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Strength of Southern Ocean upwelling controls the exchange of carbon dioxide (CO2) between deep
ocean reservoirs and atmosphere, as well as the communication of dissolved silicon with the euphotic
zone of the Southern Ocean. The silicon supply could limit diatom opal productivity in the high-latitudes
of Southern Ocean and the subsequent burial of biogenic opal in underlying sediments. Here we report a
record of biogenic opal export off the Prydz Bay south of the polar front of the Southern Ocean, indicating
strengthened upwelling during the past ﬁve glacial terminations. In all ﬁve terminations (IeV), opal
peaks occur in line with Northern Hemisphere summer insolation intensity as well as the existing IRDs,
indicating that freshwater injection associated with retreat of the Northern Hemisphere ice sheets could
be the cause of enhanced upwelling in the Southern Ocean during terminations. This could in turn
promote CO2 outgassing, ﬁnally accelerating the completion of the terminations. In addition, the
enhanced upwelling could export the Si-rich deep water to low latitudes via Antarctic Intermediate
Water (AAIW) and Subantarctic Mode Water (SAMW), potentially leading to deglacial opal peaks in
subtropical North Atlantic.
© 2016 Elsevier Ltd and INQUA. All rights reserved.
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1. Introduction
To improve the understanding of future climate change under
the increasing anthropogenic CO2 levels, a number of attempts have
been made to interpret the close association between atmospheric
CO2 and global temperature in the late Quaternary (Siegenthaler
et al., 2005). It is known that no single source can account for the
full amplitude of glacial-interglacial variability of atmospheric CO2
(Sigman and Boyle, 2000; Archer et al., 2000). Although multiple
€ hler et al., 2005; Peacock et al.,
carbon sources may be involved (Ko
2006), there is general agreement that deep ocean is a large carbon
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reservoir accounting for the major amplitude of CO2 glacialinterglacial variability in the past (Adkins et al., 2002; Sigman
and Boyle, 2000; 2007; Watson and NaveiraGarabato, 2006;
Toggweiler et al., 2006; Sikes, 2012).
It is proposed that changes in Southern Ocean upwelling is of
crucial importance on regulating atmospheric CO2 levels during
Terminations. That is, the enhanced upwelling, perhaps associated
with changes in Southern Westerlies, will stimulate the ventilation
of carbon-rich deep water mass to the surface, promoting the CO2
outgassing and ﬁnally triggering the global warming and Terminations (Skinner et al., 2010; Anderson et al., 2009). This hypothesis
is supported by various paleoceanographic records broadly (e.g.
13
€ hler et al., 2005; Smith
C-depleted carbon during deglaciation (Ko
et al., 1999; Spero and Lea, 2002), Nd isotope records in the Tobago
Basin and East Equatorial Paciﬁc (Pahnke et al., 2008; Pena et al.,
2013), acute drop in deglacial 14C activity of dissolved inorganic
carbon (DIC) in North Paciﬁc intermediate waters (Marchitto et al.,
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2007), etc), indicating a vital role played by upwelling branches of
the global meridional overturning circulation (MOC) during the last
deglaciation (Anderson et al., 2009; Siani et al., 2013).
From physical oceanographic perspective, upwelling regions in
the SO consists of two branches associated with the upper and
lower cell of global MOC, respectively in north and south of Antarctic Divergence Zone (Lumpkin and Speer, 2007; Marshall and
Speer, 2012; Fig. 1B). The 27.6 kg m3 density surface, outcropping south of the polar front all the way around Antarctica (see the
red line in Fig. 1B), represents the average boundary between the
upper and lower MOC cells in the SO (Marshall and Speer, 2012).
Plenty of studies already demonstrated the variability of the upwelling strength associated with the upper cell during the last
deglaciation (e.g. Anderson et al., 2009; Skinner, 2012), however, no
reports exist discussing the upwelling in the lower cell. The latter is
thus highly desirable to fully understand the outgassing process
associated with the SO upwelling variability.
Consumption of dissolved silicic acid (H4SiO4) by primary producers (diatoms) and cycling pathways represents primary prerequisites for effective carbon sequestration (Ragueneau et al.,
2000). Diatoms live in the euphotic zone where they utilize the
silicic acid to form opal tests. Although iron could limit the physiological status and growth rate of individual diatom cells (Boyd
et al., 2000), biogenic opal productivity is ultimately limited by
the supply of dissolved Si acid (Pondaven et al., 2000; Nelson et al.,
2002). The paucity of silicate in the modern high-latitude Southern
Ocean surface waters (Fig. 1B) has inspired the use of biogenic opal
export as a measure of the silicate-rich deep waters upwelling to
surface (Gnanadesikan and Toggweiler, 1999; Anderson et al., 2009;
Meckler et al., 2013).
2. Materials and methods
The gravity core P1-03 was drilled from the front edge of the
continental slope deposition fan off the Prydz Bay (73 000 5600 E,
65 590 2200 S) with a water depth of 2,542 m during the “30th Chinese National Antarctic Research Expedition” cruise in 2013e2014,
(Fig. 1). P1-03 lies in the south of the 27.6 kg m3 density surface
outcropping location, having the potential to trace the surface Silicic Acid situation in the lower cell of the global MOC. The core is
5.64 m long, and the sediments mostly consist of gray clay silt
without turbidite. The core was subsampled at an interval of 2 cm
and totally 282 samples were prepared for the next analysis.

The AMS14C datum was determined from 4 sediment layers for
organic carbon and carbonate carbon at Beta Analytic Lab, Miami,
USA (Table 1). Organic matter is measured on acid insoluable
organic carbon component of bulk samples and carbonate carbon is
manually picked up from planktonic foraminifera Neogloboquadrina pachyderma (sin) (150e250 mm). We converted the
AMS14C age into the calibrated calendar age using the online program Calib 7.04 (Stuiver and Reimer, 1993) and △R value 830a
according to Domack et al. (2001) in Palmer Deep west of Antarctic
Peninsula.
The measurements of X-ray ﬂuorescence (XRF) scanning for P103 were performed with an Avaatech XRF Core Scanner at Tongji
University. Data were obtained at a resolution of 1 cm over an area
of 1.2 cm2 directly at the split core surface of the archive half, and
we got the relative contents of the 29 elements from Al to Ba. The
core surface was covered with 4 mm thick SPEXCerti Prep Ultralene1 foil to avoid contamination of the XRF measurement unit.
Although the XRF data is unable to provide the percentage of elements, it has a positive correlation with the ICP-MS measured
element contents (Tjallingii et al., 2007), and they have a linear
logarithmic relationship (Weltje and Tjallingii, 2008). The calculations of normative Ba/Ti, Si/Al, Ca/Ti are based on the assumption
that sedimentary Ti and Al are of detrial origin, and the composition
of the Ti and Al bearing phases of the terrigenous material (detrial
Ba/Ti, Si/Al, Ca/Ti) remained constant in space and time (Jaccard
et al., 2009). In order to evaluate biogenic Ba, Si and Ca components, eliminate the inﬂuence of terrigenous material and deposition “dilution effect”, the normative calculations to Al and Ti have
been widely applied in recent studies (Murray and Leinen, 1996;
2000; Wei et al., 2003).
Biogenic opal was determined by alkaline extraction of silica
(Mortlock and Froelich, 1989), and average errors for this method
range from 0.2 to 1.0%. Biogenic opal percentage was measured by
molybdate-blue spectrophotometry at key laboratory of Marine
Sedimentology and Environmental Geology.
Both sieve analysis and a laser particle sizer (Malvern Mastersizer 2000) were used for grain size measurement. First, H2O2 was
used to remove organic material, and HCl (0.25 mol l1) to remove
CaCO3. Samples were then placed in a water bath at 85  C for 4 h
and Na2CO3 (1 mol l1) was added to remove biogenic silica (opal).
Samples were washed using de-ionized water and dried. The
coarser fraction was retained on a mesh (>2 mm, gravel), weighed
and its abundance calculated in percent weight. The ﬁner fractions

Fig. 1. Silicate concentration and location of study sites. Circles mean the sediment cores, the black dashed line indicates the section location. A, Map of annual average surface
silicate concentration, indicating the scarcity of this nutrient in modern ocean (Levitus, 2009). B, Meridional depth section of silicate concentration in major present-day water
masses(arrows) and the locations of P1-03 and North Atlantic core ODP 658. The white and black arrows indicate the water ﬂows of the Upper Cell and Lower Cell of the global MOC.
The red line is the 27.6 kg m3 density surface. The maps were made using the Ocean Data View software (Schlitzer, 2000). (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 2. Comparison between the XRF ln(Ba/Ti) curve of Core P1-03 and the stacked global benthic LR04 d18O (Lisiecki and Raymo, 2005). The solid red lines indicate Accelerator Mass
Spectrometry (AMS)14C dating layers, and the solid blue lines indicate chronologic tie points. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

Table 1
AMS14C age and calibrated age of core P1-03.
Depth (cm)

AMS14C age (a.BP)

Calibrated age (a.BP(1s))

Dating material

0e2
16e18
44e46
98e100

5560 ± 30
11,890 ± 40
18,360 ± 60
>43,500

4961 ± 59
12,607 ± 40
22,265 ± 106

Organic Carbon
Organic Carbon
Organic Carbon
planktonic foraminifera (N. pachyderma)

(<2 mm) were immersed in de-ionized water, scattered by sodium
metaphosphate and analysed with a laser particle sizer.
3. Results
3.1. Chronological framework
Our sediment core spans the last four glacial-interglacial cycles
starting from MIS13 (Figs. 3 and 4). Due to the absence of biogenic
carbonate associated with development of continuous foraminiferal oxygen isotope stratigraphy and carbonate-based AMS14C data
series in the studied core P1-03, we established the age model by
organic carbon AMS14C dates for the last 30ka BP and by the correlation of Ba/Ti with LR04 stacked stable oxygen isotope for the
older record (Lisiecki and Raymo, 2005). In a recent study (Wu
et al., 2015), based on the close coupling between bioBa and LR04
curve, biogenic Ba has been chosen to reconstruct the age model of

sediment core at Prydz trough during the late quaternary. BioBa is a
primary productivity proxy in paleoceanography study (Bonn et al.,
1998; Dymond, 1992; Paytan and Grifﬁth, 2007; Schenau et al.,
2001; Tribovillard et al., 2006). Given the interglacial high productivity and glacial low productivity in the south of the Polar Front
(Jaccard et al., 2013; Lamy et al., 2014; Anderson et al., 2014), the
variation of primary productivity thus is in close relationship with
climate changes during glacial interglacial cycles. Assuming that
sedimentary Ti is of detrial origin, Ba abundance normalized to Ti
yields an estimate of the sedimentary concentration of biogenic Ba
(Bonn et al., 1998; Nurberg et al., 1997; Schroeder et al., 1997),
which serves as a tool to reconstruct the chronological framework.
Eighteen stratigraphic tie points for the study core P1-03 (including
the organic carbon AMS14C dates, Table 1) was chosen for detailed
comparison with the standard LR04 d18O stack (Fig. 2). During MIS 2
and MIS 1 with 3 AMS14C dates, the closely correlation between Ba/
Ti and LR04 (Fig. 2) could verify the reasonableness of the age
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Fig. 3. Chronological framework and comparison between the XRF ln(Ba/Ti) curve of Core P1-03 and the stacked global benthic LR04 d18O (Lisiecki and Raymo, 2005).

framework reconstruction. By graphical comparing the P1-03 XRF
Ba/Ti curve with the LR04 d18O stack, Core P1-03 spans the last 513
ka covering the Marine Isotope Stage (MIS) 1e13 (Fig. 3).
3.2. Biogenic opal content and XRF ln(Si/Al)
Both the biogenic opal contents (%) and the XRF ln(Si/Al) (Fig. 4)
are characterized by pronounced peaks during each glacial termination. They are very similar to the deglacial opal peaks in the record from the subtropical North Atlantic, at Ocean Drilling Program
(ODP) Site 658 (20 440 5700 N, 18 340 5100 W, 2263 m water depth)
(Tiedemann et al., 1989; Meckler et al., 2013). The biogenic opal
contents are characterized by a relatively wide range of parameter
values (3.67e21.66), with average values of 9.17, similar with the
core ODP-658 average values of 10.61. Besides the deglacial opal
peaks, the biogenic opal and ln(Si/Al) generally display clear glacial/
interglacial oscillation with higher values during interglacials.
3.3. XRF ln(Ca/Ti)
The XRF ln(Ca/Ti) is used as a proxy for carbonate preservation,
and the values span from 0.24 to 1.82 with an average 0.57 (Fig. 4J).
The low values of ln(Ca/Ti) during glacial terminations are supposed to correspond to the dramatic increasing of Epica Dome C

CO2 concentration in Fig. 4 (Siegenthaler et al., 2005).
3.4. Sand fraction of sediment
We use the sand fraction data to evaluate the terrestrial inﬂuence during glacial terminations (Fig. 4M). This data is characterized by a wide range of values (0e61.74%), with average values of
12.08%. There is no signiﬁcant correlation between sand fraction
and biogenic opal contents, implying the terrestrial inﬂuence on
biogenic opal could be ignored. Especially the relative low values in
glacial terminations, indicating that the deglacial opal peaks are not
terrestrial sourced.
4. Discussion
4.1. Deglacial opal peaks and enhanced Southern Ocean upwelling
The biogenic opal concentration of core P1-03 is characterized
by pronounced peaks during each glacial termination (Fig. 4I),
indicating a maxima in opal production. Meanwhile, it is noted that
the ln(Si/Al) record varies in line with the deglacial opal peaks
(Fig. 4H). On one hand, opal preservation efﬁciency in the SO is not
signiﬁcantly different from the global average (2e6%; DeMaster,
2002; Nelson et al., 2002; Pondaven et al., 2000); on the other
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Fig. 4. Records of (A) The stacked global benthic LR04 d18O (Lisiecki and Raymo, 2005). (B) 21 July insolation at 65 N (Berger, 1978). Black bars high light the highest and lowest
insolation value bounding each major termination. (C) Obliquity (Berger, 1978). Red shading indicates the timing of opal peaks from P1-03. (D) Ice-rafted debris (IRD) record from
ODP 983 in the northeast Atlantic (Barker et al., 2015). (E) Accumulation Rate at Epica Dome C (Bazin et al., 2013). (F) ln(Si/Al) record from ODP 658 (Meckler et al., 2013). (G)
Biogenic opal record from ODP 658 (Tiedemann et al., 1989). (H) ln(Si/Al) record from P1-03. (I) Biogenic opal concentration from P1-03. (J) ln(Ca/Ti) record, a proxy for carbonate
preservation, from P1-03. (K) pCO2 record from EDC (Siegenthaler et al., 2005). (L) Coulter Counter dust mass concentration from EDC (Lambert et al., 2008). (M) Sand fraction
record from P1-03. Grey shading indicates glacial terminations I to VI, MIS 1 to MIS 13 are interglacial periods. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

hand, the glacial-interglacial variation of biogenical opal coincides
with primary productivity as inferred from XRF ln(Ba/Ti) (Fig. 3). All
together, this conﬁrms that the sedimentary opal variation represents production changes rather than preservation efﬁciency. In
addition, it is worthy noting that there is no signiﬁcant correlation
between Sand/EDC CC Dust and our biogenic opal record (Lambert
et al., 2008), especially during glacial terminations (Fig. 4 L and M).
This indicates that the inﬂuence of terrigenous and airborne dust
on the opal record is trivial.
We attribute the deglacial opal peaks to the enhanced supply of
dissolved Si to thermocline and surface water in upwelling regions
of the MOC lower cell, where upwelled silicate rich deep-water
masses were at its maximum during deglaciation. The enhanced
ventilation associated with increased upwelling in the SO, would
lead to an increase in both Si and oceanic Fe supply to surface
waters and promote opal production (Ayers and Strutton, 2013).
Our results, consistent with other opal ﬂux records in Southern
Ocean (Chase et al., 2003; Anderson et al., 2009), indicate the key
role of the upwelling branch on nutrient supply to the surface as
emphasized in the latest MOC diagram (Marshall and Speer, 2012).
4.2. Impact on low-latitude surface and thermocline waters
Enhanced upwelling in the SO during deglaciation would have
introduced the Si-rich signature during the formation of Antarctic
Intermediate Water (AAIW) and Subantarctic Mode Water
(SAMW), which are known to feed the lower thermocline in the low
latitude (Sarmiento et al., 2004). If the deglacial opal peaks in the
lower cell were truly a chemical signature of enhanced MOC upwelling branch of the SO (Fig. 4 H and I), an attendant maximum
supply of dissolved Si and the growth of diatoms in low-latitude
regions would be expected. We use the opal production at a site
in subtropical North Atlantic to test this prediction (Fig. 1). A clear
deglacial correlation between the high-latitude SO and lowlatitude are found in the similar time range (Fig. 4; Meckler et al.,
2013).
Coincidentally, enhanced supply of southern sourced Si-rich
water drove the major ecological changes observed in the other

low-latitude area during glacial terminations (Kienast et al., 2006;
Bradtmiller et al., 2006, 2009; Anderson et al., 2009; Pahnke
et al., 2008; Calvo et al., 2011; Hendry and Robinson, 2012), indicating a pervasive opal peaks during deglaciation. Other evidence
also indicates the increased Southern Ocean upwelling and deepwater injection into low-latitude thermocline during glacial terminations, such as △14C record from Southeast Paciﬁc (Siani et al.,
2013), Nd isotope record from the Tobago Basin and East Equatorial
Paciﬁc (Pahnke et al., 2008; Pena et al., 2013), widespread minimum in d13C of planktonic foraminifera (Spero and Lea, 2002), d13C
record of atmospheric CO2 derived from the Taylor Dome ice core
(Smith et al., 1999).
However, it has also been speculated that the Si-rich water
feeding the low-latitude opal peaks originated from the upward
mixing of abyssal water (Meckler et al., 2013). But the similarity of
the deglacial opal peaks in the low-latitude Atlantic and Paciﬁc
Oceans would require a process that could operate in both basins
despite the different deep-water mass conﬁgurations (Bradtmiller
et al., 2006, 2007). Moreover, the deglacial CO2 outgassing that
spread via AAIW pathway (partly) (Siani et al., 2013), could be used
to argue against the alternative deep mixing mechanism. So we
suggest that increase in the silicate concentration or formation rate
of SAMW or AAIW could play a more important role than this
coexist mechanism.
4.3. Link to Northern Hemisphere summer insolation and
atmospheric CO2
Since Termination V, each glacial termination occurs when
boreal summer insolation intensity begins to rise at a low value,
with much of the remainder occurring during the rising limb of the
insolation curve (Fig. 4B). This means not only the termination is
strongly correlated with the rising boreal summer insolation, but
also rising insolation plays a key role in driving the termination to
completion. This hypothesis is supported by empirical evidence
from the stalagmite (Cheng et al., 2009) as well as climate modeling
(He et al., 2013). The amount and rate of insolation rising may also
be important controls on ice sheets (Cheng et al., 2009), then
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inﬂuence the Southern Ocean upwelling. Supporting this idea is the
observation that the two terminations with low opal peaks (T-III
and T-V) are associated with relatively low insolation shifts. In
contrast, the terminations with high opal peaks (T-I, T-II and T-IV)
are associated with high magnitudes. The Termination VI, with the
insolation shift and decline during this period, has the least signiﬁcant opal peak value (Fig. 4 B,I). Because of the resolution of our
age model and the graphical comparing with the orbital tuned LR04
d18O stack, it's a pity that we don't have a chance to get the precise
evaluation on “which is the driving force”, especially for the
completely orbital forcing driven insolation. However, we could
suggest that there is a close relationship between the boreal summer insolation and SO upwelling, by the good correlation between
these parameters.
Increased upwelling in the Southern Ocean, inferred from the
opal records, coincided with the deglacial rise in atmospheric CO2
(Fig. 4K). During deglaciation, the weakest carbonate preservation
in the deep Southern Ocean derived from XRF ln(Ca/Ti), was
consistent with CO2 increasing, and the maximum in the rate of CO2
rise was synchronous with the opal peaks (Fig. 4I). These lead us to
conclude that enhanced upwelling of the Southern Ocean was a
primary contributor to the deglacial rise in atmospheric CO2. Our
results also support the interpretation with respect to the SO 14Cdepleted deep water during LGM and its injection into intermediate
waters during deglaciation, in line with rising atmospheric CO2
(Marchitto et al., 2007; Sikes, 2012).
4.4. Termination mechanisms
Along with the growing realization of the key role played by the
upwelling branch of the MOC on climate system, the Southern
Ocean becomes a focus to understand processes associated with
modern and ancient climate variability (Huybers and Wunsch,
2010; Marshall and Speer, 2012). A series of mechanisms have
been proposed to explain the central role played by the upwelling
branch of the Southern Ocean on regulating the glacial-interglacial
variation of atmospheric CO2 changes. First, Northern Hemisphere
cooling during glacials could cause a reorganization of global atmospheric circulation, leading to a southward movement in the
Southern Hemisphere westerlies (Law et al., 2008; Toggweiler and
Russell, 2008; Govin et al., 2009; Anderson et al., 2009; Abarzúa,
2012; Lamy, 2012). This facilitates the upwelling branch of the
MOC and enhances the ventilation between the abyss and the
surface, promoting atmospheric CO2 increase, and resulting in
observed productivity peaks (Anderson et al., 2009). This mechanism is further supported by the coincident southward shift/
intensiﬁcation of the Southern Hemisphere westerlies inferred
from EDC accumulation rate record (Bazin et al., 2013; WAIS, 2013;
Fig. 4E) during terminations. Second, the bipolar seesaw mechanism (Stocker and Johnsen, 2003). A cessation of the MOC in the
Northern Hemisphere induced by freshwater injection owing to the
North Atlantic/Arctic ice sheet retreat (Zhang et al., 2013), supported by IRD record in the North Atlantic (Barker et al., 2015;
Fig. 4D), could warm the southern hemisphere. As a consequence,
this will cause sea-ice retreat in the Southern Ocean, promoting
CO2 outgassing (Keeling and Stephens, 2001). Third, sea-ice cover
(Stephens and Keeling, 2000). Retreated sea ice cover in deglacial
times could have allowed winds to drive air-sea exchange more
efﬁciently between deep and surface waters, thereby increased the
concentration of atmospheric CO2 (Cheng et al., 2009; Marshall and
Speer, 2012). This effect would be ampliﬁed by sea-ice/albedo
feedback. Fourth, Antarctic local orbital forcing might act together
with the Northern Hemispere during the terminations, by caused
the sea-ice decline and the increased interhemispheric temperature gradient (Laepple et al., 2011; WAIS, 2013).

Our results show that opal peaks occur in line with Northern
Hemisphere summer insolation and IRD peaks during terminations. We agree with the scenario in which a set of mechanisms is
ultimately linked to the rise in boreal summer insolation that
eventually causes CO2 rise. The rising insolation may trigger the
initial disintegration of the massive ice sheet, which in turn stimulates a weakening of MOC as well as a cold anomaly in the
Northern Hemisphere. The resulting warming in the Southern
Ocean, associated with bipolar thermal seesaw, causes the sea ice
retreat and changes in Southern Westerlies, promoting CO2 outgassing and glacial terminations (Broecker et al., 1985, Broecker,
1998; Crowley, 1992; Stocker et al., 1992, Stocker and Johnsen,
2003; Blunier and Brook, 2001; Wang et al., 2007; Toggweiler
and Russell, 2008; Anderson et al., 2009).
5. Conclusions
In this study we report a record covering the last ~500ka from
Prydz Bay in south of Antarctic Divergence Zone (i.e. upwelling
regions of the lower cell of the global MOC). Within the age uncertainty, the opal peaks in our records are identiﬁed to be
accompanied with CO2 rise during the last 6 terminations. Our
results thus provide additional evidence to support the role played
by the Southern Ocean upwelling on CO2 outgassing.
The chronology of our records cannot provide precise phase
comparison with the core from subtropical North Atlantic, and thus
can not support/role out the role of enhanced vertical diffusion in
the tropics on CO2 outgassing. High resolution records with more
reliable age model are thus still required to evaluate their roles on
CO2 outgassing in the future. Due to the limitation of paleomagnetic
analysis in the high latitude, we give up building age model via
comparison of relative paleointensity (RPI) between P1-03 and
global reference stack in this study. Fortunately, the relative
abundance of diatom Eucampia antarctica dd a sea surface temperature proxy, has the potential to build a reliable chronological
framework by comparison to the Antarctic ice core local temperature reconstruction (Jaccard et al., 2016). We are planning to apply
this approach in subsequent research, and compare the new age
framework to this study.
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