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Abstract The fate of permafrost carbon upon thaw will drive feedbacks to climate warming. Here we
consider the character and context of dissolved organic carbon (DOC) in yedoma permafrost cores from
up to 20 m depth in central Alaska. We observed high DOC concentrations (4 to 129 mM) and consistent
low molecular weight organic acid concentrations in three cores. We estimate a DOC production rate of

12 pmol DOCm 2 yr~' based on model ages of up to ~200 kyr derived from uranium isotopes. Acetate C
accounted for 24 + 1% of DOC in all samples. This proportion suggests long-term anaerobiosis and is likely to
influence thaw outcomes due to biolability of acetate upon release in many environments. The combination
of uranium isotopes, ammonium concentrations, and calcium concentrations explained 86% of the variation
in thaw water DOC concentrations, suggesting that DOC production may be related to both reducing
conditions and mineral dissolution over time.

1. Introduction

Permafrost stores about half of terrestrial organic carbon (C; ~1300 Pg [Hugelius et al., 2014]), equivalent to
about twice the C currently in the atmosphere. This large reservoir of organic C is subject to release with per-
mafrost thaw and may represent a positive feedback to climate warming [Koven et al., 2011; Schaefer et al.,
2014]. Large uncertainties remain with respect to the timing and magnitude of this permafrost C feedback
[Schuur et al., 2013]. One source of uncertainty is variability in the chemical composition of permafrost C as
a control on its decomposability. Recent incubation studies have documented the biolability of permafrost
C [Elberling et al.,, 2013; Mann et al,, 2014; Drake et al., 2015; Mueller et al., 2015] and of dissolved organic
carbon (DOC) delivered to surface waters from permafrost landscapes [Wickland et al., 2012; Vonk et al.,
2013; Mann et al., 2015; Spencer et al., 2015]. Moreover, the age of DOC in arctic rivers is relatively young
[Neff et al., 2006; Aiken et al., 2014; O’Donnell et al., 2014] compared to observations of permafrost C in solid
or gas phase [Schuur et al.,, 2009; Kanevskiy et al., 2011] and ice [Froese et al., 2008; Reyes et al., 2011]. By
contrast, ancient DOC (>20kyr) has been observed in streams draining yedoma thaw water sources [Vonk
et al, 2013; Mann et al., 2015; Spencer et al., 2015] and also in in-tact yedoma cores [Ewing et al., 2015].
Optical properties of DOC in rivers and streams also suggest a shift in composition over time [Aiken et al.,
2014], and within seasons [Koch et al.,, 2013a], with evidence of hydrologic connection to thaw waters at
several meters depth along preferential flow paths in ice-rich permafrost (e.g., yedoma) [Koch et al., 2013b],
as well as in abrupt thaw features [Schuur et al., 2015]. In this study, we evaluate the chemical character of
DOC in Pleistocene yedoma cores and quantify the net rate of DOC production in ground ice associated with
these deposits in central Alaska.

The biolability of DOC is a function of both its chemical character and its physical environment. In terrestrial
and aquatic settings, low molecular weight organic acids—particularly acetate—are typically highly biolabile
because of their energetically favorable status for pairing with terminal electron acceptors in key metabolic
processes (e.g., methanogenesis and sulfate reduction) [Van Hees et al., 2005; Payn et al., 2014]. However, in
low-oxygen environments with high organic C, such as peatlands, fermentation and acetogenesis can result
in accumulation of these compounds, and acetate has received particular attention because of its role in
methanogenesis [Hines et al.,, 2008; Hddrich et al., 2012]. In permafrost, these effects may be similar, with
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microbial process rates limited by low temperature and scarce liquid water but sustained by stability of these
environments over millennia. Unfrozen water is known to be present in relatively warm permafrost
[Romanovsky and Osterkamp, 2000], allowing for microbial activity [Rivkina et al., 2000]. With permafrost thaw,
the microbial communities that control C transformation shift rapidly, reflecting changes in temperature,
nutrient and substrate availability, and oxygen status [Waldrop et al., 2010; Mackelprang et al., 2011]. These
circumstances will differ with modes of thaw favoring oxic conditions (thermal erosion and exhumation) or
maintaining anoxic conditions (thermokarst lake and peatland collapse-scar formation) [Schuur et al., 2008;
Jorgenson et al., 2013].

The character and biolability of C in permafrost are also likely to be affected by the mode of permafrost
formation and preservation, which dictates ice content and C density [O’'Donnell et al., 2011b]. Syngenetic
permafrost forms in response to sediment or peat accumulation at the land surface that causes the perma-
frost table to propagate upwards, with volumetric expansion due to ice aggradation and burial of large C
stocks [Zimov et al., 2006; Grosse et al., 2011; O'Donnell et al., 2011b]. The thickness of syngenetically frozen
yedoma silts in some areas of Siberia and Alaska exceeds 40 m [Shur et al., 2010; Kanevskiy et al., 2011,
2012]. At shallower depths, ice-poor zones may indicate more recent shallow thaw, while ice-rich zones
may indicate formation of quasi-syngenetic permafrost by virtue of plant community succession (e.g.,
post-fire moss regrowth) or downslope sedimentation processes [Pewe, 1975; Shur and Jorgenson, 2007;
Shur et al., 2010]. Because these modes of ice development and transformation in permafrost dictate unfro-
zen water content, mineral interaction, and C density, they likely affect C transformation within permafrost
and fate upon thaw.

Here we focus on the chemical composition of ground ice thawed from yedoma cores collected in interior
Alaska [Ewing et al., 2015]. This region is characterized by discontinuous permafrost, with the distribution
and thermal state of permafrost strongly affected by aspect and soil drainage class in upland settings
[Ping et al., 2005; Jorgenson et al., 2013]. North-facing, loess-mantled slopes tend to host permafrost and
support black spruce ecosystems typical of the discontinuous permafrost zone in Alaska [Kane et al.,
2005]. Substantial C storage and permafrost resilience have been observed in this area [O’Donnell et al.,
2011b], along with DOC and dissolved inorganic nitrogen efflux and processing in streams [Koch et al.,
20133, 2013b] and rivers [Wickland et al., 2012]. Previous analyses of U isotope activities and radiocarbon
(**C) contents of DOC in deep cores collected to schist bedrock from this area suggest U series model ages
up to ~200 kyr with depth, with uncertainties up to an order of magnitude [Ewing et al., 2015]. We present
solute analysis from the cores described by Ewing et al. [2015], including acetate and ammonium (NH,"), as
a measure of the biolability and antiquity of DOC that will be released upon permafrost thaw in this region.

2. Methods

Details of core sampling have been described elsewhere [Kanevskiy et al., 2012; Ewing et al., 2015]. Briefly, we
collected core samples from Pleistocene ice-rich loess deposits (i.e., yedoma) within the Hess Creek
watershed near Livengood, Alaska (65.568 N, 148.925 W, NAD83), approximately 150 km north of Fairbanks,
Alaska. All core locations were on forested north-facing slopes underlain by permafrost. Cores were collected
in May 2008 by hollow stem drilling [Shur et al., 2010; Kanevskiy et al., 2012], from an area that burned in 2003.
Permafrost genesis within the core sequence is interpreted to be both syngenetic and quasi-syngenetic
[French and Shur, 2010; Shur et al., 2010] based on detailed description of cryostructures in the cores [Shur
et al,, 2010; Kanevskiy et al., 2012]. Subsections of five deep cores (A2, A4, A5, A6, and A9) were shipped
and stored frozen prior to analysis and age interpretation using 2**U/?*8U activity ratios, DOC concentrations,
and "*C ages as presented in Ewing et al. [2015]. Core subsections were thawed in preweighed polypropylene
jars, solutions were separated by centrifugation, and the supernatant was filtered (0.45 pm) for solute analysis.
Uranium activity ratios ((>>**U/?*8U) values), radiocarbon values, and DOC concentrations were determined as
previously described [Ewing et al., 2015]. Solutions were also analyzed for inorganic solutes and low molecular
weight organic acids at U.S. Geological Survey (USGS) as described in the supporting information (Text S1).

3. Results and Discussion

Thaw water samples from the yedoma permafrost cores contained substantial DOC (up to 129 mM or
1551 mgL™"; Figure 1, Table 1, and Data Set S1) that generally increased with core depth, particularly in core
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Figure 1. Select solutes with depth in syngenetic loess permafrost cores. (top left) Core numbers are indicated, including
cores A2 (red squares), A4 (green diamonds), A5 (aqua inverse triangles), A6 (blue triangles), and A9 (purple circles). Lines
connect points as a visual aid.

A9, the deepest core (Figure 1). The DOC concentrations were remarkably high (4-129 mM) in comparison to
levels documented by other studies in subarctic peatlands and temperate soils (<1-10 mM) [e.g., Sanderman
et al., 2008; Kane et al.,, 2010]), in thaw streams draining yedoma (11+1mM) [Mann et al.,, 2015], and in
comparison to levels observed in pore waters and streamflow within this catchment (<1-5mM) [O’Donnell
et al, 2010, 2012, 2014; Koch et al., 2013a]. Below 1 m, observed A™C values (—989 + 37%o to —994 + 33%o)
indicated ages of >40kyr (Table 1) and were comparable to values for yedoma thaw streams reported by
Mann et al. [2015]. Values of (*3*U/?*8U) in thaw water also generally increased with depth, indicating increas-
ing age of ice, with model ages of ~1 to 200 kyr and uncertainties up to an order of magnitude (Table 1 and
Data Set S1; [Ewing et al., 2015]).

High concentrations of dissolved NH,"™ (up to 4.5 mM; Figure 1), calcium (Ca*", up to 7.9 mM; Figure 1), and
acetate C (up to 30.0 mM) were correlated with high concentrations of DOC (Figure 2). Correlation of acetate
and DOC with Ca®* concentrations may indicate a mineral weathering interaction and/or that carbonate dis-
solution may provide a bicarbonate precursor for acetogenesis. For DOC, relationships were strongest with
acetate (R>=0.92; Figure 2, top), NH,* (R>=0.67; Figure 2, bottom), and Ca** (R*=0.62; data not shown).
The striking correlation of acetate C with DOC indicates that 24 + 1% of DOC is present in the form of acetate
regardless of depth (Figure 2). Considered together, acetate, lactate, and malate constitute 30 + 2% of DOC
(Data Set S1). These consistent proportions of low molecular weight organic acids suggest that production
of DOC over time includes a fixed component of fermentation dictated by limited oxygen. SUVA;s,4 values
in core A9 were low (0.5 to 1.4; Data Set S1) and showed a weak inverse relationship with acetate
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Table 1. Solutes, Uranium Activity Ratios, Radiocarbon Ages, and Model Ages in Thaw Waters, and Cores A5, A6, and A9

Thaw Water Ag; DOC A™C Linear With Depth

Sample Name®  (33%u/%8u)P (%0)< (53C) Model Age (kyn®  DOC (mM) CH3CO,~ (MMC) NH,™ (mM) Ca®" (mM) SO4% (mM)
HCDT.A5.0101 1.195 ~710+4 (—24.84) 6 6.24 0.054 1918 320
HCDT.A5.0361 1373 23 48.71 1.368 3.045 0.07
HCDT.A5.0384 1271 24 65.11 16.52 1.504 3.873 0.12
HCDT.A5.0437 1.261 28 81.18 19.50 1.696 4107 0.18
HCDT.A5.0511 1.251 32 95.92 2151 1.788 5255 0.94
HCDT.A5.0545 1.248 35 4988 10.99 1.072 25582 027
HCDT.A5.0585 1.26 37 3322 8.83 0.664 2.006 0.07
HCDT.A5.0627 1273 —994 +32 (—28.83) 40 29.48 5.60 0513 1.502 0.06
HCDT.A5.0660 1.251 42 3272 8.10 0573 1657 0.15
HCDT.A6.0151 1173 10 0.004 1412 0.03
HCDT.A6.1322 1.495 84 124.81 4483 5.026 0.52
HCDT.A6.1380 1.502 87 129.14 29.96 3.767 5379 035
HCDT.A6.1500 1497 95 7244 16.58 2.182 3.055 027
HCDT.A6.1560 1.379 99 51.71 1424 0.895 1.799 0.14
HCDT.A6.1594 1.551 —992+32 (—26.15) 101 37.05 5.66 0383 1.271 0.20
HCDT.A6.1762 1271 112 416 038 0.04 0529 0.11
HCDT.A9.0035 1.163 2 8.16 0.016 1325
HCDT.A9.0055 1.168 3 5.00 0.045 1922
HCDT.A9.0102 1182 —638+4 (—26.96) 6 408 0.045 2529
HCDT.A9.1102 1322 70 64.53 10.66 1.465 3574 0.18
HCDT.A9.1130 1.297 —989 + 37 (—26.55) 72 22.90 322 1115 1482 0.15
HCDT.A9.1237 1.386 78 4538 8.26 2275 1477 0.00
HCDT.A9.1315% 1.468 83 4155 6.62 2249 1.803 0.14
HCDT.A9.1399 1.366 89 3031 1.66 0.781 1213 137
HCDT.A9.1695 1.366 107 59.28 14.50 1174 2375 024
HCDT.A9.1715 1.716 109 61.87 14.73 1.253 2.801 0.20
HCDT.A9.1770 1.703 —991 + 28 (—28.81) 112 65.78 15.37 1.379 2973 0.16
HCDT.A9.1849 1.529 117 80.77 19.81 1.575 3.168 0.22
HCDT.A9.1879 1.594 119 7752 16.98 1.429 2793 0.14
HCDT.A9.1924 1.772 122 56.79 12.38 1.071 1932
HCDT.A9.1956 1.904 124 106.16 22.16 1731 3.700
HCDT.A9.1977 1.768 125 51.46 952 0.981 1.814
HCDT.A9.2005 1655 127 49.79 9.05 0939 1.660
HCDT.A9.2050 1638 130 59.03 10.38 1.05 2.157
HCDT.A9.2069 1.589 131 61.87 10.91 0.953 2.164
HCDT.A9.2114 1.541 134 80.43 14.38 1.186 2712

@Sample names indicate location, core, and depth in centimeters, separated by decimal points.
Uranium activity ratio uncertainties (20) of 0.003 to 0.078.

“Radiocarbon results are the mean of two analyses (separate aliquots from same core section) for A6.1594 and A9.1770.
Estimated ages using linear fit for the relationship between mean model age and depth in all cores but A2 [Ewing et al., 2015].

concentration (Figure 2, top (inset)). Decreased SUVA,s4 and absorbance values have been observed in sur-
face waters of central Alaska over the last decade [O'Donnell et al., 2012, 2014] and may indicate an increasing
base flow contribution of low molecular weight DOC derived from deep yedoma via subsurface flow paths,
for example, along thawing ice wedge networks at depth [Koch et al., 2013b].

Acetate is a central intermediate in organic matter degradation and a precursor of methane formation
[Hddrich et al., 2012; Bridgham et al., 2013]. The presence of substantial acetate in these cores indicates anae-
robic decomposition via fermentation, as has been observed previously in northern bog and fen environ-
ments [Duddleston et al., 2002; Hddrich et al., 2012] but not in ice-rich mineral soils, such as yedoma. The
process of fermentation occurs under strongly reducing conditions as more energetically favored terminal
electron acceptors (i.e., 0, NO;~, and SO427) have been utilized, in a characteristic sequence dictated by
thermodynamics. This relationship can be directly observed along environmental gradients in conjunction
with increased levels of electron donors, namely, DOC and NH,* [Hedin et al., 1998]. Our observation of high
and correlated DOC and NH4* concentrations in yedoma thaw waters points to conditions conducive to rapid
DOC turnover upon thaw.
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Figure 2. Variation of acetate and ammonium with DOC in syngenetic
loess permafrost cores. (Top) The relationship of acetate to DOC (linear
fit shown in dark line) implies that roughly one in four DOC atoms is
present in acetate throughout 20 m of core in three locations. Inset:
Acetate decrease with increasing SUVA;,s4; line indicates linear fit. (Bottom)
Relationship of ammonium and DOC with line indicating linear fit. All linear
regressions performed using the Im package in R [RCoreTeam, 2012].

We estimated DOC production rates in
yedoma from our observed relationship
of DOC concentrations to (23*U/?38U)
values (Figure 3, top). By converting
DOC concentration to abundance or
stock (units of mmolm™2), as the pro-
duct of DOC concentrations and volu-
metric ice content of each sample, a
relationship of DOC abundance to
depth (Figure 3, bottom) and model
ages derived from wuranium activity
ratios can be derived. This relationship
is stronger for core A9 than for other
cores, suggesting a DOC production rate
of 12umolCm™2yr', and an acetate C
production rate of 3pumolCm~2y "
When all cores are considered together,
this rate generally increases with NH,*
concentration in intermediate cores
(A5 and A6). Using multiple linear
regression to empirically model DOC as
a function of uranium activity ratio
(time), NH,* and Ca®*, we were able to
explain 86% of the variability in DOC
concentration  within these cores
(Figure 4). These observations suggest
that DOC production is accompanied
by both microbial processes under
reducing conditions and by mineral dis-
solution. In addition, DOC production
may also be influenced by physical pro-
cesses that alter solute concentrations
in dynamic permafrost landscapes, as
suggested by DOC/CI ratios that both
increase and decrease with depth
(Figure 1) [Kokelj and Burn, 2003, 2005].
Elevated DOC/CI ratios in cores A4 and
A5 may relate to past thaw and refreez-
ing, which could have facilitated decom-
position to produce DOC and increased
DOC/Cl ratios in these cores. In general,
in situ transformation of organic C
appears to result in an increasing pool

of low molecular weight and potentially labile DOC produced from yedoma deposits as they age, in conjunc-
tion with development of reducing conditions. The oldest deposits may contain the largest pool of potentially
labile C, here totaling an estimated 11 kg acetate Cm™2 in 45 kg DOC m~2 over the upper 20 m of core A9.
This would suggest an age-dependent response to thaw that ties C dynamics to landscape evolution via
spatial pattern of thaw and transformation of hydrologic character such as development of preferential flow

paths dictated by ground ice structure [Koch et al., 2013b].

Acetate in surface waters and hyporheic settings can transform in hours to days [Hedin et al., 1998; Baker et al.,
1999; Payn et al., 2014], consistent with observed time scales of DOC biolability in permafrost environments
[Michaelson et al., 1998; Wickland et al., 2012; Elberling et al., 2013; Vonk et al., 2013; Mann et al., 2014; Spencer
et al., 2015]. Pathways of soil C turnover would depend on the degree to which thaw might sustain reducing
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150 1o A2 conditions or result in oxidizing condi-
gﬁg tions [Lawrence et al., 2015]. Poor drai-
A A6 E nage of yedoma deposits enhances
® A9 their resilience to thaw [O’'Donnell et al.,
® 2011a, 2011b] and sustains reducing
conditions in addition to promoting
the preservation of thermally protective
plant communities [Shur and Jorgenson,
2007]. In situ turnover with preservation
of reducing conditions may lead to
production and release of old C to the
®  A9: DOG = 85 x (FHUZB) — 82 atmosphere [Schuur et al, 2009].
) - b <0.001 Mobilization of old acetate and other

y A R2 =057 low molecular weight DOC from deep
, | | | | yedoma deposits can occur rapidly
1.0 1.2 14 1.6 1.8 2.0 through thermoerosional features such
234y/238Y activity ratio as retrogressive thaw slumps. More

effective drainage to surface waters
resulting from thermal erosion [Kokelj
et al, 2013; Malone et al., 2013] could
mix old C and inorganic solutes with
relatively young DOC along flow paths
® following thaw, and rapid degradation
of the older DOC can then limit the
observed "C age of the residual pool
[Spencer et al., 2015]. Recent work has
shown that with transport into streams
and rivers, ancient labile DOC is rapidly
lost, and apparent DOC '*C ages
become younger [Mann et al, 2015;
Spencer et al., 2015]. Recent biodegrada-
tion experiments utilizing DOC from
permafrost thaw streams in Siberia
showed that about half of thaw stream
DOC was consumed during short-term
incubations [Mann et al., 2015], consis-
Figure 3. Concentration and stock of thaw water DOC with time and ~ tent with similar recent experiments on
depth in syngenetic loess permafrost cores. (top) DOC concentrations in ~ yedoma samples [Drake et al., 2015].
core thaw waters increase with uranium activity ratios, and (bottom) DOC | imited observations of old DOC in
pool based on DOC concentration and sample ice content, with the linear

fit to depth in core A9. Lines indicate linear regressions using the Im
package in R [RCoreTeam, 2012].
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rivers seems to reflect the increased
biolability of old DOC from thawing
permafrost, as well as in-mixing of
substantial modern C in middle- to
higher-order rivers [Aiken et al,, 2014; O'Donnell et al,, 2014], masking the signal of permafrost thaw and potentially
increasing loads of DIC [Striegl et al., 2005]. Our results suggest that this signal should be evident from inorganic
solute characteristics like uranium activity ratios that are not subject to biological transformation.

The fate of DOC with permafrost thaw may also depend on the fate of the substantial inorganic N that we
observe in frozen yedoma cores, consistent with other observations of N release upon thaw in permafrost
environments [Bowden et al., 2008; Harms et al., 2014; Koch et al,, 2014] including yedoma thaw lakes
[Walter-Anthony et al., 2014]. This inorganic N could be converted to nitrate and exported or lost to denitrifi-
cation in streams [Mulholland et al., 2008]. While some fertilization experiments in permafrost settings have
indicated that inorganic N will facilitate decomposition and hence loss of C [Mack et al., 2004; Mann et al.,
2014], recent observations also note no significant effect of nutrient addition [Mann et al., 2015]. Our obser-
vation of high inorganic N in frozen yedoma permafrost on hillslopes, coupled with the observation of limited
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20 ¥ R2 = 0.857, p < 0.001 dent [Mann et al., 2015] and represents
model DOC = 58UAR + 12NH4 + 13Ca + 75 an important contributor to the charac-

ter of the positive warming feedback
resulting from permafrost thaw [Drake
et al,, 2015]. Here we present evidence
that this biolability is likely the result of
long-term anaerobiosis in the high-C,
low-oxygen circumstances of synge-
netic permafrost accumulated through
loess deposition over millennia. In rivers,
the signal of this thaw contribution is
likely to be lost over time scales of hours to days from the DOC pool under oxic conditions but preserved
in the signal provided by biologically nonlabile inorganic phases, such as dissolved uranium. We observed
substantial acetate C in ice-rich loess permafrost thaw waters, along with substantial NH,", in concentra-
tions that increased with permafrost age. The fate of this biolabile C will depend strongly upon the
conditions of permafrost thaw. Rapid turnover of biolabile DOC (>20% of the total pool) and transport
along newly established flow paths may help to explain increased DIC loads in surface waters draining
permafrost environments.

T T
0 20 40 60 80 100 120
observed DOC, mM

Figure 4. Modeled versus observed DOC in deep syngenetic loess perma-
frost cores. Results of multiple linear regression using UAR, NH,™", and ca?t
to explain DOC concentration. Regression performed using I m package in
R [RCoreTeam, 2012], with the resulting linear equation as shown, explaining
86% of the variation in DOC.
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