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for low-latitude atmospheric circulation

E. Christa Farmer' and Peter B. deMenocal

Department of Earth and Environmental Sciences and Lamont-Doherty Earth Observatory of Columbia University, Palisades,
New York, USA

Thomas M. Marchitto

Department of Geological Sciences and Institute of Arctic and Alpine Research, University of Colorado, Boulder, Colorado,
USA

Received 8 May 2004; revised 1 December 2004; accepted 28 February 2005; published 29 June 2005.

[1] Mg/Ca analyses of G. bulloides and abundances of N. pachyderma (left coiling) from Ocean Drilling
Program (ODP) Leg 175 Hole 1084B in the Benguela coastal upwelling system document lower sea surface
temperatures during the Last Glacial Maximum (LGM), Younger Dryas, mid-Holocene, and Little Ice Age in the
southeastern Atlantic. Taking into consideration the possible effects of differential carbonate dissolution, the
Mg/Ca data indicate Younger Dryas temperatures 2°—3°C cooler than those of the early Holocene and LGM
temperatures 4°—5°C cooler than those of the early Holocene. The cool interval during the deglacial period at
Hole 1084B matches the timing of Younger Dryas shifts in Cariaco Basin and Greenland Ice Sheet records and
that of a nearby alkenone record. Comparison of mid-Holocene cooling at Hole ODP1084B with other high-
resolution records of Holocene and last deglacial sea surface temperatures from the tropical Atlantic implies
consistent basin-wide changes in atmospheric circulation. A brief period of 1.5°—2°C cooling between 17.8 and
17.2 ka, if related to Heinrich event 1, is consistent with a previously hypothesized tropical origin of all Heinrich

climate change events.
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1. Introduction

[2] Millennial-scale climate changes during the last gla-
cial cycle have been documented worldwide, but the un-
derlying causes are still poorly understood. Broecker [2003]
has reviewed the current state of understanding of Heinrich
events, Dansgaard-Oeschger events, and the Younger
Dryas, outlining the proposed mechanisms and highlighting
existing data. One view is that teleconnections from the
earth’s tropics, stimulated by earth’s orbital variations, drive
at least some of these climate changes in distant, extra-
tropical regions of the globe. The other main mechanism
proposed for millennial-scale climate change involves reor-
ganization of thermohaline deep ocean circulation, possibly
forced by large inputs of freshwater to the North Atlantic
from melting ice sheets.

[3] In the Zebiak-Cane coupled ocean-atmosphere model,
certain precessional configurations were found to force El
Niflo—Southern Oscillation dynamics to lock into extreme
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states for centuries at a time [Clement et al., 2001]. Eastern
equatorial Pacific sea surface temperatures (SSTs) recon-
structed from Mg/Ca of planktonic foraminifera appear to
follow a precessional tempo [Koutavas et al., 2002], as
predicted by Clement et al. [2001]. In the tropical Atlantic, a
proxy for thermocline depth also suggests that at least some
millennial-scale events have a tropical origin [Mcintyre and
Molfino, 1996]. The authors suggest that the North African
monsoon strengthened at two points in each precessional
cycle over the last 45,000 years, during times when peri-
helion coincided with the summer solstice. This strength-
ening of the monsoon circulation would increase the
meridionality of the southeastern trade winds and reduce
equatorial upwelling, resulting in a deeper thermocline in
the eastern tropical Atlantic. According to their hypothesis,
this allowed warmer waters to enter the Gulf Stream and
reach the North Atlantic, triggering ice sheet destabilization
and the increased ice rafting associated with Heinrich
events.

[4] The Mecintyre and Molfino [1996] data indicate a
deeper equatorial Atlantic thermocline during all known
Heinrich events of the last 45,000 years. The periodicity of
the thermocline signal in their record implies that a shift at
7.6 ka is also associated with the mechanism causing
Heinrich events. They propose that the lack of high-latitude
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evidence for a Heinrich event in this time interval is
consistent with their hypothesis that the primary forcing
leading to Heinrich events originated in the tropics. This
suggestion that Heinrich events were triggered from the
tropics has been criticized for an imprecise explanation of
why the North African monsoon should strengthen twice in
each precessional cycle rather than once [Berger and
Loutre, 1997], and for imprecise agreement between the
timing of the changes in thermocline depth and the period-
icities expected from theoretical calculations [Kim et al.,
2003]. More data are needed to corroborate these changes in
tropical Atlantic Ocean and atmospheric circulation, and to
confirm their timing, in order to strengthen conclusions
about the source of climate variability during Heinrich
events.

[s] Evidence for reorganization of thermohaline deep
ocean circulation includes proxies for deep ocean nutrient
concentrations, which show that North Atlantic Deep Water
(NADW) formation decreased during the Younger Dryas
[Boyle and Keigwin, 1987]. Increases in atmospheric radio-
carbon inventories during the Younger Dryas also suggest
that deepwater production decreased [Hughen et al., 1998,
2004]. Decreasing NADW formation in ocean circulation
models reduces the Atlantic’s cross-equatorial heat transport,
cooling the North Atlantic and warming the southern sub-
tropical Atlantic [Manabe and Stouffer, 1997; Vellinga and
Wood, 2002]. Some western tropical Atlantic paleoceano-
graphic records do show warming during these events
[Ruhlemann et al., 1999]. Some Antarctic ice core records
also imply that the Southern Hemisphere expression of
deglacial climate changes were antiphased with Northern
Hemisphere changes. An Antarctic Cold Reversal (ACR)
preceded the Greenland Younger Dryas cool interval,
during which Antarctica warmed [Blunier et al., 1998].
This “bipolar seesaw” pattern is not borne out in other
Antarctic records, however, which suggest synchronous
climate changes at both poles during the last deglaciation
[Steig et al., 1998; Pahnke et al., 2003]. Deglacial climate
records from many locations around the globe also show
cool intervals during the Younger Dryas rather than the
earlier Antarctic Cold Reversal period; however, few
records have been published from the South Atlantic
[Broecker, 2003].

[6] One relatively high-resolution study of southern trop-
ical Atlantic SSTs based on alkenone unsaturation ratios in
GeoB1023-5 suggests that SSTs cooled during the Younger
Dryas but warmed during Heinrich event 1 (H1), which the
authors interpret as evidence that the mechanisms for these
two events were quite different [Kim et al., 2002]. The
authors attribute the Younger Dryas cooling to enhanced
upwelling, which may have overwhelmed any circulation-
induced warming. The record also does not show any
upwelling-induced cooling during the early to middle Ho-
locene at 69 ka, when Mcintyre and Molfino [1996] found
deepening of the equatorial Atlantic thermocline similar to
that seen during Heinrich events. However, alkenone-based
SST reconstructions from ODP1078C, a site just north of
GeoB1023-5 on the other side of the Angola-Beguela front
(ABF), do indicate a somewhat cooler interval during the
early to middle Holocene [Kim et al., 2003]. In modern
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climate, the SST difference across the ABF is proportional
to the strength of the zonal component of SE trade winds.
ODP1078C records suggest that this SST gradient was
weaker during the Bolling-Alleréd and the early to middle
Holocene. This is consistent with either weaker or more
meridional SE trade winds during these times, as proposed
by Mcintyre and Molfino [1996]. A comparison with an
alkenone-derived SST record from the western side of the
basin found similar results [Kim and Schneider, 2003].

[7] Planktonic foraminiferal faunal abundance data from
Hole 658C within an upwelling region off NW Africa in the
subtropical North Atlantic also indicate significantly cooler
intervals during the mid-Holocene [deMenocal et al.,
2000a], whereas the alkenone-derived SST record did not
[Zhao et al., 2000]. Discrepancies between these records
may be due to seasonal differences in the temperature
recorded by different proxies [Chapman et al., 1996], or
by sediment resuspension and refocusing. Offsets between
radiocarbon ages of alkenone molecules and shells of
planktonic foraminifera imply that resuspension of fine
sediments or some other factor may be confounding alke-
none paleoclimate signals in sites with high rates of accu-
mulation [Ohkouchi et al., 2002; Mollenhauer et al., 2003].

[8] Perhaps the Kim et al. [2002] alkenone record lacks
the mid-Holocene cool intervals seen in the deMenocal et
al. [2000a] record simply because the associated changes in
atmospheric circulation were absent in the Southern Hemi-
sphere tropics. Northern subtropical cool intervals off NW
Africa have been attributed to enhanced precessional forc-
ing of monsoon winds and regional upwelling [Mix et al.,
1986; deMenocal et al., 2000b]. Perhaps these feedbacks
did not affect the Southern Hemisphere. Productivity prox-
ies in several cores from ODP Leg 175 off the coast of
Namibia in the southeastern Atlantic, however, document
increased upwelling during glacial periods [Berger and
Wefer, 2002]. Perhaps the mid-Holocene changes in atmo-
spheric circulation were manifested as increasing meridion-
ality rather than weakening of the SE trade winds, as the
history of the SST gradient across the Angola-Benguela
front suggests [Kim et al., 2003]. Relatively low-resolution
alkenone paleotemperatures and planktonic foraminiferal
oxygen isotope ratios from a site closer to the Benguela
coastal upwelling zone do indicate cooler intervals in the
early to middle Holocene, however [Mollenhauer et al.,
2003]. Increased thermocline depth in the western tropical
Atlantic during this time also suggests that these mid-
Holocene shifts in atmospheric circulation were widespread,
but this thermocline deepening was more likely due to
increased zonality of the trade winds rather than increased
meridionality [Arz et al., 2001]. What can temperature
reconstructions from a different paleoclimate proxy, Mg/
Ca in planktonic foraminifera, say about low-latitude South
Atlantic climate changes in the Holocene and last deglacial
period?

2. Study Area

[9] We analyzed Holocene and last deglacial sediment
samples in sections 1 and 2 of Core 1H from Ocean Drilling
Program (ODP) Leg 175 Hole 1084B because of its high
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Figure 1. (a) Map of the tropical Atlantic showing the location of several paleoclimatic records
discussed in the text. Arrows show National Centers for Environmental Prediction/National Center for
Atmospheric Research reanalysis [Kalnay et al., 1996] mean annual wind strength and direction (scale
gives 10 m/s arrow), contours show NOAA World Ocean Atlas sea surface temperatures [Conkright et
al., 1998]. (b) Inset shows close-up of Hole 1084B location, with average of peak upwelling season
(September—October—November) wind and SST values.

rates of sediment accumulation (up to 26 cm/ka) and its
location on the edge of the most intense coastal upwelling cell
off the southwestern coast of the African continent. The
planktonic foraminifera preserved in Hole 1084B sediments
record past changes in surface ocean temperatures in this
location, which are greatly influenced by changes inupwelling
rates because of changes in trade wind strength and direction.

2.1. Modern Oceanographic Setting

[10] Hole 1084B was drilled at 25°30.83’S, 13°1.67E, at
1992 m water depth, about 300 km off the coast of Namibia
over the continental slope in the Northern Cape Basin
(Figure 1). The Benguela region has been differentiated
into the Northern Benguela Region (NBR) and the Southern
Benguela Region (SBR), with their boundary at 26°—27°S.
The SBR is characterized by a stronger seasonal upwelling
cycle that peaks in Southern Hemisphere summer, while the
NBR, where Hole 1084B is located, has a weaker seasonal
upwelling cycle that peaks in August—October (Southern
Hemisphere winter-spring) but maintains stronger year-
round upwelling [Bubnov and Kostianoy, 2001].

[11] The seasonal SST cycle at the location of Hole
1084B is dominated by the upwelling of cooler South
Atlantic Central Water (SACW). This mode water forms
in the South Atlantic Convergence Zone and extends as far
north as 15°N below the surface [Lutjeharms and Meeuwis,
1987; Poole and Tomczak, 1999]. Water mass analysis
shows that the SACW is moving southward along the

continental shelf in subsurface currents when it is upwelled
[Gordon et al., 1995]. Maximum SSTs of 17.2°C occur in
Southern Hemisphere fall (February—April), whereas
minimum SSTs of 14.8°C occur in Southern Hemisphere
spring (September) [Conkright et al., 2002] (accessed in
2004). Hole 1084B is located on the edge of the
“permanent” (year-round) upwelling zone, well within the
extent of “filamentous” (intermittent) upwelling [/ita et al.,
2001]. The local region of upwelling where Hole 1084B is
located is known as the Luderitz cell, which has the
strongest year-round upwelling of any of the coastal up-
welling cells in the Benguela current region. This cell
extends farther offshore (~380 km on average) than any
of the other cells [Lutjeharms and Meeuwis, 1987]. The
Benguela Current region is unusual among coastal upwell-
ing zones because warmer waters are located both to the
north and to the south, as Indian Ocean waters enter the
South Atlantic through the Agulhas retroflection.

2.2. Modern Foraminiferal Ecology

[12] A study of 140 grab samples and core tops shows
that the area in which Hole 1084B is located is dominated
by four species of planktonic foraminifera: Globorotalia
inflata, Neogloboquadrina pachyderma (right coiling),
N. pachyderma (left coiling), and Globigerina bulloides,
which account for ~83% of total planktonic foraminifera
abundance on average [Giraudeau, 1993; Giraudeau and
Rogers, 1994]. In the style of Imbrie and Kipp [1971]
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transfer function analysis, three foraminiferal assemblages
account for >95% of the total foraminiferal relative abun-
dance variations in this region.

[13] In many other areas of upwelling around the world,
the core of the upwelling region is dominated by G.
bulloides, a transitional to polar species [Prell and Curry,
1981; Gupta et al., 2003]. The core Benguela upwelling
region (a narrow strip along the shore with SSTs less
than 16°C), however, is dominated by N. pachyderma
(left), a polar species. Outside this coastal strip north of
~30°S lies an assemblage dominated by G. bulloides and N.
pachyderma (right), another transitional to polar species.
This assemblage is characterized as an “indicator for
intermediate conditions between [the] warm oligotrophic
offshore environment and cool upwelled coastal waters™
[Giraudeau and Rogers, 1994]. The area outside this coastal
strip south of ~27°S is dominated by a similar intermediate
assemblage composed almost entirely of G. inflata, a
transitional species which is associated with the Benguela
Current in regions of reduced upwelling. In modern Holo-
cene conditions, the Hole 1084B site lies well within the
area of the N. pachyderma (right) and G. bulloides assem-
blage, at least 0.5° longitude west of the boundary with the
coastal assemblage. Therefore increases in the percentage of
N. pachyderma (left) in older Hole 1084B sediments should
indicate extension westward of the region dominated by this
species and intensification of the upwelling.

[14] Sediment trap results from a nearby location in
Walvis Bay confirm that fluxes of N. pachyderma (left)
and G. bulloides to the sediments increase when regional
winds strengthen and become more southerly in October
and November [Giraudeau et al., 2000]. As the winds
become stronger and more parallel to the coastline, upwell-
ing rates increase, decreasing the local SST and creating
favorable conditions for these two species. The relative
abundance of N. pachyderma (left) as a percentage of all
species also peaks during the periods of strongest, most
southerly winds and lowest local SST.

3. Materials and Methods

[15] Samples of Hole 1084B sediments were obtained
from the ODP repository in Bremen, Germany. After being
shaken for 2 hours in a surfactant solution of sodium
metaphosphate, with 3% hydrogen peroxide added to de-
nature any organic material remaining from the high organic
content of the upwelling zone sediments, samples were
washed through 150 micron sieves with deionized water
and dried in a 50°C oven. Low foraminiferal abundances
precluded selecting G. bulloides from only narrow size
fractions, so specimens of G. bulloides were picked from
the >150 pm fraction and G. bulloides Mg/Ca measure-
ments were performed every 1 cm between 0 and 352 cm.
Planktonic faunal abundances were counted every other
centimeter, except for 0—31 cm when they were counted
every centimeter, and 283-353 cm where they were
counted every 4 cm. On the basis of photographs of the
core in the ODP archives, a core void between 98 and
102 cm was assumed to have been caused by gas expansion
and separation of continuous sediment layers. Depths were
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adjusted accordingly: The “98 cm” reported by ODP is
98 cm here, whereas “102 cm” is 99 c¢cm, “103 cm” is
100 cm, etc. On the basis of shipboard core descriptions, the
“core top”” of Core 1H was assumed to lie at a depth of
5 c¢m as labeled by ODP. (We did not convert “meters below
seafloor” depths to ‘““meters composite depth,”” but
these can be obtained by adding 0.09 m to all depths
reported here (Ocean Drilling Program, Hole/core summary,
accessed 2004, available at http://iodp.tamu.edu/janusweb/
coring_summaries/holesumm.cgi).)

3.1. Radiocarbon Dating

[16] Fifteen radiocarbon dates were measured at the
Lawrence Livermore National Laboratory Center for Ac-
celerator Mass Spectrometry on monospecific samples of
planktonic foraminifer G. bulloides, eight in Holocene
sediments and seven in sediments from the last glacial
maximum and deglacial period (Table 1). Conversion to
calendar years was performed with CALIB 4.3, using
probability-based Method B [Stuiver and Reimer, 1993].
On the basis of estimates by Southon et al. [2002], a
constant local offset of 230 + 50 (AR) to the global reservoir
correction of 400 years was used [Southon et al., 2002].
This is the best available approximation, although the
reservoir age can vary locally, and can change substantially
through time, especially in an upwelling area, as demon-
strated by Staubwasser et al. [2002]. To construct the best
Holocene and last deglacial chronology at Hole 1084B, the
dates were interpolated linearly in the minimum number of
segments (whose endpoints are footnoted in Table 1 in the
interpolated ages column) such that all interpolated dates
fall within the 2-0 confidence intervals (Figure 2a). The
younger end of the 2-0 confidence interval of the oldest date
was used to force the best possible match in the interval of
Heinrich event 1. For an estimate of the uncertainty inherent
in this chronology, the average length of the 1-o confidence
interval in the Holocene was 280 years, the average 2-o
interval in the Holocene was 510; in the Last Glacial
Maximum and deglacial period these intervals were 910
and 1480 years.

3.2. Faunal and Mg/Ca Data Collection

[17] The four dominant species of planktonic foraminifera
were counted in a random subsample of 150—200 individ-
uals; all other species were counted as “other” and each
dominant species’ relative abundance calculated as a per-
centage of the total number counted. Replicate counting
precision was estimated by recounting six samples 2—3 times
each: The average difference between the repeated relative
abundance measurements was 3%, or a relative standard
deviation (RSD) of 16.9%. Seventy individual G. bulloides
individuals from each sample depth were lightly crushed and
cleaned with oxidative and reductive reactions according to
methods outlined by Boyle and Keigwin [1985] and Boyle and
Rosenthal [1996], with the exception of the final weak acid
rinse which was not conducted. Owing to the relatively thin
tests of this species, initial preparations including this step
dissolved the samples entirely.

[18] Mg/Ca ratios of the dissolved samples were mea-
sured on a Jobin Yvon inductively coupled plasma atomic
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Figure 2. (a)Radiocarbon ages (calendar years) measured at various sample depths, shown with 1-o and 2-
o confidence intervals and the linearly interpolated age model constructed from these dates. (b) Hole 1084B
G. bulloides Mg/Ca (mmol/mol). Circles show individual duplicate and triplicate measurements; line
shows average of all replicates, +0.6°C sampling error (bottom left) estimated from pooled standard
deviation of all replicate measurements. (c) Size-normalized weights of N. pachyderma (right coiling)
as a test for the influence of dissolution. (d) Relative abundance (%) of N. pachyderma (left coiling)
on inverted scale because larger proportion of this species and lower values of G. bulloides Mg/Ca
both indicate increased upwelling intensity at Hole 1084B, +3% sampling error estimated from

several recounts.

emission spectrophotometer (ICP-AES) with a Gilson auto-
sampler. A total of 300 measurements were made, including
70 duplicates and 8 triplicates, in which additional G.
bulloides were picked separately from the same sediment
sample and prepared identically. The raw data were drift
corrected as described by Schrag [1999]; however, we used
the 317 nm, 279 nm, and 407 nm emission lines for Ca, Mg,
and Sr, respectively because calibration linearity was opti-
mal over the measured concentration ranges. Within-run
measurement stability averaged between 0.2 and 0.4%
based on the relative standard deviation (RSD) of many
repeated measurements of a known laboratory standard.
Over three years, the long-term reproducibility of hundreds
of analyses of an in-house consistency standard was 1.4%
RSD.

[19] Molar elemental ratios were converted to SSTs using
the G. bulloides calibration of Mashiotta et al. [1999]:

T(°C) = (log([Mg]/[Ca]/0.474))/0.107

This calibration was chosen because it extends the Lea et al.
[1999] culture calibration to the lower temperatures more

characteristic of our study area, by including some south
Atlantic core top values. We estimate our sampling
precision by calculating the pooled standard deviation of
all duplicate and triplicate measurements. This value of
0.14 mmol/mol, or an RSD of 6.8%, is comparable to the
reproducibility of at least one other high-quality planktonic
Mg/Ca data set [Lea et al., 2003]. Slightly better
reproducibility of another Mg/Ca study from our lab by
Koutavas et al. [2002] may be due to its more pelagic
location, constrained size fraction analyses, or the selection
of replicate sample mass from the same pool of crushed
individual foraminifera. Sampling errors from all studies
typically dwarf the analytical errors, as ours does by almost
an order of magnitude. However, the corresponding
temperature uncertainty of +0.6°C (see representative error
bar in lower left of Figure 2b, lower right of Figure 3¢, and
lower right of Figure 4c) is still less than the +1.1°C
reported error in the temperature calibration [Mashiotta et
al., 1999].

[20] Although Mg/Ca paleothermometry is not known to
be affected by ice volume changes as are oxygen isotopic
ratios, overprinting by dissolution remains a problem.

50f 16



PA2018

FARMER ET AL.: BENGUELA MG/CA TEMPERATURES

PA2018

"(UOTSSNOSIP 10 1%} 99s) s[eAtajul pajejodiour Jo syurodpuy,,
“(s[eAsdur pajejodioyur yedIpul $aX0q) [eAIdUI pajejodiajul Yord ul sdajs o aFeIoAY
"SI UONBIUSUIPIS STCIAY,

‘sidoorayur Sunernores jo poyewr Ajiqeqord Sursn saFe repusyed uo sy o-z 1oddn pue 1omo,
"sydoorojur Sunernores jo poyowr Apjiqeqord Sursn soSe tepudpes uo sy o-1 oddn pue 1m0,

*93e u0QIedOOIpEI Ul 10110 mEm@m.ocOr._

'SIBOA UOQIBOOIPRI Ul 98V

JX0} Ul PAJOU Sk SPIOA 10} PAJOALI0d ‘d[dues Jo 10)udd Ul I00[jeds mo[aq yida(,
-opdures yoes jo doy yo (wo) uonoas ur ydaq,

‘dr uondss dao,

“(HI 118) A1 2100 dAO,
(d¥801 118) I °10H dd0q
1oquinu (]) UONBIYNUAP! Aowondads SSeJA 10JeI9[09Y 10J 1JUd)) AI0JRIOQRT [BUONEBN QIOULIDAIT JOUDIMET,

6 £0¢ wCLS0T 1z1'oc ¥10°CC TLS0T 1€5°1¢ 1483 0EP'ST Soy'e & € HI av801 62206

8I¥LI 60€°L1 790°61 LILLT 019°81 vig 0T6°S1 S9LT 6C1 4 HI av801 82206

(474 9°¢T wSETII 806°S1 86TLI SETI9I 6€6°91 9¢€T 0SSy1 §TsT SOt 4 HI av801 8€0S8

188v1 PELYI €T5°SI 1€Y1 LI1€ST 861 ovTel S0TT €L 4 HI av801 LEOS8

144 8'CC wOTIY1 0TIPI 1s€s1 6€1v1 S8I°SI IL SOI°el §ae0'C Ss T HI av801 9€058

8¢ 19T wb08°C1 68€°11 Y08°TI TOLTT 9LSTT 41! 06601 STL'1 Y4 4 HI av801 GE0S8

¥88°11 66%°11 808°C1 SPLTI €09°Cl €01 0v0°11 S8Y'1 I 4 HI av801 €058

49 v'61 wlTT°TI 162°01 LITTI TTeol L6LO1 6L 0¥0°01 S8T'l €1 I HI av801 €£058

LS 9Ll wbL86 €€8°6 695°01 6L8°6 LOE0T 89 SIL'6 SYO'l LOT I HI av801 e0s8

TIg6 096°8 6€L°6 1106 91t'6 1L S€6°8 SY6°'0 €6 I HI gv801 1£0S8

011 16 wbPE'8 8T8 76S°8 6vE8 L6V'8 1L S61°8 SLLO LL I HI av801 0€0S8

S99 991°9 18%°9 LYT9 00%°9 6L 0€1°9 650 6S I HI q1801 62058

€51 $9 wEV0'S 8°6'Y €0€‘S €v0°S 8YT'S 89 0L0°S SLY'0 Ly I HI av801 820S8

885°T 6LTT 969°C 12€c LYST 6L 0S6°C SIE0 53 I HI av801 LT0S8

wESO‘1 916 €0€°1 €50°1 Tl S6 0T8‘l SIco Ic I HI av801 92058

wo/SIK JA/WD ‘d'g S1BdA 1oddn JOMOT Jaddn JOMOT SIBOA Dy dd w w JTERET 210D PIoH Lal

_dBm &Bmm Iepud[ed r_nm:EE\m:E sIeok ToogJeas ,‘uonoag SINVD

Quiry, JUSWIPAS 23y Spunogy spunogy o mopRg ur pdoq
oge1oAy ageroAy parejodiyug Joly 0-7 98y Jouy o-] 98y 593y ydoq
Jepuafe) Jepuafe) 1Ud)

1801 SI0H wWo1] vje( UOGIROoIpEY T JAqEL

6 of 16



FARMER ET AL.: BENGUELA MG/CA TEMPERATURES

PA2018

calendar age (kyr ago)
0 5 10 15 20 25
(1 1 - r - T° 17 T T ™17 "7 "] T T T T T T T T 1T 1T T L —_
\uA A AAA 4 vw v v W wWw wVvyvyv \A4 1 v
— >
cold 10 ]
season £
\W4 \ ' - [e]
: U &
hiatus =<~~~ 15 2
4 (9]
_ [Va]
- v Yy v v VvV v »—/\’\/\/\/\/\j ©
_ 22 [ b) warm S
oo seasonl --10.®
520+
7 !
v |
018 VVVY VVVY VY -=16 =)
c L O £
9 O £
= — (]
© —
1144 3
© =}
g 2
[ =112 (2] A
= 2 = ©
= L [J]
€ i S
g deeper 110 £
—-1.5 W. tropical Atlantic
(@) .
® thermocline
2]
-1 L L L 1 1 [ 1 1 1 L. 1 1 L
0 5 10 15 20 25

calendar age (kyr ago)

Figure 3. Several tropical Atlantic paleoceanographic records: (a) cold and warm season sea surface
temperature (SST) anomalies derived from relative faunal abundances in ODP658C in the NE tropical
Atlantic [deMenocal et al., 2000a]; (b) alkenone-based SST estimates from GeoB1023-5 just north of the
Walvis Ridge in the SE tropical Atlantic [Kim et al., 2002]; (c) Hole 1084B SST estimated from G.
bulloides Mg/Ca; and (d) difference in §'%0 (per mil versus Peedee belemnite) between surface-dwelling
G. sacculifer and deeper-dwelling G. tumida in GeoB 3910-2 off the coast of Brazil in the NW tropical
Atlantic [4rz et al., 2001], scale inverted so that deeper thermocline values can be more easily compared
to increased upwelling values on other graphs. Triangles indicate radiocarbon dates in each record.

Studies have shown that dissolution tends to preferentially
remove the higher-Mg pregametogenic calcite [Elderfield
and Ganssen, 2000; Dekens et al., 2002; Rosenthal and
Lohmann, 2002]. A limited test for the influence of disso-
lution in ODP1084 was conducted over two depth intervals
in the record, in order to see if the changes in Mg/Ca seen in
these periods should be attributed to changes in dissolution
rather than changes in temperature. Every 2 cm between
45-59 cm and 132-149 cm, the average weight of 40
individuals of N. pachyderma (right) from the 150—250 pm
size fraction was normalized by their average diameter,
which was measured optically for each individual. This
removes the variation of weight based on size variability
alone. G. bulloides was not available for this investigation,
as most individuals had been consumed by the Mg/Ca
analyses. When dissolution has thinned the calcium carbon-
ate shells, the average weight should be lower and should
shift proportionally to changes in Mg/Ca values if dissolu-
tion is the leading cause for the observed SST variations in
the Hole 1084 Mg/Ca record. Lack of apparent correlation
between Mg/Ca values and N. pachyderma (right) weights
would suggest that these shifts in Mg/Ca values are repre-

sentative of surface ocean conditions and are not primarily
due to the influence of dissolution.

4. Results
4.1. Chronology

[21] The age model constructed from the 15 radiocarbon
dates on monospecific samples of G. bulloides indicates
variable sediment accumulation rates over the last
21,000 years in Hole 1084B (Table 1, average sedimenta-
tion rates column, and Figure 2a). Highest rates of ~18—
26 cm/kyr occurred in the Last Glacial Maximum (LGM),
deglacial, and early Holocene (~9—21 ka). Accumulation
rates were lower (~9—17 cm/kyr) in the early to middle
Holocene (~5-9 ka). The lowest rates in this section of
Hole 1084B (~6 cm/kyr) occurred in the late Holocene
(~0-5 ka). Average sampling resolution was 100 years,
ranging between 40 and 290 years.

4.2. Faunal Abundances and Mg/Ca Ratios

[22] The core top values of both the faunal abundance and
Mg/Ca data are consistent with known modern conditions
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Figure 4. Two high-resolution paleoclimatic records of the end of the last glacial period: (a) Cariaco
Basin PLO7-58PC sediment grayscale [Hughen et al., 2000], where darker sediments indicate more
terrestrial runoff associated with higher rainfall of Intertropical Convergence Zone (ITCZ) in more
northerly position, and (b) Greenland Ice Sheet Project 2 ice 6'*0 (per mil versus standard mean ocean
water) [Stuiver and Grootes, 2000] where lighter (more negative) values indicate colder Greenland
temperatures. The ITCZ seems to have moved southward as Greenland cooled during the Younger Dryas,
brief events that punctuated the Belling-Alleréd period, the Preboreal ~11.3 ka, and a distinct event in
the early Holocene ~8.2 ka; many of these features are seen in the (c) Hole 1084B Mg/Ca temperature
record (2-o confidence intervals indicated with each radiocarbon date, shown by triangles). By contrast,
few of the significant ice-rafting events (circled numbers) seen in the (d) North Atlantic early Holocene
hematite-stained grain record from MC52/VM29-191 [Bond et al., 2001] are seen in the Hole 1084B
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temperature record.

(Figures 2b and 2d). Within our counting error of 3%, the
14% N. pachyderma (left) abundance counted in the most
recent sediments matches values of 18% counted in several
surface sediment samples from this area in a regional
calibration study [Giraudeau, 1993]. The “core top” Mg/
Ca molar ratio value of 2.1 mmol/mol corresponds to a
temperature of 14.0°C using the Mashiotta et al. [1999]
calibration. This matches, within the £1.1°C confidence
limits of the calibration equation, the modern winter (up-
welling season) SST of 14.8°C reported in the 1998 NOAA
World Ocean Atlas (WOA98) (accessed in 2004)
[Conkright et al., 1998] for the 1° latitude by 1° longitude
grid square in which the core is located.

[23] On the basis of the sediment trap data showing peak
growth of G. bulloides during the most intense upwelling
periods in Southern Hemisphere winter and spring

[Giraudeau et al., 2000], it is not surprising that
G. bulloides are recording a slightly lower temperature than
the actual seasonal average SST. This may also be because
some individuals of this species are found as far down as
the thermocline, although most individuals live in the
mixed layer of the upper ocean [Oberhansli et al., 1992;
Boltovskoy et al., 2000]. The slight offset may also be due to
preferential removal of high-Mg primary calcite by postde-
positional dissolution [Elderfield and Ganssen, 2000;
Dekens et al., 2002; Rosenthal and Lohmann, 2002].

[24] The overall trends in both the Mg/Ca and faunal
abundance data sets are encouragingly similar over the last
21,000 years, although there are some notable differences.
In general, when the Mg/Ca values are low, indicating
cooler SSTs, the N. pachyderma (left) percentages
(hereafter NPS%) are high (Figures 2b and 2d), indicating
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greater upwelling. The highest average NPS% (18.4%) and
the lowest average Mg/Ca molar ratios (1.7 mmol/mol)
occurred between 17.0 and 18.0 kyr ago (ka) in the LGM
(Figure 2). When the Mg/Ca molar ratios are converted to
temperatures based on the Mashiotta et al. [1999] calibra-
tion, average LGM SST for this period is estimated at
11.8°C. Between 15.0 and 13.0 ka in the Bolling-Allerdd
period, average NPS% fell to almost zero and Mg/Ca SSTs
rose to 13.7°C. In the Younger Dryas period between 11.5
and 13.0 ka, Mg/Ca fell to an average of 1.8 mmol/mol
(12.2°C SST) and NPS% rose to an average of 4.8%. The
highest Mg/Ca value in the entire record, 2.5 mmol/mol
(equivalent to 15.4°C SST), occurred in the mid-Holocene
at 9.5 ka. The mid-Holocene between 8.4 and 5.8 ka was
marked by low average Mg/Ca values of 2.0 mmol/mol
(13.5°C SST), followed by a period of warmer SSTs
between 5.8 and 3.4 ka. NPS% then rose sharply between
3.4 and 1.0 ka, while Mg/Ca fell to 2.0 mmol/mol
(13.6°C SST). Lowest average Holocene Mg/Ca values of
1.9 mmol/mol and highest average NPS% values of 17.5%
occurred between 1 and 0.3 ka. Since 0.3 ka, values have
been essentially constant at modern conditions.

[25] There are some prominent differences between the
Mg/Ca and the faunal abundance data sets, however. High-
frequency variability in the two records shows little simi-
larity. Decreases in Mg/Ca during the Younger Dryas
interval are much more prominent than increases in
NPS%. The increases since the mid-Holocene in NPS%
are much greater than the decreases of Mg/Ca: Magnitudes
of NPS% during the last 3,000 years are comparable to
those of the interval between 17.0 and 18.0 ka. The interval
of increased NPS% between 17.0 and 18.0 ka is much
longer than the interval of lowered Mg/Ca during that same
period.

4.3. Influence of Dissolution

[26] The size-normalized N. pachyderma weights
(Figure 2c) suggest that there is very little influence of
dissolution on the mid-Holocene Mg/Ca shifts between
4.7 and 6.4 ka, but they do not rule out some influence
on the Mg/Ca data between 11.0 and 11.7 ka at the end of
the Younger Dryas (Figure 2c). The weight values do not
change very significantly in the mid-Holocene compared
with the +0.44 pg error bars; neither do they change
consistently with the Mg/Ca values: The correlation coeffi-
cient is —0.39 (o = 0.2, N = 8). If these changes in weight
were due to dissolution-related changes in shell thickness
that lowered Mg content, this correlation should be positive.
Between 11.0—11.7 ka, the shift in weight values is almost
twice the range of the mid-Holocene values, which implies
that there may be some influence of dissolution on the shell
weights. The weight values and Mg/Ca values have a
correlation coefficient of 0.69 (o = 0.2, N = 8): This
suggests that dissolution might account for up to half of
the Mg/Ca shift at the end of the Younger Dryas.

[27] Rosenthal and Lohmann [2002] estimated the rates of
planktonic foraminifera shell thinning due to dissolution by
measuring the size-normalized shell weights and Mg/Ca in
two species from a core top transect on the Sierra Leone
Rise. They estimate that G. sacculifer are only reduced by
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0.03 mmol/mol Mg/Ca per pg of size-normalized weight
loss, while G. ruber are reduced by 0.38 mmol/mol for
every pug of weight loss [Rosenthal and Lohmann, 2002].
G. bulloides is probably affected by dissolution somewhere
in this range, so the 0.95 g shift in shell weights at the end
of the Younger Dryas may mean that between 0.03 and
0.38 mmol/mol of the shift in Mg/Ca is potentially attrib-
utable to dissolution. This corresponds to a temperature shift
of 0.15-1.8°C at 13°C. So the apparent LGM-early Holo-
cene temperature difference of 4.8°C may only be 3°-
4.6°C.

5. Discussion

[28] Shifts in Mg/Ca—based SST at the Hole 1084B site
are likely to be related to changes in upwelling intensity,
because of its location on the border of the strongest
upwelling cell on the southwestern coast of the African
continent. Other potential controls on SST at this site cannot
be ruled out on the basis of this data set alone, however.
Temperature changes in the source region of the upwelled
water are indistinguishable from temperature changes be-
cause of fluctuations in upwelling intensity. Variations in
temperature of the Benguela Current, as well as changes in
rates of advection, undoubtedly also influence SST at the
ODP1084B site. Changes in the seasonality of the upwell-
ing cannot be determined from this data set either. These
factors may account for some of the differences between
the Mg/Ca record and the abundance of N. pachyderma
(left). The apparent amplification of the Mg/Ca shift during
the Younger Dryas by selective dissolution may account for
some of the lack of agreement in this interval as well. Other
factors which might affect faunal abundance, and therefore
account for some of the differences between these two
records, include nutrient availability, competition between
species, and other ecological pressures.

[20] All of the factors affecting SST at the Hole 1084B
site have common roots in climate-mediated atmospheric
and oceanic processes, however. Consistent climate patterns
begin to emerge when the Mg/Ca—based temperature record
from ODP1084B is compared with other high-resolution
tropical Atlantic paleoclimate records. These comparisons
depend on accurate timescales for all records, however, and
secular variations in marine radiocarbon reservoir ages are
likely at the Hole 1084B site because of changes in
upwelling rates. All the comparisons made here would be
greatly strengthened by a construction of a detailed chronol-
ogy of marine radiocarbon reservoir ages in the Benguela
upwelling region.

5.1. Younger Dryas and Belling-Allerod

[30] This data set corroborates the Kim et al. [2002]
alkenone evidence of cooling in the southern subtropical
Atlantic during the Younger Dryas period. The existence of
radiocarbon dating offsets between measurements made on
foraminiferal calcite, total organic carbon, alkenone mole-
cules, and fine fraction sediments in some locations com-
plicates the interpretation of alkenone-derived SST records
[Ohkouchi et al., 2002]. Local evidence for offsets of 1-—
2.5 kyr between dates of planktonic foraminifera and
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alkenone molecules in the last 16 kyr [Mollenhauer et al.,
2003] specifically challenges the fidelity of high-resolution
alkenone records documenting century-millennial-scale
SST variability. However, the Hole 1084B SST record
indicates cooler temperatures during the same interval as
the most substantial and most abruptly manifested cool
interval in the Kim et al. [2002] study, between 11.5 and
13.0 ka (see Figure 3b and 3c). This is consistent with the
timing of the Younger Dryas, the deglacial cold reversal
seen in many locations in the Northern Hemisphere such as
ice cores in Greenland [Stuiver and Grootes, 2000] (see
Figure 4b), rather than the earlier Antarctic Cold Reversal
seen in some Antarctic ice cores between 12 and 15 ka.
Notably, the Mg/Ca SST record documents the characteris-
tically abrupt (century scale) onset and termination of the
Younger Dryas cooling event [Alley et al., 1993], whereas
these transitions are more gradual in the alkenone record.

[31] Several geochemical signals in Cariaco Basin sedi-
ments that record precipitation in northern Brazil, including
spectral reflectance and percentage of Ti, also shift substan-
tially during the Younger Dryas (see Figure 4a). These shifts
have been attributed to lower terrestrial runoff because of
decreased precipitation associated with southward move-
ment of the mean position of the Intertropical Convergence
Zone (ITCZ) [Hughen et al., 2000; Peterson et al., 2000;
Haug et al., 2001]. Amplifying the sediment color change
associated with southward movement of the ITCZ is an
increase in lighter colored sediments from higher produc-
tivity due to increased coastal upwelling as the NE trade
winds reach farther south. Greater trade-wind-driven up-
welling in the Cariaco Basin during the Younger Dryas has
been corroborated by Mg/Ca analyses of the planktonic
foraminifer Globigerinoides ruber (white) [Lea et al.,
2003].

[32] Even after taking into account an estimate of the
possible effects of dissolution on Hole 1084B Mg/Ca
concentrations, the magnitude of the temperature change
between the peak of the Younger Dryas cool interval and the
early Holocene is consistent between the Hole 1084B and
Kim et al. [2002] alkenone records. Given all uncertainties,
both records suggest temperatures during the Younger
Dryas were cooler by 2°-3°C. Both records also suggest
temperature changes of 4°—5°C between the LGM and early
Holocene thermal maximum. Noble gas concentrations and
oxygen isotopes in groundwater at Stampriet in central
Namibia indicate 5.3°C cooler LGM temperatures [Stute
and Talma, 1998]. Terrestrial temperatures probably
changed more than ocean temperatures: Estimates of
LGM-present temperature change in Brazil based on
groundwater noble gases found a similar temperature dif-
ference of 5.4°C [Stute et al., 1995].

[33] Comparison of the Hole 1084B Mg/Ca temperature
record with the much higher resolution Greenland and
Cariaco Basin records is also striking for the Belling-
Aller6d Warm period (BA) that preceded the Younger Dryas
(see Figures 4a, 4b, and 4c). To illustrate the uncertainty
associated with the conversion to calendar years in the Hole
1084B age model, the 2-0 error intervals associated with
each radiocarbon date are plotted in Figure 3c. Considered
within the context of this uncertainty in the timescale, the
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pattern of smaller oscillations within the BA and their
relative amplitudes are similar in all the records. The
warmest period in the ODP1084b record (and northernmost
ITCZ in Cariaco Basin grayscale records) occurred early in
the Beolling, followed by cooler intervals (and southward
displacement of the ITCZ), and then two warm (northern
ITCZ displacement) peaks in the Alleréd of similar magni-
tude separated by a larger cool interval (southern ITCZ
displacement). The “Preboreal” oscillation that is evident in
the two high-resolution records at 11.4 ka may also be
apparent in the ODP1084 record at 11.2 ka, although this
0.9°—1.2°C shift is only marginally greater than the analyt-
ical uncertainty as estimated by the £0.6°C reproducibility
of the data set. The oscillation is resolved throughout
several individual data points, however.

5.2. Holocene

[34] With the exception of the mid-Holocene return to
conditions similar to those of the Younger Dryas (~8.4—
5.8 ka), the Hole 1084B Mg/Ca temperatures show an overall
gradual cooling trend throughout the Holocene from a peak
~9.5 ka (Figure 3c). Other than the slightly later peak
warming in the Kim et al. [2002] alkenone record
(Figure 3b), the overall temporal patterns in the two records
are quite similar. This agrees with the characterization of the
early Holocene “Thermal Maximum™ in the Cariaco Basin
[Haug et al., 2001], Barents Sea [Duplessy et al., 2001],
Norwegian Sea [Birks and Koc, 2002], and in glacial advan-
ces in Iceland [Stotter et al., 1999]. It is earlier, however, than
the Holocene “Optimum” seen from 4—6 ka in boreholes in
the Ural mountains [Demezhko and Shchapov, 2001], in
vegetation changes on Iturup Island in the northwestern
Pacific [Razjigaeva et al., 2002], and in the SSTs off north-
west Africa [deMenocal et al., 2000a] (Figure 3a).

[35] These offset Holocene temperature trends are consis-
tent with a coupled ocean-atmosphere model study that
projected the influence of changing Holocene insolation
on sea surface and thermocline temperatures and compared
the results to paleodata [Liu et al., 2003]. Their simulations
of 8 ka conditions indicated colder tropical and eastern
subtropical annual average SST’s and warmer polar, sub-
polar, and western subtropical regions, in response to an
obliquity-related increase in high latitude (and decrease in
low latitude) insolation. Precession-related increases in the
Northern Hemisphere seasonal cycle (and decreases in the
Southern Hemisphere seasonal cycle) during the early
Holocene contributed to a latitudinal asymmetry of the
high-latitude warming, with much more warming in the
north than in the south. Changes in the seasonal cycle also
influence the subtropics and midlatitudes more strongly
than changes in the annual cycle, in contrast to high and
low latitudes. Changes in the seasonal cycle are enhanced
on land because of monsoon dynamics, explaining some of
the longitudinal variance in records of the Holocene thermal
maximum.

[36] A similar compilation of several Northern Hemi-
sphere alkenone records over the Holocene is also consis-
tent with this pattern: Those from the North Atlantic and
Mediterranean showed cooling trends, while those from the
western tropical Atlantic showed warming trends [Rimbu et
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al., 2003]. These researchers compared their compilation of
paleodata to results from an atmospheric general circulation
model, and attributed the overall pattern of Holocene sea
surface temperature variability to a weakening of the Arctic
Oscillation (AO), considered equivalent to the North Atlan-
tic Oscillation or NAO) because of precession-related inso-
lation changes that warmed the tropics [Rimbu et al., 2003].
The spatial patterns of Holocene climate trends are similar
in both these analyses, and consistent with the overall trends
of the records shown in Figure 3.

[37] Although the impact of the AO in the tropical
Atlantic is weak, and only barely significant in the Southern
Hemisphere subtropics, regressions of anomalous SST on
the NAO index suggest an antiphased relationship between
the subtropical regions at interannual to decadal timescales.
Controversy reigns about whether the “Tropical Atlantic
Dipole,” the opposite meridional trends in interannual
SST anomalies apparent in principal component analysis,
is significant dynamically [Chang et al., 1997; Servain et al.,
2000; Sutton et al., 2000; Tanimoto and Xie, 2002; Andreoli
and Kayano, 2003]. At least one analysis, however,
suggests that this interhemispheric mode of coupled
ocean-atmosphere variability may actually influence the
NAO rather than the other way around [Ruiz-Barradas et
al., 2000].

[38] The Hole 1084B record indicates 1°-2°C cooler
temperatures in the mid-Holocene between 8.4 and 5.8 ka
(see Figure 3c). This shift in temperature is echoed in
increases in the relative abundance of N. pachyderma (left
coiling) (see Figures 2b and 2d), which is consistent with a
substantial increase in the intensity of upwelling during this
period. The timing of this cool interval is consistent with
cool intervals seen in ODP658C, from a similar coastal
upwelling area in the Northern Hemisphere subtropics
[deMenocal et al., 2000a] (see Figure 3a). This faunal
abundance record uses a transfer function for cold and
warm season SSTs, suggesting seasonality was much
smaller in this location prior to 5.5 ka. Precipitation in the
Altiplano of the tropical Andes, as measured from diatom
indicators of Lake Titicaca water level and salinity, also
dropped substantially between 8.1 and 5.4 ka [Baker et al.,
2001]. Both of these studies attribute the timing of mid-
Holocene climate shifts to precessional changes in the
Earth’s orbit and their effect on tropical atmospheric circu-
lation and the maximum latitude of the ITCZ. The §'%0
difference between surface- and thermocline-dwelling
planktonic foraminifera in a core off the coast of Brazil in
the northwestern tropical Atlantic tracks the depth of the
thermocline (or degree of water column stratification),
which is forced by the strength of the trade winds [Arz et
al., 2001]. This record, although somewhat noisy, has been
interpreted to reflect a strengthening of the trade winds at
5.7 ka and 7.2—7.4 ka (see Figure 3d).

[39] The alkenone-derived SST record of Kim et al.
[2002] does not show any cooling between 8.4 and 5.8 ka,
in fact maximum Holocene temperatures occur at 6.4 ka in
this record (see Figure 3b). SST estimates from Mg/Ca of
G. ruber in Cariaco Basin sediments do not show substan-
tial variation in this period either [Lea et al., 2003], nor do
Ti and Fe percentages [Haug et al., 2001], although
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reflectance dips a bit in the mid-Holocene. Perhaps north-
south movements of the ITCZ associated with mid-Holo-
cene climate shifts were not quite enough to uniformly
affect all Cariaco Basin records, as were those of the
Younger Dryas. The Kim et al. [2002] record comes from
a location which is much farther from the coastal upwelling
zones of southwestern Africa than the Hole 1084B record.
Perhaps the climate shifts of the mid-Holocene are also not
present in the Kim et al. [2002] record simply because they
were weaker than those of the Younger Dryas.

[40] Alternatively, perhaps the mid-Holocene differences
between the alkenone and foraminifera Mg/Ca records can
be attributed to changing seasonality of the signals these
two proxies represent. Chapman et al. [1996] discussed
differences seen in late Holocene alkenone and planktonic
foraminifera abundance temperature proxies in a subtropical
North Atlantic core, concluding that the divergence in the
proxies could be explained by slight changes in the season
in which the organisms producing alkenones grew. The
authors attribute this divergence, which arose about 8 ka
and persisted through the rest of the Holocene, to gradual
increasing stratification of the upper water column
associated with the development of interglacial conditions
[Chapman et al., 1996]. So the mechanisms invoked
to explain that divergence don’t seem applicable to the
transient differences between Kim et al. [2002] alkenone
records and the G. bulloides Mg/Ca record presented here.
Additionally, the Kim et al. [2003] data estimating the
strength of the temperature gradient across the Angola-
Beguela front (ABF) are consistent with the suggestion that
the mid-Holocene discrepancy between the Kim et al.
[2002] record and the Hole 1084B record may be rooted
in different mechanisms of changes in atmospheric circula-
tion, rather than simply being an artifact of the different
proxy reconstruction methods. The evidence that the ABF
SST gradient was weaker during the Belling-Allerdd and
the early to middle Holocene is consistent with either
weaker or more meridional SE trade winds during these
times [e.g., Mclntyre and Molfino, 1996].

5.3. Heinrich Event 1?

[41] The interpretation of the Hole 1084B mid-Holocene
upwelling intensification broadens considerably when we
look closely at the time period in this record in which
Heinrich event 1 (H1) has been documented in other
records. According to climate model studies, cooling in
the southeastern subtropical Atlantic during H1 would be
inconsistent with slower thermohaline circulation and re-
duced transport of heat across the equator [Manabe and
Stouffer, 2000; Vellinga and Wood, 2002]. The alkenone
temperature record of Kim et al. [2002] shows consistent
warming throughout 15.5—18 ka (see Figure 3b), ruling out
the possibility that this location cooled during H1. Our Hole
1084B Mg/Ca temperature record follows a similar overall
warming pattern during this period (see Figure 3c), which is
consistent with Kim et al. [2002]. However, Hole 1084B
Mg/Ca SSTs also cool sharply by ~1.5°—1.8°C between
17.7 and 17.2 ka. An even larger and longer-term increase
in upwelling intensity is suggested by the increase in N.
pachyderma (left) abundance between 16.5 and 18.0 ka (see
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Figure 2d). Could this possibly be cooling associated with
H17? Our age model utilizes the youngest possible calibrated
values for many of the radiocarbon dates acquired during
this interval (see Figure 2a). However, the unknown possi-
bility of variability in reservoir ages, as discussed above, in
addition to the relative uncertainty of the age of H1 itself,
mean that we cannot rule out the possibility that the cool
interval in Hole 1084B Mg/Ca temperatures between 17.7
and 17.2 ka was associated with H1.

[42] A review by Hemming [2004] suggests that Bond et
al. 1992, 1993] best constrain the age estimate for the
beginning of H1 at 14.3—14.6 14°C ka ago. The duration
of the event is more difficult to ascertain because of
complications due to increased sedimentation rates during
the event; best estimates range from 600—1400 years
[Hemming, 2004]. Assuming a standard reservoir correction
of 400 years and taking into account the 2-o interval of the
probability distribution method of converting radiocarbon
years to calendar years, the beginning of H1 could lie
anywhere between 17.4 and 16.2 ka. Considering the large
uncertainty in reservoir corrections for both data sets, it
seems possible that the abrupt cool period in Hole 1084B
which begins at 17.7 ka may be correlative with H1. If this
is so, perhaps the cooler interval between 7.8 and 6.7 ka is
associated with the thermocline depth increase seen in the
MeclIntyre and Molfino [1996] record during this time. The
Hole 1084B cooling at 8.1 ka may have been caused by a
mechanism more similar to that of the Younger Dryas.
Although only seen in one depth sample, the cooling is
replicated in two data points: Perhaps this short-lived
temperature change is associated with the “8.2 ky event,”
in which a sudden release of glacial meltwater into the
North Atlantic is hypothesized to have slowed thermohaline
circulation [Barber et al., 1999].

[43] Overall, mid-Holocene (8.2—5.8 ka) SSTs at Hole
1084B were cooler than present by 1°—2°C. This interval
also corresponds to coolest Holocene SSTs off NW Africa
based on faunal assemblage data at Hole 658C [deMenocal
et al., 2000b] (Figure 3a). This interval is contemporaneous
with the duration of the peak wet phase of the African
Humid Period between circa 9 and 6 ka when enhanced Nile
River outflow led to the deposition of sapropel S1 in the
eastern Mediterranean Sea [Rossignol-Strick et al., 1982].
The cooler SSTs at Hole 658C were associated with faunal
changes indicative of enhanced coastal wind-driven upwell-
ing [deMenocal et al., 2000b]. These data suggest the
eastern basins of the North and South Atlantic subtropics
cooled synchronously between roughly 9—6 ka, coincident
with the maximum development of the North African
monsoon response to elevated summer-season boreal inso-
lation forcing due to orbital precession.

[44] A key conclusion of the Liu et al. [2003] study of
coupled ocean-atmosphere response to orbital forcing was
that the mid-Holocene orbital configuration was found to
enhance the zonal mean tropical trade winds, resulting in
upwelling and cooling of the eastern basins of the tropical
and subtropical oceans. The effect was particularly pro-
nounced for the southeastern Atlantic where the greatly
enhanced North African monsoon invigorated the southeast
trade winds and increased upwelling off southwest Africa.
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The monsoon strengthening stemmed from precession-
related increases in the Northern Hemisphere seasonal
cycle. The paleoceanographic records from the global
tropics compiled by Liu et al. [2003] were found to
broadly agree with their modeling results. The Hole
1084B and 658C SST records are also consistent with
these experiments.

[45] Kim et al. [2002, p. 389] note that the “presence of
two different SST responses in the Benguela Current
system for the H1 and the YD (Younger Dryas) time
intervals thus implies that during the YD the so-called
bipolar thermohaline circulation effect was weaker than
during the H1 period.” The possibility of increased
Benguela upwelling during H1 and the mid-Holocene
suggests an explanation for the differing mechanisms of
Heinrich events and the Younger Dryas: Perhaps both are
mostly due to perturbations of thermohaline circulation,
but with different triggers.

[46] The North Atlantic increase in ice-rafted debris
associated with Heinrich events could be forced by preces-
sional linkages to monsoonal circulation, as proposed by
Mcintyre and Molfino [1996], where strengthening the
North African monsoon increases the meridionality of SE
trade winds. As well as decreasing northward heat transport
in the Gulf Stream, this reduces equatorial upwelling
(deepening the equatorial thermocline), but increases South-
ern Hemisphere coastal subtropical upwelling by aligning
the predominant wind direction more parallel to the coast-
line. Therefore SSTs at Hole 1084B cool. SSTs at the Kim et
al. [2002] site may have remained warm because it is farther
from the coastal upwelling cells and changing wind direc-
tion doesn’t affect upwelling as much as changing wind
intensity, or because warmer waters from reduced equatorial
upwelling and Gulf Stream heat export are advected to the
site by the Equatorial Countercurrent and the Angola
Current. In this case the changes in thermohaline circulation
would result from orbital changes in insolation, mediated by
changes in tropical Atlantic atmospheric circulation.

[47] In the Younger Dryas case, if the initial perturbation
stems from sudden releases of fresh water to the North
Atlantic, changes in thermohaline circulation are postulated
to affect the tropical Atlantic atmospheric circulation.
Thermohaline circulation would slow because the decrease
in North Atlantic Ocean density from the freshening would
reduce North Atlantic Deep Water formation, which would
cool the North Atlantic while warming the tropical Atlantic.
Estimates of western tropical Atlantic upper ocean temper-
atures based on stable oxygen isotopes from planktonic
foraminifera indicate warming during the Younger Dryas,
which is consistent with this scenario [4rz et al., 1999]. This
increase in the meridional heat gradient would strengthen
the trade winds, increasing both coastal and equatorial
Atlantic upwelling.

[48] Complicating the interpretations of all these mecha-
nisms is the inability of the upwelling intensity records to
distinguish between changes in trade wind strength and
changes in trade wind direction. The attempt to reconstruct
the zonal intensity of SW trade winds from the SST gradient
across the Angola-Benguela Front starts to address this
problem, but the authors still don’t always distinguish
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clearly between changes in zonality and changes in intensity
[Kim et al., 2003]. It is also possible that changes
in temperature that are inferred to be due to changes in
upwelling intensity may actually be due to changes in
preformed temperature of the upwelled water [Mulitza et
al,, 2002]. The best hints so far that these changes in
temperature really do reflect shifts in atmospheric circula-
tion are the simultaneous changes in many proxy records,
including thermocline depth in the western part of the
basin.

5.4. Holocene Millennial Climate Change

[49] Besides the mid-Holocene shift, there are small
variations throughout the Holocene in the Hole 1084B
Mg/Ca temperature record. Most in the late Holocene,
however, are not significant when compared with the
reproducibility of the data set as estimated by the pooled
standard deviation, and are only represented by one data
point. Sedimentation rates in the middle to late Holocene are
also the lowest in the record: Between 8.3 ka and present,
time steps between samples ranged from 110 to 150 years.
Before 8.3 ka, however, Hole 1084B sedimentation rates
were high enough that time steps between samples ranged
from 40 to 60 years (Table 1 average time steps column).
This period includes four of the five largest Holocene pulses
of ice rafting in the North Atlantic, events 5—8 [Bond et al.,
2001]: Comparison of the two records does not show any
striking correspondence, with the notable exception of the
Preboreal oscillation near 11.3 ka (Figures 4c and 4d).
Further records with consistently better resolution will be
needed to say whether these millennial events, seen else-
where in the Atlantic [deMenocal et al., 2000a; Arz et al.,
2001] and Indian [Gupta et al., 2003] oceans, have a truly
global signal.

[s0] The Hole 1084 SST record documents the late
Holocene “neoglacial” cooling trend which is so evident
in many records from the North Atlantic subpolar and
subtropical regions [Keigwin, 1996; Bond et al., 1997,
deMenocal et al., 2000b]. Interestingly, even though the
Little Ice Age seems to correspond to one of the smaller
North Atlantic ice-rafting pulses (event “zero” in the Bond
et al. [2001] record), it seems to have a relatively larger
expression in the Hole 1084B record. The Mg/Ca temper-
ature of 12.6°C at 0.3 ka is 1.2°~1.6°C cooler than more
recent data (see Figure 3c). The pattern of these temperature
changes is similar to the pattern in deMenocal et al.’s
[2000a] faunal abundance-based SST estimates from Hole
1084B in the NE tropical Atlantic (Figure 3a). The thermo-
cline also deepened during these intervals in the Arz et al.
[2001] record off the coast of Brazil (see Figure 3d). No
such temperature changes are seen in the Kim et al. [2002]
alkenone record (Figure 3b), however, although a lack of
radiocarbon dates in sediments younger than 1.9 ka in this
record means that the most recent sediments could be
missing or disturbed. It is unclear why the Little Ice Age
should have such a strong global signature compared to
other millennial-scale Holocene events. Perhaps if a persis-
tent millennial climate mechanism operates in the North
Atlantic, as suggested by Bond et al. [1997, 2001] and
deMenocal et al. [2000a], its signal only reaches the South
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Atlantic during the lower latitudinal insolation differences
of the late Holocene.

6. Conclusions

[s1] Fifteen radiocarbon dates provide a detailed age
model for the last 21,000 years in Hole 1084B sediments,
although improvements are needed in the estimation of
local marine radiocarbon reservoir effects on the age
model. Temperatures estimated from the Mg/Ca in core
top samples match modern wintertime SST, and faunal
abundance and Mg/Ca data are similar. This is consistent
with shifts in these proxies largely representing changes
in upwelling intensity, although other influences on SST
cannot be ruled out. Changes in advection of the coastal
current, changes in temperature at the source region for
the water being upwelled, and changes in the seasonality
of the upwelling are all possible. Comparison with other
high-resolution tropical Atlantic paleoclimate records
highlights some consistent climate patterns despite these
uncertainties.

[52] Taking into consideration the possible effects of
differential carbonate dissolution, the Hole 1084B Mg/Ca
SST record implies a temperature increase of 2°-3°C
between the Younger Dryas and early Holocene, and an
increase of 4°—5°C between the LGM and early Holocene.
This is consistent with results obtained from the alkenone
proxy in a nearby core [Kim et al., 2002], despite unre-
solved questions about timing offsets between alkenone and
foraminiferal radiocarbon ages [Mollenhauer et al., 2003].
In contrast with the nearby alkenone record, however,
ODP1084 Mg/Ca temperatures cool during the mid-Holo-
cene. A similar mid-Holocene cool interval is seen in an
upwelling zone off the coast of Mauritania in the NE
tropical Atlantic [deMenocal et al., 2000b], and the ther-
mocline deepened in the western tropical Atlantic warm
pool [A4rz et al., 2001]. The different proxies in these distant
locations imply basin-wide shifts in atmospheric circulation
during the mid-Holocene and Younger Dryas periods,
suggesting that much of the temperature changes in the
Mg/Ca record are due to variations in the intensity of coastal
upwelling.

[53] A brief but significant drop in ODP1084 Mg/Ca
temperatures between 17.8 and 17.2 ka could be associated
with Heinrich event 1, in which case a cool interval between
7.8 and 6.7 ka in this record could be due to strengthened
meridional winds and associated with a Heinrich-like deep-
ening of the eastern tropical Atlantic thermocline. This
would be consistent with a tropical origin of Heinrich events
[McIntyre and Molfino, 1996]. A lack of a cool interval
during these times in a nearby alkenone record [Kim et al.,
2002] is consistent with this scenario because that site is
farther from the coastal upwelling cells and the Benguela
current, and more influenced by the Equatorial Countercur-
rent. While overall strengthening of the trade winds
increases equatorial upwelling and contributes to cooling
at this site during the Younger Dryas, an increase in the
meridionality of the trade winds triggered by insolation
changes would decrease equatorial upwelling and warm this
site during Heinrich events. A comparison of alkenone
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temperatures across the Angola-Benguela front which indi-
cates weakening of at least the zonal component of SE trade
winds during the mid-Holocene [Kim et al., 2003] is
consistent with the expected differences in atmospheric
circulation from these different triggers.

[s4] Despite correlation between North Atlantic ice-raft-
ing pulses [Bond et al., 2001] and upwelling intensity in the
NE tropical Atlantic, this correlation does not appear to
extend to Hole 1084B, a similar coastal upwelling zone in
the SE tropical Atlantic, with the exception of the Little
Ice Age. Variability on these timescales in the Hole
1084B Mg/Ca temperatures is difficult to distinguish from
noise in the record, however. Better spatial and temporal
coverage of these kinds of high-resolution paleoclimate
records of the glacial-Holocene transition and associated
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millennial-scale climate changes are necessary in order to
determine the mechanisms causing these events.
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