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Abstract
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Wildfires have produced black carbon (BC) since land plants emerged. Condensed aromatic compounds, a form of BC, have
accumulated to become a major component of the soil carbon pool. Condensed aromatics leach from soilsinto rivers, where they
are termed dissolved black carbon (DBC). The transport of DBC by riversto the sea is a major term in the global carbon and BC
cycles. To estimate Arctic river DBC export, 25 samples collected from the six largest Arctic rivers (Kolyma, Lena, Mackenzie, Ob’,
Yenisey and Yukon) were analyzed for dissolved organic carbon (DOC), colored dissolved organic matter (CDOM), and DBC. A simple,
linear regression between DOC and DBC indicated that DBC accounted for 8.9 + 0.3%DOC exported by Arctic rivers. To improve
upon this estimate, an optical proxy for DBC was developed based upon the linear correlation between DBC concentrations and
CDOM light absorption coefficients at 254 nm (a254). Relatively easy to measure a254 values were determined for 410 Arctic river
samples between 2004 and 2010. Each of these a254 values was converted to a DBC concentration based upon the linear
correlation, providing an extended record of DBC concentration. The extended DBC record was coupled with daily discharge data
from the six riversto estimate riverine DBC loads using the LOADEST modeling program. The six rivers studied cover 53%of the
pan-Arctic watershed and exported 1.5 + 0.1 million tons of DBC per year. Scaling up to the full area of the pan-Arctic watershed,
we estimate that Arctic rivers carry 2.8 + 0.3 million tons of DBC from land to the Arctic Ocean each year. This equates to ~8% of
Arctic river DOC export, slightly less than indicated by the simpler DBC vs DOC correlation-based estimate. Riverine discharge is
predicted to increase in a warmer Arctic. DBC export was positively correlated with river runoff, suggesting that the export of
soil BC to the Arctic Ocean is likely to increase as the Arctic warms.
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Abstract

Wildfires have produced black carbon (BC) since land plants emerged. Condensed aromatic

compounds, a form of BC, have accumulated to become a major component of the soil carbon

pool. Condensed aromatics leach from soils into rivers, where they are termecedissatk
carbon (DBC). The transport of DBC by rivers to the sea is a major term ifoba garbon and
BC cycles. To estimate Arctic river DBC export, 25 samples collected frosixdtergest Arctic
rivers (Kolyma, Lena, Mackenzie, Ob’, Yenisey and Yukon) were analyzed for didswlyanic
carbon (DOC), colored dissolved organic matter (CDOM), and DBC. A simple, liggasseon

between DOC and DBC indicated that DBC accounted for 8.9 £ 0.3% DOC exported by Arctic
rivers. To improve upon this estimate, an optical proxy for DBC was developed based upon the

linear correlation between DBC concentrations and CDOM light absorption coefficiedb4
nm (@zs4). Relatively easy to measuags, values were determined for 410 Arctic river samples
between 2004 and 2010. Each of thesgvalues was converted to a DBOnheentration based
upon the linear correlation, providing an extended record of DBC concentration. Tingegxte
DBC record was coupled with daily discharge data from the six rivers toagstriverine DBC
loads using the LOADEST modeling program. The six rivers studied cover 53% of the pan
Arctic watershed and exported 1.5 £ 0.1 million tons of DBC per year. Scaling up tol treéul
of the panArctic watershed, we estimate that Arctic rivers carry 2.8 + 0.3 million toBS8af
from land to the Arctic O@n each year. This equates to ~8% of Arctic river DOC export,
slightly less than indicated by the simpler DBC vs DOC correldiased estimate. Riverine
discharge is predicted to increase in a warmer Arctic. DBC export was plysttorrelated with
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river runoff, suggesting that the export of soil BC to the Arctic Ocean is likely teaseras the
Arctic warms.

1.Introduction

Fire occurs in nearly all terrestrial ecosystéBewman et al., 2009) and is on the increase in the
Arctic (Higuera et al., 20Q8lu et al., 2010)Black carbon (BC) refers tihermally altered

organic material and it comes in many for(Rerbes et al., 2006), ranging in chemistry from
minimally charredbiomoleculesNlyers - Pigg & al., 2015) to condensed aromatficsmed at

high temperaturefittmar, 2008) Once formed, condensed aromatics are ‘néfiactory within
soils, being preferentially preserved for hundreds to thousands of years (Sehahid2011).

This stability, together with the ubiquity of fire, has resulted in condensedacsrbeing
distributed throughout the world’s soils (Forbes et al., 2006;Guggenberger et al., 2008), where
they have accumulated to repnesapproximately 10% of the global soil carbon stddérg et

al., 2013). Wildfires have burned since the emergence of land plants 420 million years ago
(Bowman et al., 2009Without a significant loss term, condensed aromatics should have
accumulated to represent an even greater pool of soil carbon than currently ofigerved.
mobilization of soil condensed aromatics into solution and subsequent export by rivers to the
oceans is the main loss term identified to d&eggenberger et aR008Dittmar et al.,

2012a;Jaffé et al., 2013).

Once in solution, condensed aromatics are termed dissolved black carbon [DBar(
2008) and their export through rivers lirtke soil BC store to another major global carbon store,
that of dissolved organic carbon (DOC) in the oceans (Hansell, 2013). As in soils, DBC in the
oceans appears to be highly bio-refractory, based upandisnt apparemtidiocarbon age
(Ziolkowski and Druffel, 2010), and has accumulated to be major pool of global carbon (>12,000
Tg-C; Tg-C = 10? grams of carbon(Dittmar and Paeng, 2009)eBp sea hydrothermal systems
(Dittmar and Paeng, 2008nhd atmospheric depition (Jurado et al., 2008) have been proposed
as sources of oceanic DBBowever, rivers are currently the major identified source of DBC to
the ocean, delivang an estimated 26.5 Tg of DBC per year (Jaffé et al., 2013). Photo-
degradation by sunlight is the major identified sink for DBC (Stubbins et al., 2010;Stubbins et
al., 2012) However, at depth in the oceddBC behaves almost conservatively, suggesting
minimal losswhen light is not presenD{ttmar and Paeng, 2009y herefore, if DBC can reach
areas of deep water formation before being pleigraded, it may he essenceeburied in the
deep ocean.

In this manuscriptwe present data for DBC concentrations in major Arctic rivers and
estimate anmal export of DBC from Arctic soils to the Arctic Ocean. Whileerine inputs of
DOC to the Arctic Ocean are well constrainféldaymond et al., 2003pencer et al.,
2009Holmes et al., 20D2this is the firsestimate of DBC expotb the Arctic OceanlTo make
this estimate, weguantified DBC in depth andiofw integrated samples collected near the mouths
of the six largest Arctic riverander variable hydrological conditions (Figure 1; Kolyma, Lena,
Mackenzie, Ob’, Yenisey and Yukonjogether, thessix river watershed cover 53% of the
pantArctic watershedHolmes et al., 2002 Discharge varies markedly with seasonAirctic
rivers. In winter, November to April, theatershed and river surfaces are frozen subhtt
groundwater derived discharge dominates, and only 10 to 15% of the annual Arctic river DOC
load is exported during this six month perigtbimes et al., 2002 With the warmth of spring,
thawing winter snow and ice drive a massive discharge peak that is accomparnigghdst
annual DOC concentrations. As a consequence, typically 45 to 65% of the annuaD&¢€tic
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load is exported during May and June, the two months of the spring f(€&heghond et al.,
2007 Spencer et al., 2019olmes et al., 2012 After the intense spring freshet, the months from
July through October account for the remainder of the annual DOC export.

In the current study, DBC was quantified in 25 samples, collected over a broad range of
runoff values in 2009. We also determined the Naperian light absorption coefficient ofdcolore
DOM (aCDOM; m?), an optical property of DOM that is a good proxy for the aromatic
components of the DOM po@Weishaar et al., 20QStubbins et al., 2008pencer et al., 2009
including DBC (Stubbins et al., 2032aCDOM was determined for 410 samples spanning the
seasonal hydrographs of each rimadseven years (2004 to 2010he utility of aCDOM as a
proxy for DBC within Arctic rivers was confirmed and used within a LOADEST modelling
exercise talevelop a robuststimatefor DBC export to the Arctic Ocean.

2.Methods

2.1 Sample collection and processing

Sample sites for each river were as follows, Salekhard (Dbginka (Yenisey), Zhigansk
(Lena), Cherskiy (Kolyma), Pilot Station (Yukon) and Tsiigehtchic (MackénBRischarge data
(m® sec') was taken from the ArcticRIMS websithtt:/rims.unh.edu/data.shtjrfior nearby
gauging stations and converted to surface area normalized ruridéf(frsec’; Table S1). The
gauging stations and sampling locations are near the mouths of the caprgng 96% of the
six rivers combineavatershedirea (Figure 1; Table 1pepth integrated, flow weighted samples
were collected following US Geological Survey protocbltered through precleaned capsules
(0.45 um; Geotech), placed in aegbaked Nalgene polycarbonate bottles and frozen until
further processingHolmes et al., 2012).

2.2 Dissolved organic carbon concentrations

Aliquots of sample were transferred to qm@mbusted 40 mL glass vials, acidified to pH 2
(hydrochloric acigi and analyzed for nepurgable organic carbon using a Shimadzu TOC
VCPH analyzer fitted with a Shimadzu ASlautosampler. In addition to potassium hydrogen
phthalatestandards, aliquots of deep seawater reference material, Batch 10, {d@i#f&m the
Consensus Reference Material Project (CRM) were analyzed to check the predsacowaacy
of the DOC analyses. Analyses of the CRM deviated by <5% from the reported vailiestor
standards (41 to 44M-DOC; http://lyyy.rsmas.miami.edu/groups/biogeochem/Tablel).htm
Routine minimum detection limits in the investigasolaboratory using the above configuration
are 2.8+0.3uM-C and standard errors are typically 1.7+0.5% of the DOC concentration
(Stubbins and Dittmar, 2012).

2.3 Colored dissolved organic matter Naperian light absorption

Sample was placed in a 1 cm quartz absorbance cell situated in the light pafkgdéan
8453 ultravioletvisible spectrophotometer and sample CDOM absorbance spectra were recorded
from 190 to 800 nmUltrapure water (MilkiQ) provided a blak. Blank corrected absorbance
spectra were corrected for offsets due to scattering and instrumenbydsgtibtraction of the
average absorbance between 700 and 80Q(Stabbins et al., 20)1 Data output from the
spectrophotometer were in the form of dimensionless absorbance (i.e. opticgl, d@D$iand
were subsequently converted to the Napierian absorption coeffaignt) (Hu et al., 2002).

2.4 Dissolved black carbon concentration and quality
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Freeze dried river water samples were analyzed for MEBC was determined at the
molecularevel via the benzenepolycarboxylic acid (BPCA) method as descril§Bdttimar,
2008) and with modifications following (Stubbins et al., 2012prief, ~2 umol of freeze dried
DOC wastransferred into pre-combusted (400°C, 4 hours) 1 mL glass ampoules, and then
redissolved in 500 pL of nitric acid (65%). The ampoules were sealed and heated to 170°C in a
stainless steel pressure bomb inside mafigrfor 9 hours. After the ampoules cooled, 450 uL
wastransferred into 1 mL maximum recovery vials (Waters). The nitric acid vegoeated in a
centrifugal evaporator (RVC-B8, Christ, Germany) and the samples were redissolved in 100 puL
of phosphate buffer solution (blPO, and NaHPO, each 5 mM in ultrapure water, buffered pH
7.2). BPCAs were determined on a Waters ACQUITY UPLC (Ultra Performaquel
Chromatography) system composed of a binary solvent manager, a samplernzaocalgenn
manager and photodiode array light absorbance detector (PDA e)). BPCAs were separated on a
Waters ACQUITY UPLC BEH C18 Column (2.1 x 150 mm, 1.7 um) with an aqueous phase /
methanol gradient. The aqueous phase consisted of a tetrabutylammonium bromide dolution (
mM, ACS quality) in phosphate buffer (PO, and NaHPO, each 5 mM in ultrapure water,
pH 7.2). The injection volume was 10 uL.. BPCAs were identified according to retention time
and absorbance spectra (220 to 380 nm). Quantification was performed using the absorption
signal at 240 nm and external calibration.

DBC concentrations were calculated from the detected BPCA concentrdtnengriginal
eguation to estimate DBi@ nM of carbon (nM-C), from the molar BPCA concentrations of each
BPCA (nM) (Dittmar, 2008 was:

[DBC] = 33.4([B6CAJ+[B5CA]+0.5[B4CA]+0.5[B3CA]) (1)

The factor of 33.4 is based upon a conservative estimate of the average number of C atoms
within DBC molecules identified by FICR MS in a variety of natural watefBittmar, 2008).
Note that the [DBC] is in nMC and the BPCA concentrations are reported in nM of each
molecule. Each BPCA is constituted of several C atoms. For instance, B6CA snitlad®Cs in
the aromatic ring, plus 6 carboxyl group (COOH) Cs. Therefore, the conveaston ¢f 33.4
represents a factor of approximately 3 on a carbon basis. This comparesitoithdd2.27 in
an early study that assessed the yield of BPCAs from solid chafGoader et al., 1998nd a
factor of 4 suggested for aquatic samgi&slkowski and Druffel, 2010;Ziolkowski et al.,
2011). Under certain oxidation conditions the nitric acid oxidation of BC to BPCAs ddn yie
nitrated analogs of the BPCAs that are not quantified here, but do constitute paiDBfhe
pool (Ziolkowski et al., 2011). Thus, the total DBC concentrations reported here represent a
conservative estimate of total DBC in aquatic systems given that the siomviaictor was lower
than used elsewhere anilratedBPCAs were not included in the analysis.

The method used here as originally presented utilized each of the BPCAs latealcu
[DBC] via equation 1 (Dittmar, 2008). Although B3CAs were reported to be stable at 170°C
(Dittmar, 2008) subsequent experience suggests that recoveriedGA$Bare not always 100%
(Stubbins et al., 2012rurthermore1,2,4,5B4CA is the only B4CA that is commercially
available as a standard, prohibiting the confident conversion of the absorption sgttahan
for the other B4CAs to quantitieBherefore, as in previous study (Stubbins et al., 20,1®xal
DBC concentrations here were calculated directly from the robustly gedrB$5CA and B6CA
concentrations. An eé@nsive BPCA data set collected for the Southern Ocean (Dittmar and
Paeng, 2009), the Gulf of MexicBiftmar etal., 2012b) and other regions (unpublished) was
used to develop a power-function relationship (R = 0.998, n = 351, p <OR@Qfgeon Data
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SheetS]) to predict the concentration of DBC from the sum of the quantitatively dominant and
robustly quantified BSCA and B6CA. This extrapolation reduced the analyticalrarrge of
replicate analysis for the calculation of total DBC within the model dataset to Bécand
provided a method to compare the data reported here with the total DBC concentegtidesd r
elsewheréDittmar, 2008;Dittmar and Paeng, 20D&tmar et al., 2012a;Jaffé et al., 2013).

Given the differences in oxidation conditions and conversion factors applied in the
literature, we also report the concentrations of the individual BPCAs to enalparson with
other datasets (Tab&l).

3. Results

The six rivers were sampled at variable discharge (T&hleConcentrations dDOC
ranged fron2.6 to 17.5 mgE L, andayss from 12 to 148 nl. Concentrations of each BPCA
guantified are listeth TableS1. BSCA was the most abundant BPCA and total DBC
concentrations ranged from 0.14 to 1.51 @&~ Changes in the quality of DBC being
exported were also evident, with the BECA:B5CA ratio ranging from 0.16 to 0.43 §3ble
DBC loads on days vém DBC concentrations were measured (i.e. DBC concentration x daily
discharge) varied from P6 to 194.5%g sec' (TableS1). Within each river, the concentrations
and loads of DBC were highest during peak discharge.

4.Discussion

4.1 Dissolved black carbon concentrations

DBC concentrations varied by over an order of magnitude, from 0.14 to 1.%1 Iritg-
(TableS1). For comparison, reported DBC concentrations ranged from 0.002 to 2.Z7Lrhip
global rivers Jaffé et al., 2013and from 0.02 to 0.88 m@-L™ in a small Arctic stream
(Guggenberger et al., 2008). Upper limits to the concentrations of highlgtbieforms of
thermogenic DOC have been estimated in the Siberian rivers studied here based upon
concentrations of levoglucosakyers-Pigg et al., 2015). These highly dabile forms of
thermogenic contribute up to 0.1 to 0.3 @d-" to the DOC pool at the sites studied here (data
from 2004-2006)Nlyers-Pigg et al., 2015).

Previous work in the Arctic has demonstrated a strong link between DOC concentration
and river hydrology. Early in the year, under ice flow cannot access the origanseasonally
thawedsoil layer. Consequently, DOC concentrations in the river are low and sourced from
groundwater TableS1) (Holmes et al., 2012)n the spring, soils and waterways thaw, and the
spring freshet inundates thatershedDOC concentrations reach maxima during this flushing
event and subsequently decline as water levelgHallmes et al., 2012). For DBC, the same
trend of high concentration at high flow, is apparent in the regression of DBC conoestrati
versus runoffWatershedrea normalized discharge? km? sec¢'; TableS1), which reveals a
significant linear correlatioacross the 6 rivers studied (Figure 2&;9R0.63; n = 25; p
<0.0001).

Plots of solute concentration versus runoff are used in hydrological studiesitniza
about potential solute sources and the mechanisms conttbkimgxport (Evans and Davies,
1998) The simplest interpretation of the linear correlation between DBC and runoffes dioé
conservative mixing of only two sources. In the Paraiba do Sul River, Brazitjouasian DBC
concentrations with hydrologyereexplained by a simple two endmembevdal, with low
DBC concentrations in groundwater under base flow conditions mixing with inputs of,Higher
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constant DBC concentration waters from active soil layers as discharge eddi@itsnar et al.,
2012a) In Arcticrivers the relationship between hydrology dDHC concentration also
indicates thain the winter, when thevatershed are frozen and discharge at a minimum, rivers
aredominated by inputs from groundwater with low DBC. As runoff increases in the speng, t
hydrological pathway incorporates soil active layers, which are rich in oggamituding
solubleBC (Guggenberger et al., 2008).

The lack of a plateau at high runoff in the current dataseti@®@A) suggests that if runoff
were to increase, then DBC concentrations would also continue to increase, leadaajen
DBC export.Eurasian Arctic river discharge has increa@geterson et al., 2002). Modelling
studies predict that runoff will increagtheras the Arctic varms in the future, with the
greatest increases occurring as an amplification of the spring f(estmeYliet et al., 2013)If
these models are correct, Figure 2A suggests DBC exports will also inevéhgsbe spring
freshet cotributing evermore to annual DBC loads. Thus, both the magnitude and the timing of
DBC delivery to the Arctic Ocean alieble to change in the future.

4.2 Dissolved black carbon quality

The molecular BPCA method as applied here quantifies broad cld4€3BE€ axidation
products, each with a different number of carboxylic groups (Dittmar, 2008%e are the:
benzeneTRIcarboxylic acids (B3); benzeneTETRAcarboxylic acids (B4);
benzenePENTAcarboxylical (B5); and, benzeneHEXAcarboxylic acid (B6). Each of these
BPCAs provides structural information about DBC. B6 is indicative of highly condensed
aromatics, whereas the benzene products with lower numbers of carboxyliwisgate
indicative of moleales with smaller numbers of condensed rings at their Smtengider et al.,
2010). As B6 and B5 were timeostrobustly quantified BPCAs, only the ratios of these two
BPCAs are reported:he B6:B5 ratio providesan index, where higher values indicgteater
levels of the most condensed forms of DBC (Stubbins et al., 2012). B6:B5 ratios have been
reported for Little Grawijka Creek, a small Arctic streamatershecarea 0.44 kA)
(Guggenberger et al., 2008)thin thewatershef the Yenisei River (watershedea 2.54x10
km? Table 1). Comparison of B6:B5 values for the 6 large Arctic rivers (0.16 to 0.43;9Bble
to values in the Little Grawijka Creek (0.30 to 0.65) (Guggenberger et al., 2008) supgest
DBC within the mainstems of the large Arctic rivers may be less condensedBi@am Rittle
Grawijka Creek, and possibly oth&rctic headwaters.

In the Siberian rivers (Kolyma, Lena, Ob’ and Yenisey), there was disagtticorrelation
between B6:B5 ahrunoff (Figure 2B). The logarithmic fit indicates that at low flow, these
Siberian rivers are dominated by water from a source with low concentratiDiC (Figure
2A) andthat the DBC in this watas less condensed than the DBC exported at high runoff
(Figure 2B) The B6:B5 ratio then approaches a plateau at high runoff, where the value reached
at the plateau can be considered the B6:B5 ratio of a putative high runoff, high DBC
concentration endmember derived from the soil active layer. The logaritiita the data
(Figure 2B caption) suggests this endmember would have a B6:B5 ratio of 0.63, amdare si
to the highest B6:B5 ratio observed at peak discharge during the spring ekhet.ittle
Grawijka Creek (0.65) (Guggenberger et al., 2008).

Although future work is required to determine the source of DBC to Arctic rivetisei
current study, both the concentrations (fFfeR2A) and the degree of DBC condensation (Figure
2B) were elevated in the Siberian rivers during high flow, suggesting a saiestius unclear
why this trend in B6:B5 was not apparent in the Yukon and Mackenzie Rivers of Northern
America. The significantly higher sedintdoads and associated sorption reactions in the North
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American river§Holmes et al., 2012) may differentiate their B6:B5 ratios from those observed
in the sednentpoor Siberian rivers. Within the Mackenzie, B6:B5 ratios may also be influenced
by inputs from petrogenic sources (Yunker et al., 2002). More data is required tohesdy t
trends and, once verified, to seek mechanistic explanations.

4.3 Estimating dissolved black carbon export from dissolved organic carbon

DBC and DOC concentrations were correlateti£®.96; Figure 3A). Previous work has
reported similar correlations between total DOC and DBC concentratidma wters. For
instance, Jaffet al.(2013) conducted an assessment including 109 DBC concentrations for
rivers diverse in stream order and latitude, including seasonally averagesl fealire DBC
valuesof the 6 Arctic rivers studied here (i.e. data for each of the 25 sampleseahhgre were
not presented in Jaffe et al. (2013), only their averages on dxnrerer basis) As in the
current studythe intercept of the slope between DBC and DOC was statistically
indistinguishable from zero (current study intercept = —0.019 + 0.036 Y- Therefore, Jaffe
et al. (2013) interpreted the slope of the linear regression to approximate the glokadgexl/
contribution of DBC to riverine DOC concentrations. For their dataset, DBC wamt= to
account for 10.5+0.7% of global DOC exports. Following the same approach, referémee t
slope in Figure 3A indicates that DBC constitutes 8.9+0.3% of Arctic river D@G.sliggests
Arctic river DOC is slightly depleted in DBC relative to rivers globally, tHolagger datasets
for both global and Arctic rivers are required to strengthen this conclusionetlaffé2012)
usedthe percentage contribution of DBCrteerine DOC concentrationsind a global DOC load
of 250 TgC yr* (Hedges et al., 1997) estimatehat26.5 + 0.8 TgE yr' of DBC is exported to
the oceans each ye@m analogous calculation based upon an Arctic DOC load of 32 ¥ig-
(Holmes et al., 20129nd the DBC percentage for Arctic rivelesads to an estimatéaBC
export byArctic riversof 3.0 + 0.1 TgE yr™.

4.4 Refining estimates of dissolved black carbon export using CDOM

The above correlations between DOC and DBC provide a method of converting between
relatively common DOC loads and rarer, more analytically challenging nesasnts of DBC
However when looking for a proxy of aromatic carbon componeé@3OM measurementsfer
even greater potential. First of all, light absorption by CDOM provides a relmstical proxy
for aromatic DOM components in Arctic rivefSpencer et al., 2009) and model systems
(Weishaar et al., 2003;Stubbins et al., 2008), including DBC concentrations in a photochemical
degradation experiment (Stubbins et al., 2012). Second, mea&DOM issimpler and
cheapethan measuring DOC. Finally, estimates of CDOM can be made in situ with in wate
spectrophotometers (Spencer et al., 2007;Tait et al., 20@5om space, using satellite remote
sensing of water coldGriffin et al., 2011). To determine if CDOM could provide a robust
proxy for DBC in Arctic rivers, a series of linear regressions were peeidbetween DBC
concentration and CDOM light absorptiahwavelengthérom 250 to 600 nm. Plotting the
resultant correlation valueR) for the linear regressions against wavelength revealed which
wavelengths provided the most robust proxies for DBC concentration (Figure 3B)s Yl
peaked R = 0.986) around 254 nmwavelength long used to estimate the relative aromatic
content of DOM (Weishaar et al., 2008}. longer wavelengths, R declined gradually to 0.971 at
412 nm and 0.905 at 500 nm, before dropping more raptdhcreasing wavelengtiiBigure
3B). The robust correlation at 412 nm is encouraging for those wishing to resneee3BC
from space, as estimates of CDOM at 412 nm can be retrieved from SeaWiFS
(http://oceancolor.gsfc.nasa.gov/SeaWiFS) and MODIS (http://modisigsécgov) satellites.
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In the current study, the equatiohthe linear regression between DBC and CDIigjt
absorption at 254 nnags4) was used as a proxy to estimate DBC concentratiwresach of the
410 sampleanalyzedor CDOM (Figure 3C) This increased the temporal extent and resolution
of our DBC dataset from 25 samples over 1 year to 410 samples over 7 years. Under ice
sampling for CDOM was limited as it is logistically challenging. Where dataeyaeeding one
month occurred, the average under ice CDOM for each river was used to estimate winter
concentrations of DBC for the modelling exercise below. This is unlikely to havécagtly
altered estimates of DBC export as under ice DOC concentration and water @istiedoyv
and contribute minimally to annual Arctic river discharge and DOC loads (Hatas 2012).

4.5 LOADEST mode estimates of daily dissolved black carbon loads

The goal of the current study was to develop a continuous recorded of DBC export for each
river across 7 years. To achieve this, daily discharge values for eaclalovney with the 410
CDOM derived DBC concentrations, were entered into a hydrologicaklstadatingmodel
(LOADEST using predefined regression model 4; http://water.usgs.govésefinadest)

(Runkel et al., 2004p determine daily ahannual DBC loads. The predefined model 4 was
chosen as it provides robust estimates of DOC export for Arctic rivers ancble gmaresultant
DBC loads to be compared directly to previous estimates of DOC loads made usimgehe sa
model (Holmes et al., 2012). Output from the model provides estimated daily loads for DBC
across the 7 years of hydrological data. To assess model performanciéearaally loads were
compared to daily loads calculated for the 25 days when DBC samples wectecblOn these
days, DBC loads were calculated as DBC concentration multiplied by measscharge at the
gauging station (Tablg1). The hydrograph together with predicted and measured DBC loads for
the LenaRiver are presented in Figure 4. Visual inspection indicates the model matches
calculated dataConsidering data for all rivers, the mean absolute error between modelled and
calculated DBC loads was 11%. A two comporemar regression (R= 0.987; p < 0.0001) of
modelled versus calculated DBC loads yielded a slope of 0.999 + 0.02 (p < 0.0001) and intercept
of 0.11 + 0.11 (p = 0.3489). The interceys insignificantly differenfrom zero Forcing the

slope through zero yielded a slope of 1.01 + 0.02<R.987; p < 0.0001; Figure 5). That the

slope of the regression was insignificantly different from ufaigy 1)indicates that use 0254

as a proxy for DBC and the assumptions of the LOADEST model provided atgtinaeity

robust estimate of daily DBC loads.

Gauging stations were near the mouths of the rivers, capturing from 82 to 100 % of each
individual river’s discharge, and 96% of the six rivers’ combined discharge (Tafle 1
determine DBC loads (G@ yr™) for the entirety of the rivevatershes, the DBC vields (G
km yr) for the gauged river areas were extrapolated to the total rivefTaiele1). The same
modeling exercise was repeated for each BPCA quantfimaiial export of each BPCA to the
Arctic Oceans presented in the Supplemental Informatibables S2A-D).Below we focus
upon the total DBC flux estimates.

The annual DBC load for the six rivers ranged frommniiion tons per yeain 2004 and
2010 to 1.7million tons per yeain 2007.Interannual variations in DBC loads were greater than
interannual variation in discharge, highlighting how variations in discharge amaiitions in
the export of dissolved organics (compare Table 1 and Table 2). The greatéstyg=a
variationwas dserved in the Kolyma (33% st. dev.) and the Yukon (27% st. dev.) Rivers while
the Yenisey River (5% st. dev.) showed the lowest interannual variation in loadsZ).dlie
majority of thetrend ininterannual variability irDBC loadsbetween rivers stesnfromtheir
trends in interannual variability in discharge, which is also greatest in the EH{@@%)and



354 minimal in the Yenisey Rived%) (Table 1). However, interannual variability in the Yukon

355 River discharge was only 12%, suggesting that Yukon RN export is particularly sensitive
356 to discharge variation. The average annual DBC load for the six rivers was 1.5 + @1 toiib
357  per year (Table 2). This translates to an average areal yiel@af 13 kg-C knf yr*, a DBC

358 vyield similar to that dermined for a tundra forestatershedn Northern Siberia (100 kg-C Km
359 yr) (Guggenberger et al., 2008), but more than double that of the Paraiba do Sul which drains
360 an area of intense slasind-burn land clearing in BrazD{ttmar et al., 2012a

361 The gauged area of the six rivers studied covered 10.8 knfr 53% of the pan-

362 Arctic watershed (Figre 1). A panArctic DBC load of 28 + 0.25 million tons per yeavas

363 estimated assuming DBC yields to be the same in the sampled and unsamptetsfodidhie

364 panArctic watershedRiverine export of particulate BC has been presented for the six rivers
365 studied here (EImquist et al., 20@@pble2). This estimate of particulate Bfdads EImquist et
366 al., 2008wasmade using the chemothermic oxidation (CTO) methodavert estimateBC in

367 organic rich samples such as particulate organic matter saffpllesnes et al., 2007).

368 Therefore, the particulate BC fluxes should be considered an upgesr an over estimate of
369 true loadsDespite the potential for the particulate BC to be an overestimateathef DBC

370 from the six rivers is eight times that of particulate B@bleZ2). This makesiverine DBC

371 export the largest quantified term € removalfrom the panArctic watershed, suggesting that
372 DBC export plays a major role in the Arctic storage of B@ll This appears to be true elsewhere
373 inthe world. For instance, estimated DBC export by a tropical river in Braall ggréater than
374 contemporary BC production in the watershed (Dittmar et al., 2012a).

375 Comparing DBC export to total organic carbon fluxes reveals that DBC congribute
376 approximately 8% of DOC export (Holmes et al., 2012), which is slightly less than the@B.9%
377 DOC estimated using the linear correlation between DBC and DOC (Figure 38 )lukhi

378 equates to 36% of total particulate organic carbon (POC) export from the ssxstiveied $tein
379 and MacDonald, 2004)rable 3. The export and burial of terrestrial POC in ocean marg a
380 significant longterm carbon sink (Blair and Aller, 2012). By analogy, if DBC is also locked
381 away in the marine environment, riverine DBC export represents a translocatsfracfory

382 carbon from one store to another. If however, O8@bile within the ocean, the once refractory
383 carbon stored ithesoil black carbon poalill re-enter the contemporary carbon cycle. As DBC
384 is refractory in the deep oceéittmar and Paeng, 2009;Ziolkowski and Druffel, 2Q 3@\

385 highly labile when exposed to sunlight (Stubbins et al., 2010;Stubbins et al., 2012), the

386 efficiency of carbon translocation from soil to ocean stores may be sttangrctic waters

387 where it has been demonstrated that aifsogumt fraction of other terrestrially derived, photo-
388 labile aromatics survive transport to the major regions of North Atlantic Deégr Ydamation

389 (Benrer et al., 2005). Therefore, although Arctic rivers contribute 11% of thexihidn tons

390 per year of DBQlelivered to the oceans globally (Jaffé et al., 2013), their relative contribution to
391 the global deep ocean store of DB@aentiallymuch higher. The Arctic rivers alone would
392 replenish the global marine pool of DBC (>BgC) (Dittmar and Paeng, 2009) in

393 approximately 4,300 year$his initial estimate is considerably shorter thanapparent age of
394 DBC in the open ocean (Ziolokowski and Druffel, 2010) suggestinghticit river DBC export
395 and subsequent entrainment into the abyssal ocean at points of deep water formation could
396 provide thesingle most importamathway of DBC delivey to the deep ocean.

397 5.Conclusions
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Today, the DBC mediated transferB€ from the land to the oceans is a major term in
the Arctic carbon cycldn terms of continued research, measurement of photo-labile, but bio-
refractory thermogenic DOM, i.e. DBC quantified as BPCAs, and highl{abite thermogenic
DOM gquantified via levoglucosan offer an intriguing dual tracer approach tesdabsegynamics
of thermogenic DOM within aquatic systefidyers-Pigg, 2015 #2367}Optical measurements
of absorbance, including at 412 nm, a wavelength amenable to remote sensing, provide robust
proxies for DBC concentrations in Arctic rivers that should enable us to resolve &tiambr
spatial patterns in DBC cyclingooking to the futuref the Arctig Arctic warming is set to
continue at rates exceeding global average temperature increases, leadinguongaen
perturbations in the Arctic which are likely to increase the production and export of BC
Warming and associated changes to the water cycle appear to be igcteasmwildfire
frequency(Higuera et al., 2008;Hu et al., 2010), potentially increasing BC production. Arctic
soils store the largest pool of organic carbon on the planet (Gruber et al.,2084ging
climate in the Arctic is increasimger water dischargéPeterson et al., 2002an Vliet et al.,
2013). Increasing runoftill likely increaseDBC export(Figure 2). Thereforeijt is likely that
the transfer ofBC from Arctic soils to the deep ocean will accelerate. Measurements of CDOM
light absorption for discrete water samplesingin situ spectrophotaeters, or via remote
sensing techniques could provide an effective way of monitoring future DBC fluxes to the
Arctic, so long as periodic checks are made to test the continuing veracitylioetdraegression
presented here (FiguB£). The eventual fate of exported DBC in the Arctic and global ocean
will influence the sign and degree of climai@on cycle feedbacks. If exported DBEC
effectively photodegraded in ocean surface waters, its carbon will likely enter the atmospheric
CO; pool. However, if exported Arctic DBf2aches areas of deep water formation around
Greenland, it will be reburied, not in the soils of the Arctic, but the deep watersgidtizd
ocean.
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436  Figure 1. Map showing theis Arctic river watershedsampledThe red dots indicate the
437  sampling locations. Red line indicates the boundad/the grey fill the areaf the panArctic
438 Ocean watershe@ata points in all subsequent figures are colored to match thevatershed
439  colors here.

440 Figure 2. Panel A: Dissolved black carbon concentrations ([DBC]) ver sus runoff for

441  samplesfrom acrossthe hydrographs of thesix Arcticrivers. Black line represents the linear
442 regression of the datfdBC] mg-C L™ = 0359+ 21.94x runoff; Standard error of the intercept
443 = 0.075;Standard error aheslope = 3.48; R= 0.63; n = 25; p <0.0001Park grey represents
444  extent of the prediction of fit (95% confidence limit). Light grey represertent of prediction

445  of prediction (95% confidendamit). Panel B: Theratio of benzeneHEXAcarboxylic acid to

446  benzenePENT Acarboxylic acid (B6:B5) ver susrunoff for samples from acrossthe

447  hydrographsof thesix Arctic rivers. Data points from North American rivers are faded. Black
448 line represents thedarithmic regression of the data from the Siberian rivers (B6:B5 = 0.638 +
449  0.0683 In(runoff); Standard error of the intercept = 0.033; Standard error of the slope = 6.007; R
450 =0.84; p <0.0001; n=18).

451 Figure 3. Panel A: Dissolved black carbon concentration ([DBC]) versus dissolved organic

452  carbon concentration ([DOC]). Black line represents the linear regression of the data ([DBC] =
453 —0.019 + 0.88% [DOC]; Standard error of the intercept = 0.035; Standard error of the slope =

454  0.004; R =0.96; n = 25; p <0.0001Pane B: Plot of correlation coefficient (R) values for

455 linear regressions of [DBC] versus colored dissolved organic carbon Naperian light

456  absorption coefficients (aCDOM) ver sus wavelength. Panel C: [DBC] versusaCDOM at

457 254 nm (a254). Black line epresents the linear regression of the data ([DBC1640- 0.00942

458 x a254; Standard error of the intercept = 0.028; Standard error of the slope = 0.00036; R = 0.986;
459 R?=0.968; n = 25; p <0.0001).

460 Figure4. Discharge plus calculated and modeled dissolved black carbon (DBC) loads for

461 theLenaRiver between 2004 and 2010. Loads calculated from measured DBC were calculated
462  as discharge on the day DBC was sampled multiplied by the meaBB€{l(n = 5). Loads

463 calculated based upon colored dissolved orgawaitter (CDOM) derived DBC were calculated
464  discharge on the days CDOM was sampled multiplieddBd] estimated from CDOM

465 absorbance and the slope of the linear regression in Figure 3C (n = 132). LOADES@&dmodel
466 loads were estimatl using the LOADEST load model with daily discharge and CDOM based
467 estimates ofDBC] as input data (n = 2557).

468 Figure5. LOADEST modeled dissolved black carbon (DBC) loads ver susloads calculated

469 from measured [DBC] and discharge on the day of sampling. Black line represents the zero
470 interceptlinear regression of the data. When the fit was not constrained, the interceitwas
471  significantly different from zero (@1 + 0.11 p = 0.35). Therefore, the intercept was constrained
472  to zero and the fit on the graph has the following patars LOADEST modeled loaé Load

473 calculated from measured [DB®]1.012 R* = 0.987 Standard error of the slope = 0.019; p

474  <0.0001; n = 25).

475
476
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477  Table 1. Discharge gauging stations and water shed char acteristics.

478
River /Watershed Kolyma Lena  Mackenzie Oob’ Yenisey  Yukon
N , Pilot
Discharge gauging station Kolymskoye Kyusyur Tsiigehtchic Salekhard Igarka Station
Area (16 km? at gauged 0.53 2.43 1.68 2.99 2.4 0.83
Area (16 km?) total 0.65 2.46 1.78 2.99 2.54 0.83
% Area captured 82% 99% 94% 100% 94% 100%
Discharge (kmyear') gauged 111 581 298 427 636 208
Discharge (kmyear') total 136 588 316 427 673 208
Interannual variation in 0 0 0 0 0 0
discharge (St. Dev.) 20% 9% 10% 15% 4% 12%
Runoff (mm year') 166 240 177 143 259 248

479
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Table 2. Average issolved black carbon (DBC) logdgelds and interannuahriationin both
for the six rivers studied and for the pArctic watershed, plus literature values fioe rivers’

dissolved organic carbon (DOC) (Holmes et al., 20pajticulate organic carbon (POGtein
and MacDonald, 2004) and particulate black carbon (PB)duist et al., 2008) loads.

River/ DBCload DBCyield 'Merannual noei004 PBCload  POC load

Watershed (GgC yrl) (kg-C kmizyrl) Vanaton —ocvrly (GgcCyrl) (Ggc yrh)

(St. Dev.)
Kolyma 62420 116+38 33% 818 24 310
lena 55068 226+28 16% 5,681 36 1,200
Mackenzie  129+20 77412 12% 1,377 99 2,100
ob' 262+44 87+15 17% 4,119 18 360
Yenisey  402+19 167+8 5% 4,645 10 170
Yukon ~ 102+28 123+34 27% 1,472 11 12
Jomlior 5064133 138+13 i 18,109 188 4,152
PanArctic  2,842+250 i i 34,042 i i

14



490 References

491
492  Benner, R., Louchouarn, P., and Amon, R.M. (2005). Terrigenous\diglsoiganic matter in the Arctic Ocean and
493 its transport to surface and deep waters of the North AtldBlidal Biogeochemical Cycld®.

494  Blair, N.E., and Aller, R.C. (2012). The fate of terrestrial organic carboreimtrine environmenfnnual Review
495 of Marine Sciencd, 401-423.
496 Bowman, D.M.J.S., Balch, J.K., Artaxo, P., Bond, W.J., Carlson, J.M., Cochrane, NaAtomo, C.M., Defries,

497 R.S, Doyle, J.C., Harrison, S.P., Johnston, F.H., Keeley, J.E., Krawchuk, M.A., Kull, @a#ston, J.B.,
498 Moritz, M.A., Prentice, I.C., Roos, C.I., Scott, A.C., Swetnam, T.W., Van Der Werf, @& Pyne, S.J.
499 (2009). Fire in the earth systeBrience324, 481-484.

500 Dittmar, T. (2008). The molecular level determination of black canbandrine dissolved organic matt@rganic
501 Geochemistng9, 396-407.

502 Dittmar, T., De Rezende, C.E., Manecki, M., Niggemann, J., Coelho Ovalle, AuBbiiss, A., and Bernarde
503 M.C. (2012a). Continuous flux of dissolved black carbon from a vanished trémieat biomeNature
504 Geosciencd, 618622.

505 Dittmar, T., and Paeng, J. (2009). A hestuced molecular signature in marine dissolved organic mbli¢ure
506 Geoscience, 175-179.

507 Dittmar, T., Paeng, J., Gihring, T.M., Suryaputra, I.G., and Huettel, M. (20D&zharge of dissolved black

508 carbon from a fireaffected intertidal systemhimnology and Oceanograpt®y, 1171-1181.

509  Elmquist, M., Semiletov, I., Guo, L., and Gussdn, O. (2008). Pa#rctic patterns in black carbon sources and
510 fluvial discharges deduced from radiocarbon and PAH source apportibmmagters in estuarine surface
511 sedimentsGlobal Biogeochemical Cycl&.

512 Evans, C., and Davies, T.D. (1998). Causesootentration/discharge hysteresis and its potential as a tool for
513 analysis of episode hydrochemistWyater Resources Resear®y 129-137.

514  Forbes, M.S., Raison, R.J., and Skjemstad, J.O. (2006). Formaticfotraation and transport of black carbon
515 (charcoal) in terrestrial and aquatic ecosyste®egence of the Total Environmein0, 190-206.

516  Glaser, B., Haumaier, L., Guggenberger, G., and Zech, W. (1998). Black ¢arduils: The use of

517 benzenecarboxylic acids as specific mark@rgianic Geochemisy 29, 811-819.

518  Giriffin, C.G., Frey, K.E., Rogan, J., and Holmes, R.M. (20$pptial and interannual variability of dissolved
519 organic matter in the Kolyma River, East Siberia, observed using saitelligeryJournal of Geophysical
520 Research: Biogeosaiees (20052012)116.

521  Grube, N., Friedlingstein, P., Field, C.B., Valentini, R., Heimann, M., Richey, J.Bkd@ P.R., Schulze, 8.,
522 and Chen, CT.A. (2004). The vulnerability of the carbon cycle in the 21st centunyagsessment of
523 carbonclimatehuman interactionsScopeScientific committee on problems of the environment

524 international council of scientific unior@?, 45-76.

525  Guggenberger, G., Rodionov, A., Shibistova, O., Grabe, M., Kasansky, Qchs,FH., Mikheyeva, N.,

526 Zrazhevskaya, G., and Flessa, H. (2008). Storademmbility of black carbon in permafrost soils of the
527 forest tundra ecotone in Northern Sibe@obal Change Biolog{4, 13671381.

528 Hammes, K., Schmidt, M.W.I., Smernik, R.J., Currie, L.A., Ball, W.P., Nguydih, Touchouarn, P., Houel, S.,
529 GustafssonO., Elmquist, M., Cornelissen, G., Skjemstad, J.O., Masiello, C.A., Song, J,. FReNlitra,
530 S., Dunn, J.C., Hatcher, P.G., Hockaday, W.C., Smith, D.M., Hartkajfer, C., B6hmer, A., Luer, B.,
531 Huebert, B.J., Amelung, W., Brodowski, S., Huang, L., Zhang, W., Gschwend, PokésEErvantes,
532 D.X., Largeau, C., Rouzaud, J.N., Rumpel, C., Guggenberger, G., Kaiser, konRadh., Gonzale¥/ila,
533 F.J., GonzalePerez, J.S., De La Rosa, J.M., Manning, D.a.C., L&@mzl, E., and Ding, L. (2007).
534 Comparson of quantification methods to measure-fiegived (blackelemental) carbon in soils and

535 sediments using reference materials from soil, water, sedimertt@athtosphere&lobal Biogeochemical
536 Cycles21.

537 Hansell, D.A. (2013). Recalcitrant dissolved organic carbon fracthomsual Review of Marine Sciensg421-445.
538 Hedges, J., Kell, R., and Benner, R. (1997). What happens to terragfaiaicomatter in the ocea@ganic

539 geochemistr27, 195212.

540 Higuera, P.E., Brubaker, L.B., Anderson, P.M., Browm., Kennedy, A.T., and Hu, F.S. (2008). Frequent fires in
541 ancient shrub tundra: implications of paleorecords for arctic envirdah@rangePLoS One3, e0001744.
542  Holmes, R.M., Mcclelland, J.W., Peterson, B.J., Tank, S.E., Bulygina, E., EglintqiGordeev, V.V., Gurtovaya,
543 T.Y., Raymond, P.A., Repeta, D.J., Staples, R., Striegl, R.G., Zhulidov, Ad/Ziarov, S.A. (2012).

15



544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
5901
592
593
594
595
596
597
598
599

Seasonal and Annual Fluxes of Nutrients and Organic Matter from LargesRo the Arctic Ocean and
Surrounding Seag&stuaries and Coast35, 369-382.

Hu, C., MullerKarger, F.E., and Zepp, R.G. (2002). Absorbance, absorption coefficidrapparent quantum
yield: A comment on common ambiguity in the use of these optical cantaphology and
Oceanographyt7, 1261-1267.

Hu, F.S., Higuera, P.E., Walsh, J.E., Chapman, W.L., Duffy, P.A., Brubaker, L.B., antha&hip.L. (2010).
Tundra burning in Alaska: linkages to climatic change and sea ice rdteatal of Geophysical
Research: Biogeosciences (262612)115.

Jaffé, R., Ding, Y., Niggemann, J., Vahatalo, A.V., Stubbins, A., Spencer, R.GaMpkell, J., and Dittmar, T.
(2013). Global charcoal mobilization from soils via dissolution andingeransport to the ocear&cience
340,345347.

Jurado, E., Dachs, J., Duar@M., and Simo, R. (2008). Atmospheric deposition of organic and black carban to th
global oceansAtmospheric Environme#d2, 79317939.

Mitra, S., Zimmerman, A., Hunsinger, G., and Woerner, W. (2@lagk carbon in coastal and large river systems.
Biogeochemical Dynamics at Major Riv€pastal Interfaces: Linkages With Global Chaf 200-236.

Myers-Pigg, A.N., Louchouarn, P., Amon, R.M., Prokushkin, A., Pierce, K., andsBubA. (2015). Labile
pyrogenic dissolved organic carbon in major Siberian Arctic rivengti¢ations for wildfirestream
metabolic linkagegseophysical Research Lette¥® 377-385.

Peterson, B.J., Holmes, R.M., Mcclelland, J.W., Vérésmarty, C.J., Lammers SRiBomanov, A.l.,

Shiklomanov, I.A., and Rahmstorf, S. (2002). Increasing rivatdirge to the Arctic Oceastience298
2171-2173.

Raymond, P.A., Mcclelland, J.WHolmes, R.M., Zhulidov, A.V., Mull, K., Peterson, B.J., Striegl, R.G., Aiken,
G.R., and Gurtovaya, T.Y. (2007). Flux and age of dissolved organic carbomeskio the Arctic Ocean:
A carbon isotopic study of the five largest arctic riv&mbal Biogeeahemical Cycleg1.

Runkel, R.L., Crawford, C.G., and Cohn, T.A. (2004). "Load Estimator (DE®T): A FORTRAN program for
estimating constituent loads in streams and rivers".).

Schmidt, M.W.I., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Jadskn Kleber, M., Kogel
Knabner, I., Lehmann, J., Manning, D.a.C., Nannipieri, P., Rasse, D.P., Weinad $tymbore, S.E.
(2011). Persistence of soil organic matter as an ecosystem proymrtye4 78 49-56.

Schneider, M.P.W., Hilf, M., Vogt, U.Fand Schmidt, M.W.I. (2010). The benzene polycarboxylic acid (BPCA)
pattern of wood pyrolyzed between 200°C and 100@@anic Geochemistrg1, 10821088.

Spencer, R.G.M., Aiken, G.R., Butler, K.D., Dornblaser, M.M., Striegl, R.G., &nddd, P.J. (2®). Utilizing
chromophoric dissolved organic matter measurements to derive exploréactivity of dissolved organic
carbon exported to the Arctic Ocean: A case study of the Yukon River, Alaskphysical Research
Letters36.

Spencer, R.G.M., PelleriB.A., Bergamaschi, B.A., Downing, B.D., Kraus, T.E.C., Smart, D.R., Dahlgren, R.A.,
and Hernes, P.J. (2007). Diurnal variability in riverine dissolvgdric matter composition determined by
in situ optical measurement in the San Joaquin River (Califdd84). Hydrological Processe?l, 3181
3189.

Stein, R., and Macdonald, R.W. (200%he organic carbon cycle in the Arctic Oce&pringer.

Stubbins, A., and Dittmar, T. (2012). Low volume quantification of diggbbwganic carbon and dissolved
nitrogen.Limnology and Oceanography: Methotly 347-352.

Stubbins, A., Hubbard, V., Uher, G., Law, C.S., Upstidddard, R.C., Aiken, G.R., and Kenneth, M. (2008).
Relating carbon monoxide photoproduction to dissolved organic matteiofuadity. Environmental
Science and Technolody, 3271-3276

Stubbins, A., Law, C.S., Uher, G., and UpgBibddard, R.C. (2011). Carbon monoxide apparent quantum yields
and photoproduction in the Tyne estud@iogeoscience8, 703-713.

Stubbins, A., Niggemann, J., and Dittmar,(2012). Photdability of deep ocean dissolved black carbon.
Biogeoscience$, 16611670

Stubbins, A., Spencer, R.G.M., Chen, H., Hatcher, P.G., Mopper, K., Herne§Mwainba, V.L., Mangangu,

A.M., Wabakanghanzi, J.N., and Six, J. (2010). lllumedadarkness: Molecular signatures of Congo River
dissolved organic matter and its photochemical alteration as revealdtdabygh precision mass
spectrometryLimnology and Oceanograptbp, 14671477.

Tait, Z.S., Thompson, M., and Stubbins, A. (2015)e@ital Fouling Reduction of a Submersible Steel

Spectrophotometer in Estuarine Environments Using a Sacrificial ZindéJournal of Environmental

Quality.

16



600
601
602
603
604
605
606
607
608
609
610
611
612
613

614

Van Vliet, M.T.H., Franssen, W.H.P., Yearsley, J.R., Ludwig, F., Haddelandftenbsaier, D.P.and Kabat, P.
(2013). Global river discharge and water temperature under climate ckadolgal Environmental Change
23,450-464.

Weishaar, J.L., Aiken, G.R., Bergamaschi, B.A., Fram, M.S., Fujii, R., and Mdpp@&003). Evaluation of
specific ultravidet absorbance as an indicator of the chemical composition and reactivisgolvdd
organic carbonEnvironmental Science and Technol@3y47024708.

Yunker, M., Backus, S., Pannatier, E.G., Jeffries, D., and Macdonal2D®2)( Sources and significance of alkane
and PAH hydrocarbons in Canadian arctic riveigtuarine, Coastal and Shelf Sciefaée 1-31.

Ziolkowski, L.A., Chamberlin, A., Greaves, J., and Druffel, H#11). Quantification of black carbon in marine
systems using the benzene pohpeylic acid method: a mechanistic and yield stiudynology and
Oceanography: Method% 140-140.

Ziolkowski, L.A., and Druffel, E.R.M. (2010). Aged black carbon idféed in marine dissolved organic carbon.
Geophysical Research Lette38.

17



Figure 1.JPEG

o
o
(o8]
—

90°W 90°E




(A)
2.0-

1.5

[DBC] (mg-C L)

1.0-

0.5

Figure 2.JPEG

Kolyma
Lena
Mackenzie
Ob'
Yenisey
Yukon

0.45

0.40-

0.25-

0.20-

0.15

0.00

0.01

0.02 0.03 0.04
Runoff (m* km?sec™)

0.05

0.0¢



R of linear regression between

, (A)
e Kolyma Figure 3.JPEG

15 » Lena °
o Mackenzie °
* Ob'
Yenisey
3 Yukon °
Q
on
£ 1.0
&)
m
a
0.5
0.0
0 5 10 15 20
[DOC] (mg-C L")
1.0
254 nm
0.8+ R=0.986
>
2
Lé 0.6
e
g
8 0.4
a
0.2
0.0
300 400 500 600 700
Wavelength (nm)
C
e Kolyma ©
o Lena
1.5 e Mackenzie
* Ob'
Yenisey
" Yukon °
<
on
£ 1.0
5}
m
a
0.5
0.0
0 50 100 150

aCDOM at 254 nm (m™)



Discharge (m3 s!)

120,000

100,000

80,000

60,000

40,000

20,000

Figure 4.JPEG

—Discharge - 20
| < Load calculated from measured DBC
X Load calculated from CDOM derived DBC
—LOADEST modeled load
- 16
i - 12
| X ?
—~
2 2 2 4
() ¢ ) ¢ <2

(;-£ep D-8D) peoT DAA



LOADEST modeled load

(Gg-C day’)

10

A

o
—

0.01

Figure 5.JPEG

*Kolyma
*L.ena

* Mackenzie
*Ob'
Yenisey
Yukon

0.01 0.1 1 10

Load calculated from measured [DBC]
(Gg-C day’)



	2.Methods
	2.1 Sample collection and processing
	2.2 Dissolved organic carbon concentrations
	2.3 Colored dissolved organic matter Naperian light absorption
	2.4 Dissolved black carbon concentration and quality

	4. Discussion
	4.1 Dissolved black carbon concentrations
	4.2 Dissolved black carbon quality
	4.3 Estimating dissolved black carbon export from dissolved organic carbon
	4.4 Refining estimates of dissolved black carbon export using CDOM
	4.5 LOADEST model estimates of daily dissolved black carbon loads

	Figure 1. Map showing the six Arctic river watersheds sampled. The red dots indicate the sampling locations. Red line indicates the boundary and the grey fill the area of the pan-Arctic Ocean watershed. Data points in all subsequent figures are color...
	Figure 2. Panel A: Dissolved black carbon concentrations ([DBC]) versus runoff for samples from across the hydrographs of the six Arctic rivers. Black line represents the linear regression of the data ([DBC] mg-C L-1 = 0.359 + 21.94 × runoff; Standard...
	Figure 3. Panel A: Dissolved black carbon concentration ([DBC]) versus dissolved organic carbon concentration ([DOC]). Black line represents the linear regression of the data ([DBC] = –0.019 + 0.887 × [DOC]; Standard error of the intercept = 0.035; St...
	Figure 4. Discharge plus calculated and modeled dissolved black carbon (DBC) loads for the Lena River between 2004 and 2010. Loads calculated from measured DBC were calculated as discharge on the day DBC was sampled multiplied by the measured [DBC] (n...
	Figure 5. LOADEST modeled dissolved black carbon (DBC) loads versus loads calculated from measured [DBC] and discharge on the day of sampling. Black line represents the zero intercept linear regression of the data. When the fit was not constrained, th...
	Table 1. Discharge gauging stations and watershed characteristics.
	Table 2. Average dissolved black carbon (DBC) loads, yields and interannual variation in both for the six rivers studied and for the pan-Arctic watershed, plus literature values for the rivers’ dissolved organic carbon (DOC) (Holmes et al., 2012), pa...
	References

