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ABSTRACT

The Amazon Fan is an excellent area to obtain the climatic records of the last glacial-interglacia cycle. Glacia sedimenta-
tion rates ranging from 1 m to over 50 m/k.y. provide an opportunity to obtain marine records approaching the resolution of the
Greenland ice cores. Ocean Drilling Program (ODP) Leg 155 Sites 932 and 933 from the eastern, mid-Amazon Fan complex
have been studied initialy at aresolution of 50 cm (100—400 yr per sample). The identification of paleomagnetic excursions,
distinctive patterns in the paleomagnetic remanence intensity records, and radiocarbon dates have provided an age framework
for both Sites 932 and 933. However, it was only possible to construct a detailed age model for Site 932. Planktonic foramin-
iferal stable oxygen and carbon isotope records of six species were obtained for both sites.

The planktonic foraminiferal carbon isotope records of both Sites 932 and 933 show a distinct negative deviation during
Termination | (13-15 calendar ka). We suggest this could have been caused by an increase in the sediment discharge of the
Amazon River because of the deglaciation of the Andes and/or the release of significant quantities of gas hydrates aslarge parts
of the Amazon Fan sediment column fail because of increased sea level. Positive deviations occur in the composite Site 932
oxygen isotope record, the timing of which seems to coincide with the Heinrich events of the high latitude North Atlantic.
However, there are considerable doubts over the validity of the composite record, the Site 932 age model, and the possible

affects of reworking.

INTRODUCTION

The Amazon Fan has devel oped since the early Miocene, because
of the massiveincrease in the sediment transport of the Amazon Riv-
er following the Andean uplift (Carneiro de Castro et al., 1978; Hoo-
rn et a., 1995; Curry, Shackleton, Richter, et al., 1995). At present,
and during other interglacia periods, the Amazon River terrigenous
sediments are deposited predominantly on the inner continental shelf
(Flood, Piper, Klaus, et ., 1995). Only pelagic sediments, therefore,
accumulate on the Amazon Fan during interglacia periods. During
glacial periods, thelower sealevel causesthe outflow of the Amazon
River to shift to the northeast, allowing sediment to feed directly into
the Amazon Submarine Canyon, and hence into the fan complex (Da-
muth and Fairbridge, 1970; Damuth and Kumar, 1975). Changing sea
levels thus control the sedimentation regime of the Amazon Fan. It
has also been suggested that rapid changes in sea level destabilized
the shelf and the Amazon Fan sediments, causing the many mass-
transport deposits found in the Amazon Fan (Maslin and Mikkelsen,
this volume).

This switching on and off of terrigenous sediment supply to the
Amazon Fan has amajor impact on sedimentation rates. On average,
the sedimentation rates for the Holocene are similar to open ocean
rates, ~2 to 5 cm/k.y., whereas the glacial sedimentation rates range
from 1to >50 m.y., at least three orders of magnitude greater than in-
terglacial rates (Mikkelsen and Maslin, thisvolume). Theglacial sed-
iments of the Amazon Fan thus provide us with unique opportunities

1Flood, R.D., Piper, D.JW., Klaus, A., and Peterson, L.C. (Eds.), 1997. Proc. ODP,
Sci. Results, 155: College Station, TX (Ocean Drilling Program).

2Geologisch-Paléaontologisches Institut, Universitat Kiel, Olshausenstrasse 4

24098 Kiel, Federal Republic of Germany.

to study past climate. First, the sedimentation rates are so high that it
becomes possible to obtain ocean records with aresol ution approach-
ing that of the Greenland ice cores (Dansgaard et a., 1993), that is, a
decadal resolution. Second, it is possible to monitor changes of cli-
mate, hydrology, and vegetation of the Amazon Basin during the | ast
glacial (e.g., the pollen work by Haberle, thisvolume, and Hoorn, this
volume), as well as climate and circulation changes of the western
equatorial Atlantic. The high sedimentation rates, however, aso
make the Amazon Fan sediments a challenge, because the very dy-
namic nature of deep-sea fans makes them notorious for being influ-
enced by reworking. The major concerns are local slumping, flows,
turbidites, and erosion, as well as deposition of older material from
higher up the Amazon Fan complex and from the continental shelf
and dope. Great care is therefore required when choosing site loca-
tions and when interpreting the results, although previous work has
demonstrated that good climatic records can be obtained from the
Amazon Fan, despite these drawbacks (e.g., Damuth, 1975, 1977;
Showers and Bevis, 1988).

One of the key paleoceanographic objectives of Leg 155 was to
try to utilize the exceptional sedimentation rates to obtain high reso-
lution climate records to investigate interglacial-glacial changes in
the circulation of the western equatorial Atlantic Ocean. Thisis be-
cause a key component of the North Atlantic Ocean heat and salinity
budget originates in the southwest Atlantic Ocean. The North Brazil
Coastal Current (NBCC) is the only surface water current known to
crossthe equator, exporting both heat and salinity to the North Atlan-
tic (Metcalf and Stalcup, 1967; Richardson and Walsh, 1986). From
December to June, when wind stress variation causes an increase in
the NBCC transport, the NBCC may extend into the Guyana Current,
which links in with the Caribbean Current (Picaut et a., 1985; Phi-
Yander and Pacanowski, 1986). The NBCC can, therefore, influence

sCurrent address: Environmental Change Research Centre, Department of Geogfi€ temperature and salinity of both the Caribbean and the Gulf of
phy, University College London, 26 Bedford Way, London WC1H OAP, United King- Mexico, the sources of the Florida Current and the Gulf Stream (L ev-

dom. MMaslin@geog.ucl.ac.uk

“Geologisches Institut, Universitat Bern, Baltzerstrasse 1, CH-3012, Bern, Switzer-

land.

itus, 1982). The potential downstream effect of thisis that the cross-
equatorial transport of the NBCC can ultimately affect the character-

5C-14 Laboratory, Department of Physics, Universitat Kiel, 24098 Kiel, Federall StiCs Of the surface waters reaching the Nordic Seas, and thus of the

Republic of Germany.

deep water formed there. Between July and November, the NBCC
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Figure 1. Sketch map showing the present day and the possible glacial seasonal variation in the surface circulation of the western equatorial Atlantic. This study
suggests that the retrofl ection of the NBCC may have had alonger seasonal occurrence when compared with the modern circulation during the last glacia. Dur-
ing some periods, it may have been permanent. Note that the glacial coastline of Brazil has been moved to the 100-m contour line due to the lower sea level.
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recordsfrom piston coresrecovered on the eastern Amazon Fan, have
indicated anumber of well-devel oped negative deviations during the 6°[
late glacial and early Holocene. These have been interpreted as evi-
dence of Amazon River pal eo-discharge events (Showers and Bevis, by
1988). Such deviations seem to be less common on the western part
of the fan, suggesting they may instead represent reduced activity of
the NBCC. These isotopic events potentially represent periods of re-
duced cross-equatorial ocean heat and salt transport, both important
components of global oceanic circulation.

Theam of this study was to produce high-resol ution stable isoto-
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Leg 155 drilled 17 sites on the Amazon Fan (Fig. 2). The selection Py ° ’

of the siteswas based on the multiple aims of theleg, see Flood, Pip- N ﬂ* 3,

er, Klaus, et al. (1995). Sites 932 (5°1R.,747°1.8W, water depth o . %, 3

3334 m) and 933 (5°518, 46°48.7W, water depth 3366 m) were se- ,\,0 (\ * N3 2

lected for this stable isotope study for the following reasons: (1) bo @‘ZT / AO ‘%0

sites in the shallower sections contain levee mud sequences mak IV O'Zr(\ o 3‘ |

them suitable for paleoceanographic studies; (2) the sites have gla 297 15° 270

sedimentation rates high enough to provide high resolution recor
with a time resolution of between 100 and 400 yr at the initial 50-CI Figure 2. Location map of the Amazon Fan sites. Modified from Flood et al..,
sampling intervals; (3) the sedimentation rates are also low enoL 1995; modified from Damuth et a., 1988, and Manley and Flood, 1988.
that planktonic foraminifers can be found in sufficient quantities fc
stable isotope analysis; and (4) the sites are ~25 km apart at a similar
water depth, therefore making it possible to verify isotope excursionBeedee Belemnite (PDB) scale, using the National Bureau of Stan-
by comparing the records of the two sites. This is important, as ordards (NBS) 19 standard. In many cases, the lack of calcium carbon-
of the aims of this study is to investigate short intense climatic changte because of the dilution effects by the extremely high sedimenta-
es. A key problem with Amazon Fan sediments is that climatidion rates (£50 m/k.y.) resulted in very few specimens being mea-
records can contain features that appear to be significant “eventstired (no sample of less than six specimens were run). The gas
but are actually due to reworking, especially turbidites. pressure from the mass spectrometer was thus checked to make sure
there was sufficient material for a reliable measurement. Listed be-
low are six planktonic foraminifer species that were analyzed, and the
METHODS discrete size fraction the specimens were picked fi@hobiger-
inoides ruber (250-300um), G. trilobus (300-350 um), G. sacculi-
Samples of 20 cirwere taken aboard ship approximately everyfer (300-350um), Neogloboquadrina dutertrei (300-350um), Pul-
50 cm. Care was taken not to take samples from disturbed sectionslemiatina obliquiloculata (350-400 um), andGloborotalia truncatu-
areas identified as turbidites (Flood, Piper, Klaus, et al., 1995). Thiénoides (300-350um). These six species were chosen primarily for
samples were freeze dried and then wet sieved throughim@3esh  their relatively high abundance in the Amazon Fan sediments (Flood,
sieve. The samples were then dry sieved at discrete intervals betweriper, Klaus, et al., 1995), and also because they represented a range
250 and 40Qum, depending on which planktonic foraminifer speciesof water depths from the near-surface dwellers down to thermocline
were picked. The oxygen and carbon isotopes of the planktonic forawellers. Moreover, the number of foraminifer species and speci-
minifers were measured using a Finnigan MAT 251 mass-spectronmens varied greatly throughout Sites 932 and 933 sediments because
eter at Kiel University. The Kiel laboratory uses a Carbo-Kiel prepaof the large fluctuations in sedimentation rate and subsequent dilution
ration line, that is an automated system where acid is added to indiy terrestrial sediment. By analyzing all the key planktonic species,
vidual samples and reacted at 90°C. The analytical reproducibilithowever, it may be possible to obtain a composite isotopic record for
based on replicate measurements of an internal laboratory standardhie last glacial. It should be noted that variations in both the number
+0.04%. ford**C andt0.07 ford®0. All results were calibrated to the of planktonic foraminifers per sample and the low number of speci-

307



M. MASLIN, S. BURNS, H. ERLENKEUSER, C. HOHNEMANN

mens per sample can be sources of considerable error (Trauth, 1995;
Maslin and Hall, unpubl. data). The extreme sedimentation rates of
the Amazon Fan, however, negate there being any bioturbation ef-
fects. Yet, the greatest problem with interpreting any isotopic record
recovered from the Amazon Fan, isisolating the effects of turbidites
and general reworking.

AGE MODELS

One of the major challenges of trying to reconstruct past climates
from fan sediments is building a reliable age model. Unfortunately,
the sediments at Sites 932 and 933 have so few foraminifers that de-
tailed accelerator mass-spectrometry (AMS) #C dating was not pos-
sible. The age models of Sites 932 and 933 were, thus, primarily
based on paleomagnetics. Conventional magnetic stratigraphy of the
Leg 155 Amazon Fan sediments was not possible because of the rel-
ativeyoung ages of the sedimentsrecovered (<460 ka, Mikkelsen and
Madlin, this volume). It has, however, been possible to take advan-
tage of the very high Amazon Fan sedimentation rates and to use sev-
era other less-utilized magnetostratigraphic techniques (Cisowski
and Hall, this volume). These include identification of short periods
of anomalous geomagnetic polarity (i.e., events and excursions) in
the archive-half magnetic remanence record and the recognition of
distinctive patterns in the magnetic remanence intensity.

The Lake Mungo Excursion wasfirst identified from early homi-
nid Australian fireplaces dated at 32 calendar ka. The excursion con-
sists of avery large increase in field strength and a migration of the
apparent geomagnetic pole toward the equatorial South Pacific (Mer-
rill and McElhinny, 1983). The Lake Mungo Excursion has been
identified by apeak in relativeintensity and inclination in both Holes
932A and 933A, and this has been confirmed in discrete samples by

Table 1. Age control points.

Paleomagnetic remanence Age _Holedepth (mbsf)
intensity features (ka) 932A 933A
Peak A 9 5* 4
Peak B 17 8* 12(?)
Peak C 26 15* 2
Peak D 27 18* 35(?)
Peak E 30 20% 45(7)
LowL1 39 26-28(7)  ?
Peak F 425 30(?) ?
Peak G 49 35% ?
Peak H 54 40* ?
LowL2 66 44* ?
Peak | 68 45* ?
Paleomagnetic Age _Holedepth (mbsf)
excursions (ka) 932A 933A
Lake Mungo 32 26* 82
Laschamp 43 27.5* ?

Notes: * = age control points selected for the 932A age model used in this study. The
above data are based on paleomagnetic remanence intensity features, the dates of
which are based on Tric et al. (1992), and paleomagnetic excursions, the dates of
which are based on McHargue et al. (1995).

low seafloor [mbsf]) was chosen to date the top of Hole 932A, and
consisted of 200@. trilobus tests in the >350um size range. This
sample gave an age of 39¥®0 yr, and confirms that a significant
part of the Holocene was recovered at Site 932. The second sample
(155-933A-1H-1, 7674 cm, 0.70 mbsf) was chosen to date the top
of Hole 933A, and consisted of 15@0trilobus tests in the >25Qm

size range. This sample gave an age of 114990 yr and suggests

that at least some of the Holocene was recovered at Site 933. The
third sample (155-932A-3H-6, 224 cm, 23.20 mbsf) was chosen to

Cisowski and Hall (this volume). A second “older” excursion hasconfirm the dating and identification of the Lake Mungo Excursion
been identified from shipboard records and discrete samples in Hoile Hole 932A and consisted of 1350 tests that were a mixtuxe of
932A (Cisowski and Hall, this volume), and this is believed to be thelutertrei andG. truncatulinoides in the >250um size fraction. This
Laschamp Excursion (43 calendar ka). final sample gave an age of 32,730 +3300 yr. Despite the low

Distinct patterns in the archive-half remanence curve were identhumber of tests and the necessity of using more than one species, the
fied aboard ship (Flood, Piper, Klaus, et al., 1995). Since the archiveMS #C date does confirm that the Lake Mungo Excursion (24.9
core measurements were not normalized to any laboratory inducexbsf) has been correctly identified.
remanence, it was not clear at the time whether these reoccurring pat- One biostratigraphic datum was identified in Hole 932A, the dis-
terns were due to synchronous changes in sediment character acrappearance of the planktonic foraminiRerobliquiloculata (Figs. 3,
the fan, or whether they were primarily related to changes in thé) at about 40 ka (Flood, Piper, Klaus, et al., 1995). However, the
strength of the geomagnetic field. Subsequent discrete sample shoi@entifiedP. obliquiloculata datum in Hole 932A does not agree with
based work by Cisowski and Hall (this volume) confirms that the rethe dates provided by the paleomagnetic remanence intensity fea-
manence intensity variations do reflect temporal variations in théures. In fact, the lag®. obliquiloculata test is found 10 m below
geomagnetic field strength. Cisowski and Hall (this volume) havevhere it would be predicted to occur. This could the be the result of
successfully identified 12 intensity features in the Amazon Fan sedthe following: (1) theP. obliquiloculata datum is diachronous across
ments (Table 1). The identifications of these intensity features fothe equatorial Atlantic and may vary between 35 and 50 ka (Prell and
Holes 932A and 933A are shown in Flood, Piper, Klaus, et al. (199%amuth, 1978; Flood, Piper, Klaus, et al., 1995; R. Schneider, pers.
“Site 933" chapter, fig. 15). Using oxygen isotope stratigraphy andomm., 1995); (2) the disappearancé’obbliquiloculata indicates
radio-carbon dating, Tric et al. (1992) were able to date changes irery low numbers of planktonic foraminifers present in the glacial
the “stacked” paleo-remanence intensity records of four Mediterrasections of Site 932, & obliquiloculata usually makes up less than
nean cores. By careful comparison of the Amazon Fan remanence % of the glacial equatorial Atlantic planktonic foraminiferal assem-
tensity records to those of Tric et al. (1992), Cisowski (1995) has e®lage. This may be further compounded by the rapid changes of sed-
timated the date in calendar years of each of these events. imentation rates, so that the disappearande. obliquiloculata in

It was possible to obtain enough planktonic foraminifers to AMSHole 932A may be the result of dilution rather than climate; or (3) the
14C date three samples from Hole 932A. These samples were dated@mnanence intensity features may be incorrectly identified or dated.
the new Leibniz Labor fur Altersbestimmung und Isotopenfors- The age models of Holes 932A and 933A were constructed by lin-
chung, Kiel University, Federal Republic of Germany. The ages arearly interpolating between the age points identified by the rema-
given as convention#C ages calculated with a 5568Lybby half- nence intensity features and the Lake Mungo and Laschamp Excur-
life. The results were corrected for sample preparation contaminatiasions (Fig. 3). The dating of Hole 933A is extremely weak because of
by subtracting the activity measured in Eemian foraminifers pro{1) the difficulty in identifying the remanence intensity features; (2)
cessed in the same way. A general ocean reservoir correctidd®f the conflict between the magnetic remanence intensity feature A and
yr has been made, though it is noted that this may differ both becauttee AMSC date for the top of the core; and (3) the fact that the con-
of location and changes in the rate of deep water ventilation in thinuous sediment record of Site 933 is curtailed by the deep Eastern
past. The first sample (155-932A-1H-1,-P4 cm, 0.19 meters be- Mass-Transport Deposit (EMTD). By extrapolating the sedimenta-
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Figure 3. Age (calendar ka) vs. depth (mbsf) plot for Sites 932 and 933, illustrating the pal eomagnetic-based age model for each site (see Table 1), the AMS *4C
dates converted to calendar years (see text), and the P. obliquiloculata datum identified in Site 932.

tion rate above the Lake Mungo Excursion identified in Hole 933A,
it seemsthetop of the deep EMTD is no older than 33 ka. Because of
the difficulty of dating Hole 933A, presently no attempt has been
made to construct an age model for this site.

The age model for Hole 932A is better constrained, as nine rema-
nenceintensity features and two excursions have been identified. The
Holocene AM S “C date was converted to calendar years using the
method outlined in Sarnthein et al. (1994) and used to constrain the
top of the age model. The deepest intensity feature identified in Site
932 isat 45 m (68 ka), whereas Hole 932A was drilled down to 170
mbsf. Biostratigraphic evidence (i.e., the absence of the G. menardii
complex; Mikkelsen and Maslin, this volume), suggests that the base
of Hole 932A is younger than 85 ka, which would place the base of
Site 932 into the end of the last interglacial or the beginning of the
last glacial. Sedimentological and seismic work suggeststhat the sed-
iment between 47 and 170 mbsf, Unit I1b, is of avery similar charac-
ter, mainly silty clay, and is part of alevee crest of the Channel-levee
System 6B. These results are confirmed by the organic chemistry of
the sediments, which from the carbon i sotopes of total organic carbon
and the lignin concentrations, indicate that all the organic carbon in
Unit I1b is terrestrial, which is characteristic of last glacial Amazon

minifers within the sediments. Within the Amazon Fan, there is usu-
ally an indicator of diluted, massive amounts of terrestrial material.
Also, the sedimentation rate is similar to that found in the adjacent
Site 933 below a depth of 25 mbsf (Fig. 3).

RESULTS
Site 932

The planktonic foraminifer oxygen and carbon isotope records for
the top 60 mbsf from Hole 932A are shown vs. depth in Figures 4 and
5. Fairly complete records have been obtaine@fauber, G. trilo-
bus, N. dutertrei, and G. truncatulinoides; only between 29.5 and
31.0 mbsf were the occurrences of all planktonic foraminifers so low
that no isotope analyses were possible. The top two samples, at 0.19
and 0.74 mbsf, have interglacial-type oxygen isotope values and rep-
resent the low sedimentation rate Holocene sediments, whereas sam-
ples from all other depths have heavy glacial-type oxygen isotope
values (Fig. 4). Th®. obliquiloculata isotope record is curtailed by
its disappearance from the equatorial Atlantic at ~40 ka, although it
reappears at about 11 ka. The isotope recor@s sscculifer andG.

Fan sediments (Gofii, this volum@herefore, the base of Site 932 truncatulinoides are patchy, because of the low overall abundance of
can be no older than 75 ka, which would suggest a sedimentation ragkanktonic foraminifers and their low percentage occurrence within
of over 18 m/k.y. This is consistent with the lack of planktonic fora-the glacial planktonic foraminifer assemblage. The most significant
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features of the planktonic carbon isotopic records (Fig. 5) arethe neg- three indicate that the foraminifers in the MTD have oxygen isotope

ative excursions. One occurs at about 2 mbsf during the deglacial, values halfway between the Holocene and LGM values. This indi-

seen most clearly inthe G. trilobus and N. dutertrei records. The oth- cates either that the sediment from the deep EMTD was mainly

er isagroup of excursions between 16 and 24 mbsf, and is seen most formed during early oxygen Stage 3 (or any other early glacial peri-

clearly in the G. truncatulinoides and N. dutertrei records. od) when sea level was still relatively high, or that there is a lot of
mixing between interglacial and glacial material within the MTD.

Site 933 The abyssal benthic foraminifers are absent from the deep EMTD,

except for the very top, where they gave values heavier than for the

The planktonic foraminifer oxygen and carbon isotopes for Hole LGM. Again this could reflect reworking of older material or second-
933A are shown vs. depth in Figures 6-8. Fairly complete recordary calcification of the tests.
have been obtained for five of the six isotope records for the top 35
mbsf. Below 35 mbsf, the sedimentation rates are so high that very
few planktonic foraminifers were found in the normal 20team- DISCUSSION
ples. The results below 35 mbsf were obtained from the very large Deglacial Negative Carbon | sotopic Event
core-catcher samples (70 to >10Cgnihe top sample, at 0.21 mbsf,
has an interglacial-type oxygen isotope value and represents the low Both the Site 932 and 933 planktonic foraminifer carbon isotopic
sedimentation rate Holocene sediment, whereas all the other samptesords contain a significant negative deviation (0-2%w») at ~12
above the deep EMTD have heavy glacial-type oxygen isotope val5 ka (Figs. 3, 5, 8). The average glacial-interglacial change in oce-
ues (Fig. 6). Thé&ulleniatina obliquiloculata isotope record is cur- anic carbon isotope composition is ~0.4%. (Maslin et al., 1995a), so
tailed by its disappearance from the equatorial Atlantic at about 4the negative deviation observed in the Amazon Fan sediment must
ka, although it reappears at about 11 ka. The glacial planktonic for&tave a more local cause. There could be three possible causes of the
minifer oxygen isotope records do contain significant positive anatarbon isotope event: (1) a change in surface water productivity; (2)
negative excursions (Fig. 7). When these excursions are examinedan increase in the terrestrial organic carbon discharged by the Ama-
detail (Fig. 7), it seems that all five planktonic oxygen isotope recordson River; or (3) significant release of gas hydrates into the water col-
have a positive excursion (up to 1.5%o) at ~32 mbsf. In comparisoymn.
G. ruber and G. sacculifer have positive excursions at 22 mbsf,  The only way surface water productivity could have caused the
whereasG. trilobus, N. dutertrei, andG. truncatulinoides have neg-  negative carbon isotope event is if it crashed, releasing aiGren-
ative excursions. In the case of the negative excursions, values ttiehed organic carbon stored in the photosynthate. The diatom
same as or lighter than the Holocene values occur, which would repMikkelsen, this volume), nannofossil (Maslin and Mikkelsen, this
resent a massive increase in surface water temperature (6.5°C) ova@ume), and planktonic foraminifer species abundance (Maslin and
freshening (1.5%o; Duplessy et al., 1992), both of which are unlikelyMikkelsen, this volume) evidence from the Amazon Fan sediments
in the western tropical Atlantic. Events of such a magnitude are natuggests that glacial surface water productivity was extremely low,
seen in the isotope records of Hole 932A, although the sedimentatiorear “blue” ocean levels, and there is no evidence for radical changes.
rate in Hole 932A is much lower. The implied magnetic dating ofit is, therefore, difficult to conceive of a mechanism that could have
these cores suggests that this excursion at 32 mbsf in Hole 933A lastduced productivity any lower, and thus caused the isotopic event.
ed less than 500 yr. A detailed examination of the cores revealed no Another explanation for this negative deviation is an increase in
evidence of turbidites or other forms of reworking (Flood, Piperthe amount of “light” terrestrial organic carbon being brought into the
Klaus, et al., 1995; R. Hiscott, pers. comm., 1995). However, thigtlantic Ocean by the Amazon River. Bird et al. (1992) have estimat-
does not exclude the possibility that the samples were affected t®d that the average isotopic content of the organic matter entering the
very fine turbidites that are extremely hard to identify (Piper andAmazon River from the Amazon Basin is betwei%. and-30%o,
Deptuck, this volume). So at present it is not known whether these ekempared with the present surface ocean average of about 0%. (Mas-
cursion are real or are caused by secondary calcification and/or rén et al., 1995a). If we assume that the carbon isotope shift was be-
working. The opposite deviations in the records at 22 mbsf and theveen 1%. and 2%, it would mean an average relative increase of 5%
values above those of the Holocene, however, strongly suggest terrestrial organic matter in the water column.
working or secondary calcification. To increase the relative amount of terrestrial organic matter in the

The major feature of the Hole 933A carbon isotopic records (Figwater column either surface water productivity must drop, which has
8) is the massive negative deviation of up to 2%., at ~7 mbsf. Accordalready been discounted, or the sediment discharge of the Amazon
ing to the age model, this is between 9 and 17 ka. This is very simil&iver must have increased. The approximate timing of the carbon
to the deviation recorded in Hole 932A, and there are no accompanigotopic event, 1215 calendar ka, is similar to the first major temper-
ing deviations in the oxygen isotope records and no sedimentologicature increase observed in the Huascaran (Peru) icé'€0reecord
evidence to suggest that this is not a real feature. at 13 to 15 calendar ka (Thompson et al., 1995). The increase in the

The oxygen isotope records of planktonic foraminifers in the deepluascaran (Peru) ice cas®O record also coincides with first major
EMTD, and the underlying interglacial deposit at Site 933, are showrise in sea level documented by Fairbanks (1989), that is, meltwater
in Figure 6. The planktonic foraminifer oxygen isotope results indi-event |, suggesting a connection between the deglaciation of the
cate that the interglacial deposit has “lighter” values than the undeAndes and the ice sheets of the Northern Hemisphere. The first stage
lying glacial levee muds. However, these values do not, in generah the deglaciation of the Andes may therefore have caused an in-
reach the same level as the Holocene. This may indicate either thaease in the Amazon River discharge, and thus increased the organic
the deposit represents the very beginning or end of an interglacial pexatter sediment load to the western equatorial Atlantic. With a tem-
riod, or that there was reworking of heavier glacial material into thgporary increase in the discharge of the Amazon River, a freshening
deposit. Maslin and Mikkelsen (this volume) have suggested thatnd therefore lighted'®O signal, would be expected in the Amazon
both are likely because (1) the nannofossil evidence suggest the int€ian sediments. However, the negative carbon event seems to occur
glacial deposit is a curtailed sequence, and (2) the reworking hypotheeval with a positive deviation of the oxygen isotope records. This
esis is supported by the benthic foraminifer oxygen isotopes result®uld be explained by the following: (1) only the sediment load of the
(Vilela and Maslin, this volume), as only glacial values were recordAmazon River increased because of meltwater flushing; and/or (2)
ed in the interglacial deposit. The sparsity of planktonic foraminiferthe Amazon River discharge did increase, but Sites 932 and 933 are
in the deep EMTD means that only the isotope records ofiber, too far away to register the effect; and/or (3) other circulation chang-
G. trilobus, and N. dutertrei could be generated (Figs. 6, 10). All es involving the NBCC mask the discharge signal; or (4) there was
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no increase in terrestrial organic matter discharge by the Amazon
River, and the negative carbon isotope event was caused by increased
gas hydrates in the water column.

The third possible cause of the negative carbon isotope event is
the release of significant amounts of gas hydrates into the water col-
umn. It has been suggested by Maslin and Mikkelsen (this volume)
that sea-level changes could have destabilized gas hydrate reservoirs
in the Amazon Fan. Maslin and Mikkelsen (this volume) have placed
the last occurrence of the near-surface Eastern and Western Debris
Flows (Flood, Piper, Klaus, et al., 1995) during Termination | (13-15
calendar ka), coincidental with the carbon isotope event. The current
suggestion is that sea-level rise, associated with the initia stages of
thelast deglaciation, destabilized the gas hydrate reservoirs and over-
burdened the aready over-consolidated Amazon Fan sediments,
causing massive failure. To give some scale of the slope failure that
occurred, each one of these debris flows covers an area of up to
10,000 square miles, reaches a maximum thickness of 200 m, and
consists of approximately 5 x 10* Gt of sediment. During the degla-
ciation at approximately the same time as the carbon isotope event,
two of these massive failures occurred. If gas hydrates are the
primary cause, then it must be considered that there are many such re-
leases as both the Site 932 and 933 planktonic 6'*C records show
many such negative deviations. The most significant occur between
about 26 and 32 ka (Figs. 5, 8).

Glacial Positive Oxygen | sotope Events

To better assess the oxygen isotope records of Site 932, they were
al combined into acomposite record. Thiswas done by removing the
smaller data gaps and the inconsistenciesin the sampling by applying
a Gaussian interpolation using weighted duplicates with a sample
spacing of 50 cm (same resolution as the sampling) and a window
size of 150 cm to the isotopic records. Only the most compl ete oxy-
gen isotope records were used; in the case of Site 932, this included
G. ruber, G. trilobus, N. dutertrei, and G. truncatulinoides. These
records were interpolated, normalized (maximum range -1 to +1),
and then combined by averaging the four different records. The com-
bined and normalized planktonic oxygen isotope record was placed
on the Site 932 age model and isshown in Figure 9. However, it must
be remembered that this record has many drawbacks. Firgt, it has
combined isotopic records of planktonic species from very different
depth habitats. Thus, the inclusion of species that lie just above or
within the thermocline mean that it will not be possible to monitor sa-
linity changes at the very surface. Second, numerous data gaps occur
in each of the individual records, so that events or features could be
missed or artificially enhanced.

The combined record in Figure 9 indicates that there are positive
oxygen isotope deviations during the last glacial. If the timing of
these are compared with that of the well-known Heinrich events of
the North Atlantic (Heinrich, 1988; Bond et al., 1992, 1993; Maslin
et a., 1995h), then there seems to be a tentative correlation (Fig. 9).
Unfortunately, the Site 932 age model and the drawbacks of the com-
bined isotope record make it difficult to confirm such a correlation.

We suggest that if the Site 932 positive 580 deviations are rea
features, they may have been caused by an increase in surface water
salinity because of an increase in the intensity and the prolongation
of the retroflection of the NBCC. The main controlling force on the
direction and intensity of the NBCC is the prevailing winds (i.e., the
southeast trade winds; Picaut et al., 1985; Philander and Pacanowski,
1986). At present, because of the distribution of land mass around the
Atlantic, the southeasterlies push the Intertropical Convergence Zone
(ITCZ) (where the southeast and northeast trade winds meet) into the
Northern Hemisphere. This effect is much stronger in the summer in
the Northern Hemisphere (Saha, 1973; Barry and Chorley, 1985). It
isthis penetration of the ITCZ into the Northern Hemisphere during
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the summer that drives the NBCC across the equator into becoming
part of the Guyana Current, thus feeding into the Caribbean Current
(Picaut et a., 1985; Philander and Pacanowski, 1986). It has been
shown that the global wind system during the last glacial was more
zona because of the greater thermal gradient between the high and
low latitudes (e.g., COHMAP, 1988; Lautenchlager and Herterich,
1991; Seidov and Maslin, in press). More zonal glacial southeast
trades would result in the reduced penetration of the ITCZ and thus
of the NBCC into the Northern Hemisphere (Fig. 1). If the NBCC
was periodically prevented from entering the Northern Hemisphere,
this would reduce the export of salinity and lead to heavier surface
water oxygen isotopes, that is, the positive 30 deviations.

We suggest that periodically the thermal gradient between the
high and low latitudes increased; thus increasing the zonal compo-
nent of the southeast and northeast trade winds, and reducing the
northward penetration of the ITCZ. This would have curtailed the
cross-equatorial export of the NBCC and may have resulted in con-
tinual NBCC-retroflection. A possible cause for this periodic in-
creased latitudinal thermal gradient isthe Heinrich events. During the
Heinrich events, a huge amount of ice rafting occurs, and freshwater
isreleased into the North Atlantic, thus chilling the surface waters as
far south as 4050°N to nearly freezing (Robinson et al., 1995; Mas-
lin et al., 1995hb).

Much more work is required on the Amazon Fan sediments to col-
laborate the Site 932 positive oxygen isotope deviations. Only then
can the theory outlined in this study of linking the Heinrich event via
the tropical wind system, to the circulation patterns of the equatorial
western Atlantic, be explored in greater depth.

CONCLUSIONS

The Amazon Fan provides the opportunity to obtain the climatic
records of the last glacial-interglacial cycle at a resolution approach-
ing that of the Greenland ice cores. This preliminary study indicates
that there are major drawbacks to reconstructing past climate from
Fan sediments, such as reworking, and the difficulty of age model-
ling. Itis stressed that precautions such as isotope analysis of multiple
planktonic foraminifer species and detailed sedimentological work
(Flood, Piper, Klaus, et al., 1995) are required if complete records are
to be obtained and possible sections of reworking are to be identified.
Sites 932 and 933 planktonic foraminiferal carbon isotope records
have provided evidence of a distinct negative deviation during Ter-
mination | (13-15 calendar ka). We suggest that this could have been
caused by an increase in the sediment discharge of the Amazon River
because of the deglaciation of the Andes and/or the release of signif-
icant quantities of gas hydrates as large parts of the Amazon Fan sed-
iment column fail because of increased sea level. Positive deviations
occur in the composite Site 932 oxygen isotope record, the timing of
which seem to coincide with the Heinrich events. However, there are
considerable doubts over the validity of the composite record, the
Site 932 age model, and the possible effects of reworking. If the pos-
itive deviations and this tentative correlation with Heinrich events are
confirmed, we suggest that the deviations may be caused by an al-
most permanent retroflection of the North Brazilian Coastal Current.
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