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A comprehensive survey of dissolved organic carbon (DOC) and chromophoric dissolved
organic matter (CDOM) was conducted in the Canada and Makarov Basins and adjacent
seas during 2010-2012 to investigate the dynamics of dissolved organic matter (DOM)
in the Arctic Ocean. Sources and distributions of DOM in polar surface waters were
very heterogeneous and closely linked to hydrological conditions. Canada Basin surface
waters had relatively low DOC concentrations (69 + 6 pmol L), CDOM absorption
(@sps: 0.32 + 0.07 m~1) and CDOM-derived lignin phenols (3 + 0.4 nmol L~), and high
spectral slope values (So75-095: 31.7 + 2.3 um~1), indicating minor terrigenous inputs
and evidence of photochemical alteration in the Beaufort Gyre. By contrast, surface
waters of the Makarov Basin had elevated DOC (108 + 9 pmol L) and lignin phenol
concentrations (15 + 3 nmol L), high asps values (1.36 + 0.18 m~1), and low S»75-095
values (22.8 + 0.8 pm~'), indicating pronounced Siberian river inputs associated
with the Transpolar Drift and minor photochemical alteration. Observations near the
Mendeleev Plain suggested limited interactions of the Transpolar Drift with Canada Basin
waters, a scenario favoring export of Arctic DOM to the North Atlantic. The influence of
sea-ice melt on DOM was region-dependent, resulting in an increase (Beaufort Sea), a
decrease (Bering-Chukchi Seas), and negligible change (deep basins) in surface DOC
concentrations and aszos values. Halocline structures differed between basins, but the
Canada Basin upper halocline and Makarov Basin halocline were comparable in their
average DOC (65-70 pwmol L=') and lignin phenol concentrations (3—4 nmol L~') and
So75-095 values (22.9-23.7 um~'). Deep-water DOC concentrations decreased by 6-8
wmol L~ with increasing depth, water mass age, nutrient concentrations, and apparent
oxygen utilization. Maximal estimates of DOC degradation rates (0.036-0.039 wmol L~
yr~1) in the deep Arctic were lower than those in other ocean basins, possibly due to
low water temperatures. DOC concentrations in bottom waters (>2500 m; 46 4+ 2 pumol
L") of the Canada and Makarov Basins were slightly lower than those reported for deep
waters of the Eurasian Basin and Nordic Seas. Elevated azos values (by 10-20%) were
observed near the seafloor, indicating biological activity in Arctic basin sediments.

Keywords: dissolved organic carbon, chromophoric dissolved organic matter, lignin phenols, Arctic Ocean,
Canada Basin, Makarov Basin, transpolar drift, sea-ice melt
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INTRODUCTION

The Arctic Ocean is a relatively small, enclosed basin
characterized by pronounced riverine influence and complex
hydrography. This region accounts for only 1% of the global
ocean volume but captures ~11% of global riverine freshwater
and organic carbon (Opsahl et al, 1999; Jakobsson et al,
2004; Rachold et al., 2004). Ocean waters from the North
Pacific and Atlantic enter the Arctic Ocean via the Bering
Strait and the Nordic Seas (Rudels, 2009). Much of the water
and dissolved organic matter (DOM) entering the Arctic is
modified by biological and physicochemical processes, such
as sea-ice formation and melting, during passage over the
extensive continental shelves and residence in basins (Jones
and Anderson, 1986; Cooper et al., 2005; Shen et al.,, 2012).
Modification of waters on continental shelves supplies dense
water and bioreactive elements to the basin interior.

The distributions and fates of DOM in the Arctic Ocean
have been the focus of research for understanding both regional
and global carbon cycles (Gordon and Cranford, 1985; Wheeler
et al., 1997; Benner et al., 2005; Anderson and Amon, 2015).
Previous studies have noted considerable spatial and temporal
heterogeneity in the abundance and distribution of DOM
(Wheeler et al., 1997; Guay et al., 1999; Benner et al., 2005;
Mathis et al., 2005; Letscher et al., 2011). Analysis of dissolved
lignin phenols reveals strong and variable terrigenous signatures
throughout polar surface waters (Opsahl et al., 1999; Benner et al.,
2004, 2005). Terrigenous DOM is transported from continental
shelves to interior basins by a variety of pathways (Fichot et al.,
2013). The routing of continental runoff is susceptible to local
wind patterns, and it exerts a strong influence on the transit
of DOM along and across the broad shelves (Guay et al., 2001;
Fichot et al., 2013; Carmack et al., 2015). Upon exiting the shelf,
DOM is entrained into the basin-scale wind-driven circulation
and redistributed in the basins for varying periods of time (up to
20 yr) prior to export to the north Atlantic Ocean (Bauch et al.,
1995; Rutgers van der Loeff et al., 1995; Hansell et al., 2004).

Wind-driven circulation in the upper Arctic Ocean includes
the anticyclonic Beaufort Gyre centered in the southern Canada
Basin and the Transpolar Drift extending from the Siberian
margin to Fram Strait (Rudels, 2009). The Beaufort Gyre
creates a strong convergence that favors long-term retention and
processing of DOM within the gyre, whereas the fast-moving
Transpolar Drift serves to export DOM with less alteration
(Mysak, 2001; Bluhm et al., 2015). These two circulation
systems drive large cross-basin variability in the distributions
and fates of DOM (Hansell et al., 2004; Benner et al., 2005).
Previous measurements of dissolved organic carbon (DOC),
lignin phenols, and chromophoric DOM (CDOM) absorption in
polar surface waters have indicated a much stronger terrigenous
signal over the Makarov Basin than in the adjacent Mendeleev
Plain and Canada Basin (Guay et al, 1999; Benner et al,
2005; Letscher et al, 2011; Guéguen et al., 2015). However,
variations in atmospheric forcing can alter the axis of the
Transpolar Drift and force a sizable portion of Siberian runoff
and terrigenous DOM into the Beaufort Gyre for extended
periods (Proshutinsky and Johnson, 1997; Mysak, 2001; Morison

et al., 2012), thereby resulting in less export of Arctic DOM
to the North Atlantic Ocean. A more detailed survey of
DOM components is needed to better capture this spatial and
temporal variability and to understand responses to climate
change.

The impact of sea-ice melt on DOC and CDOM
concentrations and distributions is also variable and difficult to
resolve. Several studies in the Chukchi Sea have reported that
melting of sea ice dilutes concentrations of DOC and CDOM
in surface waters (Mathis et al., 2005, 2007; Logvinova et al.,
2016). By contrast, observations on river-influenced shelves
indicate a high abundance of terrigenous material in sea ice and
the potential for increasing DOC concentrations with sea-ice
melting (Eicken, 2004; Eicken et al.,, 2005). Concentrations of
DOC determined in several ice cores from the Arctic basins are
highly variable (~100 to over 700 pmol L™!) (Thomas et al.,
1995; Melnikov, 1997; Opsahl et al., 1999), and melting of this ice
would result in a slight increase or a negligible change in surface
mixed layer DOC concentrations (Anderson, 2002; Anderson
and Amon, 2015). The varying results of these studies suggest
the impact of sea ice on DOM is region-dependent and warrants
further study.

Relatively few studies have presented DOC concentrations
in deep waters of the Arctic Ocean. With a few exceptions
(Anderson et al., 1994; Bussmann and Kattner, 2000), most
studies have reported moderate variability (5-10 wmol L™}) in
DOC concentrations at depths >1000m (Amon, 2004; Benner
et al., 2005; Davis and Benner, 2005; Mathis et al., 2005;
Griffith et al., 2012). It is less clear how DOM is distributed
throughout the deep Arctic. Profiles of transient tracers (e.g.,
chlorofluorocarbons) in the Arctic basins indicate the mean
ventilation age of water increases with depth in the deep layer
(>1000 m; ~100-300 yr; Tanhua et al., 2009). Griffith et al. (2012)
examined two full-depth profiles of the A'*C of DOC in the
Canada Basin and their data show a notable decrease in A*C
with increasing depth from 1000 to 2500 m (Griffith et al., 2012).
The observed variations in the age of water and DOC suggest
that DOC could be degraded in the deep Arctic and may exhibit
unique vertical concentration gradients absent in other ocean
basins.

The primary objective of this study is to improve
understanding of the sources, concentrations and distributions
of DOM, and the processes that shape patterns of spatial
and temporal variability. We present a comprehensive data
set of DOC, CDOM, and CDOM-derived lignin phenol
concentrations in waters of the western Arctic Ocean,
extending from the Chukchi and Beaufort shelves, across
the Chukchi Borderland and Canada Basin, and poleward to
the Mendeleev Plain and Makarov Basin. Sources of freshwater
are quantified to examine the regional influence of meteoric
water and sea-ice melt on DOM in polar surface waters.
The patterns observed in Arctic surface waters are discussed
in the context of climate-driven changes in circulation. In
addition, depth profiles are analyzed to evaluate vertical
variability in DOC and CDOM across the Canada and Makarov
Basins, with a particular emphasis on halocline and deep
waters.
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METHODS
Study Region and Sample Collection

Water samples were collected during three summer cruises
(August-September) on the USCGC Healy in 2010, 2011,
and 2012 (HLY1002, HLY1102, HLY1202; Figure 1; Robbins
et al., 2013a,b,c, 2014). Surface waters were collected at a
depth of ~8 m using an underway flow-through system. Profile
samples were collected at various depths (2-3800m) at 17
stations using a rosette sampler equipped with 24 Niskin bottles
and a Conductivity-Temperature-Depth (CTD) probe (Sea-
Bird SBE45) used to measure water salinity, temperature, and
pressure. A total of 770 water samples were collected for analyses
of DOC, CDOM, and §'80, with about 700 matching samples
for inorganic nutrient analysis. Samples for measurements
of DOC and CDOM were collected in pre-cleaned 60-mL
amber glass bottles and frozen immediately at —20°C until
analysis in the laboratory. Samples for measurement of nutrient
concentrations (phosphate, nitrate + nitrite, ammonium, and
silicate) were frozen immediately at —80°C in scintillation vials
prior to analysis. Samples for measurement of oxygen isotopic
composition (§ 180 values) were collected in glass vials and stored
at 4°C prior to analysis. Nutrient analyses were completed using a
SEAL AA3 four-channel segmented flow analyzer at the Nutrient
Analytical Facility at the Woods Hole Oceanographic Institution,
Woods Hole, MA. Additional total silicon concentrations were
measured on separate samples using an Agilent Inductively-
coupled Plasma Mass Spectrometry at the University of South
Florida, St. Petersburg, FL. 880 values are reported on the
Standard Mean Ocean Water (SMOW) international reference
scale and were measured by Isotope Ratio Mass Spectrometry
(Thermo Finnigan Delta V) at the University of South Florida,
Tampa, FL.

The broad spatial scale of sampling in this study covered
a wide range of environments that varied substantially in sea-
ice cover (Figure 1). Surface waters in the Bering Sea, Chukchi
Sea, and southern Canada Basin were mostly ice-free, whereas
areas north of 80°N were largely covered by sea ice during the
sampling periods. Sea-ice area in the Arctic Ocean reached a
low of 3.0 x 10° km? during the HLY1202 cruise (Parkinson
and Comiso, 2013). Comparisons in summer sea ice cover
among 2010, 2011, and 2012 revealed a notable ice reduction in
2012 in the northern Chukchi Borderland, southern Mendeleev
Plain, and the central and southern areas of the Canada Basin
(Figure 1). In this study, the geographic names and boundaries
of oceanic regions were defined according to Marine Regions
(http://www.marineregions.org) with modifications.

Analyses of DOC and CDOM, and
Estimation of Dissolved Lignin

Concentrations

Water samples for measurements of DOC and CDOM were
thawed and filtered in the laboratory through pre-combusted
(450°C, 4h) Whatman GF/F filters (0.7-wm pore size) prior
to analysis. Concentrations of DOC were measured by high
temperature combustion using a Shimadzu total organic carbon
(TOC) TOC-Vcsn analyzer equipped with an autosampler.

The Shimadzu platinum catalyst was conditioned by repeated
injections of acidified Milli Q UV-Plus water (pH 2-3) prior
to sample analysis (Benner and Strom, 1993). Before injection,
samples were acidified with 2 mol L™} hydrochloric acid (HCI) to
pH 2-3 and were sparged with ultra-high purity oxygen for 2 min
to remove the inorganic carbon as CO,. The injection volume
was 100-pL. Milli Q water and deep-sea reference standards
(University of Miami) were injected every 6th sample. Values of
blanks (Milli Q UV-Plus water) were negligible throughout the
measurements of seawater samples. The coefficient of variation
(CV) of four repeated injections of a given sample was typically
£0.9%. The final concentrations of DOC were quantified using
an external calibration curve generated with five concentrations
of standards (glucosamine; Sigma Chemical CO.) that bracketed
the range of values observed in the samples.

Absorbance spectra (250-800 nm) of filtered water samples
were measured using a Shimadzu ultraviolet-visible 1601 dual-
beam spectrophotometer and 5-cm cylindrical quartz cuvettes.
Water samples were warmed to room temperature prior
to analysis. Absorbance was blank corrected (the average
absorbance between 690 and 700 nm) and then converted to
Napierian absorption coefficient, a;, (m™h), using Equation (1)

A
@, = 2.303 % (1)
r

where A, is the absorbance measured across path length r at a
wavelength of A. The spectral slope coefficient (S) was calculated
using a linear regression of log-linearized a,, as in Equation (2)

a;, = a;, exp[—S(A;1 — A2)] (2)

where, a;, and a,, are absorption coeflicients at wavelengths A,
and A (A1 > A2). Sin the 275-295 nm spectral range is reported
as Sy75-295 with units of pm™!.

Concentrations of dissolved lignin phenols were retrieved
from CDOM absorption coefficients as in Fichot et al. (2016),

using Equations (3, 4). When ay5 is <4 m™ L
In(TDLPy) = 0.7672 X aze3 — 0.3987 (3)
when ays0 is >4 m™1,

ln(TDLPg) = —2.282 x ln(a350) — 8.209 x ln(a275)
+11.365 x In(az9s) + 2.909 (4)

Concentrations of total dissolved lignin phenols (TDLPy) are the
sum of nine dissolved lignin phenols (p-hydroxybenzaldehyde,
p-hydroxyacetophenone, p-hydroxybenzoic acid, vanillin,
acetovanillone, vanillic acid, syringaldehyde, acetosyringone, and
syringic acid) and are reported in units of nmol L™}, These two
models were constructed from paired measurements of dissolved
lignin and CDOM in oceanic samples that were collected mostly
in the Arctic Ocean (Fichot et al., 2016) and are therefore
applicable to this study. Herein, the models were applied only to
the upper 300 m of the water column (i.e., polar mixed layer and
halocline waters) where riverine inputs were evident from the
measured oxygen isotopic composition (§'80) and calculated
meteoric water fraction.
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Ocean Data View

FIGURE 1 | Map of the study region and sampling locations in the western Arctic Ocean. Water samples were collected from the surface (8 m) and depth
profiles (2-3800 m; denoted by numbers) during three summer cruises in 2010, 2011, and 2012. The blue, red, and black dashed lines show the average sea-ice
edge for September 2010, 2011, and 2012, respectively. AR, Alpha Ridge; BS, Beaufort Sea; CB, Canada Basin; CBL, Chukchi Borderland (Chukchi Plateau,
Northwind Plain and Ridge); ESS, East Siberian Sea; LR, Lomonosov Ridge; MB, Makarov Basin; MP, Mendeleev Plain; MR, Mendeleev Ridge; SS, Sever Spur.

CDOM Freeze/Thaw Experiments

The effects of filtration and freeze/thaw on CDOM properties
of seawater were determined using waters collected in the
surface (45m) and deep (1200 m) Atlantic Ocean. Six replicates
of seawater samples were collected from each depth in pre-
cleaned (450°C, 4h) glass vials. The samples divided into three
treatments: (1) filtered and refrigerated at 4°C; (2) filtered
and frozen at —20°C; (3) frozen without filtration and filtered
prior to analysis. For each treatment, one set of replicates
(n = 3) was filtered through GF/F filters (0.7-pm pore size;
Whatman®) and the other set (n = 3) was filtered through Supor
membranes (0.2-pum pore size; Supor®-200, Life Sciences). The
refrigerated samples were analyzed immediately upon return
to the home laboratory (within 6 days of collection), and
the frozen samples were stored at —20°C for 28 days before
analysis. The analysis of CDOM absorbance and calculations
of absorption coefficient (a;) and spectral slope coefficient
(S275-205) followed procedures described in the previous
section.

Quantifying Water Source Contributions

Seawater in the Arctic Ocean can be characterized as a
mixture of freshwater sources, such as meteoric water (MW;
precipitation and river runoff) and sea-ice melt (SIM), with
seawater sources such as Pacific water (PW), and Atlantic water
(ATW). Each water source can be characterized by a distinct
combination of chemical tracers that range from conservative

(e.g., salinity and oxygen isotopic composition, i.e., §'80 values)
to semi-conservative (e.g., nutrient concentrations or alkalinity).
For example, Arctic MW, including river runoff and direct
precipitation, has a distinct combination of very low salinity
and nutrient concentrations combined with '#0-depleted §'80
values (*—20%o). SIM has low salinity (slightly above zero) and
nutrients due to brine rejection, combined with §'30 values
similar to that of its source water due to a relatively small
1807160 fractionation factor (about +2.6%o, i.e., sea ice is more
enriched in 80 than the surface seawater; MacDonald et al.,
1995; Melling and Moore, 1995). Thus, two tracer parameters,
salinity and 6'80, provide a robust estimate of MW and SIM
additions to seawater, the latter of which is characterized by
high salinity and §'0 values near 0 (Robbins et al., 2013a).
In order to further separate seawater sources, a third tracer is
necessary, and various semi-conservative parameters have been
used (e.g., silicate, phosphate, nutrient ratios, etc.) with variable
results (Alkire et al., 2015). In general, these are based on the
observation that PW has higher concentrations of nutrients
compared to ATW as well as somewhat lower salinity and
8180 values.

Using this mass-balance method, fractions of n water sources
can be calculated by solving a set of n linear equations, which
require (n — 1) tracers (i.e., salinity and §'®0 separate water into
3 sources, one additional tracer is required to separate into four
sources). In this study, we utilize only the freshwater source
estimates of SIM and MW. Thus, variations between ATW and
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PW sources that depends on the tracer method chosen do not
affect the results here. We use the full three-parameter tracers as
follows:

fmw + fsim + fom + farw =1
Svaw (Smw) + fstm(Ssim) + fow (Spw) + faTw (SATW) = Sobserved
w818 O0nw) + fsrn (818 Osv) + fow (88 Opw)
+ farw (8" 0atw) = 8" Ogbserved
Svw (Simw) + fsrm(Sistm) + fow (Sipw)
+ farw (Siarw) = Siobserved

where, f, S, and Si refer to fraction, salinity, and silicate
concentration, respectively. The subscripted abbreviations (MW,
SIM, PW, and ATW) denote the four water sources. End-member
values of the tracers used follow Bauch et al. (1995), Yamamoto-
Kawai et al. (2008), and Robbins et al. (2013a): MW: S = 0, §180
= —20%o, Si = 10 wmol kg~!; SIM: § = 4, §80 = 680 face
+2.6%o0, Si = 1 pmol kg™1; PW: S = 32.5, §180 = —0.8%o, Si
= 40 pmol kg™!; ATW: S = 34.87, §'30 = 0.3%o, Si = 6 jLmol
kg~!. We follow Bauch et al. (1995) in using dissolved silicate
concentration (Si) as the third semi-conservative tracer, but fpw
and f arw are not used in this study.

Statistical Analysis

Statistical differences between variables that were normally
or not normally distributed were assessed using independent
Samples T-test (two-tailed, @ = 0.05) or Mann-Whitney U-
test (two-tailed, @ = 0.05), respectively. The normality of data
distribution and equality of variances were tested using the
Kolmogorov-Smirnov test (two-tailed, a = 0.05) and Levene’s
test (two-tailed, a = 0.05), respectively. The statistical analyses
were performed in SPSS 20.0 (IBM Statistical Package for
the Social Sciences Inc.). The significance of least-squares
linear regression was determined using the enter approach
in SPSS.

Methodological Considerations for DOC
and CDOM Measurements and Estimation

of Lignin Phenol Concentrations

A total of 132 DOC reference standards (DOC,.f) were measured
along with the Arctic samples to evaluate the performance of
the DOC analyses (Supplementary Table 1). Concentrations of
DOC,f ranged from 42.2 to 45.9 pumol Lt (avg.:44.1 £0.9 pmol
L~!) and were well within the reported range (42-45 pwmol L™1).
Concentrations of DOC,¢ determined during sample analysis
for the three cruises showed similar variability and the means
were not significantly different (T-test, p > 0.05). Precision
of the analysis, represented by coeflicient of variation (%) or
standard deviation (umol L™!) of DOC,.f concentrations, was
better than 2.0% or 1.0 pwmol L™!. These results demonstrate
high consistency and reproducibility of the DOC analysis,
which facilitates evaluation of the natural variability in DOC
concentrations.

Water samples for optical measurements are preferably stored
at 4°C, but logistical issues often require the storage and
shipping of frozen samples. Some studies observed substantial
changes in CDOM absorbance and fluorescence intensity in
freshwater samples following freeze/thaw (Spencer et al., 2007;
Fellman et al., 2008; Hudson et al., 2009), while others did
not (Spencer et al, 2010; Yamashita et al., 2010). Very few
studies have determined the influence of freeze/thaw on CDOM
properties in seawater. In this study, comparisons between
refrigerated (4°C) and frozen (—20°C) seawater samples showed
relatively minor differences (<10%) in CDOM absorption
coefficients at 250-400 nm and in S;75-295, regardless of
sampling locations (Supplementary Figure 1). Freezing appeared
to result in some loss of CDOM at lower wavelengths, which
was less apparent in samples that were stored unfiltered
(Supplementary Figures 1C,D). Paired analyses of 0.7- and
0.2-pm filtered samples in each experiment showed similar
(mostly <5% difference) CDOM absorption coefficients and
S275-295. These results indicated a minor impact of freezing
on CDOM properties in seawater, consistent with previous
assessments using seawater samples (Del Castillo and Coble,
2000; Conmy, 2008). In support of this, CDOM absorption
coefficients and Sj75-295 measured in the HLY1102 samples
in this study were very comparable to those measured in
refrigerated (4°C) samples collected along a similar cruise
track during the same period of time (Guéguen et al,
2015).

This study presents detailed distributions of dissolved lignin
phenols in the upper Arctic Ocean. To evaluate the validity of
the CDOM-derived lignin values, we compared the calculated
TDLPg concentrations to those measured previously using
the CuO oxidation method in similar regions of the Arctic
Ocean. Surface TDLPy concentrations estimated here in the
Beaufort Sea, Canada Basin, and Makarov Basin were 2-
22, 2-4, and 9-20 nmol L™}, respectively. These values are
similar to those measured in the Mackenzie River Plume
(8-30 nmol L™1), Beaufort shelf (3-24 nmol L™1), southern
Canada Basin (mostly 2.2-3.0 nmol L™1), and eastern Makarov
Basin (10-20 nmol L~!) in samples collected between 2002
and 2009 (Fichot et al., 2016; Benner, unpublished; Kaiser et
al,, in review). These comparisons from similar locations but
in different years indicate the CDOM-derived estimates of
lignin phenol concentrations are within the ranges of measured
values.

RESULTS

Surface Distributions of Salinity, Meteoric

Water, and Sea-Ice Melt

Surface distributions of salinity, meteoric water, and sea-
ice melt were highly variable in the western Arctic Ocean
(Figure 2 and Table 1). The most saline surface waters were
observed in the Makarov Basin (30.50 & 0.78), whereas the
least saline waters were found in the Beaufort Sea (24.81
+ 3.32). Surface salinities in the Canada Basin (26.54 =+
2.06) were among the lowest measured in the deep basins.
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A Salinity

FIGURE 2 | Distributions of (A) salinity, (B) fraction of meteoric water (fyyw), and (C) fraction of sea-ice melt (fgyy) in surface waters (8 m) of the
western Arctic Ocean. The blue, red, and black dashed lines show the average sea-ice edge for September 2010, 2011, and 2012, respectively. BS, Beaufort Sea;
CB, Canada Basin; CBL, Chukchi Borderland; MP, Mendeleev Plain; MB, Makarov Basin.

140'W

A notable change in surface salinity (by ~3) occurred across
the ice front at ~78°N in the Canada Basin and near the
boundary between the Chukchi Borderland and Mendeleev Plain
(Figure 2A).

Fractions of meteoric water (fyw) in coastal regions were
low in the Bering-Chukchi Seas (0.00-0.15) and high in
the Beaufort Sea (0.12-0.32) (Figure2B and Supplementary
Table 2). The fyw values in the deep basins were relatively
constant, averaging 0.18 £ 0.01, 0.17 £+ 0.01, and 0.15 =+
0.02 in the Canada Basin, Mendeleev Plain, and Makarov
Basin, respectively (Supplementary Table 2). Fractions of
sea-ice melt (fspv) were highly variable in coastal regions,
varying from —0.04 to 0.15 in the Bering-Chukchi Seas
and from —0.02 to 0.20 in the Beaufort Sea (Figure2C
and Supplementary Table 2). Negative fspy indicate brine
rejection from sea-ice formation. The fgzy in the deep basins
showed a reverse trend to that of salinity, with elevated
values in the southern Canada Basin (0.10-0.20) and negative
values in the Makarov Basin (—0.04-0.02). A rapid northward
decrease in fsiv also occurred across the ice front at ~78°N
(Figure 2C).

Surface Distributions of DOC, CDOM, and

Dissolved Lignin Phenols
The DOC and TDLPy concentrations and values of asps
and Sy75-,95 in surface waters of the western Arctic Ocean
varied ~3.5-fold (42-148 pmol L™1), ~22-fold (1-22 nmol L™1),
~13-fold (0.16-2.06m™!), and ~1.8-fold (21.5-38.9 pum™!),
respectively (Figure 3). The highest DOC, a3;5, and TDLPy, and
lowest S>75-295 were observed in the Beaufort Sea (DOC: 104 +
23 wmol L™Y; a3p5: 1.06 & 0.52 m™'; Sy75_295: 25.8 £ 2.2 pm™;
TDLPy: 10 & 6 nmol L™!) and the Makarov Basin (DOC: 108 £
9 wmol L™1; asps: 1.36 4 0.18 m™1; Sa75-205: 22.8 & 0.8 um™;
TDLPy: 15 + 3 nmol L™!) (Table 1). Much lower DOC and
TDLPy concentrations and a3,s5 values and higher S;75_295 values
were found in the Canada Basin (DOC: 69 & 6 umol L™1; a3,s:
0.32 &+ 0.07 1‘1‘1_1; S275-295: 31.7 £ 2.3 um_l; TDLPg: 3 £+ 0.4
nmol L™!) and its adjacent areas (Chukchi Borderland, Sever
Spur, and Mendeleev Plain). Surface distributions of DOM across
the Canada Basin, Chukchi Borderland, and Mendeleev Plain
showed no apparent latitudinal trends (Figure 3).

The different DOM signature in the Makarov Basin was due
to the influence of the Transpolar Drift. A subset of the dataset
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TABLE 1 | Physicochemical characteristics of various water masses in the western Arctic Ocean.

Depth P. temp. (0) Salinity (S) 5180 DOC asos So75-205 TDLPgy n
(m) o) (mil=") (wmol L7 m=) (wm=) (nmol L=1)

POLAR MIXED LAYER (S < 32)
BS 2-80 4.02 + 2.53 24.81 + 3.32 —47+13 104 + 23 1.06 + 0.52 258+ 2.2 10+6 63
CB 2-82 —0.69 + 1.07 26.54 + 2.06 -3.3+ 0.4 69+ 6 0.32 +0.07 31.7+23 3404 144
SS 2-50 —1.50 + 0.04 28.45 + 0.63 -3.0+03 68 + 11 0.29 + 0.05 31.7+15 2404 30
MP 2-60 -1.29+0.23 28.40 +0.73 —2.9+03 73+6 0.35+0.10 305417 341 197
MB 2-34 —1.63 £ 0.04 30.50 +0.78 —254+04 108 +9 1.36 +0.18 228+0.8 15+ 3 59
UPPER HALOCLINE (32 < S < 33.9; MINIMAL 6)
BS 137-200 —1.27 £0.23 33.07 + 0.51 -1.2404 64 + 2 0.48 +0.03 22.8+0.3 3+02 3
CB 59-202 —-1.36 +0.13 32.84 + 0.59 -1.44+03 65+ 3 0.48 +0.03 22.9+0.7 3+02 29
SS 76-180 —1.37 £0.13 32.81+0.72 -1.8+04 68 + 4 0.45 + 0.04 250+ 2.0 2403 4
MP 100-179 —1.29 +0.21 33.29 +0.76 ~0.8+06 65+5 0.51+0.10 229+0.7 3+08 4
LOWER HALOCLINE (33.9 <S < 34.7; < 0°C)
BS 186-240 —0.75+0.25 3418 +0.16 ~0.3+0.1 60 + 3 0.39 + 0.05 23.9+ 0.1 2403 2
CB 198-303 —0.74 +£0.38 34.2540.18 -03+02 61+3 0.40 + 0.05 246 +0.7 2403 8
SS nd nd nd nd nd nd nd nd nd
MP 206 —0.68 34.30 0.00 62 0.40 23.7 2 1
HALOCLINE WATER (32.5 < S < 34.5; 6 < 0°C)
MB 50-150 —1.25 +0.60 33.72 + 0.68 ~0.6+06 70 + 14 0.58 + 0.29 237+15 444 10
ATLANTIC LAYER (34.7 < S < 34.9; 6 > 0°C)
BS 305-801 0.49 +0.17 34.81 +0.05 02+0.2 53+3 0.22 4+ 0.05 27.6 + 1.1 nd 7
CB 298-999 0.41+0.23 34.83 + 0.06 0.2+0.1 5343 0.20 + 0.03 27.7+0.7 nd 33
SS 325-500 0.49 + 0.01 34.81 + 0.06 0.4+ 0.1 5240 0.16 + 0.00 30.7+ 1.6 nd 2
MP 299-800 0.53 +0.33 34.81 +0.05 0.5+ 0.1 53 + 1 0.20 + 0.02 28.0+0.5 nd
MB 200-813 0.53 + 0.37 3479 +£0.12 0.240.1 54 4+ 4 0.20 +0.02 284+1.4 nd 14
ARCTIC DEEP WATER (1000-2500 M; 6 < 0°C)
BS 1001-1400 —0.21 £0.19 34.90 + 0.02 0.3+0.1 5240 0.21 % 0.01 27.4+16 nd
CB 1000-2542 —0.36 +£0.18 34.92 +0.02 0.3+0.1 4943 0.17 +£0.02 271 +1.1 nd 18
SS 1500-2499 —0.45 +0.08 34.94 +0.02 0.5+ 0.1 45 + 4 0.12 4 0.00 325417 nd
MP 1000-2001 —0.32 +0.21 34.90 + 0.04 0.5+ 0.1 48 +3 0.16 + 0.00 27.9+0.6 nd
MB 900-2500 ~0.38 +0.16 34.92 + 0.03 0.3+0.1 49 + 4 0.17 +0.02 27.5+0.9 nd 10
ARCTIC BOTTOM WATER (>2500 M; CONSTANT IN S AND 6)
BS nd nd nd nd nd nd nd nd nd
CB 3000-3824 —0.51+0.01 34.95 + 0.01 0.3+ 0.1 46 + 1 0.16 +0.02 258 +1.2 nd 7
SS 3059 —0.51 34.96 0.4 49 0.14 30.0 nd 1
MP 2712-2960 —0.50 + 0.01 34.94 + 0.00 05+0.0 44 + 1 0.14 £ 0.01 26.8 + 0.1 nd 2
MB 2860-3350 ~0.52 £ 0.01 34.95 + 0.00 0.4 +0.1 46 + 2 0.16 + 0.00 26.6 + 0.7 nd 3

Data are reported as average + standard deviation. nd, not determined; BS, Beaufort Sea; CB, Canada Basin; SS, Sever Spur; MF, Mendeleev Plain; MB, Makarov Basin. CDOM

absorption coefficients at other wavelengths are provided in Supplementary Table 4.

was extracted to characterize concentrations and compositions
of DOM in the Transpolar Drift. Data (n = 52; 8 m) collected
in regions north of ~83°N, including the Makarov Basin,
Mendeleev Ridge, and Alpha Ridge, were ranked by each of
four DOM parameters (DOC, asps, TDLPy, Sy75-295), and the
data within the upper 50% of every parameter (lower 50% in
the case of Sy75-295) were averaged (n = 19) to represent the
concentration and composition of DOM in the Transpolar Drift.
Values for DOC (114 £ 5 wmol L™1), aszy5 (1.48 4 0.09 m™1),
Sy75-295 (22.4 £ 0.3 pm™!), and TDLPg (17 & 1 nmol L™1)
in the Transpolar Drift indicated the highest concentrations
of terrigenous DOM observed in this study (Supplementary
Table 2).

Influence of Meteoric Water and Sea-Ice
Melt on Surface Salinity and DOM

Regression analyses were performed to investigate the influence
of meteoric water and sea-ice melt on salinity, DOC, CDOM,
and dissolved lignin phenols in surface waters of the western
Arctic Ocean (Figures 4-6 and Supplementary Table 3). Data
from the Canada Basin, Chukchi Borderland, and Sever
Spur were combined (denoted as Canada Basin®™) in the
regression analysis given their geographic proximity and
similar distributions of DOM. It is interesting to note
that the geographic connections among the deep basins
(Canada Basin®, Mendeleev Plain, and Makarov Basin) were
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and black dashed lines show the average sea-ice edge for September 2010, 2011, and 2012, respectively. BS, Beaufort Sea; CB, Canada Basin; CBL, Chukchi
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revealed by the continuum of salinity and DOM distributions
(Figures 4-6).

Salinity in surface waters was influenced to varying extents
by meteoric water and sea-ice melt inputs (Figure4 and
Supplementary Table 3). Meteoric water showed a moderate
dilution effect on the surface salinity in the Beaufort Sea (R* =
0.630, p < 0.001), Mendeleev Plain (R* = 0.461, p < 0.001),
and Makarov Basin (R* = 0.613, p < 0.001; Figure 4A). This
dilution effect was much weaker in Canada Basin* (R* = 0.287)
and was not apparent in the Bering-Chukchi Seas (R? = 0.005).
In comparison, sea-ice melt showed a moderate to strong dilution
influence on the surface salinity in all regions (R* = 0.420-0.920,

p < 0.001) except the Makarov Basin (Figure 4B). The influence
of sea-ice melt was most pronounced in the Canada Basin* (R? =
0.920, p < 0.001) and it gradually diminished in the Mendeleev
Plain (R? = 0.420, p < 0.001) and Makarov Basin (R* = 0.273, p
< 0.001).

Relationships between meteoric water and DOM parameters
were spatially variable (Figure 5 and Supplementary Table 3),
with moderate to strong relationships in coastal regions (Bering-
Chukchi Seas and Beaufort Sea: R* = 0.595-0.764, p < 0.001)
and weak or no relationships in the deep basins (Canada
Basin*, Mendeleev Plain, and Makarov Basin: R* = 0.01-0.25).
Increasing meteoric water in the Bering-Chukchi and Beaufort
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FIGURE 5 | Relationships between meteoric water fraction (fyy) and (A) dissolved organic carbon (DOC), (B) CDOM absorption coefficient at 325 nm
(a325), (C) CDOM spectral slope coefficient at 275-295 nm (S75-295), and (D) total dissolved lignin phenols (TDLPg) in surface waters (8 m) of the
western Arctic Ocean. Data in the Canada Basin, Chukchi Borderland, and Sever Spur were combined (denoted as Canada Basin®) in the regression analysis.

Seas resulted in higher concentrations of DOC, a3,s5, and TDLPy, The influence of sea-ice melt on DOM was also variable
and lower S;75-295. One exception occurred in the Bering- among regions (Figure6 and Supplementary Table 3). In
Chukchi Seas, where Sy75-295 values showed little variation with ~ the Bering-Chukchi Seas, increasing sea-ice melt resulted in

meteoric water (Figure 5C). decreasing DOC concentrations (R? = 0.501, p < 0.001), aszs
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values (R* = 0.507, p < 0.001), TDLP9 concentrations (R* =
0.332, p < 0.05), and increasing Syy5-295 values (R*? = 0.721, p
< 0.001). By contrast, increasing sea-ice melt in the Beaufort
Sea led to higher DOC concentrations (R? = 0.316, p < 0.001),
a35 values (R? = 0.400, p < 0.001), TDLPg concentrations (R?
= 0.364, p < 0.001), and lower Sy75—295 values (R* = 0.347,
p < 0.001). Sea-ice melt in the deep basins showed weak or
no relationships with DOM parameters (R? = 0-0.12). One
exception was found in S;75-295, which increased significantly
with sea-ice melt in the Canada Basins* (R?> = 0.237, p < 0.001;
Figure 6C).

Water Masses in the Western Arctic Ocean
Water masses in the Arctic Ocean are distinguishable by their
physical and chemical properties (Jones et al., 1995; Rudels
et al.,, 1996; Shimada et al., 2005; Rudels, 2009). In this study,
six water masses were identified in the western Arctic Ocean
based primarily on salinity and potential temperature (Table 1).
The polar mixed layer (PML) occupied the upper 30-80m of
the water column (shallower in the Makarov Basin) and had
relatively low salinity (<32.0). The upper halocline (UH) resided
below the PML at depths of 80-200 m and centered at a salinity
of 33.1. The UH waters had higher concentrations of brine (i.e.,
negative fspv values) and nutrients (e.g., silicate) and lower
temperatures than ambient waters (Figure 7 and Table 1). These

characteristics were prominent in the Beaufort Sea, Canada
Basin, and Mendeleev Plain but were absent in the Makarov
Basin. The lower halocline (LH) was found at depths of 200-
300 m with higher salinities ranging from 33.9 to 34.7. Upper
and lower haloclines were not distinguishable in the Makarov
Basin, where a cold halocline (6 < 0°C) was present at depths
of 50-150 m with salinities ranging from 32.5 to 34.5 (Steele
and Boyd, 1998; Rudels et al., 2004; Bauch et al., 2016). Below
the halocline waters, the denser (34.7 < S < 34.9) and warmer
(6 > 0°C) Atlantic waters were identified at depths down to
~1000 m. Below the Atlantic waters are the cold (6 < 0°C) Arctic
deep (1000-2500 m) and bottom (>2500 m) waters. Salinities
increased and temperatures decreased with depth in Arctic deep
waters and they became relatively constant in Arctic bottom
waters (Table 1).

Vertical Distributions of DOC and CDOM in

the Deep Basins

Concentrations of DOC varied ~2 to 3-fold with depth in
the basins, ranging from 44 to 88 wmol L' and from 42 to
100 umol L™! in the Canada Basin and adjacent areas (Sever
Spur and Mendeleev Plain) and from 43 to 129 pmol L™! in
the Makarov Basin (Figure 8 and Table 1). Depth distributions
of DOC concentrations in the Canada Basin and adjacent areas
were very similar and showed no apparent latitudinal trends
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(Figure 8A). Comparisons between the Canada and Makarov
Basins revealed different distributions of DOC concentrations in
the upper 300 m of the water column (Figure 8C). In the Canada
Basin, DOC concentrations were slightly elevated in the PML (69
+ 6 umol L™!) and gradually decreased with increasing depth
from the halocline (UH: 65 & 3 umol L™!; LH: 61 + 3 mol
L™1) to the Atlantic layer (53 4 3 pmol L~!) and to Arctic deep
(49 + 3umol L™1) and bottom waters (46 £+ 1 wmol L™1). In
comparison, concentrations of DOC in the Makarov Basin were
greatly elevated in the PML (108 & 9 jumol L™!) and decreased
rapidly and conservatively with salinity (R? = 0.78, p < 0.001,
= 10) in the halocline layer (70 £ 14 pmol LY Figure 8B). The
DOC concentrations in the Atlantic layer (54 4 4 wmol L) and
the Arctic deep (49 + 4 umol L™!) and bottom waters (46 + 2
pmol L) in the Makarov Basin were very similar to those in the
Canada Basin (Mann-Whitney U-Test, p > 0.05; Figure 8C and
Table 1).

A striking gradient in DOC concentrations was observed in
deep waters of the Canada and Makarov Basins (Figures 8C, 9).
Concentrations of DOC decreased by 6-8 pwmol L™! with
increasing water mass age at depths of ~1000-2500m
(Figure9 and Table1). Declines in DOC concentrations
were significantly related to increases in salinity and apparent
oxygen utilization (AOU) (DOC = 3434 — 96.85 x salinity
— 0.05 x AOU: R* = 062, p < 0.001) and inorganic
nitrogen and silicate concentrations (R*> = 0.50-0.70, p
< 0.001). Concentrations of DOC in Arctic bottom water
(>2500 m) were less variable with depth, consistent with
the relatively constant physical properties in these waters
(Table 1).

The a3,5 values in the deep basins were much more variable
than DOC concentrations, varying ~4-fold (0.13-0.55 m~!)
in the Canada Basin and ~13-fold (0.13-1.70 m™') in the
Makarov Basin (Figure 10 and Table 1). As observed with DOC,
distributions of a3,5 were quite different between the two basins
in the upper 300 m of the water column (Figure 10C). The as;s
in the Canada Basin was relatively low in the PML (0.32 = 0.07
m~ 1) and showed a maximum of 0.48 + 0.03m™~! in the UH,
below which a3,5 decreased conservatively with salinity in the LH
and upper Atlantic layer (200-300 m: R? = 0.933, p < 0.001, n
= 18; Figure 10A). In comparison, azys in the Makarov Basin
reached a maximum of 1.36 = 0.18 m~! in the PML, and the
values decreased rapidly and conservatively with salinity in the
halocline layer (0.58 £ 0.29 m™!; R? = 0.92, p < 0.001, n =
10; Figure 10B). The asy; below 300 m showed similar values
and distributions between the two basins (Mann-Whitney U-
Test, p > 0.1). Deep-sea gradients in a3y; were observed and
they showed opposite trends between the Arctic deep water and
Arctic bottom water (Figure 10C). The as;5 in Arctic deep water
decreased substantially with depth in the Canada Basin (from
0.20 to 0.15 m~ ') and Makarov Basin (from 0.19 to 0.13 m™ 1), a
feature similar to the decline in DOC concentrations. By contrast,
asys values in Arctic bottom water at all eight stations were
significantly elevated (by 10-20%) toward the seafloor (T-Test,
p < 0.05; Figure 10C).

The S375-295 ranged from 21.3 to 38.1 wm™~! with depth in the
Canada Basin and from 21.5 to 31.3 wm ™! in the Makarov Basin
(Figure 11 and Table 1). The Sy75-295 in the Canada Basin was
elevated in the PML (31.7 + 2.3 pm~!) and decreased rapidly to
a minimum of 22.9 & 0.7 pm™! in the UH, below which S375_295
increased with depth and the values varied mostly between 25
and 28 wm™! (Figure 11A). In the Makarov Basin, Sy75-295
values were low in the PML (22.8 & 0.8 pm™!) and increased
with depth in the halocline (23.7 £ 1.5 pm™}; Figure 11B).
The Sy75-295 values below 300 m were comparable to those at
matching depths in the Canada Basin (Mann-Whitney U-Test,
p > 0.05; Figure 11C). Lower S;75-295 values were observed near
the seafloor of the Canada and Makarov Basins.

Relationships between DOC and CDOM

These data provided an opportunity to evaluate relationships
between DOC concentrations and CDOM absorption in the
Arctic Ocean. A total of 755 paired measurements in this study
revealed a strong relationship between DOC concentrations
and CDOM absorption (e.g., asps: R?2 = 0.77-0.87, p <
0.001; Supplementary Figure 2). This feature is absent in the
Pacific, Atlantic, and Indian Oceans (Nelson et al., 2010), and
it allows the developments of empirical models to retrieve
DOC concentrations from CDOM measurements in the Arctic
Ocean. By re-parameterizing a previously developed multi-linear
regression model (Fichot and Benner, 2011) using the present
data set, two sub-models separated by a cutoff value of a5 =
1.42m™! (ie., the median) were established.
When a375 < 1.42m™1,

In[DOC] = 3.881 = 0.036 + 0.763 % 0.057 x In(az7s5)

—0.375 £ 0.061 x In(az5) (5)
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When a275 > 1.42 m™ 1,

In[DOC] = 3.643 & 0.032 + 1.223 + 0.055 x In(az75)
—0.701 £ 0.049 x In(aze5) (6)

The standard error of each regression coefficient is given in the
equations. The estimated concentrations of DOC exhibited a
fairly strong relationship with the measured values (R* = 0.951,
p < 0.001; Figure 12). The error associated with the retrieval
of DOC concentration using this approach was generally within
15%. The broad range of DOC and CDOM values included in the
data suggests the models could be applicable to other regions of
the Arctic Ocean.

DISCUSSION

Abundance and Distribution of DOM in

Surface Waters

This study demonstrated that the abundance and distribution
of DOM in polar surface waters were very heterogeneous and
strongly linked to hydrological conditions. High concentrations
of DOC and lignin phenols, high values of as;5, and low values
of Sy75-295 were observed in surface waters of the Beaufort Sea.
These concentrations and values were significantly correlated to
fmw, reflecting the influence of the Mackenzie River. Elevated
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FIGURE 9 | Depth distributions of dissolved organic carbon (DOC) and
mean chlorofluorocarbon (CFC) age in the Arctic deep and bottom
waters: (A) Canada Basin and (B) Makarov Basin. Data of CFC age were

obtained from Tanhua et al. (2009).

DOC (>100 pmol L7') and lignin phenol concentrations
(>10 nmol L™!) were present in the northwest region of the
Beaufort Sea, indicating the transport of riverine DOM to surface
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waters in the Canada Basin. Previous investigations (2002-2004)
do not report such high concentrations of DOC in similar
regions (mostly 65-80 wmol L™!; Mathis et al., 2005; Shen
et al., 2012). This large inter-annual variability in terrigenous
DOM concentrations is consistent with a recent change in the
routing of Mackenzie River outflow, which has shifted from
a predominantly eastward path to a northwestward path since
2006 in response to climatic variability (Fichot et al., 2013). The
routing switch enhanced the input of terrigenous DOM to the
Canada Basin.

Contrasting DOM characteristics were present in surface
waters of the Canada and Makarov Basins, reflecting distinct
sources and processing of DOM. Surface waters of the Canada
Basin contained relatively high fyw (0.18 £ 0.01) but had
lower DOC concentrations (Table 2) and CDOM absorption
(Stedmon et al,, 2011; Guéguen et al., 2015) compared to other
Arctic Basins. This feature appears to result from a substantial
contribution of precipitation in the inflowing waters from the
Pacific Ocean and a lesser contribution of freshwater from
continental runoff (Woodgate and Aagaard, 2005; Yamamoto-
Kawai et al., 2008). Although high fsiv was observed in surface
waters, as discussed below, this had a negligible influence on
the surface DOC concentrations. Relatively low concentrations
of lignin phenols (2-4 nmol L™!) were observed over large
areas of the Canada Basin, due in part to minor contributions
of continental runoff. Surface waters in the Beaufort Gyre have

a decadal residence time that allows substantial removal of
DOM (Rutgers van der Loeft et al.,, 1995; Hansell et al., 2004;
Cooper et al., 2005). The Sy75-295 values were high (>30 pm™1)
and elevated in ice-free waters, indicating photobleaching and
potential removal of DOC due to coupled photochemical and
biological degradation (Fichot and Benner, 2014).

By contrast, surface waters in the Makarov Basin had a lower
Sfmw (0.15 %= 0.02) but were characterized by much higher DOC
concentrations and CDOM absorption and lower S;75-295values
compared to Canada Basin surface waters (Table 2). The high
concentrations of lignin phenols (15 £ 3 nmol L™!) in surface
waters were indicative of a strong Siberian river influence
associated with the Transpolar Drift (Opsahl et al., 1999;
Benner et al, 2005). The Siberian rivers (e.g., Lena River)
have higher concentrations of DOC than the Mackenzie River
(Anderson and Amon, 2015; and reference therein). In addition,
unlike the long-term processing in the Canada Basin, DOM
entering the Makarov Basin is rapidly transported (<1-3 yr)
by the Transpolar Drift (Rutgers van der Loeff et al., 1995).
Concentrations of DOC (114 £+ 5 pmol L™!) and lignin
phenols (17 £ 1 nmol L™!) determined here for the Transpolar
Drift (>83°N) were comparable to values measured at similar
salinities (~30) in waters off the Siberian shelves (Guay et al.,
1999; Kattner et al., 1999; Kaiser et al., in review), suggesting
minor losses of DOM occurred during transport to the central
Arctic.
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The axis of the Transpolar Drift is variable and shifts between
the Mendeleev and Lomonosov Ridges, depending on the phase
of the Arctic Oscillation (AO) (Guay et al., 2001; Mysak, 2001;
Steele et al., 2004). A negative AO phase dominated the summers
of 2010-2011 and resulted in a deflection of the Transpolar Drift
toward the Lomonosov Ridge and a strengthened Beaufort Gyre.
Under these conditions the Eurasian runoff and terrigenous
DOM entrained in the Transpolar Drift would be confined
mainly to regions between the Mendeleev and Lomonosov
Ridges (Mysak, 2001). Such routing of the Transpolar Drift was
substantiated by observations of relatively low concentrations of
DOC, lignin phenols and az,5 values, and high values of S375-295
over the Mendeleev Plain. This route would bypass the Canada
Basin and thereby favors export of DOM to the North Atlantic
Ocean. These results revealed contrasting distributions and fates
of DOM between the Canada and Makarov Basins and further
highlighted strong hydrographic controls on the DOC cycle in
the Arctic Ocean.

Influence of Sea-lce Melt on DOM in
Surface Waters

The effect of sea-ice melt on DOC concentrations in underlying
waters depends on the biota and organic compounds within
the ice. Sea-ice formation excludes DOM as well as salts
(Giannelli et al., 2001; Amon, 2004), whereas ice algae, other
microorganisms and entrained sediments with associated organic

matter can contribute high concentrations of organic carbon
to the ice (Smith et al., 1997; Eicken, 2004; Gradinger, 2009).
The spatial and temporal variability of biota and organic matter
in Arctic sea ice are high (Thomas et al., 1995; Smith et al,
1997; Song et al., 2011), thereby complicating the net impact
of sea-ice melt on DOC concentrations. Previous studies report
similarly variable observations (Anderson, 2002; Eicken, 2004;
Mathis et al., 2005, 2007; Anderson and Amon, 2015; Logvinova
et al., 2016).

Results of this study demonstrated that the influence of sea-
ice melt on concentrations and compositions of DOM in polar
surface waters was region-dependent. Contrasting effects of sea-
ice melt were observed along the margin between the Beaufort
Sea and the Bering-Chukchi Seas, and it appeared to be related to
the influence of continental runoff. Sea ice formed on the river-
influenced Beaufort Shelf includes suspended riverine materials
(i.e., “dirty” ice; Eicken et al., 2005). Melting of this “dirty” ice
can potentially release high concentrations of terrigenous organic
matter and increase DOM concentrations in the surface layer.
The significance of these processes was apparent in the Beaufort
Sea from the observation of elevated lignin concentrations in
waters containing higher fyrw.

In the Bering-Chukchi Seas negative relationships between
DOC, lignin phenols, CDOM and fyw indicated a low
abundance of organic matter in the ice. Terrigenous
inputs inferred from fyw (0.07 & 0.04) and lignin phenol
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concentrations (4 + 3 nmol L™!) were relatively low in the
Bering-Chukchi Seas. Ice algae production in this region is high
(Gosselin et al., 1997; Gradinger, 2009), but algal contributions of
DOM are often confined to the bottom of the ice (Thomas et al.,
1995; Smith et al., 1997; Song et al., 2011). Previous analyses of
ice cores in the Chukchi Sea indicate variable but generally lower
DOC concentrations and CDOM absorption than found in
adjacent surface waters (Krembs et al., 2002; Mathis et al., 2007;
Logvinova et al,, 2016). Our results add to these observations
indicating a dilution effect of sea-ice melt on DOM in the
Bering-Chukchi Seas during August-September.

The influence of sea-ice melt on DOM in surface waters of
the deep basins is minor. Extensive sea-ice melt was observed
in surface waters of the Canada Basin and southern Mendeleev
Plain. However, the melting of sea ice did not result in significant
changes in surface concentrations of DOC, lignin phenols, and
aszps values in the region. The lack of significant response to sea-
ice melt indicates concentrations of DOM in the melted ice were
comparable to those in the underlying waters. Considering the
large difference in terrigenous influence, sea ice in the Canada
Basin and Mendeleev Plain likely contained much less DOM than
sea ice found in the central Arctic and Fram Strait (e.g., <100-300
wmol L~1; Melnikov, 1997; Opsahl et al., 1999).

Abundance and Distribution of DOM in

Halocline and Atlantic Waters

Halocline waters of the Canada and Makarov Basins displayed
distinct DOM distributions related to their sources and
formation. A prominent feature in the Canada Basin was the
maximal az5 (0.48 + 0.03 m™') and minimal Sy75-295 (22.9

+ 0.7 um™!) in the upper halocline, which indicated higher
molecular weight chromophores and minimal photobleaching.
Upper halocline waters are derived from brine rejection during
sea-ice formation over the Chukchi and East Siberian shelves,
where nutrients and organic matter released from sediments
are added to the dense brines and advected into the Canada
Basin (Jones and Anderson, 1986; Cooper et al., 1997, 2005).
These processes are an important source of CDOM in the upper
halocline (Cooper et al., 2005; Guéguen et al., 2007; Stedmon
et al,, 2011) and they were apparent from our observations of
negative fsrv and elevated inorganic nutrients. Concentrations
of dissolved lignin phenols in the upper halocline (3 + 0.2
nmol L™1) were similar to values (3 + 0.4 nmol L~!) in
surface waters, indicating a terrigenous signature associated
with brine waters. These results are consistent with previous
observations of relatively high concentrations of lignin phenols
and A'C in DOC of upper halocline waters (Benner et al., 2004),
demonstrating a contemporary riverine DOM source. Previous
observations of elevated CDOM in the upper halocline were
mainly from the southern Canada Basin (Cooper et al., 2005;
Guéguen et al., 2007; Nakayama et al., 2011). Our results indicate
these CDOM characteristics can be traced throughout the central
and northern Canada Basin.

In contrast with the Canada Basin, DOC concentrations and
CDOM absorption in the Makarov Basin were highest in surface
waters and decreased rapidly with depth in the upper 200 m of
the water column. The average values of DOC concentrations
(70 £ 14 pmol L1, asss values (0.58 + 0.29 m™!), Sy75-295
values (23.7 + 1.5 pm~!), and lignin phenol concentrations (4
+ 4 nmol L™!) in the halocline were comparable to those in
upper halocline of the Canada Basin. Atlantic water that flows
through Fram Strait and is modified over the Eurasian shelves
supplies the halocline in the Makarov Basin (Rudels et al., 1996,
2004; Bauch et al., 2016). The Atlantic inflow waters in the
Fram Strait have relatively low concentrations of DOC (~61
pmol L=') and CDOM (assp < 0.2 m~!) (Opsahl et al., 1999;
Amon et al., 2003; Granskog et al., 2012). Sea-ice formation and
brine rejection over the Siberian shelves can transport elevated
concentrations of DOC and CDOM from Siberian rivers to the
halocline. The relatively high concentrations of lignin phenols
indicate an important riverine contribution to the DOC and
CDOM in halocline waters. Distributions of DOC, aszps, and
lignin phenols along the salinity gradient in the halocline were
largely conservative (R* = 0.78-0.92), indicating minimal loss of
DOM components during transport within halocline waters of
the Makarov Basin.

The DOC concentrations and CDOM absorption in Atlantic
waters below the halocline were similar between the Canada
Basin and Makarov Basin. Comparisons with previous DOC
measurements revealed two particular features: little inter-
annual variability within the Canada and Makarov Basins and
a concentration gradient between the Canadian and Eurasian
Basins. Average concentrations of DOC in Atlantic waters
decreased from 60 + 5 wmol L™! in the Nansen Basin to 56 +
2 wmol L™! in the Amundsen Basin, and to 52-55 pmol L™! in
the Canada Basin (Table 2). These DOC values were also lower
than those in the inflowing Atlantic water (<600 m; 61 umol L™1;
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TABLE 2 | Concentrations of dissolved organic carbon (DOC) in Arctic Basins.

Region Latitude, longitude Depth (m) DOC (nmol L“) n References

POLAR MIXED LAYER

Canada Basin 72-83°N, 127-162°W 0-80 69 + 6 (52-88) 144 This study

Canada Basin 70-75°N, 127-138°W ~10 69 + 11 (61-88) 8 Letscher et al., 2011
Canada Basin 71-74°N, 134-160°W 0-30 74 + 4 (66-81) 19 Davis and Benner, 2005; Shen et al., 2012
Canada Basin 71-74°N, 145-160°W - 71 £ 4 (50-90) 54 Mathis et al., 2005
Makarov Basin 85-88°N, 143°E-153°W 0-35 108 + 9 (81-129) 59 This study

Makarov Basin 80-81°N, 157°E-177°W ~10 92 + 26 (70-124) 5 Letscher et al., 2011
Makarov Basin 81-87°N, 167-179°E 0-25 107 +£ 19 15 Wheeler et al., 1997
Amundsen Basin 80-81°N, 128-148°E ~10 93 + 4 (90-102) 6 Letscher et al., 2011
Amundsen Basin 88-90°N, 32-148°E 0-25 99 +8 9 Wheeler et al., 1997
Nansen Basin 78-81°N, 116-122°E ~10 83 £ 10 (71-99) 6 Letscher et al., 2011
Nansen Basin 84-86°N, 34-38°E 0-25 65 + 11 8 Wheeler et al., 1997
HALOCLINE WATER

Canada Basin 72-84°N, 128-158°W 50-300 64 + 3 (57-75) 37 This study

Canada Basin 70-74°N, 134-160°W 50-250 66 + 6 (53-79) 77 Davis and Benner, 2005; Shen et al., 2012
Canada Basin 71-74°N, 145-160°W - 63 + 3 (59-68) 59 Mathis et al., 2005
Makarov Basin 86-88°N, 166-176°W 50-150 70 + 14 (56-101) 10 This study

Makarov Basin 81-87°N, 167-179°E 30-150 82 +22 13 Wheeler et al., 1997
Makarov Basin 78-81°N, 160-173°E 58 97 £+ 11 (64-124) 27 Guay et al., 1999
Amundsen Basin 88-90°N, 32-148°E 30-150 74+7 7 Wheeler et al., 1997
Amundsen Basin 79-80°N, 130-138°E 58 74 £ 9 (64-91) 15 Guay et al., 1999

Nansen Basin 84-86°N, 34-38°E 30-150 66 + 10 10 Wheeler et al., 1997
ATLANTIC WATER

Canada Basin 72-84°N, 128-158°W 300-1000 53 + 3 (50-63) 33 This study

Canada Basin 72-74°N, 1562-160°W 300-800 55 + 4 (50-69) 22 Davis and Benner, 2005
Canada Basin 72-74°N, 152-158°W 300-800 52 + 6 (45-62) 6 Benner, unpublished
Canada Basin 71-74°N, 150-160°W - 53 + 2 (48-57) 39 Mathis et al., 2005
Makarov Basin 86-88°N, 166-176°W 200-800 54 + 4 (44-62) 14 This study

Makarov Basin 81-87°N, 167-179°E 200-300 55+5 Wheeler et al., 1997
Amundsen Basin 88-90°N, 32-148°E 200-300 56 +2 Wheeler et al., 1997
Nansen Basin 84-86°N, 34-38°E 200-300 60 +5 Wheeler et al., 1997
Nordic Seas - 50-600 58+ 5 54 Amon et al., 2003
ARCTIC DEEP AND BOTTOM WATERS

Canada Basin 72-84°N, 128-158°W 1000-2500 49 + 3 (44-56) 18 This study

Canada Basin 72-74°N, 1562-160°W 1000-2500 50 + 3 (44-55) 21 Davis and Benner, 2005
Canada Basin 72-74°N, 152-160°W 1000-2500 49 + 2 (46-52) 8 Benner, unpublished
Canada Basin 72-84°N, 128-158°W 2500-4000 46 £ 1 (44-47) This study

Canada Basin 72-74°N, 152-160°W 2500-4000 47 + 3 (43-51) Davis and Benner, 2005
Canada Basin 72-74°N, 152-160°W 2500-4000 47 + 5 (41-51) Benner, unpublished
Canada Basin 71-74°N, 150-160°W >1000 47 £ 1 (45-50) 19 Mathis et al., 2005
Makarov Basin 85°N, 140-170°E >1000 56 (29-100) 32 Bussmann and Kattner, 2000
Makarov Basin 86-88°N, 166-176°W 1000-2500 49 + 4 (43-54) 10 This study

Makarov Basin 86-88°N, 166-176°W 2500-3500 46 + 2 (44-49) 3 This study

Amundsen Basin - >1000 54 (34-79) 67 Bussmann and Kattner, 2000
Nansen Basin - >1000 50 (36-112) 53 Bussmann and Kattner, 2000
Eurasian Basin - 1800-2500 50+2 20 Amon et al., 2003
NORDIC SEAS

Greenland Sea - 2500-4000 50+ 2 22 Amon et al., 2003
Greenland Sea 75°N, 0°W 1000-4000 48 £0.3 10 Hansell and Carlson, 1998
Norwegian Sea 70-72°N, 0-2°W 2000-3500 48 + 2 4 Amon et al., 2003

Data are reported as average + standard deviation (range).
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Opsahl et al., 1999; Amon et al., 2003), indicating DOC removal
from Atlantic waters during transport in the Arctic Ocean.

DOC and CDOM in Deep Arctic Waters
Concentrations of DOC in the deep Arctic Ocean exhibited
a strong vertical gradient at depths of 1000-2500m and a
relatively homogenous distribution at depths >2500 m. The
variability in deep DOC concentrations observed in this study
was considerably lower than that reported by Bussmann and
Kattner (2000) (Table 2). On average, concentrations of DOC in
deep waters (1000-2500 m) of the Canada Basin (49 & 3 pmol
L~1) and Makarov Basin (49 & 4 pmol L™!) were similar to but
slightly lower than those in deep waters of the Amundsen Basin
(54 wmol L™1), Nansen Basin (50 wmol L™}), outflowing deep
waters from the Eurasian Basin (1800-2500 m; 50 = 2 wmol L™1),
and Nordic Seas deep waters (1000-4000 m; 48-50 wmol L™
Table 2). Concentrations of DOC in bottom waters of the Canada
and Makarov Basins (>2500 m; 46 & 2 pwmol L™!) were lower
than those in any Arctic water masses mentioned above, but they
were higher than concentrations in deep waters of other major
ocean basins (35-45 wmol L™1; Druffel et al., 1992; Hansell and
Carlson, 1998).

There are few CDOM measurements in Arctic deep waters.
The asy5 measured herein at depths >1000 m in the Canada Basin
(0.17 & 0.02 m~!) and Makarov Basin (0.16 & 0.02 m~!) were
within the range in deep waters (>2000 m) of the South Atlantic
and North Indian Oceans, but were slightly elevated relative to
those in deep waters (>2000 m; 0.10-0.15 m~!) of the Pacific,
North Atlantic, and South Indian Oceans (Nelson et al., 2010).

An outstanding feature of the deep-Arctic data was that
concentrations of DOC decreased (by 6-8 pmol L™1) with
increasing water mass ages from depths of 1000 m to 2500 m in
the Canada and Makarov Basins. Such a loss of DOC resembled
the gradient (6 & 1 pmol L~!) observed in North Atlantic
Deep Water from 65°N to 19°N (Carlson et al.,, 2010). The
decline in deep Arctic DOC concentrations was significantly
related to an increase in salinity, apparent oxygen utilization
and nutrient concentrations, indicating that physical mixing and
microbial degradation are responsible for the decline in DOC
concentrations. The radiocarbon content of DOC in Canada
Basin deep water decreases from —380%o at 1000 m, a value
close to that in North Atlantic deep water, to —466%o at 2500 m
(Griffith et al., 2012). The difference in A'C (—86%o) indicates
the DOC ages vary by over 700 yr between 1000 and 2500 m,
whereas the CFC-based ventilation age of water increases by
~200 yr. These differences between DOC and ventilation ages
indicate the DOC that is removed is !“C-enriched relative to the
bulk DOC.

Assuming the decrease in deep-water DOC concentrations
was all due to microbial degradation, estimates of maximal
degradation rates can be derived from the regression slope
between DOC concentrations and ventilation ages at depths of
1000-2500 m (R?> = 0.51-0.83, p < 0.001). The estimated rates
ranged from 0.036 jLmol C L~! yr~! in the Canada Basin to 0.039
pwmol C L™! yr~! in the Makarov Basin, and they represent the
upper limits for DOC biodegradation in these deep waters. These
values were 2-3 orders of magnitude lower than those (0.2-5

pmol C L' yr~!) estimated in the mesopelagic zone of the
North Pacific and North Atlantic (Carlson et al., 2010; Kaiser and
Benner, 2012), and they were also lower than those (0.04-0.20
pwmol C L1 yr_l) in deep waters (>1000 m) of the Greenland
Gyre, North Atlantic Ocean, Mediterranean Sea, and East Japan
Sea (Amon et al., 2003; Carlson et al., 2010; Kim et al., 2015).
These comparisons indicate slow microbial degradation of DOC
in deep waters of the Arctic Ocean. In addition to the relatively
low abundance of bioavailable DOM in deep waters (Amon and
Benner, 2003; Davis and Benner, 2005), low water temperatures
(<0°C) could also influence rates of microbial degradation of
DOM in the deep ocean (e.g., Kim et al., 2015).

An unexpected elevation of azs (by 10-20%) with minor
changes in DOC concentrations was observed near the seafloor
(mostly <50 m above the bottom) in the Canada and Makarov
Basins. Our observations differ from those of Bussmann and
Kattner (2000) who reported losses of DOC near the seafloor
around the Lomonosov Ridge. The elevated as,; we observed
near the seafloor was associated with lower S;75-595 values
and higher nutrient concentrations, suggesting that the elevated
CDOM was largely derived from benthic remineralization of
organic matter in sediments. This observation is in agreement
with growing data on benthic abundance, diversity, and carbon
demand indicating active biological processing in sediments of
deep Arctic Ocean basins (Clough et al., 1997; Klages et al., 2004;
Bluhm et al., 2011). Overall, these data indicate DOC and CDOM
in Arctic Ocean deep and bottom waters are more dynamic than
previously recognized.
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