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Glacioeustatic- and temperature-corrected planktonic foraminiferal oxygen isotope (A3'0) records from
ODP Site 942 on the Amazon Fan provide a means of monitoring past changes in the outflow of the
Amazon River. This study focuses on the last deglaciation and reveals that during this period there were
significant variations in the outflow, which implies large changes in moisture availability in the Amazon
Basin. Aridity in the Amazon Basin seems to occur between 20.5 ka (calendar) to 17.0 ka and 13.6 ka to
11 ka. The second arid period correlates with the start of the Antarctic Cold Reversal and aridity
continues throughout the Younger Dryas period. We find that the large-scale trends in Amazon River
outflow are dissimilar to high-latitude variability in either hemisphere. Instead high-resolution varia-
tions correlate with the 8'80 difference between Greenland and Antarctica ice core temperature records.
This suggests a link between Hemispheric temperature gradients and moisture availability over the
Amazon. Based on our results and previously published work we present a new testable ‘dynamic
boundary-monsoon intensity hypothesis’, which suggests that tropical moisture is not a simple belt that
moves north or south. Rather, the northern and southern boundaries of the South American Summer
Monsoon (SASM) are independently dynamic and driven by temperature gradients within their indi-
vidual hemispheres. The intensity of rainfall within the SASM, however, is driven by precessionally
modulated insolation and the resultant convection strength. Combining these two influences produces
the dynamic heterogenic changes in the moisture availability observed over tropical South America since
the Last Glacial Maximum.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

(~0.2 Sv) and carries with it nearly one Gt of sediment every year,
over 80% of which originates in the Andes (Milliman and Meade,

The Amazon Basin represents the largest and most intense land-
based convection centre on Earth and has a significant impact on
extratropical atmospheric circulation (Barry and Chorley, 1995;
Marengo and Nobre, 2001). It is drained by the Amazon River,
which discharges approximately 20% of all freshwater transported
to the oceans and has the largest drainage basin in the world
covering an area of 7,050,000 km? (Franzinelli and Potter, 1983).
Freshwater discharge from the Amazon River exceeds 6300 km?/yr
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1983). This massive output of sediment to the Atlantic Ocean is
the primary reason for the extended continental shelf and the
Amazon deep-sea fan complex. The Amazon Fan complex and
associated sites were drilled by Ocean Drilling Program (ODP) Leg
155 (Flood et al., 1995). These sediments can provide a unique
insight into long-term variations in the climate of the Amazon
Basin, particularly in reconstructing the degree of cooling and
aridity since the last glacial period (e.g., Damuth and Fairbanks,
1970; Flood et al., 1995; Haberle and Maslin, 1999; Maslin et al.,
2005; Bendle et al., 2010). In this study we use planktonic forami-
niferal 3'80 and Mg/Ca inferred sea surface temperature (SST) data
from Ocean Drilling Program (ODP) Leg 155 Site 942 on the Amazon
Fan to reconstruct past variations in Amazon River outflow,
and infer long-term changes in the effective moisture balance
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(precipitation minus evaporation) of the Amazon Basin between 22
and 10 ka.

2. Background: Amazonian climatology

The Amazon Basin is a principal component of the global water
cycle and forms an intrinsic part of many global climate mecha-
nisms. Neotropical precipitation plays a fundamental role in the
supply of latent heat to the high latitudes and determines the
export of fresh water from the Atlantic Ocean to the Pacific Ocean,
which is thought to regulate global thermohaline circulation
(Marengo and Nobre, 2001; Vera et al., 2006; Leduc et al., 2007).
Many researchers invoke changes in the seasonal positions of the
Inter-tropical Convergence Zone (ITCZ) over both the oceans and
continents to explain variations in neotropical rainfall patterns.
This generalization is climatologically inaccurate when dealing
with continental climate. Here, we refer to the South American
Summer Monsoon (SASM) system (Fig. 1A), but note that it can be
broadly related to the concept of the continental ITCZ (Lenters and
Cook, 1997; Marengo and Nobre, 2001; Vera et al., 2006; Cook,
2009; see Fig. 1A and B) and also the South Atlantic convergence
zone (SACZ) theory (Kodama, 1992; Carvalho et al., 2004; see
Fig. 1A).

A Dec; Jan; Feb B Jun; Jul; Aug
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Between austral spring and summer, deep convective heating
moves towards the South American Altiplano concurrent with the
seasonal pattern of solar declination. (Zhou and Lau, 1998). The
summer insolation maxima drives the formation of a persistent
tropospheric closed anticyclone, the Bolivian High, which reverses
surface wind circulation and leads to moisture import from the
North Atlantic Ocean (Lenters and Cook, 1997). Intense diabatic
heating, combined with enhanced latent heat release during
frequent convectional thunderstorms, induces a regional summer
monsoon circulation regime, the SASM, which generates an intense
and distinct rainy season over Amazonia between December and
February (Lenters and Cook, 1997; Marengo and Nobre, 2001; Cook,
2009). In the SACZ model this is referred to as the Amazon sector
(Fig. 1A) and nearly all of this rainfall is drained by the Amazon
River system. The same intense continental heating also leads to
stronger easterly winds that import of moisture air from the South
Atlantic Ocean producing intense rainfall over South East Brazil,
which is referred to as the Coastal sector (see Fig. 1A). The majority
of this coastal rainfall is drained into the Atlantic Ocean by the
Parana and the Sao Francisco rivers. There is very little connection
between the Amazon and Coastal drainage basins. In contrast to
South East Brazil, much of the Amazon Basin is relatively wet year-
round with some regions, such as the northwest, experiencing

Moisture availability during the LGM
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Fig. 1. Three maps showing the modern rainfall and location of key palaeo-data sites in South America. Long-term mean (1979—2000) Climate Prediction Center Merged Analysis of
precipitation seasonal precipitation totals (in mm) for December—February (A) and June—August (B). 1A also shows the major features of the South Atlantic Convergence Zone
(SACZ) the “Amazon”, “Coastal” and “Oceanic” sectors (Carvalho et al., 2004). The Amazon sector corresponds to the major rainfall over the Amazon Basin, which is also corresponds
to the South America Summer Monsoon (SASM). Key South American rivers are illustrated to show the separate drainage basin in the Amazon and Coastal sectors. The mean
hypothesised positions of the Inter-tropical convergence zone (dashed red line) are shown in A and B (Marengo and Nobre, 2001; Zhou and Lau, 1998; Carvalho et al., 2004).
C. Locations of palaeoclimate records from the last glacial maximum and whether the authors found evidence for wetter (blue filled triangles/circles), drier (red filled triangles/
circles) or no change (yellow open triangles/circles) compared to the present. Circles are used for key pollen records complied by Marchant et al. (2009). 1. Cariaco Basin (Hughen
et al., 1996; Peterson et al., 2000; Haug et al., 2001; Lea et al., 2003), 2. La Chonta Bog, Costa Rica (Islebe et al., 1995), 3. Lake Valencia, Venezuela (Leyden, 1985), 4. Lake Fuquene,
Columbia (van der Hammen and Hooghiemstra, 2003), 5. El Valle Lake, Panama (Bush, 2002), 6. Amazon Fan (Damuth and Fairbanks, 1970), 7. Lake Pata, Brazil (Colinvaux et al.,
1996), 8. Amazon Fan (Maslin et al., 2000; this study), 9. Equatorial Eastern Pacific (Heusser and Shackleton, 1994), 10. Fortaleza, Brazil and North Brazilian Current (Arz et al., 1998,
1999), 11. Huascaran, Peru (Thompson et al., 1995), 12. East Brazil (Auler and Smart, 2001), 13. Sajama, Bolivia (Thompson et al., 1998) and Illumani, Bolivia (Ramirez et al., 2003),
14. Bahia State, Brazil (Wang et al., 2004, 2006, 2007), 15. Lake Titicaca, Peru (Baker et al., 2001a and b; Fritz et al., 2007), 16. South Atlantic Ocean core GeoB 3229-2 (Arz et al., 1998,
1999; Behling et al., 2000, 2002), 17. South Atlantic Ocean core Geob 3202-1(Arz et al., 1998, 1999; Behling et al., 2002), 18. Salar de Atacama, Chile (Betancourt et al., 2000; Bobst
et al,, 2001), 19. Alto Parana, Argentina (Stevaux, 2000), 20. Lakes Lejia and Miscanti, Chile (Grosjean, 1994; Grosjean et al., 2001), 21. Santa Maria Basin and Quebrada del Torro,
Argentina (Trauth and Strecker, 1999; Trauth et al., 2000), 22. St8 Santana Cave, Brazil (Cruz et al., 2006, 2009), 23. Colonia, Brazil (Ledru et al., 2005), 24. Botuvera Bt2, Brazil (Cruz
et al., 2006, 2009; Wang et al., 2006), 25. Mar Chiquita, Argentina (Piovano et al., 2008), 26. South East Pacific Ocean core GeoB 3302-1 (Lamy et al., 1999), 27. Salinas Bebedero,
Argentina (Gonzdlez, 1994; Gonzdlez and Maidana, 1998), 28. Chilean Lake District, Chile (Heusser, 1989; Markgraf, 1989; Moreno et al., 1999), 29. Cari Laufquen, Argentina
(Galloway et al., 1988), 30. Huelmo Site, Chile (Massaferro et al., 2009), 31. Cardiel, Argentina (Stine and Stine, 1990). (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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annual precipitation levels in excess of 3600 mm. There is a
secondary influence on the strength of the SAMS namely ENSO
(Grimm and Ambrizzi, 2009). Changes in the Pacific — Atlantic
Ocean temperature gradient can influence the duration and extent
of rainfall over Amazonia. El Nino has been linked to prolonged dry
season length and thus significant droughts. For example 2005 and
2010 were periods of positive ENSO cycle and Amazon experienced
two mega droughts (Lewis et al., 2011). However positive ENSO
cycles in 2003 and 2007 did not result in large-scale Amazonian
droughts. Equatorial regions play a fundamental role in the trans-
port of heat to the higher latitudes and records of continental
palaeoclimate from tropical South America are thus of critical
importance in understanding the role played by the Amazon Basin
during the Quaternary.

2.1. Site location

The Amazon Fan s a large deep-sea passive margin fan, extending
650—700 km from the continental shelf off the coast of northeastern
Brazil. ODP Site 942 (5°45’N, 49°6'W at a water depth of 3346 m) lies
adjacent to the main Amazon Fan complex and benefits from the
enhanced glacial sedimentation rates which characterise the rest of
the Fan complex, whilst also retaining a continuous record with
ample pelagic input for climate reconstructions (Flood et al., 1995).
The location of Site 942 (Fig. 1) is critical for understanding the
meeting and mixing of freshwater discharge from the Amazon River
with the local North Brazil Current (NBC) (Maslin et al., 1997; Maslin,
1998; Wilson et al., 2011). The NBC is a warm-water western
boundary current which flows northwestwards along the Brazilian
continental shelf and acts as a conduit for the cross-equatorial
transport of heat and salinity to the North Atlantic Ocean
(da Silveira et al., 1994). A seasonal retroflection of the NBC during
boreal summer is related to the seasonal migration of the ITCZ and
results in a weakening of northward heat transport across the
equator (Johns et al., 1998; Wilson et al., 2011).

Analysis of the diatom fraction of surface sediments from Site
942 reveals that freshwater taxa make up ~75% of the diatom
assemblage, compared to just 10%—30% elsewhere on the fan
(Mikkelsen et al., 1997). This higher percentage abundance reflects
the influence of the freshwater plume discharged by the Amazon
River, which is either being transported northward by the NBC, or is
breaking away and moving offshore (Maslin et al., 1997; Mikkelsen
et al., 1997). Moreover, Wilson et al. (2011) use planktonic forami-
niferal oxygen isotopes and Mg/Ca SSTs to show that during the
lateglacial period, Younger Dryas, Mid-Holocene and Modern time-
slices, ODP Site 942 and surrounding sites consistently exhibit the
most negative oxygen isotope values suggesting a continual influ-
ence of the Amazon River freshwater plume over this part of the
Amazon Fan. The ODP 942 sediments dated to between 22 ka and
10 ka were found to be composed of moderately bioturbated,
organic-rich, hemipelagic clays. Magnetic susceptibility records
(Flood et al., 1995; Maslin et al., 2000) and visible inspection reveal
these core sections to be devoid of turbidites and other signs of
reworking that commonly affect such environments. Sediment
cores from Site 942 were scanned in detail for any evidence of
reworking, including micro-turbidites; the youngest disturbed
section found was at about 24 m below sea floor (mbsf), which has
been dated at approximately 40 ka (Maslin et al., 2000).

3. Methods
3.1. Age model construction

A new composite age model was developed for ODP Site 942
using a combination of 33 new and published Accelerator Mass

Spectrometry (AMS) radiocarbon (14C) ages (black circles in Fig. 3),
that were measured on both multiple- and mono-specific plank-
tonic foraminiferal samples from ODP Holes 942B and 942C as
detailed in Table 1. Samples from Hole 942C were measured at the
Leibniz-Labor fiir Alterbestimmung und Isotopenforschung, Kiel
University, Germany (Maslin and Burns, 2000; Maslin et al., 2000).
Samples from Hole 942B were analysed at the Center for Acceler-
ator Mass Spectrometry, Lawrence Livermore National Laboratory
(USA), and also at the Scottish Universities Environmental Research
Centre. Each sample measured for C was corrected for isotope
fractionation through normalization using 3'3C values measured on
the same samples. Measured '“C ages were transferred between
Holes using cross-correlated shipboard magnetic susceptibility
data (Flood et al., 1995). 3'80 data from each Hole were also used to
refine the synchronisation wherever possible.

In order to translate the “C chronology into equivalent GISP2 ice
core years, non-reservoir corrected “C ages from ODP Site 942
were correlated with similar data from nearby ODP Site 1002 in the
Cariaco Basin (Hughen et al,, 2004a) that has been tuned to the
GISP2 age scale (Meese et al., 1997). Errors were propagated to
incorporate the C age errors, GISP2-Cariaco Basin calibration,
including the GISP2 count error and the Cariaco Basin-ODP Site 942
calibration. The adoption of a Greenland chronology at ODP Site
942 not only permits direct comparisons to be made with the GISP2
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Fig. 2. 3'%0 and sea surface temperature data from ODP Site 942. Blue circles (right
axis) represent G. sacculifer Mg/Ca ratios and calculated SSTs. Curve A: Light grey line
shows the 3'®0 record that has been corrected for the global mean glacioeustatic
fractionation (see text and B) using the independently Th/U-dated Barbados sea level
record (Peltier, and Fairbanks, 2006) scaled to 8'80, and reflects a composite of changes
in both Amazon River outflow history and sea-surface temperature. (B) The Amazon
Fan G. sacculifer 3'0 record (dark grey line, left axis) ‘raw data’ that has been differ-
enced against the 1170 year ‘modern’ core-top value and offset from curve A by 19, to
allow better visualisation. (C) Small black diamonds indicate AMS '“C-dated horizons
used to tie the ODP Site 942 dataset to the GISP2 age-scale. All data are plotted against
GISP2 kyr BP 1950 (Hughen et al., 2004b). (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. 3. A comparison between A3'30 from ODP Site 942 and 3'®0 from the GISP2 and
Byrd ice cores (Blunier and Brook, 2001). (A) solar insolation at 10°S calculated for
December and February from Berger and Loutre (1991), coincident with the formation
of the Bolivian high atmospheric pressure cell over the Altiplano. (B) GISP2 3'80 record
from Blunier and Brook (2001) (light blue line). (C) A3'30 from on the Amazon Fan that
has been corrected for ice volume and temperature fractionation, and differenced
against the 1170 year ‘modern’ core-top value. Red line indicates data that has been
smoothed using a three-point moving average, grey line indicates the unsmoothed
record with individual data points. More negative values represent a reduction in
Amazon river outflow, and hence increased aridity in the Amazon basin. (D) Byrd 3'30
record that has been methane-synchronised to the GISP2 ice-core shown in
(B). ACR = Antarctic cold Reversal and YD = Younger Dryas. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

ice core data, but it also enables correlations to be made with
methane-synchronised ice core records from Antarctica (Blunier
and Brook, 2001). The Byrd ice core was selected due to its
resolved methane-synchronisation record through the deglacial.
All ages referred to hereafter are quoted in GISP2 years.
Sedimentation rates calculated from the age model show that
between 22.0 and 13.7 ka, sedimentation rates varied between ~0.15
and 0.40 m kyr~!, except for between 18.0 and 16.9 ka where there
was a period of enhanced accumulation between ~0.45 and
3.30 m kyr~!. Sedimentation rates reached a peak of ~5 m kyr!
between 13.8 and 13.5 ka which coincides with an abrupt increase in
the abundance of terrestrial detritus in the record. This may be
evidence for a shift of the main active channel system towards Site
942 (Maslin et al., 2006) or of a flushing of river sediment following
deglaciation in part of the Andes (Maslin and Burns, 2000). There-
after, until 10.9 ka sediment accumulation rates were approximately

1.35 mkyr . At ~ 10.9 ka, sedimentation rates fell abruptly to a more
typical oceanic pelagic sedimentation rate of ~0.05 m kyr—!, when
higher sea levels flooded the continental shelf, and the river depos-
ited its load relatively further inland.

3.2. Planktonic foraminiferal 6’80 analysis

Cores from ODP Site 942 were sampled every centimetre, giving
a sample resolution of between 50 and 5 years depending on
changes in the sedimentation rate. This, however, ignores the
possible role of bioturbation. If we assume a conservative rate of
about 10 cm/ka (Trauth et al., 1997) that suggest the resolution is
between 500 and 50 years with an average of 250 years per sample
from 22 to 10 ka. Both oxygen and carbon isotopes of planktonic
foraminifera were measured. The high sedimentation rates mean
that very few if any benthic foraminifera were found. The samples
were freeze dried and then wet sieved through a 63 um mesh sieve,
dried in a 60 °C oven and weighed. The samples were then dry
sieved at convenient intervals between 300 and 355 microns from
which 30 individual planktonic foraminiferal tests, which showed
no signs of dissolution or reworking, were picked for each species
per sample. The five species picked, Globigerinoides sacculifer
(with sac), Globigerinoides ruber, G. sacculifer (without sac), Neo-
globoquadrina dutertrei, and Globorotalia truncatulinoides, all exhibit
a similar pattern and range of isotopic values (Ettwein, 2005).

Samples from 22 to 13.9 ka were measured for 3'80 and 3'3C
(not shown) using an automated common acid bath VG Isocarb +
Optima mass spectrometer at the NERC Isotope Geosciences
Laboratory, Keyworth, Nottingham, UK. Samples from 13.9 to 10 ka
were measured for 3'80 using a Finnigan Delta XL + ratio mass
spectrometer linked to an Automated Carbonate Prep System (Kiel
III) at the Stable Isotope Laboratory, Department of Geosciences,
University of Massachusetts, Amherst, USA. All 3'30 values were
measured in per mil (%,), and expressed as deviations relative to the
Vienna Pee Dee Belemnite (V-PDB) standard. Analytical sample
reproducibility errors were <0.07%, at each facility, based on
replicate measurements of within-run laboratory standards, cali-
brated against standards from the International Atomic Energy
Agency and the National Bureau of Standards. Data from each lab
were spliced together and harmonised by comparing the 3'80
measurements of the laboratory sample standards and inter-
laboratory replicate sample data; a correction factor was applied
where appropriate.

3.3. Removing the global ice volume effect

The global mean glacioeustatic component of foraminiferal 3'%0
was removed using the independently Th/U-dated Barbados sea
level record (EPICA, 2006; Peltier and Fairbanks, 2006) scaled to
3180, assuming a modern-LGM amplitude of ~ 1%, + 0.1%, (Adkins
et al, 2002). The Barbados 3'80 record is considered the best
analogue for global ice volume fractionation due to the indepen-
dent age control of the dataset, coupled with the superior temporal
resolution of the record relative to others currently available
particularly through the early deglacial interval. In order to remove
the glacioeustatic component, 80 from ODP Site 942 were
ascribed a calendar year (Cal yr BP) chronology based upon the
15 kyr '#C yr-Cal yr BP calibration from the Cariaco Basin core PLO7-
58PC (Hughen et al., 2000). Prior to 15 ka, 1*C dates were calibrated
to calendar years with Calib 5.1 (Stuiver and Reimer, 1993) using the
Marine04 marine calibration curve (Hughen et al., 2004b) and
incorporating a standard global ocean radiocarbon reservoir
correction of ~400 years (Stuiver and Reimer, 1993; 2005). The
minimum and maximum calendar age ranges for each sample were
determined by calculating the probability distribution of the true
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Atable to show the details of the AMS radiocarbon ('#C) ages measured for ODP Site 942, with their equivalent ages in GISP2 years BP 1950. Shading represents replicate sample
measurement, from which an average of the two '“C ages was taken. Propagated errors incorporate '4C errors, GISP2 count errors, and errors in the Cariaco-GISP2 calibration
and Cariaco-Amazon calibration.

AMS Lab and ODP sample code 942B 942C Sample 14C age 14C age 14C age GISP2 yr Propagated
sample code depth depth type (not reservoir error + error - BP 1950 error +
(mbsf) (mbsf) corrected)
KIA 473 942C 1H 1W 80-81 0.80 G. sacculifer 9751 95 95 10199 270
LL CAMS 122186 942B 1H 1W 78-79 0.78 Mixed 9825 35 35 10330 270
KIA 474 942C 1H 1W 88-90 0.88 Mixed 10154 90 90 10903 280
LL CAMS 90540 942B 1H 1W 82-83 0.82 Mixed 10265 35 35 10910 280
LL CAMS 90541 942B 1H 1W 89-90 0.89 Mixed 10205 30 30 10962 280
KIA 5198 942C 1H 1W 97-98 0.98 P. obiquilata 9670 60 60 10977 280
KIA 5197 942C 1H 1W 105-107 1.06 G. trilobus + 10010 60 60 11036 280
G. ruber*
KIA 2471 942C 1H 1W 125-129 1.27 Mixed 10800 70 70 11192 290
KIA 2470 942C 1H 1W 125-129 1.27 Mixed 10890 50 50
KIA 5195 942C 1H 1W 147-150 1.48 Mixed 4690 40 40 11348 290
KIA 2472 942C 1H 2W 30-32 1.81 Mixed 10510 50 50 11592 290
KIA 5193 942C 1H 2W 54-58 2.06 Mixed 10690 60 60 11778 300
KIA 2473 942C 1H 2W 90-92 241 Mixed 11650 60 60 12037 300
KIA 5191 942C 1H 2W 143-146 2.94 Mixed 10620 60 60 12430 310
SUERC 8783 942B 1H 3W 33-38 3.35 Mixed 9151 30 30 12741 310
KIA 5189 942C 1H 3W 54-57 3.55 Mixed 11790 70 70 12882 310
LL CAMS 90542 942B 1H 3W 98-100 3.98 Mixed 12180 35 35 13457 320
LL CAMS 89321 942B 1H 4W 38-40 4.89 Mixed 12430 25 25 13642 330
LL CAMS 89322 942B 1H 4W 78-80 5.29 Mixed 12925 30 30 14895 350
SUERC 8784 942B 1H 4W 103-105 5.54 Mixed 13716 45 45 16523 380
LL CAMS 89323 942B 1H 4W 108-110 5.59 Mixed 13875 30 30 16855 380
SUERC 8785 942B 1H 4W 133-135 5.84 Mixed 14419 55 55 17064 390
SUERC 8697 942B 1H 4W 138-140 5.89 Mixed 14478 60 60 17073 390
SUERC 8698 942B 1H 5W 8-10 6.09 Mixed 14733 65 65 17531 390
LL CAMS 89324 942B 1H 5W 23-25 6.24 Mixed 15190 35 35 17674 400
SUERC 8787 942B 1H 5W 38-40 6.39 G. sacculifer 15871 60 60 18,011 650
LL CAMS 89,325 942B 1H 5W 58-60 6.59 Mixed 16,485 35 35 18956 420
SUERC 8788 942B 1H 5W 83-85 6.84 Mixed 17108 70 70 19671 430
LL CAMS 90543 942B 1H 5W 108-110 7.09 Mixed 17840 60 60 20245 460
LL CAMS 90538 942B 1H 5W 113-115 7.14 Mixed 17970 60 60 20365 550
LL CAMS 89326 942B 1H 5W 113-115 7.14 Mixed 18085 50 50
LL CAMS 90544 942B 1H 5W 120-122 7.21 Mixed 18260 60 60 20724 450
LL CAMS 90539 942B 2H 1W 10-12 7.61 Mixed 17485 50 50 21974 610
LL CAMS 89327 942B 2H 1W 10-12 7.61 Mixed 17535 35 35

sample age, as this is considered to be a more stable estimate of
sample age than the intercept method (Telford et al., 2004). The
one-sigma range of the probability distribution was selected as the
error term in the radiocarbon ages was fixed at the one-sigma level.
Single sample ages were selected by taking the median of the
probability distribution.

It should be noted that the ice-volume corrected A3'30 record is
considered a conservative estimate for a number of reasons. First,
the mean ice volume correction does not consider the transient
nature of glacial melt-water as it mixes out of Atlantic surface
waters (Guilderson et al., 2001). Second, it is difficult to account
precisely for deglacial ice volume-related changes in the 3'80 of
surface waters when waning ice sheets are discharging their
isotopically-depleted waters into the Atlantic basin (Guilderson
et al., 2001). Third and most importantly, glacioeustatic effects
will only affect the Atlantic component of the A3'80 signal and
therefore, by removing ice volume effects from the entire local
ambient water 8'80 signal, there is a potential to overcompensate
by an amount equivalent to the volume of freshwater mixed.

3.4. Removing the temperature effect using planktonic
foraminiferal Mg/Ca

Between 600 and 900 pg of calcium carbonate was crushed,
rinsed and briefly ultrasonicated in ultrahigh quality (UHQ) water
nine times, in methanol (Aristar grade) six times, and then again in

UHQ water four times in order to remove clays and fine-grained
carbonates. Ferromanganese oxides were also removed with the
incorporation of an additional reductive cleaning step and the
samples were cleaned again to remove contaminant phases. The
samples were screened to determine whether reliable foraminiferal
Mg/Ca ratios could be obtained using standard cleaning protocols.
Measured Mg/Ca ratios in foraminiferal carbonate can be biased by
the presence of clays, detrital grains, adhered carbonates, secondary
carbonates and overgrowths, and other contaminant phases. These
can be detected using trace element/calcium ratios (including Al/Ca,
Fe/Ca, Mn/Ca, Si/Ca, Sr/Ca, and Zn/Ca). Samples were analyzed for
trace elements on a Varian Vista inductively-coupled plasma optical
emission spectrometer in the Department of Earth Sciences at the
University of Cambridge using an intensity ratio calibration. Long-
term analytical precision of liquid standards was 4-0.4%. Replicates
of samples that were processed and analysed separately to deter-
mine both cleaning reproducibility and sample heterogeneity yiel-
ded an average uncertainty of +-2.7% for Mg/Ca (Wilson et al., 2011).
Due to low foram abundance, both sac and non-sac forms of
G. sacculifer were measured for Mg/Ca. Using Mg/Ca is fundamen-
tally advantageous to this study as the Mg/Ca calcification temper-
ature is imprinted simultaneously with the shell 3!80, so there is no
spatial or temporal offset between the two signals (Mashiotta et al.,
1999). However there may be a component of temperature frac-
tionation that remains unaccounted for if the foraminiferal Mg/Ca is
also responding to changes in sea surface salinity.
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4. Results
4.1. Sea surface temperatures

SSTs were calculated using a pre-exponent value of 0.37 and
a temperature sensitivity of 0.09 (Dekens et al., 2002). Quoted
uncertainties of 1.4 °C incorporate the analytical and Mg/Ca-SST
calibration errors and the within-sample variability (Barker et al.,
2005). Modern SSTs at ODP Site 942 are 27°—27.5 °C at 20 m water
depth, and 26.5° to 27.5 °C at 30 m water depth (Levitus, 1982). Our
reconstruction indicates that glacial SSTs were ~23.5°+1.4 °C, about
3—4 +1.4°Ccooler than modern, and approximately 1.5—2.5 +1.4°C
cooler during the deglacial portion of the record. Between 16 and
10 ka, SSTs were about 1.5-2.5 + 1.4 °C cooler than modern and
varied by less than 1 °C (Fig. 2). Existing proxy records of glacial
western tropical Atlantic SSTs yield conflicting results. Many proxy
data support 5° to 6 °C of cooling (Guilderson et al., 1994; Beck et al.,
1997), although some records indicate only 0° to 2 °C (Billups and
Spero, 1996; Diirkoop et al, 1997) or 2° to 3.5 °C of glacial-
interglacial cooling (Bard et al., 1997; Wolff et al., 1998; Wilson
et al., 2011).

4.2. Planktonic foraminiferal 46’80 record and Amazon
River outflow model

Data for G. sacculifer (with sac-like final chamber), an abundant
mixed layer tropical species (Dekens et al., 2002), yielded the most
continuous record of all species analysed and the uncorrected 880
record is displayed in Fig. 2B as the difference from the 1170 year
‘modern’ core-top value (note this record is also offset by 1%, from
the glacioeustatic corrected record in Fig. 2A so it is easier to see the
data). The Glacial to late Holocene uncorrected 3'30 range is 2.5%,
for G. sacculifer and 2.2%, for G. ruber (Ettwein, 2005). This compares
with marine records to the east of the Amazon outflow (see point 10
on Fig. 1C), which have a range of 1.99, for G. sacculifer and 1.69%, for
G.ruber (Arz et al., 1999). If we assume that the ice volume and SST
effects are broadly similar either side of the Amazon outflow then it
suggests the Amazon outflow has an influence of approximately
0.6%, on the surface water oxygen isotope composition.

In order to isolate the local freshwater impact on surface water
salinity, we removed the global mean glacioeustatic component
(Fig. 2A) and local Mg/Ca-derived sea surface temperature data
(Fig. 2) from the 3'80 time series as described above. SST changes at
ODP Site 942 were scaled to 3'80 assuming a standard tempera-
ture-5'80 fractionation of 0.21%,/°C (mean of 0.20—0.22%, per °C,
see Ref. Maslin and Swann, 2005). The isotopic temperature effect
was linearly interpolated to the same sample resolution as the
foraminiferal A3'80 and subtracted from the record. The forami-
niferal A3'30 record was corrected for temperature fractionation at
an equivalent sample resolution through linear interpolation of the
SST data. The residual A3'30 (red line Fig. 3C) can be explored using
a two-component mixing model between an Amazon and a tropical
Atlantic Ocean end member, which have average modern-day
isotopic values of ~ —5.5%, and ~ +19%, respectively (see refer-
ences in Wilson et al., 2011). Consequently, 3'80 values at Site 942
will be comprised of a combination of these two isotopic signals
dependent on the relative mixing ratio of the two water masses
over Site 942. Though these end members will have altered in the
past they cannot reverse so the construction of a model of river
outflow shows that a relative enrichment (depletion) in the A8'80
represents a decrease (increase) in the amount of fresh water mixed
over Site 942, arising from changes in the outflow of the Amazon
River (Maslin and Burns, 2000). Fig. 2B shows the uncorrected ‘raw’
foraminiferal A3'80 that reveal a strong enrichment during the last
glacial period. There is step to more depleted values at about 17 ka

BP. Between 13.6 and 11 ka BP there is a period of more enriched
values but also an increase in the variability; this could be in part
due to the extremely high resolution through this part of the
record. At 11 ka BP there is another step to more depleted values.
This general pattern is also reflected in the glacioeustatic correct
record shown in Fig. 2A. The pattern though does change when the
temperature correction is included (see Fig. 2C) with the colder SST
accounting for much of the enrichment in the oxygen isotope
record during the last glacial period. Distinct periods of enrichment
of this A3'80 record occur at 21 to 18 ka BP, 15.5 to 14.5 ka BP and
13.7 to 11 ka BP suggesting that these periods may represent times
when the outflow of fresh oxygen isotope depleted Amazon River
water was reduced (Maslin and Burns, 2000).

5. Discussion

Fig. 1A shows that rainfall from the modern SASM is drained
primarily by the Amazon drainage basin. If we assume, therefore,
that the foraminiferal A3'80 record at Site 942 is indicative of large-
scale changes in Amazon River outflow (Maslin et al., 2000) then
the record can be used to infer large-scale changes in moisture
availability in at least the eastern and central parts of the Amazon
Basin (Maslin and Burns, 2000). Whilst the exact changes in
outflow cannot be modelled as the potential changes in the end
members remain unknown, there are a number of features that can
be noted. The longer-term trends in A3'20 broadly follow
precession-driven December—February insolation at 10°S (Berger
and Loutre, 1991) coincident with the Bolivian High formation
and the relative strength of the SASM (Fig. 3).

The A3'80 data support a view of increased glacial aridity within
the Amazon Basin, although the isotope values show only a slight
enrichment relative to today. It has been estimated that the glacial
Amazon Basin was up to 5 °C cooler than present (Stute et al., 1995;
Colinvaux et al,, 1996; Farrera et al., 1999; Vonhof and Kaandorp,
2010) which would have depleted the Amazon River 3'%0 by ~1%,
(Dansgaard, 1964), thus biasing the A3'%0 signal to more negative
values. However, a reduction in precipitation may have cancelled out
some of this thermodynamic isotopic fractionation via the ‘amount
effect’ (Grootes et al., 1989; Grootes, 1993; Maslin and Burns, 2000;
Thompson, 2000; Thompson et al, 2000). The interpretation of
a more arid Amazon is supported by 1) inorganic sedimentary lake
records from within the Amazon Basin that imply lower water levels
or even complete desiccation (e.g., van der Hammen, 1974; Servant
et al, 1993; Colinvaux et al., 1996; Ledru et al,, 1998; Maslin and
Burns, 2000; Sifeddine et al. 2001); 2) oxygen isotope records from
spelothems (Breukelen et al., 2008; Cruz et al., 2005, 2009); 3)
unweathered plagioclase deposits in the Amazon Fan (Damuth and
Fairbanks, 1970; Irion et al., 1995), 4) 3'80 values of kaolinite within
Amazonian soils (Mora and Pratt, 2001) and 5) pollen records from
within Amazonia which show that tropical seasonal forest and
tropical dry forest occur during the LGM instead of the present
tropical rain forest (e.g., Colinvaux, 1989; van der Hammen and Absy,
1994; Marchant et al., 2009) demonstrating a shift to a cold drier
climate with temperature reduced by about 4—5 °C and precipitation
by about 30% (Farrera et al., 1999). This interpretation is also sup-
ported by drier conditions found in northern South America and
southern Central America. For example, marine records from the
Cariaco Basin clearly show a very dry LGM (Peterson et al., 2000) and
Younger Dryas (Haug et al., 2001). Interestingly, the Amazon and
Cariaco Basin records become decoupled in the later Holocene as the
Amazon gets progressively wetter (Maslin and Burns, 2000; Mayle
et al, 2004) while Venezuela becomes progressively drier (Haug
etal,, 2001).

In contrast other authors have suggested the Amazon Basin was
wetter during the last glacial period. Evidence suggested includes
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lake level records from the Peruvian/Bolivian Altiplano (Baker et al.,
2001a; 2001b), pollen and lake level records from NW Amazonia
(Bush et al., 2002) and speleothem evidence from South East Brazil
(Wang et al., 2004, 2006; 2007; Cruz et al., 2005, 2006; 2009).
However these records are distal and may have been strongly
affected by local factors. For example the Peruvian/Bolivian Alti-
plano (Seltzer, 1990; Seltzer et al., 2000; Baker et al., 2001a; 2001b;
Seltzer et al., 2002) records are thought to be driven by increased
moisture transport to higher altitudes as the SE winds strengthen
(Lenters and Cook, 1997; Marengo and Nobre, 2001; Leduc et al.,
2007) following the SASM weakening, while rainfall in the NW
Amazonia and SE Brazil are strongly influenced by austral winter
rainfall (Cruz et al., 2009). The weight of evidence (see also
Refs. Mayle et al., 2009; Sylvestre, 2009), including results from this
paper, support the interpretation that the Amazon was more arid
during the last glacial period than today (see Fig. 1C for summary).

During the last deglacial period, the A3'30 record presented in
this paper suggests that maximum aridity occurred during two
main time-intervals. One interval, centred at around ~20.5 to
17 ka, also features in the records of lowland central America
(Hodell et al., 2008) and the Cariaco Basin (Peterson et al., 2000).
There is a return to wetter conditions between 17 ka and 16.4 ka,
which coincides with Heinrich event H1 (McManus et al., 2004).
There is a brief return to more arid conditions around 15 ka. The
onset of the second main arid interval (~13.6—11 ka) occurred
rapidly between ~13.6 and 13.3 ka, coeval with a brief arid period
in Central America (Hodell et al., 2008). Fig. 4 shows that this period
is coeval with the beginning of the Antarctic Cold Reversal (ACR).
The duration of this second dry interval also extends beyond the
Northern Hemisphere termination of the Younger Dryas, suggest-
ing that Amazon Basin moisture is not simply a function of
Northern high latitude climate. If the Amazon moisture record was
simply a response to Northern Hemipshere forcing it would be
expected to follow the Cariaco Basin Ti outflow record, which has
an arid period that directly corresponds to the Younger Dryas
period (Haug et al., 2001).

There is strong variability within the A3'80 record from Site 942
during the second arid period, which shows some degree of
correlation with the 3'80 difference between Greenland and Ant-
arctica (i.e. an inter-polar gradient; Fig. 5). This is further corrobo-
rated by a simple comparison to rates of change between the
tropical and polar gradient datasets, which co-vary on a similar
scale. We speculate that the co-variance between the two records is
not unrelated, and reflects a tropical-extra tropical climate tele-
connection. This is likely associated with the pole-equator
temperature gradients within each hemisphere, and their respec-
tive influences on the northern and southern boundaries of the
SASM convection zone. The control on the position of the ITCZ by
the temperature gradient within each Hemisphere is not a new
concept and has been demonstrated by modelling work
(e.g, Chiang et al., 2003; Chiang and Bitz, 2005; Chiang et al., 2008;
Broccoli et al., 2006; Yoshimori and Broccoli, 2008, 2009; Kang
et al,, 2008, 2009). Two possible explanations are given for this
teleconnection. First, when there is a strong temperature gradient
(i.e., a large temperature difference over a shorter latitudinal
distance) the winds systems become more compressed and the
winds are more zonal (east-west). This reduces the ability for winds
to be deflected north or south towards the continents and thus
reduces moisture transport within monsoonal systems (Broccoli
et al., 2006). A second possible reason is that as the Hemispheric
temperature gradient cools the extratropics, the atmospheric
circulation propagates this cooling into lower latitudes. Heat is
required to counter this cooling so the Hadley circulation transports
energy into the cooled hemisphere. In the Tropics moisture is
carried in the opposite direction as energy, thus the ITCZ shifts
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Fig. 4. A comparison between A3'30 from ODP Site 942 (black line) and the difference
in 3'80 between GISP2 and Byrd i.e. An inter-polar gradient (blue line). Both datasets
have been plotted at the same sample resolution against GISP2 kyr BP 1950 (Hughen
et al., 2004b). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

away from the cooled hemisphere (Kang et al., 2008, 2009). This is
because moisture is carried only by the lower atmospheric branch
of the Hadley cell while the transport of energy is balanced
between the upper and lower branches of atmospheric circulation.
Kang et al. (2008) also showed that in GCMs the ITCZ position can
be highly sensitive to any variation in the climate components that
contribute to changes in the atmospheric energy budget, for
example, changing cloud properties, melting sea ice, or ocean heat
uptake/heat transport changes.

Precipitation within the Amazon Basin originates from the
tropical North Atlantic Ocean via the trade winds, which are pulled
or deflected into the South American continent by the subtropical
high-pressure cells (Barry and Chorley, 1995; Vera et al., 2006).
These cells move equator-ward in the cold (winter) hemisphere,
and pole-ward in the warm (summer) hemisphere as evidenced
today by the directional onset and regression of the summer
monsoon season (Vera et al., 2006; Marengo and Nobre, 2001;
Lenters and Cook, 1997, see Fig. 1). The popular view of neotrop-
ical climate dynamics is that over longer timescales, the continental
ITCZ migrates as a static belt in response to Northern Hemisphere
temperature change. This view, however, does not fit with the data
in this paper or with that of Cruz et al. (2009) who suggested an
east to west anti-phasing of climate in South America. Instead we
propose that over longer periods, the northern and southern
boundaries of the ITCZ migrate independently according to the long-
term high latitude climatic variations of each respective hemi-
sphere. This produces the east-west anti-phasing observed by Cruz
et al. (2009) as their ‘Western’ South America combines the effect of
the movement of the northern and southern SASM boundaries,
while their ‘Eastern’ South America is controlled by just the
southern boundary and penetration of the tropical easterlies on to
the continent and its associated coastal rainfall. We suggest that
moisture availability over the Amazon is a combined effect of long-
term precession driven insolation induced changes in SASM
intensity (Clement et al., 2004) and the relative independently
derived position of the both northern and southern boundaries of
the ITCZ.

Based on our results from this study and those of other authors,
we propose a new testable ‘dynamic boundary-monsoon intensity
hypothesis’ to explain the differences between the glacial, deglacial
and modern Amazon Basin moisture levels (Fig. 5). During the LGM,
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Fig. 5. Cartoon explaining the new dynamic boundary-monsoon intensity hypothesis
presented in this study.

we suggest that despite the strong bi-polar temperature gradients
and cooler glacial SSTs in the tropical Atlantic, the precessionally-
forced near modern insolation levels at 10°S (Clement et al.,
2004) would have given rise to a SASM with similar intensity to
today. Therefore despite being bi-latitudinally compressed, the
glacial SASM would have manifested itself as a zone of intense
convectional rainfall over the Amazon Basin, with net river outflow
enhanced relative to the deglacial period (Fig. 5). During the
deglacial period, insolation-driven SASM intensity reduces, but the
total area covered by intense rainfall in the Amazon Basin changes
due to the movement of either the northern or southern bound-
aries or both (Fig. 5). We propose this hypothesis both as a way to
explain the variability observed within current South American
palaeo-data but also as a target that can be tested by future data.

The water balance of South American may provide a pivotal role
in generating extratropical feedbacks. Should our dynamic
boundary-monsoon intensity hypothesis be correct, it would imply
that the southern boundary of the SASM was displaced further
southwards across the continental interior at the onset of the ACR.
It has been suggested (Peterson et al., 2000; Stansell et al., 2010)
that this may have forced the belt of convective rainfall southwards,
away from the low-lying Isthmus of Panama and into mountainous
Andean terrain. At these latitudes, orographic rainfall and moisture
‘blocking’ by the Andes could have reduced the freshwater export
to the tropical Pacific. Our hypothesis is supported by salinity
evidence from the Eastern Equatorial Pacific, which implies
a reduction in freshwater export across the Isthmus of Panama
during Northern Hemisphere cold intervals (Leduc et al., 2007),
including the period coincident with the ACR.

6. Conclusions

The A3'80 record from the Site 942 on the western Amazon Fan
has a number of important implications. First, it suggests that
effective moisture in the Amazon Basin has varied significantly and
rapidly between 22 ka and 10 ka. Second, it reinforces the evidence
for asynchronous climate change between the hemispheres. Third,
it implies that tropical South American climate during the deglacial
interval was associated with temperature variations in both the
northern and southern high latitudes. Moreover, given the relative
phasing of the Antarctic, Amazon and Greenland climate records, it
suggests that deglacial climate change in Antarctica and the
Amazon Basin preceded a potentially equivalent change in Green-
land. Our results also suggest that the effective moisture in the
tropics is a combined function of precessional modulated convec-
tion and Hemispheric temperature gradients.
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