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Paleoceanographic changes in response to Holocene climate variability in Bigo Bay, west Antarctic
Peninsula (WAP) were reconstructed through geochemical, isotopic, sedimentological, and microfossil
analysis. Core WAP13-G(C47 is composed of 4 lithologic units. Unit 4 was deposited under ice shelf
settings. Unit 3 represents the mid-Holocene open marine conditions. Unit 2 indicates lateral sediment
transport by a glacier advance during the Neoglacial period. The chronological contrast between the
timing of open marine conditions at core WAP13-GC47 (ca. 7060 cal. yr BP at 540 cm) and the ages of
calcareous shell fragments (ca. 8500 cal.yr BP) in Unit 2b suggests sediment reworking during the

ﬁzxoergj Neoglacial period. Unit 1 was deposited during the Medieval Warm Period (MWP) and the Little Ice Age
Paleoceanography (LIA). Surface water productivity, represented by biogenic opal and total organic carbon (TOC) concen-
West Antarctic Peninsula trations, increased and bulk 3N (nitrate utilization) decreased during the warmer early to middle
Marine core Holocene and the MWP. In contrast, surface water productivity decreased with increased bulk 3'°N
Geochemistry during the colder Neoglacial period and LIA in Bigo Bay. The nitrate utilization was enhanced during cold

Nutrient utilization periods in association with strong surface water stratification resulting from increased sea ice meltwater

discharge or proximity to an ice shelf calving front in Bigo Bay. Reduced nitrate utilization during warm
periods is related to weak stratification induced by less sea ice meltwater input and stronger Circumpolar
Deep Water influence.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The west Antarctic Peninsula (WAP) is among the most rapidly
warming areas in the world (e.g., King, 1994; Vaughan et al., 2003;
Cook et al., 2016) where atmospheric mean air temperatures rose
2.5°C in the Antarctic Peninsula from A.D. 1950 to 2000 (Turner
et al.,, 2005). This warming has been accompanied by a general
trend of ongoing glacial retreat in the WAP that initiated between
A.D. 1955 and 1969 (Cook et al., 2005a, 2016; Rignot et al., 2014).
Additionally, winter sea ice duration in the WAP is decreasing in
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response to recent warming (e.g., Smith and Stammerjohn, 2001;
Vaughan et al., 2003; Stammerjohn et al., 2008). Dramatic, rapid
increases in the near-surface temperature over the last few decades
were observed along the WAP (Cape et al.,, 2015 and references
therein). Accordingly, the transition from a polar to subpolar
climate in the WAP has profound impacts upon surface water
production, with phytoplankton biomass decreasing in the north
and increasing further south since the late A.D. 1970s (Montes-
Hugo et al., 2009). Given the host of recent, rapid, and inter-
connected climatological, biological, oceanographic, and glacio-
logical changes across this region, studies of Holocene
paleoceanographic changes associated with the AP ice sheet are
paramount to understanding the region's future vulnerability to
climate change.
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Decades of marine sediment core studies of the Antarctic con-
tinental shelf revealed a suite of marine sediment facies that
correspond to past glacio-marine environments (Domack et al.,
2003; Hillenbrand et al, 2010) and reconstruct the spatio-
temporal variations of grounded ice in the WAP since the Last
Glacial Maximum (LGM) (Larter et al, 2014; The RAISED
Consortium et al., 2014). In the Amundsen Sea and Belling-
shausen Sea sectors of the WAP, the LGM ice sheet remained in the
outer to middle shelf area until 5 ka, but rapidly retreated toward
the modern positions in the inner shelf (Larter et al., 2014). Given
this apparent sensitivity of grounded ice on the inner shelf, a
deglacial history of this region may provide important insights for
future climatic change. The proximity of inner shelf sediment re-
cords to the grounded ice margin provides greater potential to
detect past grounding line fluctuations. Despite dynamic — and
often complex — deglaciation patterns of the inner shelf (Allen
et al., 2010 and references therein), inner shelf records back to
the earliest Holocene from WAP fjords remain to be studied in
depth.

Upwelling and intrusion of relatively warm and saline
Circumpolar Deep Water (CDW) onto the WAP shelf (Smith et al.,
1999; Smith and Klinck, 2002; Klinck et al., 2004; Jenkins and
Jacobs, 2008; Moffat et al., 2009) enhances basal melting in the
sub-ice shelf cavity that accelerates grounding line retreat and ice
shelf collapse (Klinck et al., 2004; Bentley et al., 2005; Rignot,
2006; Smith et al., 2007a). During the Little Ice Age (LIA)
reduced upwelling and influence of the CDW onto the WAP shelf
may have facilitated local ice shelf expansion (Ishman and
Domack, 1994; Domack et al., 1995; Bentley et al., 2005; Christ
et al, 2015). Surface water productivity also presumably
changed in response to CDW upwelling variability due to its
enriched nutrient content. Primary productivity increased under
open ocean conditions during the warmer mid-Holocene,
whereas primary productivity decreased synchronously with
greater sea ice coverage during the colder Neoglacial period (e.g.,
Domack et al., 1995; Shevenell et al., 1996; Taylor et al., 2001;
Brachfeld et al., 2003; Domack et al., 2003; Allen et al., 2010;
Christ et al., 2015). Although the variability of the CDW intrusion
onto the WAP shelf areas is demonstrably related to environ-
mental changes in the WAP (Domack et al., 2003), the role of the
CDW in nutrient utilization across the WAP has not been dis-
cussed, despite the water mass's enriched nutrient character
(Ainley and Jacobs, 1981; Jacobs et al., 1985; Castagno et al., 2017).
The nutrient cycle in the WAP shelf can, therefore, be related to
and understood in the context of past changes in surface water
productivity and degree of upwelling/stratification.

In this study, we compiled a multi-proxy record from sediment
cores collected from outer and inner Bigo Bay, WAP that includes:
magnetic susceptibility (MS), water content (WC), biogenic opal
concentrations, total organic carbon (TOC), total nitrogen (TN),
CaCOs, diatom assemblage analysis, and bulk 8!°N, a proxy for ni-
trate utilization (e.g., Francois et al.,, 1992; Altabet and Francois,
1994). Here, we reconstruct Holocene deglaciation patterns and
paleoceanographic changes, including surface water productivity
and nutrient utilization, in the WAP, and improve upon previously
poorly reported proxies, such as bulk 8°N, biogenic opal, and
CaCOs3 concentrations in relation to other sedimentological
observations.

2. Study area
Bigo Bay (65°43'S, 64°30’'W; Fig. 1) is a small (~15 km long by

~11 km wide), northwest-southeast-trending fjord in the west
Graham Land coast along the Grandidier Channel bordered by

Leroux Bay to the north and Barilari Bay to the south (Fig. 1). Bigo
Bay is characterized by over-deepened basins that range in depth
between 520 and 700 m, as well as several shallow areas (>50 m)
and small glaciated islands. Comrie Glacier and several small un-
named marine-terminating glaciers drain into Bigo Bay (Fig. 1).
Historic records of ice front positions document the decay of a small
ice shelf pinned between Lizard Island and the northern wall of the
fjord (Ferrigno et al., 2008).

The Antarctic Circumpolar Current (ACC) flows clockwise in a
broad zone around Antarctica (Fig. 1). Strong surface circulation of
the upper layer (50—100 m depth) near the shelf slope is associated
with the eastward flow of the southernmost front of the ACC
(Meredith et al., 2010). This flow can form semi-closed gyre-like
circulations over the outer shelf and intrude onto the shelf in pla-
ces, most notably toward the northern end of the WAP (Klinck et al.,
2004). Spring and summer melt of sea ice and glacial ice decreases
surface water density and forms Antarctic Surface Water (AASW), a
water mass that is also important for upper layer circulation in the
WAP (Meredith et al,, 2010). A pycnocline separates AASW from
deeper circulation dominated by the CDW derived from the ACC
(Meredith et al., 2010). The CDW, an intermediate depth water
mass, is relatively warm (>1.5°C), salty (34.65—34.7%0), and
nutrient rich (Ainley and Jacobs, 1981; Jacobs et al., 1985; Castagno
et al., 2017). Although the CDW exists at depths below 200 m, this
water mass can upwell onto and flow across the WAP shelf through
over-deepened troughs carved by paleo-ice streams that extend
from the continental shelf break to the inner shelf (e.g., Klinck,
1998; Smith et al,, 1999; Smith and Klinck, 2002; Klinck et al.,
2004; Martinson et al., 2008). Intrusions of warm, saline, and
nutrient-rich CDW onto the shelf interact with and are modified by,
overlying water masses (Hofmann et al., 1996; Klinck, 1998; Smith
et al., 1999). The rugged, glacially sculpted bathymetry of the inner
WAP shelf may contribute to and enhance water mass mixing
(Bentley et al., 2009).

Sea ice may play an important role in environmental changes
around the WAP (e.g., Shevenell et al., 1996; Vaughan et al., 2003;
Allen et al., 2010). Freshwater input through sea ice melt enhances
ocean surface water stratification; therefore, it is important to un-
derstand the changes in the freshwater budget of the WAP across a
range of time-scales (Meredith et al., 2010). A thin layer of sea ice
melt generated during the spring can greatly stabilize the surface
ocean to create a favorable light environment that may encourage
phytoplankton bloom development by retaining the biological cells
(Mitchell and Holm-Hansen, 1991). Glacial meltwater can provide
similar conditions (Dierssen et al., 2002), along with a potential
supply of micronutrients (such as iron) sourced from glacial
scouring of underlying bedrock and sediment to the surface ocean,
as well as micro-nutrient accumulation via atmospheric deposition
(Meredith et al., 2010).

This multi-proxy record from outer and inner Bigo Bay provides
the opportunity to examine Holocene paleoclimate variability and
its effect upon the dynamics of marine-terminating glaciers, sea ice,
and water masses on the inner shelf of the WAP.

3. Material and methods

Three shallow sediment cores were collected from Bigo Bay by
the R/V Araon during the ANAO3C Cruise in 2013, including: a
563m long gravity core WAP13-GC47 (65°36.7675'S,
64°45.5070'W, 673 m water depth) and a 0.42 m long box core
WAP13-BC47 (65°36.7675'S, 64°45.5070'W, 673 m water depth)
from the outer fjord, and a 6.79 m long gravity core WAP13-GC45
(65°45.1004'S, 64°31.4884'W, 516 m water depth) from the inner
fjord (Fig. 1b).
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Fig. 1. (a) Regional overview map of the Antarctic Peninsula with schematic ocean circulation. Yellow arrows show surface circulation patterns and red arrows show deep cir-
culation (i.e., Circumpolar Deep Current). This figure is modified from Meredith et al. (2010) and Bentley et al. (2005). ACC: Antarctic Circumpolar Current, PD: Palmer Deep, BB:
Barilari Bay, and MB: Marguerite Bay. (b) Surface satellite imagery and multibeam swath bathymetry of Bigo Bay with the locations of cores WAP13-GC47, WAP13-BC47, and WAP13-
GC45. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.1. Physical properties

MS was measured at 1 cm intervals on split half-core sections
using a Bartington MS-2B susceptibility meter at Korea Polar
Research Institute (KOPRI). The WC for all cores was measured at
2 cm intervals on 1 cm thick sub-samples. The WC was calculated
by the following equation:

Massyer — Mass g, — Mass
we dry salt %« 100
Mass et

WC (%) = (
where Masswet, Massdry, and Masssgic are the mass of the original
sample, dried sample, and salt (assuming 35 psp), respectively.

3.2. Geochemical proxies

Geochemical proxies for all cores were measured at 4 cm in-
tervals on 1 cm thick sub-samples. The biogenic silica (Sigjp) con-
centration was measured through two methods: the wet alkaline
extraction method modified from DeMaster (1981) at Pusan Na-
tional University, and using a Continuous Flow Analyzer (SKALAR
SANP!YS Analyzer) with the same wet-alkaline extraction method
modified from DeMaster (1981) at KOPRI. The biogenic opal con-
centration was calculated by multiplying the biogenic silica con-
centration by 2.4 (Mortlock and Froelich, 1989). The relative error of
the biogenic silica concentration in sediment samples is less than
1%. The biogenic silica concentration was measured only on core
WAP13-G(C47. The total inorganic carbon (TIC) concentration was
measured using the UIC CO, coulometer (Model CM5240) at KOPRI.
The CaCOs concentration was calculated by multiplying the TIC
concentration by 8.333. The relative standard deviation for the
CaCOs3 concentration is +1%. The total carbon (TC) and total nitro-
gen (TN) concentrations were measured with an Organic Elemental
Analyzer (FLASH, 2000 NC Analyzer) at KOPRI. The analytical

precisions are better than +0.1% and +0.02%, respectively. The TOC
concentration equals the difference between the TC and TIC.

3.3. Bulk 6N values

The bulk 8N values for core WAP13-GC47 were measured at
4 cm intervals using the EA—IRMS (Europa Scientific RoboPrep-CN
elemental analyzer & Europa Scientific 20-20 mass spectrometer)
at Iso-Analytical Ltd., UK. Nitrogen isotope ratios are expressed in
conventional delta notation, which is the per mil deviation from
atmospheric nitrogen. The precision for nitrogen isotopes was
approximately +0.2%o.

3.4. Diatom assemblage analysis

Diatom assemblages for core WAP13-GC47 were analyzed at
20cm intervals. The detailed sample preparation and diatom
counting method followed those described in Bak et al. (2007). The
quantitative analysis of diatom slides followed the procedures
described in Scherer (1994). The absolute abundance was calcu-
lated by the following equation:

((AxB)/(Cx D))

Abundance = E

where A is the number of specimens counted, B is the settling
chamber area, C is the microscope's field of view number, D is the
field of view area, and E is the sample mass. Chaetoceros resting
spores were not included in the specimen count.

3.5. Radiocarbon dating

Fifteen accelerator mass spectrometry (AMS) C dates were
measured at Beta Analytic, USA (Table 1). We analyzed nine
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Table 1

Radiocarbon dates from cores WAP13-GC47 and WAP13-GC45. The calibration program CALIB 7.1 (Stuiver and Reimer, 1993; Reimer et al., 2013) was used to convert the'*C ages
to calendar ages with a reservoir correction of 1390 years (AR = 990 years) for shell fragments and 1570 years (/AR = 1170 years) for AIOM. AIOM: acid insoluble organic

matter. *Ages not included in the age model in this study.

Depth (cm) Analyzed material Lab code 14C age (yr BP) Error (yr) AIOM: calibration age (02) Median Calendar age (cal. yr BP)

/A\R=1170 Shell: calibration age

(62) AR=990

cal. yr BP (min) cal. yr BP (max)
WAP13-GC47
0 AIOM Beta-364186 1670 +30 40 236 120
62 AIOM Beta-364187 2890 +30 1209 1343 1275
80 AIOM Beta-447357 3100 +40 1369 1582 1477
100 AIOM Beta-447358 2900 +30 1221 1349 1283
120 AIOM Beta-447359 3110 +30 1391 1572 1490
166* AIOM Beta-364188 6280 +40 5378 5572 5481
282* Shell fragment Beta-361570 9050 +40 8406 8606 8512
306* AIOM Beta-361570 8820 +40 7995 8200 8105
309* Shell fragment Beta-364189 8730 +30 8136 8308 8215
366 AIOM Beta-364190 4650 +30 3265 3443 3364
514 AIOM Beta-364191 6970 +40 6122 6299 6225
WAP13-GC45
78* AIOM Beta-447360 4940 +30
78 Scaphopod Beta-354400 1660 +30 261 406 317
481* AIOM Beta-447361 5540 +30
481 Shell Beta-354401 2360 +30 820 993 918

horizons for acid insoluble organic matter (AIOM) and two calcar-
eous shell fragments (at 282 cm and 309 cm) for AMS C dates at
core WAP13-GC47. In addition, we analyzed both AIOM and
calcareous shell fragments at the same intervals (78 cm and
481 cm) for AMS 'C dates at core WAP13-GC45.

4. Age model

Radiocarbon age results were calibrated using CALIB 7.1 (Stuiver
and Reimer., 1993) with the MARINE13 dataset that includes a
standard global 400 year reservoir age (R) (Reimer et al., 2013). To
account for spatially and temporally variable reservoir ages, a
reservoir age calibration (AR) was applied (Cook et al., 2005b). As a
result, different AR values, ranging from 480 to 990 years, have
been applied to radiocarbon chronologies in sediment cores from
the AP (e.g., Domack, 1992; Berkman and Forman, 1996; Domack
et al,, 2005; Hillenbrand et al., 2010; Christ et al., 2015). We used
a AR of 990 years (which equals a total local reservoir age of 1390
years), which was applied to the cores collected from Barilari Bay,
the adjacent fjord to the south of Bigo Bay (Christ et al., 2015), for
two shell fragment AMS '4C dates of core WAP13-GC47.

AIOM AMS C dates of core tops are commonly older than the
local reservoir age in Antarctica due to the influence of old carbon
(e.g., Gordon and Harkness, 1992; Domack et al., 2003; Hillenbrand
etal, 2010). The core top AIOM age of 1670 C yr BP (Table 1) is 280
years older than the local reservoir age (1390 year) used in this
study. To determine if the core top AIOM 'C age is representative of
the sediment-water interface, we compared the MS, WC, and TOC
concentrations between cores WAP13-GC47 and WAP13-BC47 that
were collected from the same location. Based on these comparisons
(Fig. S1), the upper ~5 cm of sediment from core WAP13-GC47 was
lost during the coring process. Extrapolating the linear sedimen-
tation rate between 0 cm (1670 %C yr BP) and 62 cm (2890 '4C yr
BP) of 0.051 cm/™C yr, the lost 5cm of core WAP13-GC47 was
calculated to represent only ~100 years. The actual core top age for
core WAP13-GC47 is then considered to be 1570 C yr BP, only 180
years older than the local reservoir age of 1390 in Barilari Bay. This
180 year difference can be attributed to bioturbation, local reservoir
differences, or the effect of old carbon typical of AIOM AMS '“C
dates in the AP; therefore, we considered this 180 year difference

for the local AR in Bigo Bay. Thus, we used the AR of 1170 year for
calibration of nine AIOM 'C dates of core WAP13-GC47.

Two AIOM ages at 166 cm and 306 cm and two shell fragment
ages at 282 cm and 309 cm of core WAP13-GC47 were excluded
from our age model because they greatly exceeded the AIOM age at
514 cm (Table 1, Fig. 2). Additionally, there are chronologically
inverted layers between 62 cm and 120 cm with ages ranging from
2890 1“C yr BP to 3110 ™C yr BP in core WAP13-GC47 (Table 1). The
age measurement errors for this layer were +30—40 years, but the
analytical errors were reported as +200 “C yr or more from
Maxwell Bay (Milliken et al., 2009). Thus, the age model for core
WAP13-GC47 was constructed using a third-order polynomial
equation rather than a linear interpolation (Fig. 2):

y = 8.84E-05x> — 0.056x? + 17.252X + 212.425
where y = age (cal. yr BP) and x = depth (cm), which provides an r?
value of 0.99.

For core WAP13-G(C45, we also used a AR of 990 years for two
shell fragment AMS 'C dates (72 cm and 481 cm) (Table 1). Two
AIOM 'C dates of core WAP13-GC45 were 3280 and 3180 years
older than the '#C dates of shell fragments at the same intervals.
This indicates a more significant old carbon effect in the inner fjord;
thus, we did not convert AIOM 'C dates to calendar ages for core
WAP13-G(C45 in this study.

5. Results
5.1. Core WAP13-GC47

Core WAP13-GC47 is composed of four lithologic units: Unit 1
(0—160 cm), Unit 2 (160—340 cm), Unit 3 (340—550 cm), and Unit 4
(550—563 cm). Unit 4 (550—563 cm) consists of homogenous dusky
yellow green (5GY 5/2), and poorly sorted mud with diatoms
(Fig. S2). Unit 4 is characterized by a peak MS (ca. 170 x 107> SI) and
relatively low WC (30—45%) (Fig. 3a and b). There is low biogenic
opal concentration (<15%), TOC concentration (<0.6%), and TN
concentration (<0.08%), along with high bulk 8N values and
CaCOs5 concentration (Fig. 3c—g). Gravel and sand sized fractions
were almost absent (Fig. S2). The total diatom abundance is low
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with low counts of Chaetoceros resting spores, a low Fragilariopsis
curta/E kerguelensis ratio, high Eucampia antarctica var. antarctica,
and relatively low E. antarctica var. recta (Fig. 3h—1I).

Unit 3 (340—550 cm) consists of moderately olive brown (5Y 4/
4) to light olive (10Y 5/4), bioturbated diatomaceous poorly sorted
mud and diatom ooze (Fig. S2). Unit 3 is characterized by low MS

(generally lower than 10 x 10~> SI), and relatively high WC
(55—60%). The biogenic opal concentrations are high (20—25%) as
are the TOC and TN concentrations (1-1.4% and 0.13—0.17%,
respectively) (Fig. 3¢, e, and f). Unit 3 has low bulk 3N (5.2%0 in
average) values and CaCOs concentrations (Fig. 3d and g). The total
diatom abundance is relatively high, including high Chaetoceros
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resting spores (>2000 counts) with low E. curta/E. kerguelensis ratio
(<2) (Fig. 3j—1). E. antarctica var. antarctica was high (ca. 25%) at
520 cm, then decreased significantly, whereas E. antarctica var. recta
was relatively low (ca. 2.5% in average) with small variations
(Fig. 3h and i).

Unit 2 (160—340 cm) consists of two sub-units: Unit 2a, a dusky
yellow green (5GY 5/2), upward fining turbidite sequence with faint
laminations that overlies interbedded laminated sand and mud
(160—230 cm), and Unit 2b, a light olive (10Y 5/4) to grayish olive
(10Y 4/2), bioturbated, diatom-bearing mud with sparse bioclasts
(230—340cm) (Fig. S2). Unit 2 is characterized by the highest
sedimentation rates (ca. 160 cm/kyr on average) (Fig. 2), relatively
high MS values (generally lower than 120 x 10~ SI but reach
600 x 107> SI at the laminated layer, 210—230 cm), and moderate
WC (50—60%) that declines to 25% at the laminated layer (Fig. 3a
and b). The biogenic opal concentration varies from relatively high
to low (15—25%) and moderate TOC and TN concentrations
(0.8—0.9% and 0.12—0.13%, respectively) with minimum values of
5%, 0.1%, and 0.01% at the laminated layer, respectively (Fig. 3c, e,
and f). The bulk 8!°N values and CaCO3 concentration are relatively
high (Fig. 3d and g). Unit 2b has gravel-sized grains but Unit 2a has
no gravel-sized grains (Fig. S2). The total diatom abundance is
moderate with decreasing Chaetoceros resting spores upward from
340 cm and relatively high abundance of both E. antarctica var.
antarctica and E. antarctica var. recta and high ratio of FE curta/
F. kerguelensis ratio (>2) (Fig. 3h—I).

Unit 1 (0—160 cm) consists light olive (10Y 5/4), bioturbated,
diatom-bearing, poorly sorted mud (Fig. S2). Unit 1 is characterized
by high MS (100—170 x 10> SI), moderate WC (50—60%), relatively
high biogenic opal concentrations (15—23%) and TOC and TN con-
centrations (0.55—1% and 0.08—0.12%, respectively) that decreases
up core (Fig. 3¢, e, and f). The bulk 3"°N values and CaCO3; con-
centrations are low (<0.1%) (Fig. 3d and g). Unit 1 has a moderate
total diatom abundance with few Chaetoceros resting spores. Both
E. antarctica var. antarctica and E. antarctica var. recta are nearly
absent from Unit 1 (Fig. 3h, i, k, and 1).

Across the entire core, biogenic opal concentrations, a proxy for
diatom abundance, co-vary similarly with the TOC, TN, total diatom
abundance, WC, and MS (Fig. 3a—c, e, f, and 1). The bulk 3!°N values,
biogenic opal, TOC, and TN concentrations generally co-vary
(Fig. 3c—f). The CaCOs3 concentrations are generally very low
(<0.1%) but show a positive relationship with the MS (Fig. 3a and g).
The biogenic opal concentration measured at KOPRI correlated
more strongly with the other proxies described above, but our in-
terpretations remain similar regardless of which biogenic opal
method was used for core WAP13-GC47.

5.2. Core WAP13-GC45

Core WAP13-GC45 is composed of bioturbated dark greenish
gray (5GY 4/1) sandy mud intercalated with frequent sandy lamina.
Core WAP13-G(45 corresponds to Unit 1 of core WAP13-GC47 and
is characterized by a similar level of MS (100—200 x 10> SI), lower
WC (30—40%) and TOC and TN concentrations (<0.5% and <0.06%,
respectively), and higher CaCOs; concentration (0.4% in average)
(Fig. 4).

6. Discussion

Our multi-proxy dataset allows us to reconstruct a Holocene
paleocenvironmental history of outer Bigo Bay: early Holocene
cooling (ca. 8500—7060 cal. yr BP), seasonally open marine condi-
tions in the warmer early to mid-Holocene (ca. 7060—3060 cal. yr
BP), followed by variations in sea ice coverage and possible glacial
advance that corresponds to Neoglacial cooling (ca.

3060—1930 cal. yr BP), MWP warming (ca. 1460—680 cal. yr BP),
and LIA cooling (ca. 680—280 cal.yr BP). With this paleoenvir-
onmental record, we draw connections between surface water
productivity and nutrient utilization in WAP fjords and the impli-
cations for surface-deep water mass exchange.

6.1. Early Holocene deglaciation patterns

Following deglaciation, seasonally open marine conditions
prevailed during the early and middle Holocene in the WAP (Allen
et al., 2010; Christ et al., 2015). Unit 4 (550—563 cm) is a homoge-
nous dusky yellow green (5GY 5/2) mud with diatoms and no
gravel-sized grains. Silty clay (mud) with low indicators of primary
productivity, similar to the characteristics of Unit 4 in core WAP13-
GC47, may indicate a sub-ice shelf setting (Domack et al., 1999,
2003). Above the mud unit, high biogenic opal, TOC, TN concen-
trations occurred in Unit 3 with the common appearance of gravel-
sized grains, indicating a shift from sub-ice shelf settings (Unit 4) to
seasonally open marine conditions (Unit 3) as the calving line
retreated.

Proxies indicative of enhanced primary productivity, and thus
seasonally open marine conditions, characterize the bottom of Unit
3 (ca. 540 cm): increased biogenic opal, TOC, and TN concentra-
tions, and WC, and decreased MS values (Fig. 3a—c, e, and f).
Seasonally open marine conditions are further suggested by
increased total diatom abundance, especially abundant Chaetoceros
resting spores, and E. antarctica var. antarctica (Fig. 3h, k, and 1), a
diatom species indicative of the warm early Holocene following the
last deglaciation in the Palmer Deep (ca. 9000 and 6700 cal. yr BP;
Leventer et al., 2002). Thus, 540cm depth corresponds to ca.
7060 cal. yr BP and is consistent with sedimentary characteristics of
the onset of seasonally open marine conditions from cores collected
elsewhere in the WAP (e.g., Taylor et al., 2001; Leventer et al., 2002;
Bentley et al., 2005; Allen et al., 2010) as well as a record of ice sheet
retreat deduced from lake sediments in Marguerite Bay (Hodgson
et al,, 2013).

Due to the presence of shell fragments with ages (8215 cal. yr
BP at 309 cm and 8512 cal.yr BP at 282 cm) far older than the
surrounding matrix (2800—2600 cal. yr BP) in Unit 2b, we infer
retreated glacial positions in Bigo Bay during the early Holocene.
We interpret that these older shell fragments were deposited
during the earliest Holocene in the inner fjord of Bigo Bay, and
then transported to outer Bigo Bay, possibly by a glacial advance
during the Neoglacial period (e.g., Hansom and Flint, 1989; Hall
et al., 2010; Christ et al., 2015). Weak glacial lineations seaward
of the present Comrie Glacier front visible on the multibeam ba-
thymetry data suggest geomorphic evidence for advanced glacial
positions in the recent geologic past (Fig. 1b). Unit 2b
(230—340cm) of core WAP13-GC47 is characterized by an
increasing trend of MS with very high sedimentation rates, which
also supports that this layer was laterally transported from shal-
lower inner fjord (Fig. 2 and fig. S2).

Retreated glacial position under warm conditions during the
early Holocene is also supported by the abundant occurrence of
warm early Holocene indicative species, E. antarctica var. antarctica
in Unit 2b (Fig. 3h). Thus, Bigo Bay was seasonally open once at least
ca. 8500 cal. yr BP. In Barilari Bay, the adjacent fjord to the south of
Bigo Bay, the onset of seasonally open marine conditions occurred
at least 7022 cal. yr BP (Christ et al., 2015). The age of shell frag-
ments at core WAP13-GC47 and characteristics of Unit 4 suggest
that this area of the WAP transitioned to seasonally open marine
conditions at least 8500 cal.yr BP and cooled again some time
before ca. 7060 cal. yr BP. Warmer conditions between 9.7 and 7.0
cal. yr BP were reported from Marguerite Bay, WAP (Peck et al.,
2015). The consistent and inconsistent points between Bigo and
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Fig. 4. WAP13-GC45 (inner fjord) downcore profiles of (a) MS, (b) WC, (C) TOC concentration, (d) TN concentration, and (e) CaCO3; concentration.

Marguerite Bays suggest both regions became open marine con-
ditions, but Bigo Bay underwent cooling conditions showing
regionally different behaviors in the WAP.

Although an early Holocene climate cooling has not been
commonly reported from previously analyzed sediment cores in
the WAP (e.g., Domack et al, 1995, 2003; Allen et al., 2010;
Hillenbrand et al., 2010; Christ et al., 2015; Peck et al., 2015), other
evidence exists in the AP. On the eastern side of the AP, on James
Ross Island (JRI), outcrops of glacial sediments near the coast
indicated glacial re-advance from 7.6 to 7.3 cal. yr BP (Strelin et al.,
2006). Following the early Holocene optimum, the JRI ice core re-
cords climate stabilization after 8000 yr BP (Mulvaney et al., 2012).
In the southwest AP, the George VI Ice Shelf was absent ca.
9595 cal. yr BP but reformed by ca. 7945 cal. yr BP (Bentley et al.,
2005). Taken together, these datasets highlight the spatial and
temporal complexity of (de)glaciation in the AP during the early
Holocene. Thus, further studies on the early Holocene glacial
advance/cooling in the WAP are necessary to understand the
pattern of deglaciation in the WAP.

6.2. Early to mid-Holocene (ca. 8500—3060 cal. yr BP)

Unit 3 of core WAP13-GC47 (340—550 cm; ca. 7410—3060 cal. yr
BP) is characterized by low MS, high biogenic opal, TOC, and TN
concentrations, WC, low ratio of E curta/F. kerguelensis, and high
abundance of Chaetoceros resting spores (Fig. 3a—c, e, f, j, and k).
These characteristics correspond to seasonally open marine con-
ditions during the warm mid-Holocene in the WAP (e.g., Domack
et al,, 1995, 2003; Leventer et al., 1996; Shevenell et al., 1996;
Taylor et al., 2001; Allen et al., 2010; Christ et al., 2015). At ca.
7060 cal. yr BP E. antarctica var. antarctica was abundant (Fig. 3h).
Meltwater from glaciers and icebergs delivers iron to surface water
and promotes production of E. antarctica var. antarctica (Burckle,
1984; Smith et al., 2007b; Armand et al., 2008). During deglacia-
tion in the early Holocene elsewhere in the WAP, such as
Marguerite Bay and other coastal fjords, enhanced meltwater pro-
duction afforded more favorable conditions for E. antarctica var.
antarctica (Allen et al., 2010). Thus, the diatom assemblage shift
from E. antarctica var. antarctica to Chaetoceros resting spores may
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correspond to a warmer climate during the early to mid-Holocene
in Bigo Bay (Fig. 3h and k). The co-variation between biogenic opal
and TOC concentrations confirms that diatom production reflects
surface water production in the WAP. Elsewhere in the WAP during
the mid-Holocene, high surface water productivity corresponds to
reduced sea ice cover and prolonged growing seasons (Domack
et al, 1995, 2003; Leventer et al., 1996; Taylor et al., 2001;
Brachfeld et al., 2003; Allen et al., 2010). This is supported by the
low ratio of F. curta/F. kerguelensis (Fig. 3j), which is a proxy for sea
ice coverage (Peck et al., 2015 and references therein). Although
nutrient availability is one of major factors for controlling surface
water productivity, nutrient utilization changes in response to
surface water productivity changes have been poorly investigated
in the inner shelf area of the WAP.

Bulk 3N values can reflect changes in the extent of nitrate
consumption in the surface water (Francois et al., 1992; Altabet and
Francois, 1994). Although bulk 3'>N values are related to nitrate
utilization by phytoplankton in the euphotic zone (Robinson and
Sigman, 2008), the co-variation of biogenic opal and TOC and TN
concentrations indicates that diatoms are the dominant species
that regulate surface water productivity in Bigo Bay (Fig. 3¢, e, and
f). Decreased 3N values, indicating lower nitrate utilization,
coincide with high surface water productivity during the mid-Ho-
locene at core WAP13-GC47 (Fig. 3c and d). Reduced nitrate utili-
zation and enhanced surface productivity at high latitudes in both
the northern and southern hemispheres may result from stronger
upwelling of nutrient-rich deep waters (e.g., Brzezinski et al., 2002;
Brunelle et al., 2007, 2010; Studer et al., 2015). Significant upwelling
and intrusion of the CDW onto the continental shelf of the WAP
occurred during the mid-Holocene (Leventer et al., 2002; Allen
et al., 2010), providing a potential mechanism to explain the low
bulk 8°N and high surface water productivity values in Unit 3 of
core WAP13-GC47.

Chaetoceros resting spores can indicate surface water stratifi-
cation in association with a receding ice edge (Leventer et al., 1996;
Sjunneskog and Taylor, 2002), which seemingly contradicts our
bulk 8N value-based and surface water productivity-based
interpretation of mid-Holocene paleoenvironment. However,
Chaetoceros resting spores were not abundant under favorable
conditions confirmed by other diatom assemblages (Sjunneskog
and Winter, 2012). In addition, Chaetoceros resting spores may
also be associated with upwelling water masses such as CDW
(Sjunneskog and Winter, 2012). The low ratio of E curta/
F. kerguelensis at core WAP13-GC47 also supports less sea ice and
more open marine conditions (Fig. 3k). Since sea ice coverage and
duration decreases under warmer climates in the WAP (Taylor et al.,
2001; Gersonde et al., 2005; Allen et al., 2010), we can expect a
similarly short duration of surface water stratification. Thus, high
surface water productivity with low nitrate utilization during the
mid-Holocene is related to decreased sea ice meltwater input and
strong CDW upwelling.

6.3. Neoglacial period (ca. 3060—1930 cal. yr BP)

At ca. 3060 cal. yr BP, the MS values and CaCO3; began to in-
crease in core WAP13-GC47 (Fig. 3a and g). The MS values, usually
related to terrestrial material input (Leventer et al., 1996), increase
with proximity to the grounding line in Barilari Bay (Christ et al.,
2015). The MS increase with more gravel-sized grains and sandy
to silty sand laminae suggests a possible glacial advance via
meltwater plumes and iceberg calving within Bigo Bay, as shown
elsewhere in the WAP. Reworked shell fragments and sediments
in Unit 2b (ca. 3060—2280 cal.yr BP) indicate that there was
lateral transport from the inner fjord with a glacial advance. The
CaCOs3 concentrations are very low, but clearly increase in step

with the MS values under glacial advance (Fig. 3a and g). Thus,
increases in CaCO3 concentration potentially provide evidence for
sediment reworking from inner fjords related to glacial advance in
the WAP.

The timing of the Neoglacial cooling and inferred glacial
advance in Bigo Bay corroborates observations across many sites in
the WAP that initiated between 3500 and 2500 cal. yr BP (Leventer
et al.,, 1996; Domack et al., 2001, 2003; Taylor et al., 2001; Milliken
et al., 2009; Allen et al., 2010; Christ et al., 2015). Recently, it was
reported that enhanced sea ice coverage, based on the high F. curta/
F. kerguelensis ratio, started from ca. 4000 cal. yr BP in Marguerite
Bay, WAP (Peck et al., 2015). The E curta/F. kerguelensis ratio at core
WAP13-GC47 increased ca. 3500 cal. yr BP (380 cm), which is earlier
than the timing (3060 cal. yr BP) based on other proxies (Fig. 3).
This finding suggests that the spatial difference of climatic events in
the WAP may be derived from using different proxies. Both
E. antarctica var. recta, a proxy for colder conditions, and
E. antarctica var. antarctica, a proxy for warm conditions (Fryxell
and Prasad, 1990; Fryxell, 1991; Leventer et al., 2002), co-occur in
core WAP13-GC47 during the Neoglacial period (Fig. 3h and i),
similar to observations in Lallemand Fjord (Taylor et al., 2001). Ages
of shell fragments found in this layer correspond to the early Ho-
locene time period, requiring transport from the inner to outer Bigo
Bay, possibly via glacial advance and subsequent deposition from a
meltwater plume or ice rafting, after ca. 3060 cal. yr BP. Further-
more, species associated with colder conditions were deposited at
outer Bigo Bay during the Neoglacial period. This is consistent with
the interpretation that Unit 2a (160—230 ¢cm) is composed of mixed
sediments; some are transported from the inner fjord and some are
deposited at outer Bigo Bay.

A turbidite layer overlying a sandy to silty sand laminae occurs
at in Unit 2a (210—230 cm) of core WAP13-GC47. Although lami-
nation may form via meltwater input (e.g., Shevenell et al., 1996),
we interpret the glacier proximal deposition for the laminated layer
in core WAP13-GC47 shown by MS and CaCOs. Similar to Barilari
Bay, the advance of the grounding line in the inner fjord of Bigo Bay
may have triggered small submarine landslides and subsequent
turbidity currents at the edge of the grounding zone wedge
seaward of the Comrie Glacier (Christ et al., 2015). We interpret the
turbidite layer in core WAP13-GC47 as indirect evidence for glacial
advance during the Neoglacial period in Bigo Bay. Gravel-sized
grains were not found in the 210—160cm turbidite interval at
core WAP13-GC47 (Fig. S2), suggesting rapid deposition, which is
supported by the high sedimentation rates of this interval (Fig. 2).
Outer Bigo Bay, as was observed at Barilari Bay, was likely not
covered by an ice shelf during the Neoglacial period, as TOC, TN,
biogenic opal concentrations, WC, and total diatom abundance
were not extremely low (Fig. 3b, c, e, f, and 1) (e.g., Shevenell et al.,
1996; Christ et al., 2015).

Unit 2 is characterized by increased bulk 8'°N values (5.6%o on
average with maximum value of 6.5%0) and decreases in biogenic
opal, TOC, and TN concentrations, WC, and total diatom abundance,
though not by much (Fig. 3b—f and k). This indicates enhanced
nitrate utilization without significant reduction in surface water
productivity at core WAP13-GC47. Unit 2 is also characterized by
abundant E. antarctica var. recta, indicating cold conditions, and
high ratios of Fragilariopsis curta/F. kerguelensis, indicating sea ice
dominant conditions (Peck et al., 2015 and references therein). The
nitrogen isotopic epsilon of sea ice diatoms and open water diatoms
differ (Horn et al., 2011), as well as the diatom assemblage between
the mid-Holocene and Neoglacial period (Taylor et al., 2001; Allen
et al.,, 2010; this study). However, this previous diatom culture
experiment was not performed under species' natural habitat
conditions and did not use diatom species in the WAP. Diatom-
bound 3N values of total diatom species were used as a proxy
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for nitrate utilization in spite of the 3N differences between
pennate and centric types (Studer et al., 2015). In addition, the bulk
3N values reflect changes in the extent of nitrate consumption in
the surface water by phytoplankton communities (Francois et al.,
1992; Altabet and Francois, 1994). Thus, we interpreted changes
in bulk "N values as utilization changes in this study, despite the
potential influence of diatom assemblage changes on bulk 3'°N
values.

Increased bulk 3!°N values during the Neoglacial period can be
associated with nitrate utilization changes in response to
enhanced sea ice coverage that results in more sea ice meltwater
discharge (Shevenell et al., 1996; Taylor et al., 2001; Allen et al.,
2010). Previous studies have linked extensive sea ice coverage
and associated light inhibition with reduced surface water pro-
ductivity during the Neoglacial period in the WAP (e.g., Shevenell
et al.,, 1996; Sjunneskog and Taylor, 2002; Domack et al., 2003;
Christ et al., 2015). If light inhibition associated with extensive sea
ice is the dominant factor for controlling surface water produc-
tivity (e.g., Ingolfsson et al., 1998; Allen et al., 2010), lower nitrate
utilization is expected. In contrast, nitrate utilization enhanced at
outer Bigo Bay during the Neoglacial period. Panizzo et al. (2014)
suggested that enhanced nutrient utilization is in isolated sea ice
but corresponds to less than 1% of total carbon budgets beneath
the seaice in the Arctic Ocean (Lee et al., 2015). Although a similar
total carbon budget in the Antarctic region does not yet exist, it
suggests that production in sea ice does not control bulk §'°N
values. Sea ice meltwater enhances stratification (Mitchell and
Holm-Hansen, 1991; Meredith et al., 2010) and supplies micro-
nutrients (Meredith et al.,, 2010), leading to enhanced nitrate
utilization. Thus, our results suggest that during cold periods,
increased sea ice meltwater input and a shorter growing season
led to enhanced nitrate utilization and afforded relatively high
surface productivity.

6.4. Medieval Warm Period (ca. 1460—680 cal. yr BP)

Enhanced productivity under more oceanic conditions in the
Palmer Deep from 1150 to 700 cal. yr BP marks the Medieval Warm
Period (MWP) (Domack et al., 2003). Although the 3'3C of organic
matter in the outer fjord of Barilari Bay increased between 1325 and
626 cal.yr BP (Christ et al., 2015), robust evidence for the MWP
event was not observed. Biogenic opal, TOC, and TN concentrations
only increased slightly without coeval increases in WC or decreases
in MS after ca. 1930 cal. yr BP in core WAP13-GC47 (Fig. 3a—c, e, and
f). The MS values are even slightly increased compared to the
beginning of the Neoglacial period (Fig. 3a). Similarly, only the TOC
and TN concentrations of core WAP13-GC45 (inner fjord) slightly
increased before 918 cal. yr BP (Fig. 4c and d). However, bulk 3'°N
values decrease upcore from 160cm (ca. 1930 cal.yr BP), with
notably low values between 30 and 100 cm (ca. 1460—680 cal. yr
BP) (Fig. 3d). This possibly indicates reduced nitrate utilization due
to weaker surface water stratification via less sea ice melt under
warmer climates. This is supported by high TEXgs sea surface
temperatures (2.9 °C in average) in Palmer Deep during 1600 to
500cal.yr BP (Shevenell et al., 2011). Thus, the record of ca.
1460—680 cal.yr BP at Bigo Bay most likely corresponds to the
MWP event and climatic warmth that may have initiated ca.
1930 cal. yr BP in the WAP, although the signal is not very clear. The
MWP is more easily recognized through the bulk 3"°N or 5'3C of
organic matter, rather than productivity-related proxies in the WAP
and is due to very poor preservation of opal and TOC (Chase et al.,
2015 and references therein). These isotopic proxies may record
more subtle changes in climatic and oceanic conditions better than
other productivity proxies in the WAP.

6.5. Little Ice Age (ca. 680—280 cal. yr BP)

Between 4 and 30 cm (ca. 680—280 cal. yr BP), the MS increased,
and WC, biogenic opal, TOC, and TN concentrations, and total
diatom abundance decreased (Fig. 3a—c, e, f, and 1), indicating
reduced surface water productivity. Although the timing of the LIA
event in the WAP widely ranges (e.g., Allen et al., 2010; Christ et al.,
2015 and references therein), these results confirm observations of
a Late Holocene cooling in the WAP (e.g., Shevenell et al., 1996;
Taylor et al., 2001; Shevenell et al., 2011; Christ et al., 2015). The LIA
glacial advance and ice shelf expansion in Barilari Bay are marked
by a fluted grounding zone wedge composed of diamict in the inner
fijord, interbedded laminated mud and sandy turbidites with
extremely low %TOC and primary productivity below an ice shelf in
the middle fjord, and increased fine terrigenous sediment input and
depressed primary productivity under ice shelf proximal or fast-ice
conditions in the outer fjord (Christ et al., 2015).

Our results from core WAP13-GC47 in outer Bigo Bay confirm
reduced surface water productivity during the regional LIA event.
Similar to outer Barilari Bay, fine-grained terrigenous sedimenta-
tion increases with gravel-sized grains, and primary productivity
proxies (biogenic opal and TOC concentrations and total diatom
abundance) decrease. This decline in primary productivity could be
attributed to expansion of an ice shelf into the outer fjord, greatly
enhanced sea ice coverage, or both between ca. 680 and 280 cal. yr
BP. We cannot directly infer glacial advance, nor ice shelf expansion,
from core WAP13-GC47 because it was collected from the outer
fjord. The possible presence of a fluted grounding zone wedge
seaward of Comrie Glacier (Fig. 1b) and the decay of a remnant ice
shelf in the small alcove in northern Bigo Bay (Ferrigno et al., 2008),
however, suggests a recent, prehistoric glacial advance event in
Bigo Bay that was potentially contemporaneous with glacial
advance and ice shelf growth in adjacent Barilari Bay (Christ et al.,
2015). Compared to Barilari Bay, fewer and smaller glaciers drain
into Bigo Bay that contains multiple shallow (<50 m deep) areas
and islands. The late Holocene advance of the Comrie Glacier and a
floating ice tongue could have pinned onto these shallow areas to
form a fjord-wide ice shelf.

In the inner fjord, core WAP13-GC45 is characterized by
decreased TOC and TN concentrations from the MWP to the LIA,
low water content, and the occurrence of sandy laminations during
the LIA. Core WAP13-G(C45 is composed of mud with low produc-
tivity during the LIA, indicating sub-ice shelf setting. Sandy laminae
along with low WC, TOC and TN concentrations, and high MS and
CaCOs at the beginning of the LIA (260—290 cm) suggests deposi-
tion via meltwater pulsing and proximity to the grounding line in
the inner fjord of Bigo Bay (Fig. 4). The CaCOs increase at 550 cm at
core WAP13-GC45 may suggest glacial advance in the inner fjord
(Fig. 4e).

The bulk 3!°N values are lower than those observed during the
Neoglacial period, however, they show relatively increased values
(ca. 5.6%0) (Fig. 3d). Likewise, in the Neoglacial period, increased
nitrate utilization may reflect enhanced stratification from
increased sea ice meltwater flux. Surface water stratification could
also result from meltwater sourced from an advanced ice shelf
calving front in outer Bigo Bay, similar to Barilari Bay, during the LIA
(Christ et al., 2015). Although the influence of meltwater sourced
from the calving front on outer Bigo Bay during the LIA cold period
remains unknown, it cannot be excluded as a cause of surface
stratification in outer Bigo Bay, because meltwater from the sea ice
and ice shelf calving front may cause similar surface stratification.
The CaCOj3 increase from 550 cm at core WAP13-G(C45 may suggest
glacial advance in the inner fjord (Fig. 4e). In addition, the presence
of gravel-sized grains indicates ice berg calving in outer Bigo Bay
(Fig. S2).
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7. Conclusions

We compiled a multi-proxy dataset (MS, WC, concentrations of
biogenic opal, TOC, TN, and CaCOs, bulk 8'°N, and diatom assem-
blage) to reconstruct Holocene paleoenvironmental changes in Bigo
Bay, WAP, with a particular emphasis on the relationship between
nutrient utilization, surface water productivity, sea ice duration and
extent, and CDW upwelling. The chronological contrast between
shell fragment age (ca. 8500 cal. yr BP) in Unit 2 and open marine
conditions (7060 cal. yr BP) suggests that following the LGM, Bigo
Bay deglaciated by at least 8500 cal. yr BP in the earliest Holocene
and completed by 7060 cal. yr BP with a cooling event in between.
The warm mid-Holocene and MWP were characterized by high
surface water productivity with low nitrate utilization, whereas the
cold Neoglacial period and LIA were characterized by relatively
lower productivity with high nitrate utilization in the WAP. These
variations in nitrate utilization reflect spatio-temporal variability in
sea ice coverage and/or the position of an ice shelf calving front that
stabilizes surface water, supplies micronutrient through melting,
and supplies macronutrients through CDW input in the WAP.
Although during cold periods enhanced stratification via increased
sea ice meltwater and meltwater sourced from the advanced
calving front may maximize nitrate utilization, surface water pro-
ductivity decreased due to a nutrient supply decrease by weak
CDW upwelling in the WAP. Our multi-proxy records suggest that
there is a close linkage between surface water productivity,
nutrient supply/utilization, surface-deep water exchange, sea ice,
and glacial advance/retreat in Bigo Bay, WAP during the Holocene.
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