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ABSTRACT: Assessing permafrost-release signals in arctic rivers is
challenging due to mixing of complex carbon components of contrasting
ages. Compound-specific 14C analysis of terrestrially derived molecules
may reduce the influence of mixed carbon sources and potentially
provide a closer examination on the dynamics of permafrost-derived
carbon in arctic rivers. Here we employed a recently modified method to
determine radiocarbon contents of lignin phenols, as a classic tracer for
terrestrial carbon, isolated from the dissolved organic matter (DOM) of
two arctic river systems that showed contrasting seasonal dynamics and
age components in DOM. While dissolved lignin had relatively invariant
14C contents in the Mackenzie, it was more concentrated and 14C-
enriched during spring thaw but relatively diluted and 14C-depleted in
the summer flow or permafrost thaw waters in the Kolyma. Remarkably,
the covariance between dissolved lignin concentrations and its 14C contents nicely followed the Keeling plot, indicating mixing of
a young pool of dissolved lignin with an aged pool of a constant concentration within the river. Using model parameters, we
showed that although the young pool had similarly modern ages in both rivers, Kolyma had a much higher concentration of aged
dissolved lignin and/or with older ages. With this approach, our study not only provided the first set of 14C data on dissolved
lignin phenols in rivers but also demonstrated that the age and abundance of the old DOM pool can be assessed by radiocarbon
dating of dissolved lignin in arctic rivers related to permafrost release.

KEYWORDS: Compound-specific radiocarbon analysis, arctic rivers, dissolved organic matter, lignin phenols, Keeling plot

1. INTRODUCTION

Arctic rivers transport ∼5.8 Tg of particulate organic carbon
(POC) and 34−38 Tg of dissolved organic carbon (DOC) into
the ocean annually.1,2 The latter outweighs annual DOC export
from the Amazon, the largest fluvial system in the world (27
Tg),3,4 and hence represents a major pathway and fate for
terrestrial organic carbon (OC) released from arctic watersheds.
While mobilization and degradation of rapidly cycling modern
OC imparts no change on atmospheric CO2 concentrations,
release of ancient OC that was previously “cryo-locked” in
arctic permafrost may constitute a positive feedback to global
warming.5,6 Hence, it is essential to investigate the age and
source of OC carried by arctic rivers in order to better

understand global- and regional-scale carbon cycling and to
constrain carbon budgets in a changing climate.
Previous investigations have mainly focused on the bulk age

of POC and DOC in major arctic rivers. It is revealed that
predominantly modern DOC is transferred into the Arctic
Ocean, especially during freshet when spring thaw causes a
sharp rise in river discharge, whereas POC is frequently much
older in age.2,7−11 However, as riverine OC is made up of
complex mixtures of components, each potentially with varied
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sources and ages, both riverine POC and DOC contain ancient
permafrost-derived and modern OC components with varied
abundances.12−15 Alterations in the relative proportion of these
components may result in mixed bulk 14C signals that are
difficult to directly inform on the dynamics of permafrost-
derived OC fluxes. Recently, we have used compound-specific
radiocarbon analysis of terrestrial plant biomarkers to show that
different terrestrial carbon pools exhibit contrasting mobiliza-
tion pathways and ages in the sediments delivered by arctic
rivers.16,17 In particular, higher plant leaf wax lipids appear to
trace aged permafrost carbon mobilized by groundwater flows,
whereas lignin-derived phenols in the same riverine sediments
are relatively young and more strongly influenced by surface
runoff.16,17 Hence, although arctic riverine POC often shows
old bulk 14C ages, the release of permafrost OC may be masked
by the transport of modern POC pools with increasing river
runoff.18

Similar to POC, riverine DOC is composed of heterogeneous
components that likely span a spectrum of ages and is sensitive
to environmental changes.19−22 Recent studies have shown that
permafrost-derived DOC is relatively easy to degrade upon
release and its old signature is subsequently concealed by
modern DOC components that are much more abundant in
the river.20,23 Such findings explain the predominantly modern
age of DOC in major artic rivers,8,9 and highlight the necessity
to search for alternatives to trace ancient dissolved components
other than using bulk DOC. Compound-specific 14C analysis of
terrestrially derived molecules may reduce the influence of
mixed OC sources (such as modern phytoplankton OC) and
provide a closer examination on the changing sources and
dynamics of terrestrial DOC components in arctic rivers.
However, the 14C composition and variability of specific
dissolved organic matter (DOM) constituents remain elusive. It
is unclear whether different terrestrial components of DOC
have varied mobility and fate with hydrographic changes or
permafrost thaw, which may manifest itself in 14C variations of
certain DOC molecules. Different from POC, DOC consists of
molecules with high solubility and is generally devoid of
hydrophobic components such as plant leaf wax lipids.4

However, as a well-established tracer of land plant-derived
OC, lignin is prevalent in the DOM as well as in sedimentary

particles in arctic rivers,24−26 and is hence a good candidate for
assessing the release of ancient permafrost DOC to arctic fluvial
networks.27 Elucidation of the age of dissolved lignin
components may also inform on the relationships between
lignin in the dissolved and particulate/sedimentary phases.28

Here we employ solid phase extraction (SPE) coupled with a
previously established method16,29 to isolate lignin phenols
from riverine DOM for 14C dating. The method is validated
using authentic phenol standard solutions (both modern and
14C-dead) and water extracts of fresh modern plant leaves. We
then measure and compare 14C variability of dissolved lignin
phenols isolated from Kolyma and Mackenzie river system
samples that span ancient yedoma (ice complex) thaw water to
fluvially influenced coastal waters and include river mainstem
samples collected during freshet and summer flow. To our
knowledge, this study represents the first attempt to radio-
carbon date dissolved lignin phenols in rivers and presents a
potential approach of evaluating the release of ancient
permafrost-derived DOC in the Arctic.

2. EXPERIMENTAL SECTION
2.1. Study Area and Sampling. Two important arctic

river systems (the Kolyma and Mackenzie rivers) are selected
for this study, which exhibit contrasting seasonal dynamics and
age components in the DOM.8,9 The Kolyma River basin
covers ∼650 000 km2 of northeastern Siberia and represents the
largest watershed on Earth that is completely underlain by
continuous permafrost. By comparison, the Mackenzie River
basin is the largest watershed in the North American Arctic
(1 750 000 km2) and has quite different DOC and dissolved
lignin dynamics relative to other major arctic rivers.25

Initially, a total of 16 DOM samples were collected from
various locations on the Kolyma and Mackenzie mainstem and
tributaries in an attempt to depict spatial as well as temporal
variabilities in dissolved lignin 14C. However, constrained by
the quantity of purified lignin phenols, we were only able to
measure the 14C content of a limited number of DOM samples
for this study. These included four water samples collected
from three sites on the Kolyma River in 2011 (Figure 1a; Table
1): one representing a first-order mudstream (permafrost thaw
water) draining a Pleistocene yedoma exposure known as

Figure 1. Map of sampling locations (yellow stars) in the Kolyma (a) and Mackenzie (b) watersheds and coasts. The satellite images are obtained
from Google Earth (Map data: Google, DigitalGlobe. Pro 7.1.8.3036; http://www.earth.google.com).
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Duvanni Yar, two from the Kolyma mainstem just upstream at
Cherskiy during freshet (June sixth) and summer flow (July
23rd), and one from the river mouth at the end of the freshet
(salinity: 26‰). For the Mackenzie River, a total of three water
samples were collected from two sites in 2011 (Figure 1b): one
under-ice sample from the East Channel at Inuvik, Canada just
before freshet (May 18th) and two from the mainstem at
Tsiigehtchic, Canada during freshet (May 27th) and summer
flow (June 11th). In addition, a large-volume (662 L) sample
was collected at 9 m below water surface in the coastal ocean
on a Canada Fisheries icebreaker (CCGS Louis S. St-Laurent)
on July 27th (water depth: 60 m; salinity: 31‰). Alkalinity
measurements on board showed that water from the Mackenzie
River was pushed offshore and upwelled at this site. Although
only eight DOM samples were included in this study, each
sample represented different hydrological or geographic
regimes and essentially involved several 14C measurements for
different lignin phenols, resulting in a total of 32 independent
14C data.
All riverine samples were collected in acid-rinsed poly-

ethylene plasticware and kept in the refrigerator in the dark
until filtered (<24 h) through precleaned 0.45 μm filters.
Aliquots of the filtrates were frozen for subsequent DOC
measurement on a high-temperature Shimadzu TOC-V organic
carbon analyzer at the Northeast Science Station for the
Kolyma samples or at Woods Hole Research Center for the
Mackenzie samples. DOC was estimated using chromophoric
dissolved organic matter absorption at a wavelength of 254 nm
for the under-ice sample (Table 1; Figure S1),30 owing to the
lack of measured DOC data. The rest of the filtrate was
acidified to pH 2 with hydrochloric acid, and pure methanol
was added to a final concentration of 0.5% (v) to improve
extraction efficiency.31 The samples were passed through Mega
Bond Elut C18 solid phase extraction (SPE) cartridges (10 g) by
gravity to isolate DOM.32 All cartridges were dried and kept in
a refrigerator or freezer in the dark until DOM was eluted with
50−80 mL methanol, dried under N2, and stored at −20 °C
until analysis. The Mackenzie coastal ocean water was directly
filtered on board through precombusted 0.7 μm glass fiber
filters (PAL-Gelman AF-1, 292 mm in diameter) and
immediately processed using SPE cartridges as described
above. Because of the large volume of this sample, a peristaltic
pump was used to push water through the SPE cartridges at a
flow rate of ∼60 mL min−1, and some of the filtrate was kept in
the fridge in the dark for up to 48 h before SPE isolation.
Unfortunately, DOC measurement was not conducted for this
sample.

2.2. Isolation, Quantification, and 14C Measurement of
Lignin Phenols. Lignin and hydroxy phenolic monomers were
released from dried DOM using alkaline CuO oxidation
performed in a microwave-assisted reaction system.29 Approx-
imately 1 g of CuO, 0.4 g of ferrous ammonium sulfate, and 30
mL of N2-bubbled NaOH solution (2 M) were loaded into
Teflon vessels containing DOM samples, vacuum-purged with
N2, and then oxidized at 150 °C for 1.5 h. An aliquot of the
oxidation products was silylated and quantified as trimethylsilyl
(TMS) derivatives on an Agilent 6890 Series gas chromato-
graph (GC) coupled to a mass spectrometer (Agilent
Technologies, USA).24 Total concentration of eight character-
istic lignin phenols (vanillin, acetovanillone, vanillic acid,
syringaldehyde, acetosyringone, syringic acid, p-coumaric acid,
and ferulic acid) was quantified in the units of μg L−1 or mg g−1

DOC after being normalized to the DOC content. Similarly,T
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three hydroxy phenols (p-hydroxybenzaldehyde, p-hydroxyace-
tophenone, and p-hydroxybenzoic acid) that may derive from
proteins and “tannin-like” compounds or from demethylation
of lignin25,33,34 were quantified.
For 14C dating, the remaining oxidation products were first

purified through two SPE cartridges (Supelco Supelclean
ENVI-18 and Supelclean LC-NH2) and then separated on an
Agilent 1200 high pressure liquid chromatography (HPLC)
system coupled to a diode array detector (DAD) and a fraction
collector using a Phenomenex Synergi Polar-RP column (4 μm
× 4.6 × 250 mm) and a ZORBAX Eclipse XDB-C18 column (5
μm × 4.6 × 150 mm).29 Approximately 2−39 μg C of
individual phenols were collected after eight injections on the
HPLC. Isolated compounds were eluted with ethyl acetate
through a silica gel column (1% deactivated) to further remove
potential column bleed. A small aliquot of the isolated
compounds was used to check purity (as TMS derivatives)
on an Agilent 7890A gas chromatography coupled to flame
ionization detection (GC-FID). Compounds with purities
>99% were selected for subsequent 14C measurement. Some
phenols were recombined to provide sufficient mass (>7 μg C;
average of 13.6 μg C; Table S1). To assess procedural blanks,
SPE isolation, chemical extraction, and HPLC separation were
carried out with only solvents and reagents but no sample
added. The HPLC effluent was collected at time intervals
corresponding to the retention time of targeted compounds
and purified by the aforementioned procedures. Purified
compounds and procedural blanks were combusted under
vacuum at 850 °C for 5 h. The resulting CO2 was cryogenically
purified and quantified in a calibrated volume. The CO2 of
purified phenols was directly measured without graphitization
on the miniaturized radiocarbon dating system (MICADAS) at
ETH Zürich using a gas feeding system.35 Radiocarbon
contents were reported as fraction modern carbon (Fm).
To assess the accuracy of dissolved lignin 14C measurements,

we first isolated four phenols from aqueous solutions prepared
using authentic standards (dissolved in Milli-Q water; Table 2)
and four phenols from the water extract of modern maple
leaves employing the same method involving SPE isolation,
CuO oxidation and HPLC separation. We then measured the
radiocarbon content of the isolated phenols (11−37 μg C each)
using the same procedures and compared their measured Fm
values with those of the original bulk materials (i.e., authentic
phenol standards or plant tissues). The offset between the
measured (uncorrected for procedural blanks) and original Fm

values (ΔFm) averaged at −0.0628 ± 0.0967 and was larger
than those of previous studies12,29,36,37 mainly because the
influence of procedural blanks was relatively large for the small-
sized samples measured in our study. Consequently, ΔFm
decreased with an increasing 14C sample size until the sample
size approached 20 μg C (Figure 2). The ΔFm values and

patterns suggest that small-sized 14C samples were strongly
influenced by a constant background (blank) signal whose
effect became relatively small when the sample size was above
∼20 μg C.
Procedural blanks yielded 2.5 ± 0.5 μg C for eight HPLC

injections and the size was not dependent on the elution or
trapping time of compound. We did not directly measure the
radiocarbon content of our procedural blanks as sample sizes
were too small. Instead, we indirectly estimated their Fm value
using a mass balance approach,38 assuming that isolated
phenols (from “real” samples and standards) were diluted
with a constant amount of blank (2.5 ± 0.5 μg C) with a
constant radiocarbon content which caused an offset between
the measured and original Fm values of phenol standards. A
range of Fm values (from 0.000 to 1.000) were tested to correct
the measured Fm values of all phenol standards (Table 2; Figure
S2). An Fm value of 0.25 and a relatively high uncertainty
(±0.07) were assigned for subsequent corrections, which
decreased the Fm offset to an average of 0.0000 ± 0.0367

Table 2. 14C Content of Lignin Phenols Isolated from Dissolved Standards or Leaf Water Extracts Relative to That of the
Original Bulk Materials

measured values on isolated phenols

AMS-corrected only
procedural blank-

correcteda

source phenol AMS # isolated phenol (μg C) Fm error Fm error original Fm
b

standard from Sigma syringic acid 45128.1.1 24 0.0281 0.0029 0.0019 0.0107 0.0017
vanillin 45129.1.1 20 1.0324 0.0112 1.1456 0.0307 1.1343

standard from Acros vanillic acid 45131.1.1 23 0.0579 0.0033 0.0348 0.0106 0.0053
acetovanillone 47488.1.1 37 0.0390 0.0017 0.0237 0.0063 0.0241

water extract of maple leaves p-hydroxyacetophenone 45127.1.1 17 0.9031 0.0100 1.0122 0.0304 1.0573
acetovanillone 45132.1.1 11 0.8271 0.0129 1.0020 0.0531 1.0573
p-coumaric acid 46413.1.2 31 0.9946 0.0090 1.0595 0.0183 1.0573
ferulic acid 46414.1.1 21 1.0098 0.0113 1.1151 0.0289 1.0573

aProcedural blank contains 2.5 ± 0.5 μg C with Fm of 0.25 ± 0.07. bOriginal values were measured on the same authentic standards or bulk leaf
material (blank-corrected).

Figure 2. Changes in the Fm offset (ΔFm) between isolated phenols
and the original bulk material of phenol standards in response to the
sample size of the isolated phenols. Note that ΔFm (uncorrected for
procedural blanks) decreased with sample size (p < 0.05) until the
mass of isolated phenols reached >20 μg C. Blank correction
significantly reduced ΔFm.
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(Table 2). This Fm value is consistent with that measured for
procedural blanks collected for particulate lignin phenols in the
same laboratory during the same period (mean value of 0.23 ±
0.07; n = 6; Table S1). Potential sources for the procedural
blank include carbon-containing materials from the HPLC
column bleed, glassware, and/or background CO2 on the
vacuum line and MICADAS system. Although every effort was
made to minimize extraneous carbon from such sources, it is
still challenging (if not impossible) to completely remove all
background influences for such small-sized samples. There was
no relationship between the (corrected) Fm offset and sample
size (Figure 2), suggesting effective removal of the background
14C influence. After being corrected for procedural blanks, the
Fm values of dissolved phenols isolated by our method are
identical to those measured for the authentic standard
compounds or bulk leaf tissues within measurement
uncertainty. The Fm offset between individual phenols (< ±
0.0578) is comparable to those reported previously.12,29,36 All
radiocarbon values are subsequently corrected for procedural
blanks with the errors propagated.36 The efficacy of our blank
subtraction method was further confirmed through comparing
the measured (uncorrected) and blank-corrected Fm values of
dissolved phenols in arctic river waters against their 14C sample
sizes (see Section 3.2 and Figure 3).
2.3. Data Analysis. As bulk 14C contents were not

measured for our DOM samples, we used DOC 14C data
measured in the same river and on the most approximate

sampling time in the literature8,9,39 or from the Arctic Great
Rivers Observatory database (www.arcticgreatrivers.org) to
compare with dissolved lignin 14C contents. A t test was used
to compare the 14C content of different phenols and between
different samples. Relationships between the Fm values of
dissolved phenols and phenol concentrations or sample sizes
were tested by Pearson correlation tests. Differences or
correlations are considered to be significant at a level of p <
0.05 or marginally significant at a level of p < 0.10.

3. RESULTS AND DISCUSSION

3.1. Variation of Dissolved Phenol Concentrations in
the Arctic Rivers. Both Kolyma and Mackenzie exhibited
DOC variations typical for waters heavily influenced by snow
melting1,40 with <6 mg L−1 during summer flow or near river
mouth and >11 mg L−1 during freshet (Table 1). The yedoma
mudstream carrying high amounts of particulate matter had the
highest DOC content (155 mg L−1). Accordingly, lignin and
hydroxy phenols showed the highest concentration in the
yedoma mudstream, followed by the Kolyma mainstem water at
freshet. The Mackenzie coastal ocean water had the lowest
concentration of lignin and hydroxy phenols. When normalized
to the DOC content, lignin phenols were highest in the Kolyma
mainstem and river mouth during freshet (34.3 and 33.3 mg g−1

DOC) and decreased sharply during summer flow (4.7 mg g−1

DOC). Hydroxy phenols had the highest DOC-normalized
concentrations at the Kolyma river mouth, which may be

Figure 3. Changes in the uncorrected (blue) and blank-corrected (orange) Fm values of isolated phenols against the 14C sample size of individual
phenols in the yedoma mudstream (a), Kolyma mainstem (b), Kolyma river mouth (c), Mackenzie mainstem (d), and Mackenzie coastal ocean (e).
Note that the uncorrected Fm values were correlated with sample sizes while this effect was largely removed after blank correction.
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attributed to inputs of ancient peat leachates near the coast (see
discussions below based on 14C). Notably, the DOC-rich
yedoma mudstream had the lowest DOC-normalized concen-
trations of lignin and hydroxy phenols in the Kolyma River,
suggesting that nonlignin components, such as aliphatic
constituents23,41 or carboxyl-rich alicyclic molecules (CRAM)
abundant in arctic river DOM in the winter,42 constitute a
higher fraction of DOC leaching from permafrost deposits.43 By
comparison, dissolved lignin and hydroxy phenols had less
variable DOC-normalized concentrations (1.4−5.2 and 0.7−1.4
mg g−1 DOC, respectively) in the Mackenzie River, likely
buffered by wetlands and lakes that are prevalent in the
watershed.25

3.2. 14C Characteristics of Dissolved Phenols. The
measured (blank-uncorrected) Fm value of individual lignin and
hydroxy phenols varied linearly with their isolated mass in the
Kolyma and Mackenzie DOM due to the strong influence of
procedural blanks for these small-sized 14C samples (Figure 3).
After blank correction, individual lignin phenols exhibited
relatively uniform 14C contents in all DOM samples with the
sample size effect largely removed (except the yedoma
mudstream; Figure 3). This result reconfirms the efficacy of
our blank subtraction method. The Fm variability (ΔFm <
0.1494) of lignin phenols within the same DOM was similar to
those in arctic river sediments16,17 or in the particulate organic
matter (POM) of Mekong River.12 Furthermore, if lignin
phenols isolated from the same DOM are treated as replicates
with a similar 14C content, the standard deviation of all Fm
values is similar to the propagated errors of the corrected Fm for
individual phenols, corroborating the precision of our 14C data.
Nonetheless, it is worth mentioning that while blank correction
reduced sample size effect for dissolved phenols in the yedoma
mudstream, their corrected Fm values were still marginally
correlated with their sample size (p = 0.051; Figure 3a). This
indicates that although our analytical and blank assessment
methods seem to be adequate for radiocarbon dating small-
sized (7−20 μg C) phenols with relatively high Fm values, larger
sample sizes (>20 μg C) are needed for 14C-dead samples that
are very sensitive to modern contamination by atmospheric
CO2 during sample processing. Hence, for the yedoma sample

we used the 14C data of only one phenol (syringic acid) in the
following discussion, which had 20 μg C isolated for
radiocarbon dating and yielded the lowest Fm value among all
phenols analyzed. Our approach is justified given the overall
proximity of 14C contents for all the yedoma mudstream-
derived phenols (ΔFm < 0.0845).
Similar to previous lignin phenol 14C studies,12,16,17,29 there

was no significant Fm offset between vanillyl and syringyl
phenols in the same DOM (t test; p > 0.05). Hence,
abundance-weighted average Fm values were calculated for all
lignin phenols analyzed of each sample using the following
equation with the errors propagated36

=
× + × + + ×

+ + +
− − −F

F c F c F c
c c c

Average
( ... )

( ... )
n

n
m

m 1 1 m 2 2 m n

1 2
(1)

where Fm−n and cn represent the
14C content and concentration

of individual lignin phenols in a given DOM sample,
respectively. Overall, dissolved lignin phenols exhibited
predominantly modern 14C contents in the Kolyma and
Mackenzie riverine and coastal waters (except in the yedoma
mudstream and Kolyma mainstem during summer flow). This
agrees with an overall modern age of bulk DOC carried by
arctic rivers.7−9 Also in line with the temporal 14C shifts in bulk
DOC,8,9 dissolved lignin had the highest Fm values during
freshet in the Kolyma River (Fm of 1.1656 ± 0.0185; Figure
4a), showing progressively lower values during the summer
flow (Fm of 0.8753). The most 14C-depleted (oldest) lignin
phenols (Fm of 0.0426 ± 0.0124) were derived from the
mudstream of an exposed Pleistocene yedoma deposit along
the Kolyma riverbank. As ice complex deposits (yedoma)
undergo increasing thaw during the summer, more aged DOC
components (including dissolved lignin) may be mobilized into
the Kolyma mainstem and contribute to the 14C variabilities. By
comparison, the Mackenzie River had relatively invariant Fm
values for dissolved lignin in the mainstem and coastal waters
from freshet to the summer (Figure 4b), consistent with the
invariant bulk DOC 14C and dissolved lignin concentration in
the river.9,25 In the East Channel of the Mackenzie delta,

Figure 4. Fm values of individual dissolved lignin and hydroxy phenols (colored diamonds and squares) compared with the abundance-weighted
average Fm of dissolved lignin phenols (black lines with gray shades representing propagated standard errors) in the Kolyma (a) and Mackenzie (b)
Rivers collected in 2011. All values are corrected for procedural blanks with the standard errors of analytical measurement propagated. Some phenols
were pooled for 14C measurement and represented by the most abundant monomer here (refer to Table S1 for detailed Fm values). *Only the Fm
value of syringic acid (>20 μg C) was used to represent the yedoma sample.
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however, DOM sampled (under ice) before the spring freshet
carried somewhat older dissolved lignin (Fm of 1.0561 ±
0.0472; p < 0.05), possibly mobilized by groundwater flow from
deeper soil layers or from further south in the catchment.
Hydroxy phenols showed similar Fm values to lignin phenols

in all DOM analyzed except at Kolyma river mouth, where p-
hydroxy benzoic acid exhibited a relatively old 14C age. As
phytoplankton, a potential source for hydroxy phenols,34

usually carries a modern 14C signature in the surface ocean,44

marine input is unlikely to be the cause of the old age for
hydroxy phenols. Alternatively, as shown previously,17 hydroxy
phenols in East Siberian arctic rivers contain significant inputs
from preaged peat deposits that are prevalent in the Kolyma
basin and along its coast.45 Coastal erosion and leaching
processes may thus have transferred aged hydroxy phenols to
the estuarine waters.
The young age of dissolved lignin in the Kolyma and

Mackenzie mainstem and river mouth stands in contrast with
the much older age of lignin phenols in the surface sediments of
great arctic rivers, that is, Fm of 0.6256 and 0.7261 in the
Kolyma estuary and Mackenzie shelf, respectively.16,17 The
contrasting 14C ages may be attributed, among other
complicating factors, to (i) the age difference between the
sources of dissolved and particulate lignin within terrestrial
systems (i.e., litter and soil, respectively) and/or to (ii) the
short residence time of dissolved components in contrast to
repeated deposition and resuspension cycles for sedimentary
particles within the river.46,47 Currently, there is no information
on the 14C characteristics of lignin phenols in arctic riverine
POM. On the basis of previous studies on the Amazon and
Ganges Rivers, surface POM was considerably younger than
riverbed sediments due to a higher contribution of modern
biospheric carbon to the former.48,49 Lignin phenols in the
POM of the Mekong River also displayed consistently modern
14C contents throughout the year, suggesting rapid export of
particulate lignin in the tropical watershed.12 Hence, particulate
lignin in the surface water of arctic rivers may exhibit younger
ages compared to the sediments. On the other hand, arctic river
basins have considerably different hydrological and geochemical
properties from the tropics, including longer residence time of
terrestrial carbon,50 thicker organic horizons, large reservoirs of
frozen, aged organics in the deep soil,51 and last but not least
complex permafrost export dynamics coupled with changing
hydrological pathways.17 Hence, particulate lignin is expected
to be older in the arctic than the tropic rivers and to display
differential sources as well as 14C characteristics. Overall, it
remains to be determined whether POM carries lignin of varied
14C contents compared to DOM and which of the
aforementioned factors contribute more to the age offset
between dissolved and sedimentary lignin in the arctic rivers.
Nonetheless, the age contrast between dissolved and
sedimentary lignin implies that exchange between the two
pools through dissolution, sorption, or coprecipitation
processes must be relatively limited in these rivers at least in
terms of 14C composition.
Dissolved lignin had a similar 14C content as bulk DOC in

the Kolyma yedoma mudstream and was younger than bulk
DOC in both rivers during freshet and in the Mackenzie
mainstem summer flow (Figure 5). These observations suggest
that lignin traces the relatively young component of terrestrial
DOC transported in these arctic rivers, which is consistent with
the younger age of lignin compared with bulk OC in
sediments16,17 or POM12 in other riverine systems. Dissolved

lignin was however older than bulk DOC in the Kolyma
mainstem during summer flow (p < 0.05), suggesting an
increased input of younger DOC components relative to lignin
in the summer. The nature and source of this young DOC
(such as in situ primary productivity products) remain to be
determined. Nonetheless, the Fm offset between dissolved
lignin phenols and bulk DOC (up to 0.18) emphasizes that the
age variation of specific components and bulk DOC may be
different and needs to be assessed separately.

3.3. Covariance between the 14C and Concentration
of Dissolved Lignin Phenols. It has been previously
demonstrated that the covariance between oceanic DOC
concentrations (c) and its 14C contents can be explained by
Keeling plot models on interannual scales and at different
depths of a given location.52,53 Under this model, DOC consists
of an aged, background (bg) component of a constant
concentration and a 14C-enriched, excess (xs) component of
varied concentrations as binary mixtures.53,54 Hence, the
measured DOC 14C content is a linear function of c−1

= − × × +‐ ‐
−

‐F F F c c F( )m m bg m xs bg
1

m xs (2)

where Fm, Fm‑bg, and Fm‑xs are the
14C composition (Fm values)

of the measured, background and excess DOC components,
respectively, while cbg and c are the concentration of
background DOC and total DOC of a given water, respectively.
This model is consistent with the uniform distribution of an
aged DOC fraction with depth in the ocean55 and may be used
to estimate the isotopic composition of the excess (modern)
DOC component.
Similarly, arctic riverine DOC undergoes obvious temporal

14C variations due to supply shifts between modern DOC
delivered by surface runoff during freshet and aged components
mobilized from deeper soils by base (or summer) flow.8,9

Assuming that dissolved lignin in the arctic rivers follows the
binary mixing model, we applied the Keeling plot (by replacing
DOC with lignin phenols in eq 2) to our data in the mainstem
and tributary of Kolyma (excluding the yedoma mudstream)
and Mackenzie to compare source variations of dissolved lignin
in the two rivers. Remarkably, the Fm value of dissolved lignin
was nicely correlated with the inverse of dissolved lignin

Figure 5. Comparison of Fm values between dissolved lignin phenols
(abundance-weighted average) and bulk dissolved organic carbon
(DOC) in the Kolyma and Mackenzie Rivers. *DOC Fm values are
obtained from Vonk et al.39 (Duvannyi Yar yedoma mudstream;
sampled on 2010/7/22), Raymond et al.9 (Mackenzie freshet at
Tsiigehtchic on 2004/6/17), Neff et al.8 (Kolyma summer flow at
Cherskiy on 2003/7/7), and Arctic Great Rivers Observatory database
(www.arcticgreatrivers.org; Kolyma freshet at Cherskiy on 2011/6/10
and Mackenzie summer flow at Tsiigehtchic on 2011/06/14).
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concentration (p = 0.07 for Kolyma and <0.01 for Mackenzie;
Figure 6), even though our data set included samples from

varied locations and sampling time for both rivers. Given that
the majority of the analyzed lignin phenols yielded similar
amount of carbon for 14C analysis (Table S1) and our blank
correction method removed the sample size effect on Fm, this
relationship is unlikely to result from greater blank contribu-
tions at lower lignin concentrations. Instead, it suggests that
dissolved lignin 14C is a relatively conservative property during
riverine transport and that temporal variations of dissolved
lignin age and abundance are closely coupled. This observation
stands in contrasts with the consistent modern age of lignin
phenols in the POM of Mekong River throughout the year,12

suggesting dynamic changes in the sources of dissolved lignin in
the arctic rivers. Spring freshet is characterized by concentrated
and modern dissolved lignin (the excess component) that is
presumably leached from litter and surface soils.25 By contrast,
aged lignin (the background component) carried by ground-
water or base flow from deeper soils, is often diluted with
nonlignin DOC.8,9,19,41 This explanation agrees with the low
concentration of lignin phenols in the yedoma mudstream
DOM per unit of DOC. The age-concentration relationship of
dissolved lignin falls in line with the general decreasing age of
riverine DOC with increasing DOC concentrations in global
rivers,46 also reflecting the input of concentrated, modern DOC
during high-flow conditions. However, the global compilation
of riverine DOC concentration and 14C content do not follow
the Keeling plot due to large variations in the background and
excess components for different rivers. In addition, the Fm of
dissolved lignin is not correlated with bulk DOC content in
Kolyma or Mackenzie (p > 0.05), implying heterogeneous
compositions and mixed sources of DOM across seasons.
The Fm values for the excess component, that is, the

intercepts on the y-axis of the Keeling plot, were 1.1928 for
Kolyma and 1.2258 for Mackenzie. This suggests that the
excess (young) pool of dissolved lignin had relatively similar
ages in the two rivers and was influenced by the bomb-derived
carbon. More importantly, the Keeling plot showed discrete
slopes for the Kolyma and Mackenzie mainstem samples. As
the slope is a function of the concentration of background
dissolved lignin (cbg) as well as the Fm values of background and
excess lignin (Fm‑bg and Fm‑xs in eq 2, respectively), cbg can be

estimated using the following equation given a range of Fm‑bg
values

=
−‐ ‐

c
F F

Slope
( )bg

m bg m xs (3)

As shown in Figure 7, cbg is much lower in the Mackenzie than
the Kolyma River for any given Fm‑bg values. For instance, when

the background lignin is assumed to be 14C-dead (i.e., Fm‑bg =
0.0000), its concentration is 5.5 and 0.5 μg C L−1 in the
Kolyma and Mackenzie Rivers, respectively. Hence, the Kolyma
River with a much steeper slope for the Keeling plot may have a
higher concentration of aged dissolved lignin and/or with older
ages. This explanation is consistent with the widespread
occurrence of yedoma in the Kolyma watershed,8,9,20,45 which
supplies ancient DOC and lignin into the river.
Our constructed Keeling plot is more of a statistical

relationship for the Mackenzie River (p < 0.01) than for the
Kolyma (p = 0.07), although we are limited by the number of
data points included in our study. Alternatively, while the
binary mixing model describes the behavior of dissolved lignin
phenols in the Mackenzie River, it may be inadequate for
modeling DOC components in the Kolyma, which is more
complicated with seasonal inputs of yedoma thaw water as a
third DOC pool. It also remains to be determined whether the
age-concentration correlation varies interannually and spatially
for dissolved lignin within a river. However, as shown by
Beaupre ́ and Druffel,52 the isotopic composition of the
background component can be better constrained based on
the slopes of multiple Keeling plots stemmed from different
sampling sites or time series (assuming a common back-
ground). Given that the age-concentration relationship of bulk
DOC is complicated by mixed sources of varied age
components, monitoring dissolved lignin 14C across the Arctic
and/or seasonally may provide a key clue to the age of the
background DOC component using multiple Keeling plots.
Such information is critical for assessing permafrost carbon
response to climatic and human disturbances but is difficult to
measure directly.

4. CONCLUSIONS AND SCOPES FOR FUTURE WORK

Overall, our study provides the first set of 14C data on dissolved
lignin and hydroxy phenols in arctic rivers and presents
analytical advancements as well as challenges associated with
such measurements. Through comparing the measured 14C

Figure 6. Keeling plot model for the abundance-weighted average Fm
values of dissolved lignin phenols against the inverse of their
concentrations (μg L−1) in the Kolyma and Mackenzie mainstems.
Note that the yedoma mudstream (a first-order stream not on the
mainstem) is excluded for the Kolyma.

Figure 7. Changes in the concentration of background dissolved lignin
phenols with their changing Fm values based on the Keeling plot
parameters (eq 3).

ACS Earth and Space Chemistry Article

DOI: 10.1021/acsearthspacechem.7b00055
ACS Earth Space Chem. 2017, 1, 334−344

341

http://dx.doi.org/10.1021/acsearthspacechem.7b00055


content of individual phenols isolated from the same DOM
sample but with varied masses, we show that our analytical and
blank correction method is adequate for radiocarbon dating
small-sized (7−20 μg C) dissolved phenols with relatively high
Fm values, while larger sample sizes (>20 μg C) are ideal for
14C-depleted DOM samples that are more sensitive to modern
contamination. Our study hence pushes the lower sample size
limit for compound-specific 14C analysis. Moreover, by
measuring the 14C content of dissolved lignin collected from
various hydrological regimes and locations, we demonstrate
distinct age characteristics of dissolved lignin in two arctic rivers
with different watershed properties. While dissolved lignin had
relatively invariant 14C contents in the Mackenzie, it had a
stronger seasonal variation in the Kolyma River. Applying
Keeling plot to the dissolved lignin data, we find that the
Kolyma River has an older background component of dissolved
lignin than the Mackenzie, which is likely associated with the
widespread occurrence of yedoma in its watershed. Such
information is not discernible using bulk DOC 14C measure-
ments although dissolved lignin phenols exhibited an overall
similar 14C signal to bulk DOC in our investigated rivers. More
importantly, as this study represents the first attempt to
radiocarbon date dissolved lignin phenols in arctic rivers, it
remains to be investigated whether dissolved lignin displays
similar residence time to bulk DOC in other aquatic systems
(such as temperate and tropical rivers, lakes and ocean). For
instance, using lignin phenols as a tracer for terrestrial organic
matter, it will be very interesting to examine the residence time
of land-derived DOC components in surface ocean and lakes,
which have high modern DOC inputs from phytoplankton.
Hence, the meticulous molecular-level analysis we present
should have a wider application in marine and lacustrine carbon
cycles as well.
Admittedly, our study is constrained by the limited number

of DOM samples due to challenges associated with collecting
ample DOM for radiocarbon dating dissolved lignin phenols.
Therefore, future endeavor is needed for more extensive
seasonal sampling to ascertain the Keeling plot patterns as well
as contrasts between the two rivers. Nonetheless, this study
puts forward an analytical and modeling approach to utilize the
14C signal preserved in dissolved lignin to evaluate the age of
old DOC components associated with permafrost release. Such
information is not directly available using bulk DOC 14C
measurement as complicated by mixed OC sources. Given the
large and dynamic flux of terrestrially derived DOC in arctic
rivers,1,2 dissolved lignin 14C seems worthy of monitoring in the
context of a warming Arctic. Meanwhile, as mentioned
previously, lignin phenols are relatively low in abundance in
the permafrost-derived DOM. Therefore, in the attempt to
search for “permafrost-release sentinels”, aliphatic constituents
that constitute a higher fraction of DOC leaching from
permafrost deposits43 may provide complementary information
in their radiocarbon characteristics. Although the specific
molecular structures of such aliphatic constituents remain
elusive currently,41 neutral sugars that are abundant in riverine
DOM42,56 seem to be a promising candidate. We therefore urge
future studies to target these molecules for 14C dating to build a
more comprehensive understanding of arctic DOC dynamics in
relation with permafrost release.
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