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Isoprenoid and branched glycerol dialkyl glycerol tetraethers (GDGTs) and grain size distribution were investi-
gated in surface sediments from the western Arctic Ocean including the Chukchi Sea and the adjacent northern
Bering Sea to understand their source and transportation in the Arctic region and test environmental proxies de-
rived from the GDGT composition.
Coarse sediments such as sand and silty sand are distributed in the Yukon and Mackenzie River estuaries, the
northern Bering Sea near Bering Strait, and some areas of the outer shelf of the Bering Sea. In the Chukchi Sea,
silt, grading from sandy to clayey silt, predominates and becomesfiner northward towards the deep Arctic Ocean
Isoprenoid GDGTs are abundant on the outer shelf and slope of the Chukchi Sea and the upper slope of the Bering
Sea. The higher abundances are attributed to a combination of higher production of marine Archaea
(Thaumarchaeota) at the shelf edge, redeposition of GDGT-carrying fine particles, and better preservation of
GDGTs at sites with higher sedimentation rates. The TEX86- and TEX86

L -derived temperatures are not consistent
with sea surface temperatures in the study area,with unrealistically high TEX86- and TEX86

L -derived temperatures
in samples north of 73 °N probably biased by factors other than temperature.
Branched GDGTs are abundant on the Chukchi shelf and in the Yukon andMackenzie River estuaries. At the shelf
edge of the Chukchi Sea, both branched and isoprenoid GDGTs are abundant, indicating common concentration
processes such as sediment redeposition and efficient preservation at sites with high sedimentation rates. Sedi-
ments from the western Arctic Ocean north of 75 °N, the Yukon and Mackenzie River estuaries, and the Yukon
River have higher cyclization ratio of branched tetraethers (CBT) than sediments from the Chukchi and Bering
Seas, suggesting two different sources of branched GDGTs inferred as soil and marine bacteria.
.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

As global warming continues and the extent of Arctic sea ice de-
creases rapidly, the Arctic Ocean is experiencing a dramatic environ-
mental change. Furthermore, strong positive feedbacks in the Arctic
climate system may affect the global climate (Miller et al., 2010;
Screen and Simmonds, 2010). Paleoclimate studies are important to
better understand ongoing change in the Arctic. As paleoclimate proxies
applicable to Arctic sedimentary records are limited because of sparse
occurrence of microfossils and severe alteration of chemical composi-
tions, development and tests of new proxies are much needed for accu-
rate paleoclimate investigation of the Arctic Ocean.

Glycerol dialkyl glycerol tetraethers (GDGTs) have been introduced
as a proxy to trace environmental changes by estimating the contribu-
tion of soil organic matter (Hopmans et al., 2004; Sinninghe Damsté
et al., 2000), sea surface temperature (Schouten et al., 2002), soil pH
and mean annual air temperature in the provenance areas (Peterse
et al., 2012; Weijers et al., 2007). GDGTs were used for reconstruction
the late Quaternary environment in the Arctic Ocean (Faux et al.,
2011; Yamamoto et al., 2008; Yamamoto and Polyak, 2009). However,
the applicability of GDGT proxies is not yet established because GDGT
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compositions are not simply correlated with surface water condition in
the Arctic Ocean, in contrast to other oceans in the mid- and low-
latitudes, suggesting that non-temperature factors such as depositional
environment might influence GDGT compositions (Ho et al., 2014; Kim
et al., 2010, 2012; Liu et al., 2009). In this study,we report thefirst inves-
tigation of GDGTs from surface sediments collected from the Chukchi
region of the western Arctic including the Chukchi Sea and adjacent
areas of the deep Arctic Ocean and the Bering Sea. The study is aimed
to understand the sources, transportation, and deposition patterns of
isoprenoid and branched GDGTs in the Arctic and to test the proxies de-
rived from the GDGT composition.

2. Background information

2.1. Study area

The western or Amerasian part of the Arctic Ocean is separated by
the submarine Lomonosov Ridge from the eastern Arctic Ocean and is
bound by the coasts of eastern Siberia, Alaska, and Canadian Arctic,
with a limited connection to the Pacific Ocean via a narrowBering Strait.
Oceanographic processes in the western Arctic are strongly affected by
high fluxes of riverine waters and more hydrographic isolation due to
the Beaufort Gyre circulation system and limited deep water exchange
with Atlantic Ocean water by Lomonosov Ridge (Polyak et al., 2009).
These features largely control the distribution ofwatermasses and asso-
ciated dissolved and suspendedmatter in thewestern Arctic Ocean (e.g.
Bates et al., 2011; Codispoti et al., 2005; Giles et al., 2012; Macdonald
et al., 2002). The Chukchi Sea encompasses a broad, shallow, and exten-
sively ice covered continental shelf between the eastern Siberia and
Alaska. To the south it is connected to the Bering Sea via the narrow
and shallow Bering Strait, and to the north the Chukchi shelf borders
the deep Arctic Ocean, with a system of submarine ridges and plateaus
extending from the shelf. Sea ice extent and primary productivity in
the Chukchi Sea show strong seasonal variation. During summer, the re-
treat of sea icemargin across the Chukchi shelf causes high primary pro-
duction and surface water stratification (Cota et al., 1996; Hill and Cota,
2005). Stronger ice cover further north controls the decreasing north-
ward pattern in temperature and salinity in the surface layer. Hydrogra-
phy and sea ice distribution are also strongly affected by the Pacific
waters entering through the Bering Strait (e.g., Shimada et al., 2006;
Weingartner et al., 2005; Woodgate and Aagaard, 2005; Woodgate
et al., 2005a, 2005b). In addition to major currents, local hydrological
features such as diapycnal mixing (Pickart et al., 2005), eddies
(Pickart, 2004), density flow from ice formation (Williams et al., 2008)
and upwelling (Woodgate et al., 2005a) are important for transport of
water and sediments in the Chukchi region.

Sediment is primarily delivered to the Chukchi Sea by the discharge
of local rivers, coastal erosion, and the Bering Strait inflow, and
redistributed on the shelf by bottom erosion and redeposition (e.g.,
Darby et al., 2009; Viscosi-Shirley et al., 2003). Sea ice also plays an
important role in sediment transport from the Siberian and North
American margins (Darby, 2003; Darby et al., 2009). Investigation of in-
organic and organic sedimentary proxies in the Chukchi Sea and adjacent
Arctic Ocean provides valuable information for understanding both
recent and longer-term Arctic environmental changes (e.g., Belicka
et al., 2002; Belicka and Harvey, 2009; Darby et al., 2009; Faux et al.,
2011; Polyak et al., 2009; Viscosi-Shirley et al., 2003; Yamamoto et al.,
2008; Yamamoto and Polyak, 2009; Yunker et al., 1993; 2011; Yurco
et al., 2010). Sampling stations are grouped by water depth broadly cor-
responding to inner shelf (0–50 m), outer shelf (50–140 m), slope
(140–2000 m) and basin (N2000 m) (Fig. 1).

2.2. GDGT proxies

Isoprenoid GDGTs are produced bymarineArchaea and ubiquitously
found in marine environments (Sinninghe Damsté et al., 2002). The
pattern of relative abundance of GDGT-0 to GDGT-3 and crenarchaeol
in marine sediments, except for estuarine areas, indicates that isopren-
oid GDGTs aremainly produced by Thaumarchaeota, formerly classified
as Crenarchaeota marine group I (Sinninghe Damsté et al., 2002; Spang
et al., 2010). Thaumarchaeota are chemoautrophic nitrifiers (e.g.,
Alonso-Sáez et al., 2012; Hallam et al., 2006; Könneke et al., 2005;
Wuchter et al., 2006) and heterotrophs (e.g., Agogué et al., 2008;
Ouverney and Fuhrman, 2000; Zhang et al., 2009) and are common in
cold marine waters (DeLong et al., 1994; Wuchter et al., 2006). Several
reports confirm the existence of Thaumarchaeota in the Arctic Ocean
(Alonso-Sáez et al., 2008; 2012; Amano-Sato et al., 2013; Bano et al.,
2004; Kirchmanet al., 2007). In the Chukchi Sea, Thaumarchaeota abun-
dance shows spatial and seasonal variations, correlated with nitrate,
phosphate and ammonia concentrations (Kirchman et al., 2007).

TEX86, the index based on the composition of isoprenoid GDGTs, was
proposed as a proxy for temperature proxy of overlaying sea surface
water (Schouten et al., 2002). TEX86

L , proposed by Kim et al. (2010), is
modified from TEX86 based on more extensive core-top dataset from
polar and subpolar oceans. Recently, Kim et al. (2012) suggested that
the calibration of TEX86

L to integrated temperatures between 0 and
200 m is better than the calibration to SST in the application in the
polar oceans. However, substantial scatter in TEX86/TEX86

L and tempera-
ture in the low-temperature range suggests that factors other than tem-
perature influence the TEX86/TEX86

L in the cold water regions.
Methane index based on the composition of isoprenoid GDGTs,

which could be contributed by methane oxidizing Archaea, was pro-
posed as a proxy for the anaerobic oxidation of methane by
Euryarchaeota (Zhang et al., 2011). TEX86 is biased when the contribu-
tion of Euryarchaeota is large (methane index N 0.4).

Branched GDGTs are commonly found in soils (Hopmans et al.,
2004) and thought to be produced by Acidobacteria (Sinninghe
Damsté et al., 2011). Although the production of branched GDGTs in
the lacustrine environments has been speculated in several studies
(e.g., Blaga et al., 2009; Sinninghe Damsté et al., 2009; Tierney and
Russell, 2009), overall branched GDGTs are robust tracers of organic
matter from terrestrial soils in marine environments (Hopmans et al.,
2004). MBT and CBT indices (methylation index and cyclization ratio
of branched tetraethers) based on the composition of branched GDGTs
were proposed as proxies of soil pH and mean annual air temperature
at provenance sites (Weijers et al., 2007). These indices are thus useful
for identification of the source areas of organic matter.

Branched and isoprenoid tetraether (BIT) index is defined as the
ratio of branched GDGTs to the sum of branched GDGTs and
crenarchaeol (Hopmans et al., 2004). The index is used as a proxy of
soil organic matter contribution. However, at higher latitudes in situ
production of branched GDGTs was also inferred for marine environ-
ments (Peterse et al., 2009).

3. Materials and methods

3.1. Samples

A total of 78 core-top (0–0.5 or 0–1 cm depth) sediment samples
were collected in the Chukchi Sea and the adjacent Arctic Ocean, the
northern Bering Sea, and the Yukon and Mackenzie River estuaries
using a multiple corer and/or gravity corer during 2000 to 2013 from
RV Araon (ARA01B and 02B), RV Mirai (MR00 and MR06 cruises) and
T/S Oshoro-maru (Fig. 1). In addition, sediments were sampled from
the Yukon River using an Ekman-Birge grab sampler (Fig. 1B). Samples
were stored in a refrigerator on board and freeze dried in the laboratory.

3.2. Analytical methods

3.2.1. Grain size analysis
Approximately 100 mg of bulk sediment was analyzed with a laser

diffraction scattering grain size analyzer (Horiba LA-920) after 10%
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hexametaphosphate treatment to disperse particles following amethod
of Nagashima et al. (2012). Grain sizewas classified in a 0.02 to 2000 μm
diameter range with a Δlog10 (μm)= 0.06 interval and was expressed
as volume percent (%). Using the Igor pro software, the distribution of
grain sizewas separated into several peaks by curvefitting to determine
the clay, silt and sand volume contents. Reproducibility was better than
2% for each grain size interval (Nagashima et al., 2012).
Fig. 1. Map showing the locations of (A) surface sediment samples in the western A
3.2.2. GDGT analysis
Lipids were extracted from dried and homogenized sediment

(1–3 g) with 11 ml of mixture of dichloromethane:methanol (6:4 v:v)
at 100 °C and 1000 psi for 10 min three times using a DIONEX acceler-
ated solvent extractor (ASE-200) and then concentrated using a rotary
evaporator. The extract was separated into four fractions according to
the degree of polarity, F1 (3 ml hexane), F2 (3 ml of hexane:toluene
rctic Ocean, the Chukchi Sea, the Bering Sea, and (B) the Yukon River estuary.
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(3:1 v:v)), F3 (4ml of toluene) and F4 (3ml of toluene:methanol (3:1 v:
v)), using column chromatography (silica gel with 5% distilled water,
i.d.: 5.5 mm, length: 45 mm). For GDGT analysis, F4 fraction was dis-
solved in hexane-2-propanol (99:1 v:v), and then filtered using an sodi-
um sulfate column. After adding an internal standard (C46 GTGT;
Patwardhan and Thompson, 1999), GDGTs were analyzed by high per-
formance liquid chromatography–mass spectrometry (HPLC–MS) with
a Shimadzu HPLC system connected to a Bruker Daltonics micrOTOF-
HS time-of-flight mass spectrometer. Separation in HPLC was conduct-
ed using a Prevail Cyano column (2.1 × 150 mm, 3 μm) from Alltech
and maintained at 30 °C following the methods of Hopmans et al.
(2000) and Schouten et al. (2007). The condition of liquid chromato-
graph was 0.2 ml/min flow rate, isocratic with 99% and 1% 2-propanol
for the first 5 min followed by linear gradient to 1.8% 2-propanol over
45 min. Ionization was carried out using an atmospheric pressure, pos-
itive ion chemical ionizationmethod. Detection of ionswas processed in
the full scan mode (m/z 500–1500). GDGTs were identified by compar-
ing their mass spectra and the retention times with those published in
Hopmans et al (2000) and quantified by comparing the summed peak
areas in the (M+ H)+ and the isotopic (M+ H + 1)+ ion to the peak
area of internal standard (Huguet et al., 2006). Chemical structures of
the investigated GDGTs are shown in the Appendix A.

TEX86 was calculated from concentrations of GDGT-1, GDGT-2,
GDGT-3 and crenarchaeol regioisomer using the following expression
(Schouten et al., 2002):

TEX86 ¼ GDGT−2½ � þ GDGT−3½ � þ crenarchaeol regioisomer½ �ð Þ
= GDGT−1½ð � þ GDGT−2½ � þ GDGT−3½ �
þ crenarchaeol regioisomer½ �Þ:
Fig. 2. Grain size distributions of surface sediments in (A) the slope and basin of the western
(D) northern Bering Sea.
TEX86-derived temperature was calculated according to the follow-
ing equation based on a global core-top calibration (Kim et al., 2010):

T ¼ 81:5 TEX86−26:6;

where T = temperature (°C). The standard deviations of five duplicate
analyses for F4 fractions averaged 1.2 °C.

TEX86
L, modified TEX86, was calculated from the concentrations of

GDGT-1, GDGT-2 and GDGT-3 using the following expression (Kim
et al., 2010):

TEX86
L ¼ log GDGT−2½ �= GDGT−1½ � þ GDGT−2½ � þ GDGT−3½ �ð Þf g:

TEX86
L -derived temperature was calculated according to the follow-

ing equation based on a global core-top calibration (Kim et al., 2010):

T ¼ 67:5 TEX86
L þ 46:9;

where T = temperature (°C), The standard deviations of 5 duplicate
analyses for fraction averaged 2.1 °C.

Methane index (MI) was calculated from the concentrations of
GDGT-1, GDGT-2, GDGT-3, crenarchaeol, and crenarchaeol regioisomer
using the following expression (Zhang et al., 2011):

MI ¼ GDGT−1½ � þ GDGT−2½ � þ GDGT−3½ �ð Þ= GDGT−1½ð � þ GDGT−2½ �
þ GDGT−3½ � þ crenarchaeol½ � þ crenarchaeol regioisomer½ �Þ:

Branched and isoprenoid tetraether (BIT) indexwas calculated from
the concentrations of GDGT-I (I), GDGT-II (II), GDGT-III (III) and
crenarchaeol using the following expression (Hopmans et al., 2004):

BIT ¼ I½ � þ II½ � þ III½ �ð Þ= I½ � þ II½ � þ III½ � þ crenarchaeol½ �ð Þ:
Arctic Ocean, (B) outer shelf of the Chukchi Sea, (C) inner shelf of the Chukchi Sea, and



Fig. 3. The contents of (A) sand, (B) silt, (C) clay, (D) mean grain size and (E) sorting in the western Arctic Ocean, the Chukchi Sea, and the northern Bering Sea.
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The cyclization ratio of branched tetraethers (CBT) was calculated
from the concentrations of GDGT-I (I), GDGT-Ib (Ib), GDGT-II (II), and
GDGT-IIb (IIb) using the following expression (Weijers et al., 2007):

CBT ¼ – log Ib½ � þ IIb½ �ð Þ= I½ � þ II½ �ð Þf g:

Soil pHwas calculated according to the following equation based on
a global soil calibration (Peterse et al., 2012; Weijers et al., 2007):

pH ¼ 7:90–1:97 CBT:

The methylation index of branched tetraethers (MBT′) was calculat-
ed from the concentrations of branched GDGTs shown in the Appendix
A using the following expression (Peterse et al., 2012). Roman numerals
in the expression refer to the abbreviations in Appendix A:

MBT0 ¼ I½ � þ Ib½ � þ Ic½ �ð Þ= I½ � þ Ib½ � þ Ic½ � þ II½ � þ IIb½ � þ IIc½ � þ III½ �ð Þ:

Mean annual air temperature (MAAT)was calculated from theMBT′
and CBT indices according to the following equation based on a global
soil calibration (Peterse et al., 2012):

MAAT ¼ 0:81–5:67 CBTþ 31:0 MBT0:



Fig. 4. Concentrations of (A and B) isoprenoid GDGTs and (C and D) branched GDGTs, (E and F) BIT indices, (G and H) ratio of caldarchaeol to crenarchaeol (Cald/Cren), (I and J) methane
index, (K and L) TEX86

L -derived temperature, (M and N) CBT, (O and P) MBT′ and (Q and R) MAAT in the western Arctic Ocean, the Chukchi Sea, and the northern Bering Sea.
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4. Results

4.1. Grain size

Analyzed surface sediments consistmainly of sandy silt in the Bering
Sea, the Yukon River estuary and the inner shelf of the Chukchi Sea, pure
fine silt on the outer Chukchi shelf, and clayey silt in the western Arctic
Ocean north of 75 °N (Fig. 2). Grain size distribution in the Chukchi Sea
region shows a bimodal distribution of silt and clay in the Arctic Ocean
off the shelf (Fig. 2A), a unimodal distributionwith a shoulder of clay on
the outer Chukchi shelf (Fig. 2B), and a bimodal distribution of silt and
fine sand with a shoulder of clay on the inner Chukchi shelf (Fig. 2C).
Sediments from the Bering Sea and the Yukon River estuary show vari-
able multimodal patterns of silt and sand (Fig. 2D; Nagashima et al.,
2012). Sand is most abundant in the Bering Sea and the inner Chukchi
shelf, silt is common in the Arctic Ocean, outer Chukchi shelf and
some sites of the outer Bering shelf, and clay is abundant in the Arctic
Ocean (Fig. 3A–C). Mean grain size ranges from 5.8 μm to 300 μm and
is generally higher in the Bering Sea and on the inner Chukchi shelf
than further north (Fig. 3D). Sorting is better in the Arctic Ocean off
the shelf than in the Chukchi and Bering shelf areas (Fig. 3E). In the
Yukon River estuary and the Yukon–Tanana River sediments, the



Fig. 4 (continued).
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mean grain size (5.8–160 μm) is generally larger than on the outer
Chukchi shelf.

4.2. GDGTs

A total of 15 GDGTs shown in the Appendix A, which are all com-
pounds used for TEX86, TEX86

L and MBT′/CBT proxies, were detected in
sediment samples (Fig. 4). The concentrations of isoprenoid and
branchedGDGTs range from2 to 7630ng/l and from14 to 1494 ng/l, re-
spectively. Isoprenoid GDGTs are most abundant on the outer Chukchi
shelf including the north Alaska margin (MC04 and MC08) and on the
continental slope of the northwestern Bering Sea (MC23, MC25 and
MC26) (Fig. 4A and B). Concentrations of isoprenoid GDGTs in the
Yukon River estuary and Yukon–Tanana River sediments are lower
than in other areas (Fig. 4A and B). In contrast, branched GDGTs are
more abundant in the Mackenzie and Yukon River estuaries, as well as
on the Chukchi shelf, than in the Arctic Ocean off the shelf and the Be-
ring Sea (Fig. 4C). Concentrations of branched GDGTs in the Yukon
River estuary sediments are high but decrease rapidly offshore within
an 80 km distance (Fig. 4D). Sediment from the downstream of the
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17Y.-H. Park et al. / Marine Chemistry 165 (2014) 10–24
Yukon River shows the highest concentration of branched GDGTs
(Fig. 4C). The BIT index (Hopmans et al., 2004), ranging from 0.03 to
0.99, is highest in the Yukon and Mackenzie River estuaries. In the
Chukchi Sea, BIT values, ranging from 0.03 to 0.39, decreases northward
to 75 °N, but some samples (13 and21 sites in ARA01 cruise, and8, 9, 11,
16A and 16B sites in ARA02 cruise) further north of 75 °N show higher
BIT values (0.23 to 0.39) than other sites in the Chukchi Sea (Fig. 4E). In
the Bering Sea BIT decreases rapidly with the distance from the Yukon
River estuary (Fig. 4F), and high BIT values of ~0.99 in the Yukon–
Tanana River sediments are typical for terrestrial soils (Fig. 4E).
The ratio of caldarchaeol (GDGT-0) to crenarchaeol (Cald/Cren),
ranging from 0.5 to 13.2, is high in the Yukon andMackenzie River estu-
aries and lowest on the upper slope north of the Chukchi shelf (Fig. 4G
and H). Methane Index (MI) values (Zhang et al., 2011), ranging from
0 to 0.74, are low in most stations, but high in the Yukon River estuary
and Yukon–Tanana River sediments (Fig. 4I and J). Generated TEX86-
and TEX86

L -derived temperatures range from −9.7 to 24.7 °C and
show no agreement with either annual or summer climatological sea
surface temperatures (SSTs) (Fig. 5). In the Bering Sea and the southern
Chukchi Sea, the TEX86- and TEX86

L -derived temperatures are lower than



Fig. 5. (A) TEX86- and TEX86
L -derived temperatures, annual SST range, (B andC) concentrations of isoprenoid andbranchedGDGTs, (D) BIT, (E) Cald/Cren, (F) CBT and (G) silt content along

the latitudinal transect from the Bering Sea to the Arctic Ocean. Climatological SST data are from the World Ocean Atlas, 2009. Sea ice data is from National Snow and Ice Data Center
(September median during 1979–2000).
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SSTs at some sites and higher at other sites (Fig. 5). In the area north of
73 °N the TEX86- and TEX86

L -derived temperatures are consistently
higher than the SSTs (Fig. 5). In the Yukon River estuary and Yukon–
Tanana River sediments, TEX86- and TEX86

L -derived temperatures are
much higher than the SSTs (Fig. 4K and L).

CBT index ranges from−0.11 to 0.96with higher values in theArctic
Ocean and the Yukon and Mackenzie River estuaries than on the Chuk-
chi and Bering Sea shelves (Fig. 4M andN).MBT′ index ranges from0.19
to 0.38 and is generally higher on the Chukchi and Bering shelves
(Fig. 4O and P). MBT′/CBT-based MAAT ranged from −4.8 to 9.9 °C
with high values in the Chukchi and Bering shelves (Fig. 4Q and R).
The Yukon River estuary and the Yukon–Tanana River sediments have
higher CBT, lower MBT′ and lower MBT′/CBT-based MAAT values than
in the northern Bering Sea further offshore (Fig. 4N, P and R).

5. Discussion

5.1. Sources and transportation of sediments

Our results indicate that coarse sediments such as sand and silty
sand are distributed in the Yukon and Mackenzie River estuaries, the
northern Bering Sea near Bering Strait, and some areas of the outer
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shelf of the Bering Sea (Fig. 3A). In the Chukchi Sea, silt, grading from
sandy to clayey silt, predominates and becomes finer northward
towards the deep Arctic Ocean (Fig. 3B and C).

Sediment is largely supplied to the study area by rivers and coastal
erosion that is active along the adjacent coasts (Harper, 1978). The
Yukon River, one of the major world rivers discharging high sediment
load (Brabets et al., 2000), supplies detrital particles to the Bering Sea.
The distribution of clay minerals in the Chukchi Sea sediments suggested
that particles can be transported from the Bering to the Chukchi Sea via
the Bering Strait (Kalinenko, 2001; Ortiz et al., 2009). In addition,multiple
small rivers discharge sediment to the Chukchi and Bering seas (Gordeev,
2006;Holmes et al., 2002;Macdonald et al., 2002;Nagashimaet al., 2012).
Another potential sediment source is the resuspension of finer particles in
high-energy environments on the inner shelf (Are, 1996; Stein et al.,
2004). Resuspended particles are advected by water currents and depos-
ited in lower energy environments on the slope and adjacent deep basins,
thus focusing finer sediments in these areas (Darby et al., 2009).

The silt content ismaximal and sorting is good around the shelf edge
of the Chukchi Sea about 73 °N (Figs. 3B, E and 5). Sediments change no-
ticeably further north, where clay content gets higher and sorting is bet-
ter, especially north of 75 °N. The boundary between clayey silt and pure
fine silt corresponds to the average position of summer sea icemargin in
the 20th century (Data from National Snow and Ice Data Center http://
nsidc.org/data/seaice_index/). This correspondence suggests that ice
distribution controls depositional processes and, thus, the difference in
lithology between the two areas. This control may be related to the
blockage of Bering Strait originating surface currents north of 75 °N
and the transport of sediment by sea ice. Sediments carried by ice drift
may have a wide grain size spectrum from clay to gravel (Stein et al.,
1994), but in the Arctic Ocean they are mostly composed of fine parti-
cles (Polyak et al., 2010, and references therein). In addition to sea ice
transport, Darby et al. (2009) concluded that nepheloid flows provide
a major transport mechanism of sorted clay and fine silt from the
inner Chukchi shelf to the slope of the Chukchi–Alaskan margin. We
infer that sediments north of 75 °N are deposited by a combination of
well sorted fine silt derived from the inner Chukchi shelf and the East Si-
berian shelf by currents and clay and fine silt particles carried by sea ice
from the North American margin via the Beaufort Gyre circulation.
Table 1
Summary of the potential source of GDGTs in surface sediments from thewestern Arctic Ocean,
Tanana River sediments.

Locations Sediments GDGTs

Western Arctic Ocean north
of 75 °N

Silt and clay Low to high isoprenoid and low br
concentrations, moderate BIT, High
TEX86

L than SST, Low Cald/Cren, Lo
Outer shelf of the Chukchi
Sea 73–75 °N

Silt and minor clay High isoprenoid and high branche
concentrations, Low BIT, Higher T
than SST, Low Cald/Cren, Low MI,

Inner shelf of the Chukchi
Sea 66–73 °N

Silt and sand Moderate isoprenoid and high bra
concentrations, Moderate BIT, Mod
TEX86

L , Low Cald/Cren, Low MI, low
Offshore Bering Sea Silt and sand Low to high isoprenoid and low br

concentrations, Moderate BIT, Mod
TEX86

L , Low Cald/Cren, Low MI, low
The Yukon River estuary Sand and silt Low isoprenoid and high branched

concentrations, High BIT, High TEX
High Cald/Cren, High MI, High CBT

The Yukon–Tanana River Sand and silt Low isoprenoid and high branched
concentrations, High BIT, High TEX
High Cald/Cren, High MI, High CBT

The Mackenzie River estuary Sand and silt Low isoprenoid and high branched
concentrations, High BIT, Moderate
High Cald/Cren, High MI, High CBT
5.2. Sources of isoprenoid GDGTs in the western Arctic

Isoprenoid GDGTs are specific to Archaea (Nishihara and Koga,
1987). Thaumarchaeota are dominant Archaea, while Euryarchaeota
are less abundant in the water column in the Chukchi and Bering Seas
(Amano-Sato et al., 2013; Kirchman et al., 2007). Crenarchaeol, specific
to Thaumarchaeota (Sinninghe Damsté et al., 2002), is common in the
study samples, suggesting that Thaumarchaeota are a dominant source
of isoprenoid GDGTs in the study area. The distribution of isoprenoid
GDGTs is spatially variable across the study area, with the highest abun-
dance found on the outer shelf and some sites in the slope of the Chuk-
chi Sea and the upper slope of the Bering Sea (Figs. 4A and 5). In the
Chukchi and Bering seas primary production is spatially variable and
sporadic (Belicka and Harvey, 2009; Cota et al., 1996; Grebmeier et al.,
2006; Wang et al., 2005). As chemoautrophic nitrifiers and hetero-
trophs, Thaumarchaeota need ammonia, urea or organic matter as an
energy source. Low marine production in waters covered by perennial
sea ice (Arrigo et al., 2008; Lee et al., 2010; Wang et al., 2005) results
in low concentrations of ammonia, urea and organic matter in the
water column and potentially accounts for a low concentration of
GDGTs in the area north of 75 °N. High isoprenoid GDGT concentrations
on the outer shelf and upper slope of the Chukchi Sea is associated with
a low ratio of Cald/Cren (0.51–1.17; Figs. 4A, G and 5). Because
crenarchaeol is specific to Thaumarchaeota (Sinninghe Damsté et al.,
2002) and caldarchaeol is common in most Archaea (e.g., Schouten
et al., 2013), the lowCald/Cren ratio suggests that the enhanced produc-
tion of Thaumarchaeota on the outer shelf and upper slope contributes
to abundant isoprenoid GDGTs. High concentrations of isoprenoid
GDGTs in this area are found in sediments with well sorted silt fraction
(Fig. 5), suggesting redeposition of fine particles with higher GDGT con-
centration. Also, high sedimentation rates in this area (N50 cm/kyr;
Darby et al., 2009; Polyak et al., 2009) enhance the preservation of iso-
prenoid GDGTs by allowing them to escape frommicrobial degradation
within relatively short time.We thus attribute the high concentration of
isoprenoid GDGTs on the outer shelf and upper slope of the Chukchi Sea
to a combination of the enhanced production of Thaumarchaeota, accu-
mulation of isoprenoid GDGTs associated with advected fine particles,
and the efficient preservation by rapid deposition (Table 1).
the Chukchi Sea, the Bering Sea, the Yukon andMackenzie River estuaries, and the Yukon–

Possible major archaeal
GDGT source

Possible major bacterial
GDGT source

anched GDGT
er TEX86 and

w MI, High CBT

Thaumarchaeota produced in situ Soil bacteria

d GDGT
EX86 and TEX86

L

low CBT

Thaumarchaeota produced in situ Bacteria in marine
environments

nched GDGT
erate TEX86 and
CBT

Thaumarchaeota produced in situ Bacteria in marine
environments

anched GDGT
erate TEX86 and
CBT

Thaumarchaeota produced in situ Bacteria in marine
environments

GDGT
86 and TEX86

L ,
Thaumarchaeota and Euryarchaeota
produced in soil

Soil bacteria

GDGT
86 and TEX86

L ,
Thaumarchaeota and Euryarchaeota
produced in soil

Soil bacteria

GDGT
TEX86 and TEX86

L ,
Thaumarchaeota and Euryarchaeota
produced in soil

Soil bacteria

http://nsidc.org/data/seaice_index/
http://nsidc.org/data/seaice_index/


Fig. 6. TEX86 and TEX86
L against mean annual SST in the studied samples compared to the global core-top dataset (Kim et al., 2010). The regression line in panels (B) and (D) refers to the

global core-top dataset (Kim et al., 2010).

20 Y.-H. Park et al. / Marine Chemistry 165 (2014) 10–24
5.3. TEX86 thermometry

The comparison of TEX86- and TEX86
L -derived temperatures with cli-

matological SSTs shows various patterns in the study areas (Fig. 5). The
anomalously high TEX86- and TEX86

L -derived temperatures in the Yukon
Fig. 7. Depth profiles of TEX86, TEX86
L and the ratio o
River estuary (7.3–24.4 °C) likely reflect the isoprenoid GDGT composi-
tion derived from the river (11.3–24.7 °C; Figs. 4L and 5). In other areas,
the TEX86- and TEX86

L -derived values are closer to the annual ranges of
SSTs south of the shelf edge around 73 °N and higher further north
(Figs. 5, 6A and C). The southern group of samples shows a positive
f GDGT-2 to GDGT-3 in open marine sediments.



Fig. 8.CBT vsMBT′ values in surface sediments from thewesternArcticOcean, theChukchi
Sea, Bering Sea, the Yukon andMackenzie River estuaries, and the Yukon River sediments.
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correlation between TEX86 and SST (r= 0.79, n= 14, p b 0.01) and be-
tween TEX86

L and SST (r= 0.60, n = 14, p b 0.05), and they are consis-
tent with group A of the global core-top dataset of Kim et al. (2010)
(Fig. 6B and D). The group of samples north of 73 °N shows a wide
range of TEX86 and TEX86

L in a narrow SST interval around −1 °C
(Fig. 6A and C), which is consistent with group B of the global core-
top dataset of Kim et al. (2010) (Fig. 6B and D).

One may consider that the advection of isoprenoid GDGTs from the
Bering and southern Chukchi Seas influences TEX86- and TEX86

L -
derived temperatures in the area north of 73 °N. The contribution of
terrestrial soils may also affect the TEX86 and TEX86

L distribution as sed-
iments in the Yukon River have high TEX86- and TEX86

L -values (Figs. 4K
and 5). However, the Cald/Cren ratio andMI in the northern samples are
more similar to these indices on the inner shelf of theChukchi Sea rather
than the YukonRiver sediments (Fig. 4G and I), indicating that the influ-
ence of terrestrial GDGTs on TEX86 and TEX86

L in the study area is negli-
gible. The CBT values of branched GDGTs in the northern group are also
different from the southern group (Fig. 4M and O), suggesting a limited
influence of GDGTs transported from southern areas on TEX86 and
TEX86

L further north. It is also less likely that the degradation of GDGTs
affected TEX86 and TEX86

L because field experiment, sediment trap and
surface sediment studies showed no significant change in TEX86 and
TEX86

L during oxic degradation (Kim et al., 2009; Yamamoto et al.,
2012). Recent core-top studies in the Mediterranean Sea and the
South China Sea indicate TEX86 values in deep water sites are signifi-
cantly higher than those in the adjacent shallow sites (Ge et al., 2013;
Leider et al., 2010). The depth plots of TEX86 and TEX86

L in open marine
sediments do not show such trend, although the ratio of GDGT-2 to
GDGT-3 increases with increasing water depth (Fig. 7), as also reported
global ocean sediments by Taylor et al. (2013).

The question, why TEX86- and TEX86
L -derived temperatures are

higher than SST in the area north of 73 °N, remains open. One explana-
tion can be offered by recent studies on intact GDGTs in suspended
particulates suggesting that the response of TEX86 to temperature is af-
fected by epipelagic or mesopelagic Thaumarchaeotal communities
(Chun Zhu, personal communication). We speculate that such differ-
ence in Thaumarchaeotal communities might influence the spatial
distribution of TEX86 and TEX86

L in the study area as well (Table 1).
5.4. Sources of branched GDGTs in the western Arctic

High concentrations of branched GDGTs in sediments from estuaries
of the Yukon and Mackenzie rivers, which contain the highest sus-
pendedmatter loads in the Arctic (Macdonald et al., 2004), are attribut-
ed to the discharge of soil organic matter. In the Yukon River estuary,
branched GDGT concentrations remarkably decrease with distance
from the river mouth, suggesting that a large fraction of soil organic
matter is deposited in the river proximity. At the shelf edge of the Chuk-
chi Sea, both branched and isoprenoid GDGTs are abundant, indicating
common depositional processes such as sediment resuspension and
redeposition and efficient preservation in sediment depocenters.

Spatial distribution of the BIT index is consistent with that of
branched GDGT concentrations (Fig. 4C and E). High values appeared
in the Yukon River andMackenzie River estuaries (Fig. 4E and F). Excep-
tionally, relatively high BIT (0.23 to 0.39) co-occurs with low branched
GDGT concentration at some sites north of 75 °N (Fig. 5). There are two
possible interpretations of this phenomenon. First, lowThaumarchaeota
production under the perennial sea ice resulted in low crenarchaeol
concentration and thus higher BIT. Second, the GDGTs in this area are
expected to suffer severe degradation due to the oxic conditions and
low sedimentation rates (e.g., Polyak et al., 2009). Huguet et al. (2009)
showed that the BIT values in oxic sediment layers were higher than
in anoxic layers as exemplified by turbidites from the Madeira Abyssal
Plain (Huguet et al., 2009). Estimates of the first-order decomposition
rate constants for isoprenoid GDGTs (2.5 × 10−5 yr−1) and branched
GDGTs (2.0 × 10−5 yr−1) in a sediment core from the Arctic Ocean
(Yamamoto and Polyak, 2009) indicate that branched GDGTs are more
refractory than isoprenoid GDGTs. This result is consistent with a com-
bined study of sediment trap and underlying sediment showing that
preservation rates are higher for branched GDGTs than isoprenoid
GDGTs at the water-sediment interface (Yamamoto et al., 2013).
This difference in preservation rates potentially affects the distribu-
tion of BIT values in marine sediments. It is, thus, likely that relatively
high BIT in the area north of 75 °N is biased by the selective degrada-
tion of isoprenoid GDGTs as compared with branched GDGTs.

Two groups of branched GDGTs in the studied sediments are illus-
trated by the diagram of CBT vsMBT′ (Fig. 8). The first group, character-
ized by high CBT values, consists of samples from the Arctic Ocean north
of 75 °N, the Yukon and Mackenzie River estuaries, and Yukon–Tanana
River sediments (Group 1 in Fig. 8). The second group, low-CBT group
comprises samples from the Chukchi and Bering Seas (Group 2 in
Fig. 8). In Group 1, MBT′/CBT-based temperatures (ca. 0 °C) are higher
than the MAATs at Barrow (−11 °C) and Nome (−3 °C) in northern
Alaska, and the CBT-based pH values (6.5) are similar to the measured
soil pH values in Alaskan soils (3.6–7.7 [Yu-Hyeon Park, unpublished
data]). In contrast, in Group 2, MBT′/CBT-base temperatures (ca. 7 °C)
are much higher than the MAATs in northern Alaska, and the CBT-
based pH values are also higher than those in Alaskan soils. Weijers
et al. (2011) reported that MBT/CBT overestimated temperature and
pH in a peat sequence in Switzerland and pointed out that this index
is sensitive to changes in vegetation. This result suggests a possibility
that the GDGT composition difference between the two groups of sam-
ples in our study may reflect a difference in vegetation of the prove-
nance areas. However, a preliminary analysis of 47 peat and soil
samples at 17 different sites in tundra and taiga vegetation in Alaska in-
dicates predominantly high CBT values (Yu-Hyeon Park, unpublished
data), which are consistent with values in the Group 1. Although we
do not have data for Siberian peats and soils, this preliminary result sug-
gests that vegetation is not a key factor differentiating CBT values.
Peterse et al. (2009) and Zhu et al. (2011) found lower CBT and higher
MBT in marine surface sediments than in coastal soils and suggested
in situ production of branched GDGTs in marine environments. Zell
et al. (2014) reported the same phenomenon for the Amazon River
estuary. We suppose that the branched GDGTs in Group 2 (Chukchi
shelf and the Bering Sea samples) were derived from marine bacteria.
On the other hands, in the western Arctic Ocean north of 75 °N,
branched GDGTswith higher CBTwere possibly derived from terrestrial
soil organic matter (Table 1). In the Yukon River estuary, the sediments
at proximal sites have higher CBT, corresponding to the values of Yukon
River sediments (group 1), than the sediments at distal sites (group 2)
(Fig. 4N). The seaward decrease of CBT values reflects the increasing
contribution of branched GDGTs of marine origin (Table 1).
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6. Conclusions

A relatively high abundance of isoprenoid GDGTs on the outer shelf
and slope of the Chukchi Sea and the upper slope of the Bering Sea are
attributed to a combination of higher production of Thaumarchaeota
at the shelf edge, redeposition of GDGT-enriched fine particles, and bet-
ter preservation of GDGTs due to higher sedimentation rate by sediment
focusing. The TEX86- and TEX86

L -derived temperatures in samples north
of 73 °N are unrealistically high as compared to SSTs. This bias might be
attributed to different Thaumarchaeotal communities in this area.
TEX86- and TEX86

L -derived temperatures further south compare better
with the global SST core-top calibration, but their applicability for
paleothermometry yet needs to be evaluated. Branched GDGTs are
abundant in the Yukon and Mackenzie River estuaries and on the
inner and outer shelf of the Chukchi Sea. Sediments from the western
Arctic Ocean north of 75 °N, the Yukon and Mackenzie River estuaries,
and the Yukon–Tanana River have higher CBT than sediments from
the Chukchi and Bering Seas. The temperatures and pH values (ca. 0–
1 °C and 6.5, respectively) estimated byMBT′/CBT in thewestern Arctic
Ocean north of 75 °N are representative for Arctic terrestrial
Appendix A. Structures of isoprenoid and branched glycerol dialkyl glyc
environments. In the Chukchi and Bering Sea sediments these values
are ca. 7 °C and 8.5, respectively, much higher than those in Alaska
soil. This pattern suggests two different sources of branched GDGTs,
which we tentatively attribute to soil and in situ marine bacteria,
respectively.
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