to gain insights into the dynamics of specific OC
components contributing to the suspended load. A three end-member mixing model based

on the 8"°C and A'C values of bulk and source-specific biomarkers is used here to estimate
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seasonal variations in the relative fractional proportions of contemporary/modern biomass
(f8), pre-aged soil (fs), and fossil (fr) OC (see method; and more details in Tao et al., 2015).

Based on the source assignments discussed above, we constrain end-member values
using 5"°C and A'"C values of corresponding source-specific biomarkers in each sample
(the black triangle in Fig. 6). The abundance-weighted average carbon isotopic composition
of n-Cie, 138 FAs were to define contemporary biomass end-member values (AMCg, 8°Cp),
with 8"°C values of —22.61 to —20.46%o (+6%. corrected after 8" Cour—8" Cbiogenic tipid
fractionation) and standard deviation of 1.00 to 1.03%o, and A™C values of —83 to +85%o
and standard deviation of 6 to 9%o). The abundance-weighted average carbon isotopic
composition of long-chain fatty acids (17-Ca 2530 FAs) were selected as the pre-aged soil end
member (A14Cs, 813Cs), with 8"°C values of —25.72 to —24.72%o (+6%o corrected after
8" Cruik—8" Chiogenic tipia fractionation) and standard deviation of 1.00 to 1.02%o, and A'*C
of —244 to —172%o and standard deviation of 7 to 14%,. We assign A'*Cy as —1000%, and
8"Cr as the abundance-weighted average 8'°C value (—28.0%o) of even-carbon-numbered
n-alkanes (Ca4.283032) in cold seasons when they show extremely low *C content <920%),
with standard deviation of 1.07%o for 3"°Cy and with standard deviation of 21%o for A"C.
Standard deviation of end-member A'*C values only include measurement uncertainty for
compound-specific '*C analysis, while standard deviation of end-member 8'"°C values

consist of measurement uncertainty for compound-specific *C analysis and =1%o spread

due to 5-7%o correction for 8'*Cpui—8"*Ciipia fractionation.
Figure 7a shows average values of all possible solutions derived from three

end-member mixing model calculations, and reveals the temporal variability in fractional
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proportions of contemporary biomass, pre-aged soil and fossil OC (fg, fs, and fr, respectively)
in Yellow River SPM. Error bars represent standard deviations of all possible solutions
estimated via the MC simulation strategy for source apportionment calculations
incorporating uncertainties in end-member values (Fig. S4). Over the investigation period,

we find that Yellow River POC comprises 13 +8% to 22+13% contemporary biomass OC,

44+15% to 57+11% pre-aged soil OC, and 29+2% to 35+3% fossil OC (Table S1). fg is high
in summer and autumn, likely reflecting elevated productivity and surface runoff due to
high precipitation during wet and warm summer seasons (June to October), and dead leaf
fall in autumn, respectively. Moreover, higher temperatures and lower turbidity in upstream
tributaries/reservoir would promote high biogenic productivity (Liu et al. 2003; Gong et al.
2006; Wang et al. 2010), as well as to increase aquatic secondary (heterotrophic)
productivity fueled by supply of fresh carbon from the surrounding landscape downstream.
The lowest f3 values occurred in winter and spring, suggesting relatively weak surface
erosion during low flow periods. In contrast, fs is high in winter and spring (December to
April), implying different mechanisms of supply of loess/mineral soil supply to the river.
Thus, whereas variations in fg imply surficial pools of terrestrial OC (traced by short-chain
FAs) increase during high flow conditions, deeper-sourced OC materials, including mineral
soil/loess OC (long-chain n-FAs and n-alkanols) and fossil OC (even-carbon-numbered
n-alkanes) reflect more constant base flow conditions (Sanderman et al. 2009). Temporal
variations in fs may thus reflect processes intrinsic to the source region, such as preferential
mobilization of deeper soils and pre-aged OC relative to fresh vegetation cover.

Alternatively, mobilization processes associated with ice- and snow-melt may increase
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pre-aged soil OC (fs) export in winter and spring. Finally, f is relatively uniform with only
slightly elevated proportions during wet and warm seasons (Fig. 7a). The latter may reflect
resuspension of higher-density petrogenic materials (e.g., rock debris) along the main
stream by intensive riverbed scouring/erosion processes (Galy et al. 2015) during autumn
NHF and WSR period. In summary, our findings indicate that hydrologic conditions exert
an influence on the proportional contributions of petrogenic and especially fresh
plant-derived OC, while the proportion and isotopic characteristics of the predominant
pre-aged soil OC component remain relatively insensitive to variations in TSS and
discharge.

Our sampling site is near the last hydrological station (Lijin) of the Yellow River, ~50
km upstream from the estuary. Thus, POC flux at this location likely reflects overall fluvial
POC supply to the adjacent marginal seas. Since 1855, a modern Yellow River delta formed
at the interface between the river and the adjacent marginal sea, along with total land
expansion of 2849 km? till to the present. From 2000 to 2007, the delta experienced erosion
due to the decrease of sediment load in the lower Yellow River and the delta region (Peng et
al. 2010). Annually, modern Yellow River sediment export accounts for ~70% of annual
sediment burial in the Bohai & Yellow Sea (Tao et al. 2016 and references therein). Thus,
understanding the variations in the flux and composition of exported fluvial material is
essential for prediction of the future evolution of this marginal sea system, and likely for
other river-dominated margins. Combining estimates of the monthly suspended sediment
flux at Lijin station (Table 3, Yellow River Sediment Bulletin, 2011, 2012 and 2013) and
our isotopic mass balance estimates, we calculate a seasonal supply budget for the three

different OC components to the Chinese marginal seas (Fig. 7b). Although temporal
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variability in fractional contributions is very small for each component contributing to bulk
POC (Fig. 7a), fluxes of each component show large temporal variability, peaking in
September and June, synchronous with the autumn flood event and WSR episodes,
respectively (Fig. 7b). These temporal variations imply that typical strong seasonality in
rainfall, extreme climate events and human activity (water and sediment regulation) can all
significantly influence fluvial OC export from the Yellow River to the adjacent Chinese
marginal seas. As expected, monthly fluxes of TSS and the three different OC components
exhibit significant correlations with monthly discharge, Q (Fig. 8). Since the latter is
monitored almost monthly, these correlations imply that fluxes for the three different OC
components can be extrapolated to periods when OC information is unavailable, thereby
reducing the uncertainty introduced by relatively low sampling frequency, in particular
during high flow events. Our calculations indicate large monthly variations in Yellow River
delivered OC to the adjacent Bohai/Yellow Sea, ranging between 0.03 -0.42 to 3.58+2.99 x
10* t/month of contemporary OC, 0.15+1.33 to 10.62+9.33 x 10* t/month of pre-aged soil
OC, and 0.08+0.87 to 6.43+6.02 x 10* t/month of fossil OC (Table 3).

We calculate that 6.1+3.2 x 10* t/yr and 10.2+4.8 x 10* t/yr, 17.1+6.4 x 10* t/yr and
29.7+14.4 x 10* t/yr, 11.1£9.9x 10* t/yr and 18.24+15.0 x 10* t/yr of modern biomass
derived, pre-aged soil derived and fossil OC was exported to the Chinese marginal seas for
different study years, respectively (Table 3). Our calculated POC fluxes for the second year
of our study (0.581+0.213 Mt/yr) are 70% greater than those in the first year of our study
(0.343+0.122 Mt/yr), consistent with heavier and more high-frequent storm events during

the wet season (June to September) of 2012 compared to 2011 (Fig. 2; Yellow River

33



737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

Sediment Bulletin, 2011, 2012 and 2013). These values are broadly similar to other recent
estimates of annual POC flux (0.389 Mt/yr from 2009, Wang et al., 2012; 0.41 Mt/yr from
July 2011 to June 2012, Ran et al., 2013). Taking the month of July as an example, pre-aged
and fossil OC fluxes in 2012 are about 4.5 times as large as those in 2011, consistent with
early arrival of intense precipitation and the occurrence of a basin-scale flood event in July,
2012.

Overall, natural and human-induced variations in discharge and TSS strongly
influence the flux but not the composition of POC exported by the modern Yellow River.
Pre-aged soil OC consistently represents the major component irrespective of hydrologic
and hydrodynamic conditions. The annual POC export by the Yellow River corresponds to
less than 1% of global POC flux to global oceans. However, the very high burial efficiency
of pre-aged soil and fossil OC in the adjacent Chinese marginal seas (up to 100% and 70%,
respectively; (Tao et al. 2016) implies that Yellow River represents a significant source of
non-modern terrestrial OC to marine sediments, with extreme climate events (e.g, floods)

modulating transport of this old OC from the continent into the sea.

Comparison of the OC composition of the Yellow River with other major world rivers

Despite its extremely high sediment load, the POC flux (0.344-0.584 Mt/yr) of the
Yellow River is relatively low as a result of significantly lower POC content (0.26-0.47%)
than the global mean (0.95%; with mean per river flux of 2.833—4.651 Mt/yr calculated
based on 60-river dataset from Ludwig et al., 1996 and 43-river dataset from Galy et al.,
2015). Nevertheless, the predominance of refractory and pre-aged OC (~80%) from

loess/mineral soil deposits results in burial of significant amounts of old OC in adjacent
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margin sediments. However, an unusual characteristic of the Yellow River is the temporal
uniformity in the carbon isotopic composition of POC (Fig. 9), and several other rivers
show marked seasonal variability in the proportions of different sourced OC as estimated
by two end-member or three end-member models (Raymond et al. 2004; Hossler and Bauer
2012; Martin et al. 2013; Lamoureux and Lafreniére 2014). Although time-series studies of
radiocarbon characteristics fluvial POC remain rare and those reported are generally
insufficient to capture seasonal or inter-annual OC cycles, some comparisons can be drawn
from the limited '*C dataset shown in Figure 9, For example, large tropical rivers, such as
the Amazon and Mekong, are also characterized by high sediment load, and exhibited
significant temporal variability in A"C values of exported POC when compared to our
observations from the Yellow River. This may be a consequence of greater and more
variable proportions of young biospheric OC exported from the watershed and floodplain in
response to seasonal (monsoon) rainfall patterns (Martin et al. 2013; Moreira-Turcq et al.
2013). POC 1C characteristics in non-monsoon rivers such as Hudson, Parker, York
draining the northeastern USA, may be primarily influenced by seasonal variations in OC
fluxes from river aquatic productivity (Raymond and Bauer 2001; Hossler and Bauer 2012).
In high latitude regions, such as the Arctic rivers (West River and East River), highly
seasonal permafrost thaw and plant growth likely influence the composition and age of
POC transported by streams and rivers (Lamoureux and Lafreni¢re 2014). Moreover, small
high mountainous rivers, such as Lanyang His (Taiwan) and Narayani (a tributary of
Ganges), tend to carry more variable and greater proportions of '*C-free petrogenic POC
via sedimentary rock erosion, which is strongly influenced by seasonal changes in

precipitation and surface run-off (Kao and Liu 1996).
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In addition to the Yellow River, relatively constant POC "“C compositions have been
found in some other fluvial systems, especially the large Asian rivers originating from the
Qinghai-Tibet Plateau (Brahmaputra, Ganges and Changjiang; Fig. 9). This may reflect
substantial soil OC contributions from cold, semi-arid and scarcely vegetated areas north of
the Himalayan range or the Chinese Loess Plateau. Alternatively, homogeneous
compositions may be a product of modification of fluvial POC during long-distance river
transport. Meanwhile, a predominant input of pre-aged permafrost soil from a highly
disturbed Arctic watershed (Ptarmigan; Fig. 9) has also been suggested as an explanation
for the lack of temporal variability in '*C composition of fluvial POC (Lamoureux and
Lafreniere 2014). Figure 5 shows that time-series variations (trend and amplitude) in
Yellow River bulk POC "“C compositions generally co-varied with that of the plant wax
biomarkers (n-Cae128+30 FAs). As previously mentioned, we consider the latter as tracers for
pre-aged mineral-bound soil inputs, which display a narrow temporal change. The
relatively invariant composition of Yellow River POC is thus attributed to the high
proportion of SPM in the Yellow River derived from the loess deposits, a phenomenon that
is analogous to permafrost-dominated watersheds in polar region. The OC homogeneity in
these pre-aged mineral soil-dominated watersheds facilitates robust predictions in terms of
OC transport dynamics. It also provides a relatively stable benchmark against which to

compare compositions of such river systems in the past (sediment cores) and in the future.

Conclusions
An investigation of Yellow River SPM collected over a 2-year period revealed

relatively invariant bulk OC characteristics, while the carbon isotopic characteristics of
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source-specific biomarkers indicate that the OC is inherently heterogeneous. At least three
source components are distinguished that exhibit distinct and systematic temporal variation
in proportional abundance and composition: () contemporary sources (aquatic OC, surface
detrital terrestrial plant OC), influenced by aquatic production, plant phenology and
hydrological conditions, (i) pre-aged terrestrial sources (mineral-bound OC derived from
loess/soil deposits), influenced by deep soil mobilization processes that are largely
independent of hydrodynamics and surface runoff, and (iii) fossil OC (derived from
petrogenic sources and fossil fuels), influenced by erosion of sedimentary rocks or
anthropogenic processes.

Application of a mixing model based on bulk and molecular isotopic (8"*C and A'*C)
signatures revealed that the Yellow River POC composition exhibits minor temporal
variability on both seasonal and inter-annual scales despite dramatic changes in TSS and
discharge. While changes in overall flux of each source component is dominated by
seasonally varying hydrological conditions (especially TSS), constancy in composition of
fluvial OC was linked to a predominant input of the homogeneous loess/soil OC.

Variations in fractional contributions of the three different OC components have
significant implications for regional scale carbon cycling given their different connection to
atmospheric reservoirs and fates (i.e., remineralization vs burial efficiency). Both natural
and human modulation of hydrological conditions exerts dominant control on fluxes of all
three components in the Yellow River. Moreover, the consistent relationships that emerge
between OC composition and seasonally varying fluvial dynamics provide a means to
reconstruct past and predict future changes in the flux and nature of OC discharge from the

river. In this context, a key facet of the biomarker [isotope] approach is the ability to trace
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OC signatures into the sedimentary record, where they provide one of the key tools for
paleoclimate and paleoenvironmental reconstruction. Such records are frequently targeted
in land-proximal marine sedimentary sequences where interpretation of bulk OC signatures
is confounded by contributions from marine productivity. Thus, understanding [temporal]
variability of the amount and isotope characteristics of specific organic compounds is
important not only in the context of understanding source-to-sink carbon dynamics, but also

for more informed interpretation of down-core records.
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Figure Captions
Fig. 1. The Yellow River basin and location of the Kenli sampling station (37.68°N,

118.52°E). The up-left panel is a map of the East Asia showing the Yellow River drainage
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basin, coal-bearing areas within the watershed, and Chinese marginal seas.

Fig. 2. Temporal variations in water discharge and TSS at the middlestream Tongguan (the
boundary of the middle-lower Yellow River, blue) and downstream Lijin station (red) during
2011 to 2013: (a) daily water discharge; (b) daily TSS; (c) monthly averaged discharge and
(d) monthly averaged TSS. Our study period begins from June 2011 to July 2013, and
includes three water and sediment regulation (WSR) periods (grey vertical bars) and two
autumn natural high flow (NHF) periods (blue vertical bars). All data are provided by the
YRCC (http://www.yellowriver.gov.cn/nishagonggao/). Monthly average water discharge
was calculated based on the daily measurements, whereas monthly average TSS was

calculated based on monthly sediment load (kg) divided by monthly discharge (Q; m?).

Fig. 3. (a) Temporal variations of in situ discharge, in situ TSS and concentrations of various
OC components. (b) Temporal variations of in situ discharge, in situ TSS and TOC
normalized contents of various OC components. The solid line represents the first year of
our study and dash line represents the second year of our study. The in situ TSS
concentration and discharge were measured instantaneously, the in situ discharge was the
daily value in specific sampling time collected from YRCC website; TSS was determined
based on the weight of SPM on the filters and the volume of water filtered in specific

sampling time.

Fig. 4. Temporal variations in 8'"°C values of various biomarker compounds (n-FAs and

n-alkanes) compared with that of POC from the Yellow River: (a) short-chain lipid
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biomarkers; (b) long-chain lipid biomarkers. The solid line represents the first year of our
study and dash line represents the second year of our study. Note: there is a break and a

change of y-axis of Figure 4a.

Fig. 5. Temporal variation in radiocarbon contents (expressed as A'*C and conventional '*C
age) of various biomarker compounds compared with that of POC from the Yellow River.
The solid line represents the first year of our study and dash line represents the second year

of our study.

Fig. 6. Cross-plot of the stable isotopic compositions (5"*C) versus the radiocarbon
compositions (AMC) of different organic components for POC from the Yellow River and for
other putative source organic materials from northern China and from the Yellow River
watershed. The latter includes published 81C compositions of typical C; and C4 plants from
the Chinese Loess Plateau (—27.14+2.4%o for Cs plants, n = 39; —12.7+2.1%o for C4 plants, n =
18; Liu et al. 2005), kerogen from the Tarim Basin with numerous petroleum source rocks in
northwestern China (-28.0£1.6%o, n = 10; Jia and Peng, 2005), source rock from the
mountains of the Qinghai plateau located in the upstream of the Yellow River (—21.2+1.2%o;
Liu et al., 2007). For comparability in 3'*C between lipid biomarkers and bulk OM, a center
value of 6%o was added to 8'*C values of individual lipid compounds since '*C isotopic
fractionation effects (5> Cpu — 8" Ciipia) need to be taken in account. Modern plant sources
are assigned a A'C value of 0 + 50%o, and ancient or fossil sources (ancient sedimentary
rocks) have a A'C value of -1000%o. Also shown are values for dust particles collected in

Beijing (Shen et al. 2007).

50



1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

Fig. 7. (a) Coupled isotope mass balance results for the temporal variations of the fractional
contributions of contemporary biomass, pre-aged soil and fossil OC in the Yellow River
suspended matter. Data points represent average values of all possible solution derived from
three endmember mixing model calculation over a range of prescribed 613Cgu1k—613cnpid
offset (5—7%o). Warm and wet seasons correspond to summer June—August) and autumn
(September—November), cold/dry seasons infer to winter (September—February) and spring
(March—May). (b) Temporal variations of fluxes of contemporary biomass, pre-aged soil and

fossil OC in the Yellow River suspended matter.

Fig. 8. Relationships between monthly discharges (Q) and monthly fluxes of different

source OC (a) and TSS (b).

Fig. 9. Comparison of the time-series AMC dataset of POC in different river systems in the
world. All included data are only referred from temporal studies at fixed locations. n values
indicate the number of time points: Yellow River (this study); Changjiang (Wang et al.
2012); Amazon (Mayorga et al. 2005; Moreira-Turcq et al. 2013); Mekong (Martin et al.
2013); Brahmaputra, Ganges and their tributaries such as Karnali, Kosi and Narayani
(Ganges-Brahmaputra basin) (Galy and Eglinton 2011); Lanyang His (Kao and Liu 1996);
Hudson, Parker and York Rivers (U.S.A.) (Raymond et al. 2004); Rio Loco and Rio
Fajardo Rivers (Puerto Rico) (Moyer et al. 2013); East River, West River and their
tributaries such as Ptamigan and Goose (Cape Bounty Arctic Watershed) (Lamoureux and

Lafreniere 2014).
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Tables

Table 1. Sampling information and bulk organic carbon characteristics.

Month Sampling date  Description ~ POC% Surface area Monthly discharge Monthly TSS
[m”/g] [m/s] [g/L]

2011
June* 2011/06/28 WSR 0.40 20.4 1820 10.26
September 2011/09/22 Flood event  0.33 17.3 1016 7.93
November 2011/11/17 0.45 27.4 998 1.96
2012
January 2012/01/13 0.32 18.1 703 1.94
April 2012/04/22 0.47 28.8 288 1.76
June 2012/06/19 0.27 16.8

1324 6.96
June* 2012/06/27 WSR 0.32 18.4
October 2012/10/13 0.30 243 898 4.15
2013
January 2013/01/ 04 0.26 22.1 592 0.85
April 2013/04/28 0.37 25.9 261 1.55
June 2013/06/19 0.28 20.2

1623 7.74
July* 2013/07/04 WSR 0.31 24.8

* WSR: water and sediment regulation period
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Table 2. Results from the Monte Carlo source apportionment calculations (given as mean +
standard deviation) for the total contemporary biomass OC in two SPM exported by the
Yellow River (October 2012 and April 2013). The end-members and the standard deviations

used in the simulations are further explained and referred to in the main text.

Fractions
Month Season
F, aquatic fC3 fC4
October 2012 Autumn 0.29+0.03 0.31£0.10 0.40+0.10
April 2013 Spring 0.46+0.02 0.13£0.06 0.41+0.06
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1149  Table 3. Monthly TSS fluxes and estimated monthly fluxes of modern biomass OC,

1150  pre-aged soil OC and fossil OC carried by the Yellow River SPM.

Monthly Q Monthly TSS ~ Modern OC Pre-aged OC Fossil OC
Month

[10* m*] [Mt] [10* t/yr] [10* t/yr] [10* t/yr]
June 17.06 17.50 1.19+0.73 3324227 2.44+1.47
July 28.12 26.50 0.83+1.22 2.3243.81 1.45+2.47
August 12.35 1.57 0.11+0.56 0.29+1.76 0.19+1.14
September 27.73 22.00 0.81+1.2 2.24+3.75 1.41£2.43
October 32.14 12.00 1.14+1.44 3.21+4.50 2.00+2.91
November 24.60 4.82 0.61£1.05 1.66+3.27 1.05+2.12
December 27.86 7.42 0.82+1.21 2.26+3.77 1.42+2.45
January 19.34 3.75 0.34+0.82 0.89+2.55 0.58+1.66
February 7.31 0.66 0.03+0.43 0.15+1.33 0.08+0.87
March 9.24 1.31 0.05+0.47 0.17+1.48 0.11+0.96
April 7.78 1.37 0.03£0.44 0.15+1.36 0.08+0.89
May 14.60 3.16 0.16:0.64 0.43+1.99 0.29+1.29
2011.6~2012.5 228.1 102.1 6.1£0.64 (18%)  17.1+6.4(50%) 11.1£9.9 (32%)
June 3421 23.80 1.311.56 3.74+4.87 231+3.16
July 5357 56.50 3.58+2.99 10.62+9.33 6.43+6.02
August 47.94 65.90 2.80+2.52 8.25+7.86 5.02+5.07
September 3033 10.60 0.99+1.34 2.79+4.18 1.74+2.71
October 2047 9.32 0.49+0.95 1.3242.96 0.84+1.92
November 14.59 2.62 0.16+0.64 0.43+1.99 0.28+1.29
December 20.89 4.04 0.41+0.88 1.09+2.75 0.70+1.79
January 15.13 1.29 0.18+0.66 0.47+2.05 0.31+1.33
February 14.90 2.34 0.17+0.65 0.46+2.02 0.30+1.32
March 10.10 1.56 0.06+0.50 0.20+1.55 0.12+1.01
April 7.05 1.09 0.03+0.42 0.15+1.31 0.08+0.85
May 876 1.42 0.04:£0.46 0.16:+1.44 0.10+0.94
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June 36.55 2830 1.53£1.71 438%5.32 2.70£3 45

2012.6~2013.5 279.9 180.5 10.2+4.8 (18%) 29.7+14.4 (51%)  18.2+15.0(31%)
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Supplementary information (SI)

Content (Caption):

The supplementary materials include four figures and one table:

Fig. S1. Hierarchical cluster analysis on TOC normalized contents of different lipid biomarkers.

Fig. S2. Hierarchical cluster analysis on stable carbon isotopes of different lipid biomarkers.

Fig. S3. Plots of typical biomarker stable carbon and radiocarbon isotopic compositions v.s. monthly discharge and

monthly TSS.

Fig. S4. Examples of Monte Carlo probability density functions for the fractions fg, fs and fr to the POC from the

Yellow River at different times.

Table S1. Coupled isotope mass balance results from the Monte Carlo source apportionment calculations for the

fractional contributions of three different OC components.



1 Figures

5 Fig. S1. Hierarchical cluster analysis on TOC normalized contents of different lipid biomarkers. (a) n-FAs, (b)

6  n-alkanols and (c) n-alkanes.



Fig. S2. Hierarchical cluster analysis on stable carbon isotopes of different lipid biomarkers. (a) n-FAs and (b)

n-alkanes.






Fig. S3. Plots of typical biomarker stable carbon (open circles) and radiocarbon (filled circles) isotopic compositions

v.s. monthly discharge and monthly TSS at the Lijin hydrodynamic station. (a) and (b) are for plant wax-derived

n-FAs (Cas:28430), (¢) and (d) are for plant wax-derived n-alkanols (Ca4126+28), (€) and (f) are for plant wax-derived

n-alkanes (Cy9131), (g) and (h) are for lignin-derived phenols (syringyl plus vanillyl), (i) and (j) are for long-chain

even-carbon-numbered n-alkanes (Cyg+28+30+32).



N

Fig. S4. Examples of Monte Carlo probability density functions for the fractions fg, fs and fr to the POC from the
Yellow River at different times: (a) October 2012, (b) January 2013, (c) April 2013 and (d) June 2013. Dashed

vertical lines show the mean values plus and minus one standard deviation (vertical lines).



2 Table S1. Coupled isotope mass balance results from the Monte Carlo source apportionment calculations for the

3 fractional contributions of modern biomass OC (fg), pre-aged soil OC (fs) and fossil OC (fr) in the Yellow River

4 SPM. The end-members and the standard deviations used in the simulations are specified in the table footnotes, and

5 further explained and referred to in the main text.

Fractions
Month Season
/B s e
2011
June* Summer 0.17+0.10  0.48+0.13  0.35+0.03
September Autumn 0.16+0.10  0.51+0.13  0.32+0.03
November Autumn 0.19+0.10  0.51+0.13  0.30+0.03
2012
January Winter 0.17+0.10  0.53+0.13  0.30+0.03
April Spring 0.16+0.10  0.52+0.13  0.32+0.03
June Summer 0.22+0.13  0.49+0.15  0.29+0.02
June* Summer 0.20+0.11  0.49+0.13  0.32+0.03
October Autumn 0.22+0.11  0.44+0.15  0.34+0.04
2013
January Winter 0.13+0.08 0.57+0.11  0.30+0.03
April Spring 0.17+¢0.10  0.52+0.11  0.31+0.02
June Summer 0.18+0.10  0.52+0.12  0.30+0.02
July* Summer 0.15+0.09  0.51+£0.11  0.34+0.02

6  * End-member values used are the weighted abundance average isotopic compositions of n-Cj¢3 FAs in specific

7 SPM samples: corrected § B after 8P Cpy— 613Cbiogenic lipia fractionation —22.61 to —20.46%., with standard

8 deviation of 1.00 to 1.03%eo; A'c -83 to +85%o, with standard deviation of 6 to 9%o.

9 " End-member values used are weighted-abundance-average isotopic compositions of 7-Cjs2530 FAs in specific
10 SPM samples: corrected S13C after 613Cbulk - 613Cbi0genic lipia fractionation —25.72 to —24.72 %o, with standard
11 deviation of 1.00 to 1.02%e; AfC 244 10 —172%o, with standard deviation of 7 to 14%o.

12 ¢ End-member values used are weighted-abundance-average isotopic compositions of #-Cyg 25 30 #-alkanes in winter



1 and spring SPM samples: corrected 513C after 813Cbulk—613CpemgeniC lipia offset =22.00%o, with standard deviation of

2 1.07%0; 2A*C —1000%o, with standard deviation of 21%o.



