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We show environmental and nitrogen cycle changes between 13 and 2.5 kyr BP (from the latest deglaciation
to the Holocene) based on biogeochemical records in a sediment core from the Pacific entrance of the Strait of
Magellan. Organic carbon, total nitrogen, and C37 alkenone contents were low during 13–9 kyr BP but in-
creased rapidly at 8 kyr BP. The relative contribution of tetra-unsaturated C37 alkenone, used as a salinity
proxy, suggests low salinity during 13–9 kyr BP changing to high salinity at 8 kyr BP. Planktic foraminifer
data showed that Globigerina bulloides was more abundant during the deglacial–early Holocene than in the
mid–late Holocene, whereas abundances of Neogloboquadrina pachyderma showed the opposite pattern.
This evidence plus biogenic opal data suggest that sea level rose, surface waters were relatively stratified,
and in situ productivity was low except for organisms with opal tests from 13 to 9 kyr BP. Bulk δ15N values
were high (9–11‰) relative to present-day values during the deglacial–early Holocene, with consistently
lower values (~7‰) after ~8 kyr BP. These relatively high δ15N values most likely reflect increased nutrient
utilization in the Southern Ocean, which resulted in high-δ15N water being advected to the Patagonian fjords,
although local denitrification caused by the delivery of copious terrestrial materials and organic matter to the
ocean cannot be ruled out. By ~8 kyr BP continental influences and surface stratification were reduced and
characteristic Holocene conditions were established, with increased influence of Southern Ocean water in
the western Strait of Magellan. Sea surface temperatures showed millennial-scale changes during the degla-
ciation and early Holocene, with relatively warm temperatures (11–12 °C) corresponding to the Antarctic
counterpart of the Younger Dryas cooling event of the Northern Hemisphere. The longer term pattern
(~10 kyr time scale) in alkenone-derived sea surface temperatures generally follows orbital changes in
insolation during austral spring, suggesting a controlling influence of austral spring insolation on southern
Patagonian climate.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Southern Patagonia is ideally situated for monitoring changes in
ocean–atmosphere circulation and ocean–land interactions. Here,
the predominant southern westerly winds (SWW), precipitation
and freshwater discharge, glacier coverage, tidal currents, and the
complex fjord bathymetry control the mixing of freshwater from
the continent with water from the sub-Antarctic Pacific Ocean
(Porter et al., 1984; Antezana, 1999; Kilian et al., 2007a). The strong
seasonal climatic and oceanographic changes affect phytoplankton
biomass and species composition (Saggiomo et al., 1994; Iriarte et
al., 2001, 2007).
+81 46 867 9455.

rights reserved.
The present-day core of the SWW is centered at ~50°S, but there is
evidence of past seasonal and millennial-scale changes in its location
(Schneider et al., 2003; Lamy et al., 2010). As variations in the strength
of the SWW directly affect precipitation regimes, these changes may
also affect the mass balance of local glaciers (Schneider et al., 2003).
The most recent glacial fluctuation in Patagonia caused variations in
the sediment supply andmay have acted as an on/off switch for Antarc-
tic dust deposition (Sugden et al., 2009). Therefore, environmental
changes in southern Patagonia reflect the driving forces of both local
environmental/ecological changes and global climate change.

Several glaciological and palynological investigations have traced
the evolution of terrestrial environments in southern Patagonia since
the last deglaciation (e.g., McCulloch et al., 2000; Rabassa et al., 2000;
McCulloch and Davies, 2001; Sugden et al., 2005; Candel et al., 2009;
Douglass et al., 2009; Sugden et al., 2009). There are competing
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hypotheses regarding the pattern and timing of millennial-scale global
climate changes in southernmost Patagonia (McCulloch and Davies,
2001; Kilian et al., 2007b; Kaplan et al., 2008) in relation to the marine
record in the eastern South Pacific at 41°S (Lamy et al., 2004). Sugden et
al. (2005) reported thatmillennial-scale glacial advances and retreats in
Patagonia during the last deglaciation were synchronous with cold and
warm climate changes, respectively, recorded in the Vostok Antarctic
ice core. However, paleoecological studies and ice core records
encompassing the Younger Dryas (YD) period, from 12.8 to 11.5 kyr
BP (Muscheler et al., 2008), have not found specific evidence that south-
ernmost Patagonia warmed in synchrony with Antarctica and counter
to the Northern Hemisphere cooling (Sugden et al., 2005, and refer-
ences therein), although evidence of such “Antarctic” timing was
reported in the high-resolution sea surface temperature (SST) record
of Ocean Drilling Program (ODP) Site 1233 at 41°S off Chile (Lamy et
al., 2004; Kaiser et al., 2005).

Despite indications of terrestrial conditions at high southern lati-
tudes during the most recent deglaciation to Holocene (e.g. Kilian
and Lamy, 2012), Holocene oceanographic environmental data are
scarce. Thus, our knowledge of oceanographic evolution (water col-
umn and biogenic properties) around southernmost Patagonia is in-
complete. Here we use a sediment record from the Pacific entrance
of the Strait of Magellan (Fig. 1) to provide new constraints on region-
al marine environmental changes in southernmost Patagonia during
the deglacial to Holocene period (13–2.5 kyr BP) in order to better
understand the region's sensitivity to climate and sea-level changes.
We employ a multi-proxy approach to depict changes in contents
and mass accumulation rates (MARs) of total organic carbon (TOC),
total nitrogen (TN), total C37 alkenone, and biogenic opal (SiOPAL).
In addition, we use planktic foraminifer assemblages to understand
water–mass characteristics (salinity, nutrient conditions, and produc-
tivity), δ13CTOC as a proxy for sources of organic matter, and SST esti-
mates derived from alkenones. We also provide a new sedimentary
δ15N record for unraveling changes in the nitrogen cycle in southern
Patagonia. Our new data help constrain water–mass interactions
between the Pacific Ocean and the Strait of Magellan and associated
changes in biogenic components, and the δ15N record in particular
advances our understanding of regional oceanographic changes
during the last deglaciation and the Holocene.
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Fig. 1. (a) Location map of sediment core PC-03 (black star: 52°52.03′S, 74°05.26′W;water d
entrance of the Strait of Magellan, and climatology data of annual mean sea surface tempe
distribution in surface waters at present (Garcia et al., 2010).
2. Study site

The study site is located at the Pacific entrance of the Strait of
Magellan (~53°S, 74°W) (Fig. 1). Here, modern surface circulation
is dominated by the Cape Horn Current, a coastal branch of the
Antarctic Circumpolar Current (Antezana, 1999) that flows along
the southernmost Chilean continental margin toward the Drake
Passage and transports sub-Antarctic surface water (Strub et al.,
1998). Active exchange of water masses between the Pacific and
the western Strait of Magellan is somewhat restricted by the shallow
sill (30–40 m depth) near Cape Pilar (Antezana, 1999).

Water–column characteristics at the study site, shown in Fig. 2, were
observed by a conductivity–temperature–depth profiler and in water
samples taken on 3 March 2009 (late austral summer) during cruise
MR08-06 of the R/V Mirai. The upper ~50 m of the water column was
characterized by relatively high temperature (10.5–11.0 °C), low
salinity (~30 psu), low concentrations of nutrients (nitrate + nitrite,
phosphate, and silicic acid), and high levels of dissolved oxygen.Within
an apparent halocline at 50–100 m, salinity, nitrate + nitrite, phos-
phate, ammonium, and oxygen contents changed drastically. Below
100 m depth, temperature gradually decreased and nutrients increased
with depth, and the ammonium concentration was lower than the
detection limit. Dissolved oxygen, however, remained near or
above 250 μmol kg−1 throughout the water column, and oxic condi-
tions extended to the sea bottom at 560 m; the minimum value
(~245 μmol kg−1) was found at 100–200 m. Because these observa-
tions were made during the late summer (active melting season of
the coastal glaciers), meltwater may have influenced the upper
~50 m of the water column, and the 50–100 m depth interval was
presumably occupied by a mixed layer of meltwater and seawater
from the Pacific surface and subsurface. The water column character-
istics below ~50 m are indicative of the inflow of a water mass from
the Pacific, consistent with circulation studies that have demonstrat-
ed the inflow of Pacific water into the Strait of Magellan below 75 m
depth (e.g. Valdenegro and Silva, 2003).

The climate in the Strait of Magellan region is characterized by
permanent dominance of the SWW and a strong west-to-east precip-
itation gradient resulting from the rain shadow of the Andes cordille-
ra (annual precipitation drops from ~7000 mm at sea level on the
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Fig. 2. Vertical profiles of temperature, salinity, nutrients, and dissolved oxygen (DO) in thewater columnmeasured at the study site on 3March 2009during cruiseMR08-06 of R/VMirai.

Table 1
Age model of core PC-03 at 53°S. Accelerator mass spectrometry 14C dates and conver-
sion to calendar ages, based on the planktic foraminifer Globigerina bulloides, and linear
sedimentation rates.

Depth in
core

14C age 14C age
errora

Calendar
age

Calendar
age error (1σ)

Sedimentation
rate

(cm) (yr BP) (yr) (yr BP) (yr) (cm kyr−1)

1 21.4 2750 50 2577 57 –

2 96.2 4300 50 4618 52 35.9
3 145.7 5240 40 5747 76 40.9
4 207.2 6920 40 7475 46 36.1
5 302.7 8320 50 9066 68 58.7
6 403 8890 50 9750 104 143.4
7 602.2 9810 60 10,953 34 161.9
8 804.7 10,420 60 12,068 179 177.6

a Error is the range of the estimates.
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windward side of the Strait of Magellan to b500 mm at Punta Arenas;
Schneider et al., 2003). At present, the SWW are intensified over
southernmost Chile and precipitation is highest, correlating with the
stronger SWW, during the austral summer (Schneider et al., 2003).
Montade et al. (2011) have shown that distributional changes in the
local vegetation of Chilean Patagonia are recorded directly in pollen
transported by fluvial input to the surrounding marine sediments,
and they suggest that terrestrial environmental changes over time
may also be clearly recorded in the marine environment. In addition,
pollen inputs from lands east of the Strait of Magellan (Montade et al.,
2011) show that easterly winds also exert some influence at these
latitudes.

According to Kilian et al. (2007a), at the end of the most recent
glacial period, the western section of the Strait of Magellan opened
between 14.5 and 13.5 kyr BP, as indicated by a rapid increase in
the biogenic carbonate content and the first occurrence of foramini-
fers in sediment cores collected from the Gran Campo Nevado and
Seno Skyring area near the strait. After ~11.5 kyr BP and throughout
the Holocene, sedimentation in the western fjords of this region be-
came predominantly autochthonous as a result of higher salinity,
clay flocculation, and glacial retreat.

3. Materials and methods

Sediment core PC-03 (964 cm in length) was collected from the
western Strait of Magellan (52°52′S, 74°05′W; water depth, 560 m),
about 45 km southeast of Cape Pilar (Fig. 1). Its sediments consist of
calcareous sandy mud containing abundant calcareous fossils. Speci-
mens of the planktic foraminifer Globigerina bulloides were picked
from the core for 14C age estimation. The 14C ages were converted
to calendar ages (Table 1) using CalPal-2007 software (Weninger et
al., 2009). Relatively old reservoir ages have been reported from
southernmost Patagonia (e.g. 630 years in the Beagle Channel:
Albero et al., 1987). Here we assumed a reservoir age of 680 years, es-
timated from mollusks collected at Puerto Natales, Chile (51°42′S,
72°39′W; Ingram and Southon, 1996). Because there were not
enough foraminifers to obtain a 14C age at the core top, the youngest
14C age was determined at 20.5 cm depth in the core.

Sediment samples were taken at 2.4-cm intervals. Powdered sub-
samples of 20–30 mg were used to determine TOC (after treatment
with HCl to remove CaCO3) and TN (without HCl treatment) contents
with an elemental analyzer (model 2400II, PerkinElmer Japan Co. Ltd.).
Stable isotope ratios of carbon and nitrogen of TOC and TN, respectively,
were measured with an elemental analyzer (EA1112, Thermo Fisher
Scientific K.K.) interfaced (Conflo III, Thermo Fisher Scientific K.K.) with
a mass spectrometer (Delta Plus, Thermo Fisher Scientific K.K.). The ana-
lytical errorwas b3% for TOC content of duplicate samples and b5% for TN
content of duplicates. Carbon and nitrogen isotopic ratios are report-
ed using delta notation. For nitrogen, δ15N (‰) = [(15N/14N)sample/
(15N/14N)standard − 1] × 1000, with N2 in air and International Atomic
Energy Agency (IAEA) N1 used as reference standards. For carbon,
δ13CTOC (‰) = [(13C/12C)sample/(13C/12C)standard − 1] × 1000, with
NBS-19 used as the primary standard; values are reported on the VPDB
scale. The analytical error was ±0.05‰ for δ13C and ±0.25‰ for δ15N.

Samples for biogenic opal (SiOPAL) were collected at 10-cm inter-
vals. SiOPAL content was determined in freeze-dried sediment samples
(25–200 mg) after sequential leaching by the method of Mortlock
and Froelich (1989) modified by Müller and Schneider (1993); this
method consists of a single extraction of silica in an alkaline solution
at 85 °C for 6 h andmeasurement of the dissolved silicon concentration
in the extract bymolybdate-blue spectrophotometry at 812 nm. The re-
sults reported here are expressed as SiOPAL (%) = 112.4 × (Cs/M),
where Cs = silica concentration in the sample (nM), M = sample
mass (mg), and 112.4 = atomic weight of Si (28.09) × the extraction
volume of NaOH (0.04 L) × 100.

For alkenones, bulk organic compounds were extracted from 1 to
3 g of freeze-dried sediments (sampled at ~10-cm intervals) with
an accelerated solvent extractor (ASE-200, DIONEX Japan Ltd.). The
extracts were then saponified and the neutral fraction was separated
by silica gel column chromatography by using an automatic solid-
preparation system (Rapid Trace SPE Workstation, Zymark Ctr.), as
described by Harada et al. (2003). Each alkenone fraction was ana-
lyzed by capillary gas chromatography (Agilent Technologies, Inc.).
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The analytical error for alkenone concentration estimated from rep-
licate analyses was 5%. The alkenone unsaturation index U37

K′ , the
ratio of methyl alkenones with 37 carbon atoms and two double
bonds to those with two and three double bonds (UK′

37 = [C37:2]/
[C37:2 + C37:3]), was used for calculating SST. In this study, we used
the calibration equation U37

K′ = 0.034 T (°C) + 0.039 (Prahl et al.,
1988). Some of the samples were measured in duplicate (n = 5),
and the temperatures estimated from replicate analyses differed by
±0.5 °C (1 σ). Although tetra-unsaturated C37 alkenone (C37:4) was
present in the samples (relative abundance b 10%), we did not incorpo-
rate it into the SST estimates, as C37:4 may respond to environmental
variables (i.e. salinity) other than temperature (Sikes and Sicre, 2002).

Biogenic proxies TOC, TN, SiOPAL, and alkenone are also reported in
terms of their MARs. Conversion from concentration to mass was
performed by multiplying the contents of each proxy by dry bulk den-
sity and the sedimentation rate.

The sediment samples (collected at 4-cm or 6-cm intervals) for
planktic foraminiferal assemblages were divided into three fractions
(>212, 150–212, and 63–150 μm fractions) by sieving them through
three sieves, dried in an oven at 50 °C, and then stored in vials.
Assemblages were determined by using an Olympus stereomicroscope.
Foraminiferal assemblage analysis was based on the >150-μm fraction
after counting >200 individuals per sample.

4. Results and discussion

4.1. Age model and sedimentation rates

We based the age model of core PC-03 on eight 14C accelerator mass
spectrometry dates and linear interpolation between the age control
points (Table 1 and Fig. 3). According to our agemodel, core PC-03 covers
the time interval from 2.5 to approximately 13 kyr BP. We did not in-
clude data from the core top (0–20.9 cm),whichwas disturbed by piston
coring. Estimated sedimentation rates were 143–178 cm kyr−1 in the
late deglacial period and early Holocene, decreasing to very low values
(36–59 cm kyr−1) after ~9 kyr BP (Table 1 and Fig. 3).

The piston corer could not penetrate deeper than 10 m into the sed-
iment even though two attempts were made at the same position with
a 20-m stainless tube and a 1.25-tonweight. It seems likely that the sed-
iment matrix changed from marine sand (relatively coarse and soft) to
glacial clay (very fine and hard) at around10 mdepth. The age obtained
at the bottom of core PC-03 was ~13 kyr BP, which approximately cor-
responds to the period of themainmarine transgression in the western
Strait of Magellan (~14.5–13.5 kyr BP; Kilian et al., 2007a).

4.2. Changes in local sea level and their influence on biogenic components

TOC content in core PC-03 varied between 0.35% and 1.58%
(Fig. 3). It was low during the late deglaciation and the early Holocene
until 8.5 kyr BP (~0.5%), and then increased rapidly, reaching 1% at
about 8 kyr BP. Thereafter, TOC content increased gradually to the
top of the core. TN content ranged from 0.04% to 0.2% (Fig. 3) and
showed a similar pattern of change to that of TOC. We found relatively
low δ13CTOC values of −24‰ at the bottom of the core that gradually
increased to −22‰ after 11.5 kyr BP, and values of −20‰ were
observed after ~6 kyr BP (Fig. 3). The δ13CTOC record suggests a mix-
ture of terrestrial and marine sources of organic carbon during the
deglacial–early Holocene period, whereas autochthonous material
(of phytoplankton origin) became the main contributor to the export
flux thereafter. The total content of C37 alkenones (C37:2, C37:3, and
C37:4) ranged from 0.13 to 0.84 μg per gram dry weight of sediment
(μg g−1) (Fig. 3). When normalized by TOC content, C37 alkenone
values ranged from 21.1 to 70.1 μg per gram dry weight of TOC. In
both cases, values were low during the late deglaciation and rapidly
increased between 8.5 and 8 kyr BP, reaching two maxima during
the middle Holocene, at 7–8 and 5.2 kyr BP. The overall contribution
of C37:4 to the C37 alkenone content (%C37:4) was low but changed
radically with time; it ranged from 6% to 8.5% in the late deglaciation
and early Holocene and was ~2% after 8 kyr BP (Fig. 3).

A remarkable feature of the biogenic components is the strong and
abrupt increase in TOC, TN, and total C37 alkenone contents in the
early Holocene at ~9–8 kyr BP, coinciding with the drop in %C37:4

and also with an abrupt decrease in the sedimentation rate, which ev-
idently controlled the accumulation rate or influenced the concentra-
tion of the biogenic components. These signals at ~9–8 kyr BP might
reflect enhancement of open marine influence in the Strait of
Magellan after the quasi-termination of the postglacial sea-level
rise. Although %C37:4 is difficult to use as a proxy for global salinity
(Sikes and Sicre, 2002), it has been shown to be inversely correlated
with regional salinity changes at high latitudes in the North Atlantic
(e.g. Bendle et al., 2005) and North Pacific (Harada et al., 2003). The
decrease in %C37:4 in core PC-03 from higher values during the late
deglaciation to very low values after 8 kyr BP suggests an evolution
from relatively low regional salinity during the late deglaciation
through a gradual change between 10 and 8 kyr BP to the establish-
ment of a more oceanic salinity at 8 kyr BP. The timing of these
changes in our core (~9–8 kyr BP) coincides with changes observed
elsewhere; in core MD07-3132 (53°44′S, 70°19′W, 301 m water
depth), similar changes in alkenones, a strong increase in biogenic
carbonate accumulation rates, and an increase in pore water chlorin-
ity suggestive of higher salinities in both bottom and surface waters
were observed (Aracena, 2011; Kilian and Lamy, 2012). At around
~9–8 kyr BP, sea level was 20–40 m lower than at present and just ris-
ing over the sill near Cape Pilar; thus, Pacific Ocean water, which prob-
ably started to intrude vigorously into the Strait of Magellan at ~9 kyr
BP, can account for the sudden changes in TOC, TN, and alkenone con-
tents and %C37:4. The incursion of Pacific water would primarily affect
the subsurface given the nature of fjord circulation (Valdenegro and
Silva, 2003), and a change in the planktic foraminiferal δ18O could
be expected. However, the δ18O of Neogloboquadrina pachyderma
and Globigerina bulloides did not show a large change at ~9 kyr BP
(U. Ninnemann, unpublished data), although the relative abundance
of N. pachyderma seems to have increased at the time (Fig. 4).

Another possibility is that glacial melting and/or precipitation fluxes
into the Strait of Magellan decreased rapidly after ~9 kyr BP. The sedi-
mentary record of Al2O3, which originates from terrestrial material, col-
lected near PC-03 at PC8 (52°52′S, 74°5′W) showed that the Al2O3 flux
dramatically decreased after ~9 kyr BP, a finding that implies that rapid
melting of the Patagonian ice sheet ended at about that time (Shiroya et
al., in press). Regarding the precipitation-related record, Lamy et al.
(2010) and Kilian and Lamy (2012) studied marine and continental
records from fjord systems near the Pacific entrance to the Strait of
Magellan and described wetter and windier conditions west of the
Andes from 12.5 to ~8.5 kyr BP, a transitional period in the middle
Holocene, and dominantly drier conditions from ~5.2 kyr BP to the
present. A drop in the rate of glacial melting or in precipitation fluxes
might have changed the degree of surface stratification and freshening,
thus affecting surface-oriented proxies (e.g. TOC and alkenones), but
not subsurface foraminiferal habitats.

Other lines of evidence support an enhancement of the
marine influence in the Strait of Magellan at ~9 kyr BP. At this
time TOC, TN, SiOPAL, and alkenone MARs changed abruptly,
from 0.40 to 1.9 g cm−2 kyr−1, 0.05 to 0.24 g cm−2 kyr−1, 0.41
to 6.4 g cm−2 kyr−1, and 15 to 81 μg cm−2 kyr−1, respectively (Fig. 5).
The pattern of change followed that of the sedimentation rate
(which was highest in the late deglacial–early Holocene and lowest
after ~9 kyr BP; Fig. 3), suggesting that the accumulation of biogenic
components at the study site is mainly controlled by the sedimenta-
tion rate. Fukuda et al. (in press) used 230Th activity at our study site
to document enhanced sediment focusing1 during the late deglacial–



C3 plants

phytoplankton

Age (kyr BP)

T
O

C
 (

%
)

T
N

 (
%

)
δ13

C
 T

O
C
 (

‰
)

S
i O

P
A

L
 (

%
)

A
lk

en
o

n
e 

co
n

te
n

t

( 
 g

 g
-1

 T
O

C
)

S
ed

im
en

ta
ti

o
n

 r
at

e
(c

m
 k

yr
-1

)

Sill depth
near Cape

Pilar

R
el

at
iv

e 
se

a 
le

ve
l

 c
h

an
g

e 
(m

)

D
ep

th
(c

m
)

( 
 g

 g
-1

)

A
lk

en
o

n
e

co
n

te
n

t

C
37

:4
 (

%
)

Age (kyr BP)

0

-20

-40

-60

-80

-100

1000

800

600

400

200

0

2

1.5

1

0.5

0

0.2

0.15

0.1

0.05

0

-18

-20

-22

-24

-26

3
2.5

2
1.5

1
0.5

0

1

0.5

0

10

8

6

4

2

0

250

200

150

100

50

0

80

60

40

20

0

0 2 4 6 8 10 12 14

0 2 4 6 8 10 12 14

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)
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early Holocene, which was followed by a reduction in focusing after
~8 kyr BP. The terrestrial material and Al2O3 fluxes at the PC8 also
changed dramatically, from 2000–4000 g cm−2 kyr−1 at 9–12 kyr
BP to 500 g cm−2 kyr−1 after ~9 kyr BP; this timing also corre-
sponds to changes in the sedimentation rate (Shiroya et al., in
press). The large salinity changes suggested by the changes in
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%C37:4 PC-03 indicate that the transport of glacial detritus might
have dominantly influenced the sediment supply during the late
deglacial–early Holocene. It seems likely that the changes in the
MARs of biogenic components reflect the control of sediment input
by the dilution effect of glacier melting events and the terrestrial ma-
terial supply. This interpretation is consistent with the rapid reduc-
tion of freshwater influence in the Strait of Magellan area after
~9 kyr BP suggested by the Al2O3 fluxes (Shiroya et al., in press).

4.3. Changes in productivity from SiOPAL and water–mass characteristics
from planktic foraminiferal assemblages

In contrast to the trend detected in TOC, TN, and total C37 alkenones,
SiOPAL content was relatively high during the deglaciation (~2.5%,
12.5–10.5 kyr BP), then decreased to a minimum at ca. 9 kyr BP and
remained lower at around 1–2% (except for a peak of 2.7% at 8.3 kyr
BP) throughout the Holocene (Fig. 3). Because SiOPAL in sediments of
the Chilean Patagonia fjords region strongly correlates with primary
production in the water column (Aracena et al., 2011), our time series
of SiOPAL content in core PC-03 may reflect water–column productivity
at the study site. However, the relatively high values of SiOPAL may
also be related to an additional supply of freshwater siliceous microfos-
sils (i.e. freshwater diatoms, Chrysophycean cysts) during the wetter
deglacial–early Holocene period, as has been observed in a nearby site
in the Churruca fjord (53°02′S, 73°56′W), in the western section of
the Strait of Magellan (S. Sandoval unpublished data). The production
of biogenic silica in the Southern Ocean is controlled by the silicon nu-
trient supply, which is promoted by upwelling of circumpolar deep
water (Trull et al., 2001). After upwelling, Si and other nutrients are
transported equatorward by Antarctic Intermediate Water and
sub-Antarctic Mode Water. During 17–10 kyr BP, wind-driven upwell-
ing in the Southern Ocean was stronger than during the Holocene,
and biogenic opal production increased along the Polar Front at this
time (Anderson et al., 2009). Thus, the higher SiOPAL content during
12.5–10.5 kyr BP at our study site may reflect mixed sources, namely,
both nutrient advection from the Polar Front and increased delivery of
freshwater diatoms. It is worth noting that during the last deglaciation,
when SiOPAL values were high, indicating enhanced nutrient advection
and/or freshwater diatom production, alkenone production was not
high (Fig. 3). Discrepancies between the SiOPAL and total C37 alkenone
time series through the deglacial–Holocene have also been found in
the North Pacific and its marginal seas (Minoshima et al., 2007;
Harada et al., 2008). Such discrepancies might reflect differences in
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the nutrient preferences of diatoms and alkenone producers (Harada et
al., 2006).

The planktic foraminifers Globigerina bulloides, Globorotalia inflata,
Neogloboquadrina incompta,Neogloboquadrina pachyderma,Globorotalia
crassaformis, Orbulina universa, Globigerinita glutinata, and Turborotalia
quinqueloba were present within the past 13 kyr in core PC-03. The
diversity of planktic foraminifers was relatively low, with the three
dominant species (G. bulloides, N. pachyderma and N. incompta) ac-
counting for 56–99% of the total foraminifer abundance (Fig. 4a). The
proportion of G. bulloides in the assemblage was greater (20–60%)
during the deglaciation (with a short reduction at ~11.5 kyr BP) than
during the Holocene (Fig. 4b): At ~8 kyr BP, its abundance dropped
abruptly from ~30% to b10%, after which it gradually increased to
near 40% by 3.5 kyr BP. In contrast, the proportion of N. pachyderma
was smaller during the deglaciation (b40%) than subsequently, and it
increased gradually throughout the Holocene, aside from a distinct
spike at 9–9.5 kyr BP (Fig. 4b). The contribution of N. incompta to
foraminifer abundance was lower and more stable than that of
N. pachyderma. The abundance trends of G. bulloides and N. pachyderma
were mirror images of one another even though both taxa generally
prefer cold-water conditions (Hemleben et al., 1988). In the Atlantic
sector of the Southern Ocean (41–53°S, 5–12°E), G. bulloides is domi-
nant in the central sub-Antarctic, whereas N. pachyderma is dominant
at more southerly sites (Mortyn and Charles, 2003). In addition, the
occurrence of G. bulloides is associated with the fluorescence peak in
deep parts of the surface mixed layer and is tied to phytoplankton
blooms. Peak abundances of N. pachyderma have been observed in the
chlorophyll-maximum zone in the Northeast Water Polynya within
the East Greenland Current (Kohfeld et al., 1996) and in the western
North Pacific (Kuroyanagi and Kawahata, 2004). These distributions
suggest that both G. bulloides and N. pachyderma are closely associated
with a phytoplankton food source that is controlled by the density
structure of the water column. To the south of the modern Polar Front
in the Atlantic sector of the Southern Ocean, most abundance peaks of
N. pachyderma are shallower than the fluorescence peak below the
pycnocline (Mortyn and Charles, 2003), implying that its distribution
is influenced by non-biological, local hydrographic effects such as
eddy mixing and advection (Ortiz et al., 1995; Kohfeld et al., 1996;
Mortyn and Charles, 2003). In addition, N. pachyderma has strict mini-
mum salinity requirements (e.g. Hilbrecht, 1996; Hillaire-Marcel et al.,
2004).

The complementary pattern of abundances between Globigerina
bulloides and Neogloboquadrina pachyderma through 13–2.5 kyr at
our study site probably reflects changes in mixing and stratification
conditions of surface waters and a difference in the relative contribu-
tions of water masses: A greater abundance of G. bulloides may indi-
cate the dominance of a shallower (stratified), sub-Antarctic water
mass, whereas a greater abundance of N. pachyderma suggests the
dominance of a deeper water mass originating further south in the
Southern Ocean. During 13–9 kyr BP, glacial meltwater and precipita-
tion may have strengthened water–column stratification, creating the
preferred environment of G. bulloides. Thereafter, during the middle
and late Holocene, the influence of Southern Ocean water, preferred
by N. pachyderma, increased. This interpretation is consistent with
the observed time-series changes in the organic matter supply be-
tween terrestrial and marine origins (Fig. 3) and the movement of
the SWW core (and its associated precipitation); during the early
Holocene the SWW mainly influenced southern Patagonia, but
in the mid to late Holocene, its influence was extended northward
(Lamy et al., 2010).

4.4. Changes in the nitrogen cycle

In high-latitude regions, where surface water is rich in dissolved
oxygen and nutrients, δ15N of bulk sediment mainly reflects changes
in nitrate consumption, if other processes influencing δ15N values of
bulk sediment (e.g. terrestrial input) are constant (Altabet and
François, 1994). The mean δ15N value of nitrate in subsurface ocean
waters is usually about 5‰. We found high δ15N in the range
9–11‰ at 53°S during 13–10 kyr BP (Fig. 6), suggesting that nitrate
consumption was prominent at these high latitudes. In addition,
δ15N values at our study site were somewhat lower than those further
north (at 41°S) at ODP Site 1233, where δ15N values were also rela-
tively high during 13–10 kyr BP (Fig. 6); this result is consistent
with the δ15N pattern in surface sediments between 20°S and 45°S
off Chile (De Pol-Holz et al., 2009). Martinez et al. (2006) suggested
that the nitrogen isotopic variations off Chile are controlled mostly
by hydrologic and climatic changes in the Southern Ocean. They
inferred, therefore, that the ODP Site 1233 record resulted from an in-
terplay between nutrient demand in the sub-Antarctic zone and lati-
tudinal shifts of hydrologic fronts that controlled the concentration
and isotopic signature of the nitrate delivered to the Chile margin.

One possible source of the high δ15N values in the high-latitude
eastern South Pacific during the late deglaciation is the advection of
water already affected by denitrification into the Strait of Magellan.
Denitrification in the water column is typically accompanied by
strong isotopic fractionation due to incomplete bacterial conversion
of nitrate to N2, which can result in high δ15N values, ranging from
9‰ to 18‰ (Brandes et al., 1998). At present, water–column denitri-
fication occurs only in regions with oxygen minimum zones. Al-
though water–column denitrification off Peru and Chile intensified
during 18–10 kyr BP (De Pol-Holz et al., 2006), it is very unlikely
that surface and subsurface waters at the study site (~53°S) were
influenced by the advection of a denitrified water mass from lower
latitudes, because upwelling at the study site was suppressed by the
onshore SWW.

An alternative explanation is that denitrification occurred locally in
the water column. The δ15N enrichment during 13–10 kyr BP was
concurrent with a high TOC MAR of ~2 g cm−2 kyr−1. This value,
which is attributable both to sediment focusing (Fukuda et al., in
press) and high sedimentation rates, is about five times the Holocene
rate of 0.5 g cm−2 kyr−1. Such local denitrification might have been a
response to a reduced oxygen concentration caused by remineralization
of large amounts of organic material. The western coast and Andean re-
gions of Patagonia are permanently under the influence of the SWW,
and the SWW core has undergone repeated northward and southward
migrations (e.g. Mohtadi and Hebbeln, 2004; Moreno, 2004). These
migrations control the latitudinal position of themacronutrient-richAnt-
arctic Circumpolar Current (Garcia et al., 2010), and precipitation runoff
is also an important source of nutrients and terrestrial material to coastal
waters of western South America. As mentioned in Section 4.2, δ13CTOC
during 13–11 kyr BP ranged from −24‰ to −23‰ (Fig. 3), suggesting
that an increased supply of terrestrial material contributed to a high ex-
port flux of organic materials andmay have led locally to water–column
oxygen consumption and associated local denitrification. Local denitrifi-
cation associated with the relatively low δ13CTOC values, then, might be
evidence that the SWW core intensified over southernmost Patagonia
during the late deglacial–earliest Holocene, in agreement with the find-
ings of Lamy et al. (2010). This interpretation is also consistent with
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the relatively high abundance ofGlobigerina bulloides and lowabundance
of Neogloboquadrina pachyderma (Fig. 4). It cannot explain, however,
why the δ15N trend is the same as that at ODP Site 1233 at 41°S
(Fig. 6) as well as at sites much further north.

Another possible explanation for the 15N enrichment during
13–10 kyr BP is a change in relative nutrient utilization in precursor
waters of the surface and subsurface water masses at the study site.
Biological production was relatively high in the Southern Ocean dur-
ing 13–10 kyr BP (Anderson et al., 2009), and this high production in
the Southern Ocean might have increased relative nutrient utiliza-
tion, thus increasing the δ15N signal without requiring any changes
in local water–column denitrification. This increase in the δ15N
signal would be reflected in the δ15N value of waters entering the
Patagonian fjords and could explain the higher δ15N values observed
at sites influenced by the Antarctic Circumpolar Current (Fig. 6).

4.5. Changes in SST indicated by the alkenone record

Alkenone-derived SST oscillated between a minimum of 8.7 °C at
3.3 kyr BP and a maximum of 12.1 °C at 8.3 kyr BP (Fig. 7). The late
deglacial–early Holocene SST record is characterized by a warming in-
terval during ~13–11 kyr BP, coincident with the YD cooling event in
the Northern Hemisphere. The warming trend of the late deglacial–
earlyHolocene is also recorded in the alkenone SST from the continental
slope west of the Strait of Magellan at 53°S (Caniupán et al., 2011).
Other evidence of warm SSTs approximately corresponding to the YD
interval has been found in sediments from the continental margin off
Chile at 33°S (Kim et al., 2002), at 35°S (Romero et al., 2006), and at
30°S (Kaiser et al., 2008). The retreat of the Patagonian Ice Sheet
(Heusser, 2003; McCulloch et al., 2005) is consistent with regional
warming during the YD. According toMcCulloch et al. (2005), glacial re-
treat in the central Strait of Magellan (12.6–11.8 kyr BP) occurred
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insolation (21 January to 20 February, gray line) at 53°S, from Laskar et al. (2004).
during the coolest part of the YD in the Northern Hemisphere. The pal-
ynological record from Lago Guanaco in Torres del Paine (50°S) shows a
rapid increase in Nothofagus at ~12.3 kyr BP, suggesting colonization of
newly deglaciated terrain by forests (Moreno et al., 2009). Within the
YD interval, SSTs at our study site ranged from 10.1 °C to 11.7 °C, and
a short and abrupt cooling (with SSTs below 9.6 °C) took place at
~12.6 kyr BP.

Our record from the Pacific entrance of the Strait of Magellan
shows warming in the early Holocene, reaching a climate optimum
from ~10 to ~6 kyr BP (Fig. 7) similar in timing to the Holocene Climate
Optimum, observed during 11–8 kyr BP at a site close to our site (53°S,
Caniupán et al., 2011) and during 11–9 kyr BP further north (Kaiser et
al., 2005). Warming in the early Holocene is a widespread feature at
mid-latitudes in the eastern South Pacific (Kaiser et al., 2005, 2008),
and proxy records from the Antarctic Peninsula also demonstrate signif-
icant warming during 11–9 kyr BP (Bentley et al., 2009). This warm pe-
riod was interrupted at our study site by a short cool event centered at
10.5 kyr BP, when alkenone-SSTs decreased from 11.8 °C to 9.8 °C. The
timing of this event is similar to that of a major Holocene glacial ad-
vance at 9.7–9.3 kyr BP, reported at the San Rafael Glacier (46°40′S,
73°55′W; Harrison et al., 2012). This cool event also approximately co-
incides with a sudden drop at ~10 kyr BP in pollen of hygrophytes from
a peat bog at 53°S (Lamy et al., 2010). After 6 kyr BP, alkenone-SSTs de-
creased steadily, similar to the trend at 41°S (Fig. 7) and at 30°S (Kaiser
et al., 2008), although the decline was much greater at 53°S than at the
more northern sites.

In sediment cores GIK17748-2 and GeoB 3302-1 from 33°S off
Chile, variation in the Fe/Al ratio (interpreted as a proxy for rainfall
and the position of the SWW) indicates that the SWW migrated
northward and southward on millennial timescales during the degla-
ciation (Lamy et al., 2000). This migration may play a role in high-
and mid-latitude SST changes Chilean marginal region since the Last
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Glacial Maximum. The alkenone-SST changes that we observed at
53°S during the late deglaciation follow a similar pattern to the
alkenone-SST record off Chiloé at ODP Site 1233 (41°S), which is in
the pelagic zone at the northern margin of the SWW belt (Lamy et
al., 2004; Kaiser et al., 2005; Lamy et al., 2007). Although the overall
pattern is similar at these two sites, there are differences. For exam-
ple, the magnitude of the deglacial warming (after the Antarctic
Cold Reversal) at 53°S was ~1.5 °C, which is smaller than the ~2 °C
recorded at ODP Site 1233. Likewise, the warming trend from ~10
to ~6 kyr BP observed at 53°S was not apparent at ODP Site 1233.
While both ODP Site 1233 at 41°S and our study site would have
been influenced by both tropical and polar atmospheric and oceano-
graphic circulation mechanisms, the differences between them may
be due to ODP Site 1233 being particularly sensitive to tropical Pacific
forcing mechanisms (Lamy et al., 2004), whereas our study site might
be more sensitive to polar forcing mechanisms.

Although the alkenone-SSTs near the PC-03 core top (~9–10 °C)
at 3–3.5 kyr BP (Fig. 7) apparently correspond to present-day
monthly average temperatures at 10 m depth for January–March,
the alkenone-SSTs at the core top of multiple cores collected close
to our study site were 8–9 °C, temperatures that correspond to the
annual mean SST or to late spring or early fall SSTs (Locarnini et al.,
2010). When the long-term pattern of alkenone-SST changes
(~10 kyr scale) in the western Strait of Magellan is compared with
insolation, the SST trends seem to follow the insolation trend in aus-
tral spring (September–October) at 53°S (Fig. 7; Laskar et al., 2004),
as opposed to austral summer, consistent with the notion that spring
orbital forcing is a key pacemaker for deglacial and interglacial cli-
mate changes in the Southern Hemisphere (Stott et al., 2007;
Timmermann et al., 2009). For example, Timmermann et al. (2009)
suggested that increasing austral spring insolation forcing between
20 and 10 kyr BP caused a reduction in the Southern Ocean sea ice
area and increased absorption of shortwave radiation, leading to
warming and further sea ice reduction in the Southern Ocean.

5. Summary

Using multiple proxies from a core obtained near the Pacific en-
trance of the Strait ofMagellan, we investigated the deglacial–Holocene
(13–2.5 kyr BP) changes in productivity, water–mass characteristics,
and the nitrogen cycle in response to local climate and sea-level
Warm SST
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Fig. 8. Schematic diagram of the environment at the Pacific entrance to the Strait of Magel
various proxies.
changes, and also changes in SST associated with the SWW and insola-
tion factors (Fig. 8).

From 13 to 11 kyr BP, corresponding to the Northern Hemisphere
YD cold event, SSTs increased in a pattern similar to that observed
further north in Chilean margin sediments. The long-term pattern of
alkenone-SSTs corresponds to insolation during the austral spring
(September–October). During 13–9 kyr BP, TOC, TN, and total C37
alkenone contents were all elevated relative to levels after 9 kyr BP.
Likewise, the abundance of Globigerina bulloides was relatively high
(and that of Neogloboquadrina pachyderma was relatively low)
prior to 9 kyr BP, implying that glacial meltwater and precipitation
strengthened water–column stratification, favoring G. bulloides. The
MARs of biogenic components were also high before 9 kyr BP. More-
over, δ13CTOC values ranged from−24‰ to−23‰, whereas δ15N was
high, ranging from 10‰ to 11‰. Taken together, the organic carbon,
nutrient cycling, and hydrographic indicators suggest that an increase
in the supply of terrestrial materials contributed to a high organic
matter export flux, increasing water–column oxygen consumption
and local denitrification during the late deglaciation. Alternatively, in-
creased nutrient utilization by phytoplankton in the Southern Ocean
may have led to advection of nutrients with relatively high δ15N
into the Patagonian fjords, although lower sea level at the time
would have restricted this exchange.

During the Holocene, SSTs peaked at ~8 kyr BP and ~6.4 kyr BP
(early and mid-Holocene optima, respectively). Thereafter, SSTs
declined steadily until about 3.5 kyr BP. The coherence of SST evolu-
tion near the core of the SWW belt (53°S) with that near its northern
limits (at 41°S) suggests a gradual equatorward shift of the SWW axis
during the Holocene, driving gradual cooling at both locations. At
~9–8 kyr BP, the sedimentation rate and %C37:4 abruptly decreased,
probably reflecting the enhancement of open marine influence in
the western Strait of Magellan after the quasi-termination of the
postglacial sea-level rise. Alternatively, they may reflect a substantial
change in the sedimentary environment, or a reduction of local
precipitation or meltwater runoff. At the same time, the increased
abundance of Neogloboquadrina pachyderma documents an in-
creased influence of Southern Ocean waters. As a result of pro-
nounced advection of Southern Ocean water, the TOC, TN, and total
C37 alkenone contents became comparatively high, suggesting in-
creased productivity at the Pacific entrance of the Strait of Magellan
at about 9–8 kyr BP.
Climate Optimum (8-6 kyr BP)
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