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ABSTRACT

Three holes of 200 to 300 m in length (Holes 938A, 940A, and 942A) drilled during Ocean Drilling Program Leg 155 on
the Amazon Fan have provided very expanded hemipelagic sediment records from crests of abandoned channel-levee systems.
These sediments were analyzed for total organic and inorganic carbon contents, the δ13C ratios of total organic carbon, as well
as δ18O and δ13C ratios of planktonic foraminifers, to evaluate western Atlantic paleocirculation and fan sedimentation pro-
cesses with respect to upper Quaternary climate and sea-level change.

The foraminifer isotope records match the well-known pattern observed in cores from the open ocean and thus allow confir-
mation of preliminary shipboard bio- and magneto-stratigraphic chronologies. Isotopic excursions detected in the planktonic
records in relatively undisturbed sediment sections can be related to similar events observed in the Southern Ocean, off south-
west Africa, and in the Caribbean Sea. This indicates that changes in North Brazil Current hydrography off the Amazon River
are closely connected to fluctuations in oceanwide surface circulation. There is no clear evidence for freshwater discharge
events in the isotope records.

Organic and inorganic chemistry confirm the previous models of fan sedimentation for the last 140 k.y. Only during the
maximum sea-level highstands was fan sedimentation dominated by fluxes of marine calcium carbonate and organic matter.
During lowstands, below a threshold sea-level fall of 40 to 50 m, terrigenous input dominated the sedimentation via distributary
channel-levee systems, with fan growth occurring at very high rates (~5 to 20 m/k.y.). Consistently low δ13C values of ~1‰–
27‰ for the organic matter in all glacial deposits suggest that the Amazon River load was transported directly to the upper and
middle fan during sea-level lowstands, and not partially westward with the North Brazil Current as is the case of the modern
ocean.
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INTRODUCTION

Objectives

During Ocean Drilling Program (ODP) Leg 155, 34 holes at 17
sites were drilled on the Amazon Fan. The retrieved upper Quaterna-
ry sediments were expected to record fan growth patterns and chang-
es in overlying oceanic circulation and river discharge in relation to
sea-level and climate fluctuations. Based on shipboard biostrati-
graphic, paleomagnetic, and sedimentological investigations, a pre-
liminary fan chronology for the last 250 k.y. was established (Flood,
Piper, Klaus, et al., 1995), and it became obvious that it would be pos-
sible to assign different fan lithologies and their spatial distribution
to distinct climatic periods and states of sea level.

Previous investigations on short piston and gravity cores (~10 m
in length) documented that, during the transition from the last glacial
maximum (LGM) to the Holocene, a dramatic change in sediment
composition occurred all over the Amazon Fan. Damuth and Kumar
(1975) described this change as a succession from dark gray greenish
terrigenous muds characterizing glacial sedimentation into brownish
carbonate-rich pelagic clays of Holocene age. The same pattern was
found in the uppermost meter in every hole drilled during Leg 155
(Flood, Piper, Klaus, et al., 1995). The Holocene and older intergla-
cial sea-level highstands are recorded by pelagic calcareous clays that
were deposited across the entire fan at sedimentation rates of ~0
0.10 m/k.y., whereas deposition of terrigenous sediments took p
on the continental shelf. During glacial sea-level lowstands, sedim
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tation of terrigenous clays, silts, and sands prevailed, distributed
several turbidite channel systems over the upper and lower fan (M
ley and Flood, 1988; Fig. 1). Drilling of levee sequences associa
with distributary channels showed that levees built by active chann
accumulated at rates of 5–20 m/k.y., in contrast to the bioturba
hemipelagic muds that cover the levee crests of abandoned cha
at rates of 1–3 m/k.y.

From the short sediment cores previously recovered, it w
known that this change in sediment source is documented not on
the organic matter vs. calcium carbonate content, but also in the
ble carbon isotopic composition of bulk organic matter (δ13Corg) all
over the fan (Showers and Bevis, 1988; P.J. Müller, unpubl. da
Holocene sediments are characterized by low total organic car
(TOC) contents with carbon isotope ratios near −20‰, whereas sed-
iments from the LGM contain higher amounts of TOC with isoto
ratios about −27‰. The isotope ratios thus, on average, represent
classical end-member values typical for marine-produced and ter
trial organic carbon, respectively (e.g., Fontugne and Duples
1986). The carbonate contents vary inversely to the TOC conte
with very low carbonate concentrations in LGM terrigenous se
ments and higher concentrations in the more pelagic Holocene s
ments. Extending the short records obtained by gravity or piston c
ing, the cores drilled during ODP Leg 155 provided the opportun
to study whether this simple model of two different sediment sour
was valid for longer than the LGM to Holocene period. Records
geochemical and isotopic proxies, several hundred meters in len
document the input of terrigenous organic matter vs. pelagic fluxe
marine organic carbon and carbonate and may help to elucidate
pattern of fan growth in correlation to global climate change and 
level over more than the last 20 k.y.

Even though the Amazon Fan is mostly built up of very rapid
deposited and reworked sediments, it was expected that hemipe
sediment sequences from levee crests of abandoned channel sy
319

Next ChapterNext Chapterontentsontents



R.R. SCHNEIDER ET AL.

-
ct to
ple
ous
re
r

ra-

r-
 al.,

ilar
DB
tan-
-

am-
e).

 of
would allow paleoceanographic reconstructions of western Atlantic
surface waters at a time resolution much higher than was obtained
from the pelagic sediment records off Northeastern Brazil (e.g., Cur-
ry, Shackleton, Richter, et al., 1995; Ceara Rise, Leg 154). From the
pre-Leg 155 studies on short cores, it was also clear that the main
identifiable contribution from pelagic marine sources to the glacial
fan sediments would be planktonic foraminifers. The foraminifers are
thus the primary tool to relate fan growth and sedimentary facies to
global climate change using their stable isotope ratios and faunal
composition (see Showers et al. and Maslin et al., this volume). We
investigated the δ18O and δ13C signals from planktonic foraminifers
to find evidence for upper Quaternary changes in western tropical At-
lantic surface waters, which may be related to fluctuations in river
discharge and/or cross-equatorial surface circulation in conjunction
with the North Brazil Current (NBC).

Selected Sites

Organic carbon and carbonate weight percentages (wt%), δ13Corg

values, and planktonic foraminifer δ18O and δ13C values were deter-
mined for the sediments retrieved from Holes 938A, 940A, and
942A. The selected sites represent areas of the upper eastern and cen-
tral fan, as well as the western middle fan (Fig. 1). These sites were
chosen because they were recovered from ancient channel-levee
complexes previously mapped (Damuth et al., 1988) and, according
to shipboard studies, comprise a wide range of levee sedimentation
rates (Flood, Piper, Klaus, et al., 1995). Only these channel-levee
sediments were thought to provide more or less undisturbed and tur-
bidite-free sediment records.

Site 942 from the crest of an abandoned levee was intended to pro-
vide a hemipelagic reference section on the western part of the fan to
study Atlantic paleoclimate and paleocirculation patterns. Of the sites
selected, levee sedimentation rates at Site 942 were lowest; the upper
70 m of Hole 942A probably spanning the last 130 k.y. Below that
core depth, levee sedimentation rates were much higher and more
similar to those from the central and eastern channels of the Amazon
Fan. At the upper eastern fan, Site 938 was chosen, located on the
flank of the western levee of an abandoned channel-levee system
from the LGM. The 310-m-long sediment record cored in Hole 938A
probably covers the last 50 to 60 k.y. and was expected to provide a
very expanded, but still hemipelagic, paleoclimatic record. A less
hemipelagic record, with the highest sedimentation rates and contain-
ing the transition from the LGM to the Holocene, was expected from
Site 940. Located on the flank of the eastern levee of the youngest
channel-levee system, the Amazon Channel (Fig. 1), Site 940 was
chosen to understand levee growth with respect to sea-level rise from
a glacial to an interglacial. The sediment record does not reach sedi-
ments older than 40 ka at 209 meters below sea floor (mbsf), the bot-
tom of Hole 940A.

METHODS

Foraminifer Stable Isotopes

All samples were selected from pelagic carbonate-rich muds and
hemipelagic clayey silts or silty clays, whereas sandy or silty turbid-
ites were avoided during sampling. Foraminifer samples were taken
at depth intervals of roughly 50 cm at Sites 938 and 942, whereas at
Site 940, sample spacing is about every 1.50 m. Inspection of wet-
sieved samples (>150-µm mesh size) revealed that only the upp
m of sediment from Hole 942A and the Holocene sections fro
Holes 938A and 940A contained sufficient amounts of foraminife
for isotope analysis on single species from each sample. To enh
the number of data points for glacial sediments from Hole 938A, f
aminifers out of two or three neighboring samples were combined
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obtain the amount of CaCO3 sufficient for isotope analysis. The sta
ble isotope data of combined samples are reported with respe
core depths that were linearly averaged from individual sam
depths (see Table 1). For Site 940, affected by a very high terrigen
dilution, only the core catcher samples with a wet volume of mo
than 50 cm3 provided enough tests from an individual foraminife
species for stable isotope analysis.

Stable oxygen and carbon isotope ratios of the planktonic fo
minifer Globigerinoides ruber (pink) were measured for Sites 938
and 940 using a FINNIGAN MAT 251 and an automated Kiel ca
bonate preparation line at Bremen University (e.g., Schneider et
1994). For Site 942, isotope data are from Globigerinoides sacculifer
measured at North Carolina State University (Raleigh) with a sim
technique. Calibration of the lab internal standard gas to the P
standard scale was achieved using NBS (National Bureau of S
dards, Wien) 18, 19, and 20 CaCO3 standards. The analytical preci
sion (± 1σ) based on replicate analyses of an internal CaCO3 lab stan-
dard is better than 0.07‰ and 0.05‰ for δ18O and δ13C, respectively.
The isotope data are listed in Table 1 with the exception of the s
ples from Site 942 that are reported in Showers et al. (this volum

Organic Carbon, Carbonate, and δ13Corg

In core sections from Hole 942A, samples of 10 cm3 were taken
for organic and inorganic carbon chemistry at depth increments
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Figure 1. Location map showing the Leg 155 site positions in relation to
morphologic features of the Amazon Fan. Modified from Flood, et. al., 1995;
modified from Damuth et al., 1988, and Manley and Flood, 1988. 
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~50 cm, whereas from Hole 938A, they were taken at increments of
~150 cm. Sampling on sediment sections from Hole 940A was more
irregular according to the distribution of hemipelagic and turbiditic
intervals. At the latter site, δ13Corg measurements were carried out
only on shipboard carbonate samples.

Total carbon (TC) and TOC values were obtained by combustion
at 1050°C, using a HERAEUS CHN-O-Rapid elemental analyz
following standard procedures described in Müller et al. (1993). T
carbonate content of the samples was calculated from the differ
between TC and TOC and expressed as calcite [CaCO3 = 8.33 · (TC
− TOC)]. TOC and CaCO3 values are reported in percent dry weigh
not corrected for the salt content. The relative precision of the m
Table 1. Stable oxygen and carbon isotope ratios of G. ruber. in samples from Holes 938A and 940A. 

Notes: Data for Hole 938A are reported vs. average core depth (mbsf) according to a combination of individual samples for isotope analyses (see Methods). Data for Hole 940A only
compose core catcher samples. All values are given in per mil (‰) vs. PDB.

Hole 938A Hole 938A Hole 938A Hole 940A 

Depth
 (mbsf) δ18O (‰) δ13C (‰)

Depth
 (mbsf) δ18O (‰) δ13C (‰)

Depth
 (mbsf) δ18O (‰) δ13C (‰)

Depth
 (mbsf) δ18O (‰) δ13C (‰)

0.23 −1.84 1.97 68.30 −0.36 1.46 142.40 −0.83 1.23 0.13 −1.99 1.69
0.70 −1.46 1.73 69.30 −0.39 0.84 142.90 −0.95 1.43 0.5 −1.03 1.11
1.20 −1.57 1.68 71.15 −0.42 1.18 143.40 −1.00 1.40 1 −0.85 0.76
1.73 −1.08 1.44 71.64 −0.10 1.03 143.90 −1.05 1.22 1.95 −0.87 0.78
2.20 −1.15 0.78 72.15 −0.27 0.47 146.16 −0.52 0.86 2.46 −0.98 0.17
2.70 −1.62 1.46 72.94 −0.49 1.01 147.55 −0.89 0.47 2.75 −1.26 1.26
3.23 −0.91 0.53 73.48 −0.43 0.81 148.80 −0.67 0.79 1.3 −0.59 0.48
3.70 −0.84 0.35 74.36 −0.48 0.91 148.99 −0.48 0.56 31.48 −0.75 0.91
4.20 −0.81 1.00 75.07 −0.47 0.65 153.76 −0.72 0.96 39.7 −0.39 −0.15
4.73 −0.56 −0.10 76.39 −0.53 0.57 154.00 −0.79 0.75 50.69 −0.6 0.48
5.20 −0.31 −0.52 77.09 −0.32 0.81 154.50 −0.95 0.90 58.71 −0.2 0.49
5.97 −0.27 −0.40 77.80 −0.53 0.60 155.00 −0.82 0.60 68.52 −0.54 0.35
6.92 −0.65 0.43 78.84 −0.33 1.25 155.30 −0.92 1.27 77.01 −0.76 0.69
8.05 −0.25 −0.16 79.34 −0.45 0.66 155.65 −0.85 1.09 84.5 −0.21 0.54

11.05 −0.88 −0.55 79.79 −0.60 0.46 160.56 −0.76 0.95 93.24 −0.05 −0.02
13.33 −0.22 0.16 80.59 −0.54 0.62 161.32 −0.65 0.97 110.83 −0.15 0.87
15.63 −0.33 0.55 81.25 −0.25 0.75 162.03 −0.73 1.06 120.55 −0.18 0.25
16.80 0.02 0.39 82.09 −0.49 0.81 163.06 −0.77 1.07 129.96 −0.11 0.3
16.85 −0.07 0.63 82.94 −0.32 0.81 164.83 −0.45 1.17 149.33 −0.34 0.1
18.72 −0.11 0.59 83.70 −0.30 0.87 172.59 −0.78 0.16 160.37 −0.03 0.23
19.72 −0.07 0.16 84.30 −0.49 1.07 174.79 −0.63 0.60 167.5 0.12 0.43
20.82 0.07 0.70 84.80 −0.48 0.57 181.44 −0.35 0.09 172.26 −0.19 0.43
22.23 0.08 0.93 85.20 −0.49 0.83 182.74 −0.32 0.49 187 0.02 0.45
24.48 −0.36 1.26 85.87 −0.19 −0.02 185.96 −0.59 0.96 209.53 −0.17 0.15
26.69 −0.19 1.00 86.71 −0.32 0.59 187.13 −0.53 0.23 217.77 −0.06 0.44
26.91 0.01 0.85 87.34 −0.52 1.03 189.50 −0.35 0.68 224.28 −0.26 0.66
28.04 −0.24 0.94 87.97 −0.22 0.17 195.34 −0.44 0.82 236.14 −0.06 0.62
28.59 −0.30 0.84 88.66 −0.50 1.44 201.77 −0.60 0.72 247.93 −0.23 0.89
29.22 −0.35 0.15 89.71 −0.35 0.80 203.25 −0.50 0.93
29.88 −0.26 0.52 90.14 −0.58 0.77 204.95 −0.26 0.48
30.04 −0.11 0.88 90.74 −0.67 1.18 206.17 −0.47 0.51
30.69 −0.27 0.68 91.22 −0.60 0.49 206.69 −0.44 0.94
31.39 −0.31 0.06 92.13 −0.53 0.97 207.74 −0.26 0.68
31.54 −0.27 0.64 93.83 −0.68 0.57 214.30 −0.37 0.36
32.31 −0.42 1.04 94.36 −0.42 0.07 216.30 −0.58 0.53
32.76 −0.45 0.87 94.77 −0.18 0.41 220.53 −0.44 0.30
33.04 −0.10 0.56 95.27 −0.41 0.42 222.13 −0.25 −0.24
33.61 −0.30 0.81 95.86 −0.52 0.86 224.87 −0.47 0.59
34.18 −0.34 1.18 96.52 −0.44 0.39 231.84 −0.40 0.24
34.54 −0.11 0.09 98.02 −0.43 0.62 234.23 −0.53 .77
35.21 −0.12 0.24 98.96 −0.53 0.59 242.97 −0.59 1.10
35.71 −0.16 0.68 102.52 −0.10 0.48 244.47 −0.54 1.12
37.05 −0.10 0.73 106.16 −0.86 0.28 245.99 −0.63 0.83
38.26 −0.21 0.62 110.27 −0.27 0.85 247.25 −0.54 0.70
40.63 −0.11 0.86 118.07 −0.70 0.59 249.01 −0.54 1.18
41.60 −0.04 0.34 118.69 0.61 0.96 250.27 −0.68 0.83
42.10 −0.26 0.72 119.57 −0.60 0.41 250.80 −0.58 1.18
42.60 −0.15 1.03 122.44 −0.19 0.40 255.85 −0.68 0.84
43.98 −0.11 1.13 123.46 −0.28 0.17 257.11 −0.65 0.52
45.78 −0.04 0.95 123.72 −0.54 −0.09 257.90 −0.32 0.41
46.56 −0.15 0.55 124.67 −0.28 0.43 260.57 −0.48 1.04
49.04 −0.35 0.88 126.20 −0.43 0.43 266.22 −0.60 0.92
52.56 −0.34 0.70 126.72 −0.27 −0.10 269.01 −0.44 0.68
54.03 −0.36 0.78 127.18 −0.05 0.05 270.23 −0.54 0.62
55.22 −0.31 0.46 130.60 0.15 −0.59 274.64 −0.60 0.73
56.41 −0.48 0.86 132.75 −0.18 −0.27 284.70 −0.70 0.50
59.45 0.01 1.19 135.05 0.04 −0.74 288.62 −0.34 0.41
63.83 0.01 0.58 136.60 −0.33 0.52 293.35 −0.23 1.13
64.80 −0.32 1.24 137.91 −0.35 0.71 297.40 −0.21 0.37
64.99 −0.09 1.14 138.46 −0.50 0.87 301.95 −0.42 1.30
66.30 −0.41 1.10 138.54 −0.51 0.54 305.26 −0.06 1.50
67.29 −0.20 0.83 141.40 −0.79 0.84 306.13 −0.33 1.07
67.80 −0.36 1.17 141.90 −0.97 1.41
er,
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surements, based on duplicates and control analysis of a lab inte
reference sediment sample (WST2), was better than 3%.

The stable carbon isotope composition of TOC (δ13Corg) was de-
termined with a FINNIGAN MAT delta E mass spectrometer and
HERAEUS CHN-Rapid elemental analyzer interfaced by an au
mated trapping box. Sample preparation was equivalent to that 
formed for TOC analyses (Müller et al., 1993). The overall analytic
precision (± 1σ, based on duplicates and repeated analyses of the
internal WS1 standard) was better than 0.1‰. The δ13Corg values are
reported in standard notation relative to PDB. All data for TOC a
carbonate content, as well as for δ13Corg, are listed in Table 2 with re-
spect to sample depths in mbsf.
321
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Table 2. Total organic (TOC) and inorganic carbon (CaCO3) contents, and δ13Corg values from Holes 938A, 940A, and 942A reported vs. corrected
depths. 

Hole 938A Hole 942B Hole 940A

Core, section, 
interval (cm)

Depth 
(mbsf) Remarks TOC CaCO3 d13Corg

Core, section, 
interval (cm)

Depth 
(mbsf) Remarks TOC CaCO3 d13Corg

Core, section, 
interval (cm)

Depth 
(mbsf) TOC CaCO3 d13Corg

1H-1, 8−9 0.08 Ship 0.52 31.5 −20.05 1H-1, 50−56 0.5 942C 0.32 41.4 −19.2 1H-1, 4−6 0.04 0.47 29.62 –20.96
1H-1, 20−22 0.20 0.43 33.8 −20.47 1H-1, 83−88 0.83 942C 0.51 19.4 −20.6 1H-1, 18−20 0.18 0.49 33.74 –21.75
1H-1, 68−70 0.68 0.45 21.2 −21.59 1H-1, 92−94 0.92 0.68 3.7 −23.47 1H-1, 28−30 0.28 0.51 7.77 –23.72
1H-1, 118−120 1.18 0.66 2.8 −24.35 1H-1, 137−139 1.37 0.85 1.1 −26.71 1H-1, 75−80 0.74 0.56 5.85 –23.42
1H-2, 20−22 1.70 0.69 1.2 −25.63 1H-2, 6−7 1.56 Ship 0.81 1.4 −26.34 1H-2, 15−20 1.62 0.82 0.61 –27.31
1H-2, 68−70 2.18 0.9 0.2 −27.12 1H-2, 31−33 1.81 0.81 0.7 −25.98 1H-2, 75−80 2.21 0.84 0.76 –27.30
1H-2, 118−120 2.68 0.86 0.4 −27.17 1H-2, 81−83 2.31 0.78 0.9 −26.79 1H-2, 120−125 2.65 0.87 0.65 –27.44
1H-3, 20−22 3.20 0.86 1 −27.13 1H-2, 131−133 2.81 0.92 1.2 −26.22 2H-1, 79−84 3.56 0.87 1.94 –27.56
1H-3, 68−70 3.68 0.92 0.9 −27.2 1H-3, 16−18 3.16 0.96 0.6 −26.99 2H-3, 80−85 6.46 0.89 2.17 –27.58
1H-3, 118−120 4.18 0.95 1.1 −27.36 2H-1, 25−27 4.05 0.91 1.4 −26.71 2H-5, 90−97 9.44 0.98 2.62 –27.65
1H-4, 20−22 4.70 0.95 1.2 −27.38 2H-1, 74−76 4.54 0.81 6.9 −24.33 3H-1, 86−91 13.16 0.94 1.68 –27.74
1H-4, 40−41 4.90 Ship 0.97 0.8 −32 2H-1, 124−126 5.04 0.71 0.7 −24.16 3H-3, 60−65 15.9 0.85 1.64 –27.63
1H-4, 68−70 5.18 0.95 1.2 −27.49 2H-2, 24−26 5.54 0.80 1.1 −24.85 3H-5, 134−140 19.64 0.94 1.36 –27.71
1H-4, 118−120 5.68 0.97 0.7 −27.38 2H-2, 74−76 6.04 0.65 1.7 −24.46 5H-1, 100−105 32.3 0.97 1.92 –27.66
1H-5, 20−22 6.20 0.94 0.6 −27.27 2H-2, 124−126 6.54 0.59 5.0 −23.45 5H-4, 21−26 34.28 0.92 ? –27.58
1H-5, 60−63 6.60 0.93 0.5 −27.24 2H-3, 24−26 7.04 0.62 1.8 −24.72 5H-7, 100−105 39.07 0.99 2.06 –27.57
1H-5, 118−120 7.18 0.96 0.1 −27.14 2H-3, 73−75 7.53 0.70 3.0 −24.52 6H-1, 21−26 40.99 0.91 2.21 –27.57
2H-1, 25−27 7.83 0.92 1.2 −27.12 2H-3, 124−126 8.04 0.67 1.2 −23.68 7H-2, 98−101 52.02 0.91 2.15 –27.54
2H-1, 75−77 8.29 0.94 1 −27.17 2H-4, 24−26 8.54 0.62 4.2 −23.81 7H-4, 93−96 54.68 0.95 2.82 –27.43
2H-1, 126−128 8.77 0.9 1.4 −27.06 2H-4, 37−38 8.67 Ship 0.78 2.7 −24.29 7H-6, 18−21 56.86 0.85 2.90 –27.45
2H-2, 25−27 9.22 0.87 1.4 −26.97 2H-4, 74−76 9.04 0.79 1.6 −25.21 8H-1, 50−53 60.30 0.88 1.72 –27.12
2H-2, 36−37 9.32 Ship 0.7 4.3 −26.77 2H-4, 124−126 9.54 0.76 0.7 −25.26 8H-4, 70−73 64.91 0.85 2.14 –27.07
2H-2, 76−78 9.69 0.81 1.7 −26.77 2H-5, 24−26 10.04 0.62 7.0 −22.78 9X-3, 80−83 72.97 0.81 1.63 –26.79
2H-2, 126−128 10.15 0.8 1 −26.7 2H-5, 74−76 10.54 0.68 3.2 −24.35 10X-2, 18−22 78.65 0.83 2.02 –27.04
2H-3, 25−27 10.60 0.83 1.2 −26.6 2H-5, 124−126 11.04 0.64 6.7 −23.63 10X-5, 69−72 83.59 1.01 2.06 –27.41
2H-3, 72−74 11.03 0.79 8.6 −26.45 2H-6, 24−26 11.54 0.71 6.1 −23.38 11X-1, 40−43 85.10 0.84 4.12 –27.45
2H-3, 126−128 11.54 0.85 0.6 −26.42 2H-6, 75−77 12.05 0.63 2.8 −23.89 11X-3, 30−33 87.97 1.02 1.74 –27.41
2H-4, 25−27 11.99 0.98 1.2 −27.11 3H-1, 25−27 13.54 0.73 6.2 −23.74 11X-5, 20−23 90.85 1.00 2.30 –27.43
2H-4, 78−79 12.48 Ship 0.99 1.6 −26.9 3H-1, 80−82 14.08 0.50 2.2 −24.67 12X-1, 27−30 94.57 0.95 2.22 –27.30
2H-4, 85−87 12.55 0.97 1.5 −26.99 3H-1, 125−127 14.52 0.73 4.3 −23.81 12X-3, 27−30 97.57 0.92 2.38 –27.26
2H-4, 126−128 12.93 1.01 0.7 −27.04 3H-2, 25−27 15.01 0.62 1.2 −25.47 12X-5, 27−30 100.57 1.01 2.62 –27.30
2H-5, 25−27 13.38 0.96 2.5 −27.09 3H-2, 75−77 15.50 0.71 2.0 −24.46 13X-3, 31−34 107.09 0.84 1.97 –27.24
2H-5, 81−83 13.90 1 1.2 −27.02 3H-2, 124−126 15.97 0.77 1.1 −25.77 14X-3, 37−40 116.87 0.89 2.25 –27.16
2H-5, 126−128 14.31 1 1.8 −27.09 3H-3, 25−27 16.47 0.73 4.2 −23.98 15X-1, 37−41 123.67 0.98 2.51 –27.29
2H-6, 25−27 14.76 0.94 1.2 −27 3H-3, 75−77 16.96 0.67 3.4 −24.25 15X-3, 80−85 127.09 0.50 1.20 –27.04
2H-6, 76−78 15.24 0.91 1.7 −26.92 3H-3, 124−126 17.44 0.82 2.6 −25.00 16X-1, 75−79 133.75 0.77 1.56 –27.17
2H-6, 126−128 15.70 0.92 2.2 −26.96 3H-4, 25−27 17.93 0.65 3.3 −23.81 16X-4, 76−80 137.90 0.86 2.35 –27.07
2H-7, 25−27 16.15 0.96 1.7 −26.92 3H-4, 36−37 18.04 Ship 0.63 3.2 −24.31 16X-6, 39−44 140.09 0.98 2.01 –27.27
2H-7, 76−78 16.62 0.94 1.8 −26.89 3H-4, 75−77 18.42 0.74 4.8 −24.74 17X-2, 84−89 144.94 0.89 2.15 –27.04
3H-1, 26−28 17.36 0.99 1.7 −26.81 3H-4, 124−126 18.90 0.88 1.5 −25.28 17X-5, 56−61 149.16 1.01 3.87 –27.22
3H-1, 75−77 17.85 0.97 2.3 −26.81 3H-5, 25−27 19.40 0.74 0.1 −25.24 18X-1, 80−85 153.00 0.88 1.80 –27.03
3H-1, 126−128 18.23 0.82 2.7 −26.84 3H-5, 75−77 19.88 0.83 1.3 −25.90 18X-3, 47−52 155.65 0.73 1.42 –26.99
3H-2, 22−24 18.80 0.82 2.4 −26.57 3H-5, 124−126 20.36 0.76 0.6 −24.64 18X-3, 79−83 155.97 0.78 2.15 –27.11
3H-2, 78−80 19.24 0.99 1.6 −26.57 3H-6, 25−27 20.86 0.79 4.8 −24.03 18X-5, 70−75 158.73 0.88 3.01 –27.05
3H-2, 117−119 19.61 0.9 2 −26.48 3H-6, 73−75 21.33 0.76 1.3 −25.02 19X-3, 123−128 166.10 0.96 2.26 –27.09
3H-3, 26−28 20.32 0.98 1.7 −26.55 3H-6, 124−126 21.83 0.69 0.5 −25.26 21X-1, 52−58 181.62 0.82 2.01 –27.03
3H-3, 75−77 20.74 0.93 1.9 −26.58 3H-7, 25−27 22.32 0.70 1.7 −25.24 21X-3, 116−122 185.22 0.90 2.59 –27.14
3H-3, 129−131 21.15 0.92 2.3 −26.68 4H-1, 25−27 23.04 0.82 2.2 −25.09 22X-1, 62−68 191.42 0.80 2.84 –26.95
3H-4, 23−25 21.78 0.97 2.2 −26.75 4H-1, 80−92 23.56 0.55 1.9 −25.92 22X-5, 136−142 198.11 0.85 2.35 –26.87
3H-4, 57−58 22.06 Ship 0.89 1.9 −26.84 4H-1, 130−132 24.03 0.73 0.7 −26.77 23X-4, 21−24 204.74 0.79 2.24 –26.91
3H-4, 76−78 22.23 0.93 1.6 −26.52 4H-2, 25−27 24.45 0.77 2.2 −26.01 24X-3, 50−55 213.49 0.70 2.62 –26.92
3H-4, 126−128 22.63 0.96 1.2 −26.55 4H-2, 74−76 24.91 0.72 1.7 −27.04 26X-3, 72−76 233.02 0.71 2.45 –26.81
3H-5, 25−27 23.27 0.96 2.1 −26.47 4H-2, 130−132 25.44 0.72 1.2 −26.19 27X-6, 103−106 247.45 0.62 2.13 –26.86
3H-5, 74−76 23.73 0.93 1.2 −26.55 4H-3, 33−35 25.94 0.77 0.7 −26.59
3H-5, 91−92 23.88 Ship 0.49 1.2 −26.83 4H-3, 69−70 26.28 Ship 0.71 1.4 −26.78
3H-5, 126−128 24.21 0.96 1.2 −26.58 4H-3, 79−81 26.38 0.62 3.1 −23.66
3H-6, 26−28 24.32 0.87 2 −26.29 4H-3, 130−132 26.86 0.79 1.8 −26.88
3H-6, 79−81 24.81 0.96 3.7 −26.76 4H-4, 3−4 27.07 Ship 0.53 4.7 −22.61
3H-6, 128−130 25.27 0.93 1.2 −26.64 4H-4, 25−27 27.28 0.47 2.3 −24.93
3H-7, 23−25 26.25 0.93 1.7 −26.45 4H-4, 79−81 27.79 0.53 7.7 −22.16
3H-7, 76−78 26.71 0.94 1.3 −26.54 4H-4, 130−132 28.27 0.44 10.9 −21.95
4H-2, 15−17 27.14 0.87 2.2 −26.79 4H-2, 148−150 28.65 942B 

Ship
0.43 14.2 −22.34

4H-2, 74−76 27.67 0.89 2.1 −26.75 4H-5, 28−30 28.73 0.51 1.6 −25.44
4H-2, 142−144 28.23 0.92 3.3 −26.77 4H-5, 76−78 29.18 0.49 1.1 −25.51
4H-3, 14−16 28.59 0.85 1.9 −26.62 4H-5, 130−132 29.69 0.47 1.3 −25.48
4H-3, 77−79 29.20 0.85 1.8 −26.75 4H-6, 25−27 30.11 0.46 1.5 −25.49
4H-3, 142−144 29.67 0.91 1.6 −26.66 4H-6, 79−81 30.62 0.48 4.7 −23.53
4H-4, 13−15 30.04 0.96 1.4 −26.8 4H-6, 130−132 31.10 0.47 1.1 −25.10
4H-4, 74−76 30.51 0.95 1.6 −26.63 4H-7, 25−27 31.53 0.56 5.0 −24.73
4H-4, 117−118 30.82 Ship 0.92 1.2 −26.49 4H-7, 75−77 32.00 0.49 2.9 −24.33
4H-4, 144−146 31.06 0.96 1.4 −26.68 5H-1, 26−28 32.56 0.62 1.1 −25.94
4H-5, 8−10 31.44 0.86 1.8 −26.62 5H-1, 47−49 32.76 Ship 0.54 1.3 −25.04
4H-5, 75−77 32.01 0.91 1.3 −26.63 5H-1, 75−77 33.04 0.76 1.1 −25.80
4H-5, 130−132 32.54 0.94 1.5 −26.74 5H-1, 126−128 33.54 0.66 6.0 −24.07
4H-6, 9−10 32.91 0.9 1.8 −26.64 5H-2, 40−42 34.17 0.61 0.7 −25.08
4H-6, 66−68 33.43 0.87 1.7 −26.7 5H-2, 87−89 34.64 0.65 1.2 −25.42
4H-6, 123−125 33.86 0.88 2.2 −26.64 5H-2, 132−134 35.08 0.59 1.5 −25.11
4H-7, 9−11 34.36 0.94 1.2 −26.69 5H-3, 42−44 35.67 0.54 1.9 −25.72
4H-7, 75−77 34.96 0.95 1.8 −26.87 5H-3, 121−123 36.45 0.59 1.2 −26.64
4H-7, 126−128 35.45 0.96 1.5 −26.63 5H-4, 24−26 36.72 0.53 1.3 −26.62
4H-8, 12−14 35.85 0.98 1.3 −26.75 5H-4, 99−101 37.46 0.53 4.7 −23.80
5H-3, 25−28 39.06 0.9 0.5 −26.34 5H-5, 22−24 38.18 0.64 1.2 −26.30
5H-3, 75−78 39.41 0.9 1.2 −26.55 5H-6, 33−35 38.83 0.60 1.3 −26.57
5H-3, 138−140 39.84 1 1 −26.57 5H-6, 88−90 39.37 0.69 1.7 −26.39
5H-4, 25−28 40.52 0.9 0.9 −26.43 5H-6, 125−127 39.74 0.58 0.5 −26.16
5H-4, 45−46 40.71 Ship 0.9 1.5 −26.26 5H-7, 20−22 40.18 0.55 6.4 −23.56
322



 WESTERN ATLANTIC PALEOCEANOGRAPHY
Table 2 (continued). 

Hole 938A Hole 942B

Core, section, 
interval (cm)

Depth 
(mbsf) Remarks TOC CaCO3 d13Corg

Core, section, 
interval (cm)

Depth 
(mbsf) Remarks TOC CaCO3 d13Corg

5H-4, 72−75 40.97 0.9 1.7 −26.47 5H-7, 46−47 40.44 Ship 0.54 8.4 −22.84
5H-4, 126−128 41.43 0.9 1 −26.52 5H-7, 76−78 40.74 0.49 8.7 −22.57
5H-5, 25−28 41.97 0.9 0.8 −26.61 5H-7, 123−125 41.20 0.54 11.4 −22.04
5H-5, 75−78 42.46 0.9 1.2 −26.67 6H-1, 25−27 42.05 0.53 0.1 −23.36
5H-5, 126−128 42.95 0.9 1.2 −26.73 6H-1, 46−47 42.26 Ship 0.36 1.5 −24.68
5H-6, 75−78 43.39 0.9 1.1 −26.64 6H-1, 75−77 42.54 0.51 0.3 −25.12
5H-6, 22−25 43.40 0.9 1.2 −26.66 6H-1, 126−128 43.05 0.44 9.6 −26.03
5H-6, 126−128 44.24 0.9 1.2 −26.68 6H-2, 26−28 43.54 0.32 0.9 −26.27
5H-7, 28−31 44.85 0.9 1.9 −26.61 6H-2, 56−58 43.84 0.46 1.1 −25.86
5H-7, 75−78 45.30 0.9 0.9 −26.59 6H-3, 17−19 44.94 0.40 2.0 −26.44
6H-2, 25−27 46.04 0.9 1 −26.4 6H-3, 56−58 45.33 0.47 1.3 −26.22
6H-2, 75−77 46.49 0.9 0.7 −26.57 6H-4, 145−147 47.69 0.49 1.6 −26.12
6H-2, 126−128 46.95 0.9 1.1 −26.65 6H-5, 29−31 48.03 0.51 1.1 −26.17
6H-3, 25−27 47.39 0.9 0.7 −26.48 6H-5, 135−137 49.08 0.41 1.2 −26.20
6H-3, 75−77 47.83 0.9 0.9 −26.73 6H-5, 140−141 49.13 Ship 0.35 2.0 −25.74
6H-3, 124−126 48.27 0.9 0.7 −26.36 6H-6, 9−11 49.32 0.45 1.4 −26.35
6H-4, 25−27 48.73 0.9 0.6 −26.39 6H-6, 81−83 50.03 0.47 1.4 −26.71
6H-4, 75−77 49.18 0.9 0.6 −26.28 6H-6, 140−142 50.62 0.38 1.1 −26.54
6H-4, 78−79 49.21 Ship 0.8 0.9 −26.3 6H-7, 4−5 50.76 0.45 2.7 −26.35
6H-4, 125−127 49.63 0.9 1.2 −26.36 7H-1, 21−23 51.52 0.50 1.1 −25.84
6H-4, 134−135 49.71 Ship 0.9 0.8 −26.32 7H-1, 118−120 52.45 0.49 1.0 −26.50
6H-5, 25−27 50.08 0.9 0.7 −26.43 7H-2, 47−49 53.22 0.47 1.6 −26.65
6H-5, 81−83 50.58 0.9 3.7 −26.63 7H-2, 114−116 53.87 0.47 1.9 −26.66
6H-5, 125−127 50.97 0.8 1.2 −26.53 7H-3, 35−37 54.56 0.49 1.5 −26.61
6H-6, 27−29 51.44 0.9 1.3 −26.79 7H-3, 109−111 55.28 0.46 1.1 −26.18
6H-6, 75−77 51.87 0.9 1.7 −26.63 7H-4, 35−37 56.00 0.46 1.4 −26.48
6H-6, 125−127 52.32 0.9 1.2 −26.57 7H-3, 109−111 55.28 0.46 1.1 −26.18
6H-7, 25−27 52.77 0.9 1.5 −26.66 7H-4, 35−37 56.00 0.46 1.4 −26.48
6H-7, 75−77 53.22 0.9 1.2 −26.58 7H-4, 80−82 56.44 0.45 1.1 −26.42
6H-7, 125−127 53.66 0.9 1.4 −26.67 7H-4, 111−113 56.74 0.46 1.5 −26.49
6H-8, 26−28 54.12 0.9 1.3 −26.44 7H-4, 115−116 56.78 Ship 0.08 1.3
6H-8, 74−76 54.47 0.9 1.7 −26.76 7H-5, 35−37 57.49 0.52 1.1 −26.57
7H-2, 76−81 56.25 0.9 1 −26.5 7H-5, 142−144 58.53 0.43 1.1 −26.66
7H-3, 76−81 57.73 0.9 1.2 −26.46 7H-6, 5−65 8.65 Ship 0.36 2.2 −26.09
7H-4, 53−54 58.92 Ship 0.9 1.4 −26.38 7H-6, 24−26 58.84 0.52 0.9 −26.27
7H-4, 76−81 59.14 0.9 2.2 −26.57 7H-6, 119−121 59.76 0.48 1.8 −26.70
7H-5, 76−81 60.70 0.9 0.2 −26.4 7H-7, 42−44 60.48 0.52 1.7 −26.59
7H-5, 84−85 60.78 Ship 1 2.2 −26.25 8H-1, 24−26 61.04 0.54 1.8 −26.64
7H-7, 76−81 63.06 0.9 1.2 −26.46 8H-1, 65−67 61.45 0.53 1.0 −26.24
8H-1, 75−80 65.33 0.9 1.5 −26.45 8H-1, 125−127 61.98 0.55 1.2 −26.71
8H-2, 75−80 66.74 0.9 1.3 −26.56 8H-2, 16−18 62.46 0.58 3.2 −26.25
8H-3, 75−80 68.27 0.9 1 −26.58 8H-2, 71−73 62.94 0.51 1.2 −26.21
8H-4, 75−80 69.73 0.9 2.4 −26.88 8H-2, 126−128 63.49 0.51 0.7 −25.65
8H-5, 29−30 70.60 Ship 0.9 0.7 −26.26 8H-3, 25−27 64.05 0.43 1.4 −25.63
8H-5, 58−59 70.84 Ship 1 1 −26.77 8H-3, 75−77 64.55 0.46 0.9 −25.77
8H-5, 75−80 71.00 0.9 1.7 −26.48 8H-3, 125−127 65.05 0.60 1.5 −23.89
8H-6, 75−80 72.49 1 1.7 −27 8H-2, 80−90 65.85 942B 

Ship
0.40 26.2 −22.09

9H-1, 71−75 74.81 1 2.1 −27.03 8H-4, 63−65 65.93 0.25 31.3 −23.13
9H-2, 19−20 75.61 Ship 1.1 1.6 −26.95 8H-2, 120−125 66.08 942B 

Ship
0.34 12.5 −23.09

9H-2, 71−75 76.13 0.9 2.5 −26.84 8H-4, 126−128 66.56 0.59 1.3 −26.07
9H-3, 71−75 77.54 1 2.4 −27.04 8H-5, 35−37 67.15 0.68 0.6 −27.47
9H-3, 86−87 77.69 Ship 1 2.2 −26.86 8H-5, 55−56 67.35 Ship 0.49 1.0 −26.13
9H-5, 71−75 79.34 1 2 −27.17 8H-5, 84−86 67.64 0.83 0.7 −27.00
9H-6, 71−75 80.84 1.1 1.6 −27.11 8H-5, 122−124 68.02 0.81 1.0 −26.89
9H-7, 31−32 81.94 Ship 0.9 2.5 −26.95 8H-6, 25−27 68.55 0.86 0.2 −26.75
9H-7, 71−75 82.34 0.9 1.7 −27.06 8H-6, 85−87 69.15 0.85 0.2 −26.52
10X-1, 65−70 84.25 1 1.8 −26.95 8H-6, 119−120 69.49 Ship 0.69 2.1 −26.02
10X-2, 19−20 85.29 Ship 0.8 3.3 −26.99 8H-6, 130−132 69.60 0.87 0.4 −26.49
10X-3, 65−70 86.42 0.7 1.2 −26.74 8H-7, 13−15 69.93 0.79 0.2 −26.63
10X-4, 15−16 87.42 Ship 0.9 1.7 −27.15 9H-1, 25−28 70.55 0.89 0.6 −26.74
10X-4, 65−70 87.92 1 1.5 −27.13 9H-1, 75−78 71.05 0.87 1.5 −26.61
10X-5, 65−70 89.42 1 1.9 −27.13 9H-1, 126−128 71.56 0.85 0.9 −26.60
10X-6, 65−70 90.69 1 1.7 −27.17 9H-2, 25−28 72.05 0.80 1.2 −26.59
11X-1, 72−77 93.82 0.8 1.7 −26.97 9H-2, 77−79 72.57 0.80 1.6 −26.55
11X-2, 72−77 95.32 1 1.3 −26.98 9H-4, 23−25 72.90 0.78 2.2 −26.39
11X-3, 72−77 96.82 1.1 2.2 −27.12 9H-4, 75−77 73.42 0.90 2.1 −26.65
11X-4, 27−28 97.87 Ship 1 1.7 −26.89 9H-4, 79−80 73.46 Ship 0.71 16.1 −25.97
11X-4, 72−77 98.32 1 2.2 −27.15 9H-4, 126−128 73.93 0.91 2.4 −26.71
11X-4, 106−107 98.66 Ship 0.8 2.2 −27.12 9H-5, 25−28 74.42 0.82 2.7 −26.24
11X-5, 77−82 99.82 1 1.7 −27.18 9H-5, 75−77 74.92 0.87 1.9 −26.58
11X-5, 109−110 100.19 Ship 0.9 3.3 −26.99 9H-6, 16−18 75.25 0.85 1.7 −26.66
11X-6, 72−77 101.28 1 2.2 −27.11 9H-7, 9−11 75.52 0.89 3.0 −26.64
12X-1, 79−84 103.49 1 1.5 −27.1 9H-7, 12−13 75.55 Ship 0.83 3.4 −26.75
12X-2, 80−85 105.00 1 1.7 −27.07 9H-7, 75−77 76.18 0.83 2.0 −26.65
12X-3, 83−88 106.53 1 2.1 −27.21 9H-7, 126−128 76.69 0.92 2.0 −26.65
12X-4, 79−84 107.99 1 2.1 −27.04 10H-1, 26−28 80.04 0.80 4.6 −26.47
12X-4, 85−86 108.05 Ship 0.94 2 −27.05 10H-1, 71−73 80.43 0.88 1.6 −26.68
12X-5, 35−36 109.05 Ship 1.02 2 −26.8 10H-1, 127−129 80.95 0.84 2.4 −26.62
12X-5, 82−87 109.52 1.02 1.8 −27.15 10H-2, 26−28 81.43 0.90 1.7 −26.67
13X-1, 64−69 113.04 0.98 2.1 −27 10H-2, 73−75 81.86 0.73 6.1 −26.34
13X-2, 66−71 114.56 0.95 1.8 −27.06 10H-2, 124−125 82.23 0.86 1.2 −26.67
13X-2, 91−92 114.81 Ship 0.96 2 −26.9 10H-2, 119−121 82.29 Ship 0.57 14.2 −26.47
13X-3, 69−74 116.09 0.85 2.2 −26.8 10H-3, 26−28 82.81 0.76 2.7 −26.58
13X-4, 63−68 117.51 0.77 2.2 −26.81 10H-3, 74−76 83.26 0.74 2.8 −26.61
13X-5, 48−49 118.88 Ship 0.75 1.8 −26.69 10H-3, 126−128 83.74 0.78 2.1 −26.55
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13X-5, 63−68 119.03 0.8 1.7 −26.79 10H-4, 24−26 84.18 0.83 2.4 −26.38
13X-5, 105−106 119.45 Ship 0.85 2.1 −26.65 10H-4, 75−77 84.65 0.89 2.1 −26.85
14X-1, 53−58 122.53 0.99 1.7 −26.91 10H-4, 126−128 85.13 0.74 3.2 −26.79
14X-1, 127−128 123.27 Ship 0.94 1.7 −26.74 10H-5, 26−28 85.59 0.88 1.7 −26.63
14X-2, 53−58 124.03 0.92 0.9 −26.42 10H-5, 61−63 85.91 0.90 2.2 −26.58
14X-3, 53−58 125.53 0.99 1.7 −26.87 10H-5, 66−67 85.96 Ship 0.62 3.6 −26.41
14X-4, 45−50 126.95 0.92 1.7 −26.14 10H-5, 126−128 86.51 0.74 3.7 −26.44
14X-4, 67−68 127.17 Ship 0.77 18.3 −24.56 10H-6, 26−28 86.97 0.89 1.7 −26.62
14X-5, 45−50 128.45 0.97 2 −26.99 10H-6, 76−78 87.44 0.78 2.8 −26.64
15X-1, 39−40 131.97 Ship 0.96 2.1 −26.81 10H-6, 126−128 87.90 0.79 1.8 −26.45
15X-1, 54−55 132.12 Ship 0.92 2.2 −26.83 10H-7, 23−25 88.33 0.84 2.2 −26.85
15X-1, 75−80 132.33 0.95 1.7 −26.67 10H-7, 76−78 88.82 0.64 4.7 −27.26
15X-2, 30−31 133.40 Ship 0.74 6.2 −23.71 11H-1, 14−17 89.44 0.83 4.0 −26.53
15X-2, 75−80 133.85 0.88 0.8 −26.59 11H-1, 52−55 89.76 0.85 2.7 −27.22
15X-3, 75−80 135.21 0.83 3.8 −26.33 11H-2, 16−19 90.15 0.91 2.4 −27.22
15X-4, 75−80 136.71 0.86 1.8 −26.22 11H-2, 52−55 90.51 0.78 3.6 −27.28
15X-5, 75−80 138.21 0.87 1.7 −26.32 11H-2, 111−114 90.97 0.86 3.0 −27.30
16X-1, 75−80 141.95 0.63 0.8 −25.6 11H-3, 25−28 91.74 0.90 1.7 −27.15
16X-2, 3−4 142.73 Ship 0.66 6.8 −23.33 11H-3, 112−115 92.12 0.86 1.7 −27.35
16X-2, 75−80 143.45 0.64 1.1 −27.07 11H-4, 10−13 92.87 0.92 2.5 −27.29
16X-3, 75−80 144.95 0.84 1.2 −27.19 11H-4, 52−55 93.20 0.92 2.5 −27.16
16X-4, 83−88 146.53 0.88 2 −27.22 11H-4, 107−110 93.75 1.00 2.2 −27.20
16X-5, 54−55 147.74 Ship 0.86 1.5 −26.95 11H-5, 4−5 93.97 Ship 0.80 4.5 −26.94
16X-5, 70−75 147.90 0.84 2.7 −27.18 11H-5, 52−55 94.45 1.01 2.1 −27.21
17X-1, 74−79 151.54 0.87 2.2 −27 11H-5, 107−110 95.00 0.91 2.7 −27.23
17X-2, 32−33 152.62 Ship 0.91 4.2 −26.44 11H-6, 25−28 95.68 1.00 2.2 −27.23
17X-2, 75−80 153.05 0.87 1.3 −27.06 11H-6, 52−55 95.95 1.01 2.9 −27.20
17X-3, 75−80 154.55 0.94 2.3 −26.81 11H-6, 107−110 96.50 0.90 2.2 −27.08
18X-1, 25−29 160.65 1.04 2.3 −27.59 12H-1, 26−29 99.05 1.00 2.5 −27.40
18X-1, 70−75 161.10 1.04 2.5 −27.6 12H-1, 76−79 99.54 1.02 2.6 −27.39
18X-2, 26−30 161.64 1.01 2.9 −27.76 12H-1, 125−128 100.02 1.00 2.9 −27.48
18X-2, 70−75 162.08 1.05 2.7 −27.69 12H-2, 26−29 100.32 0.93 3.6 −27.46
18X-2, 110−111 162.48 Ship 1.06 2.5 −27.64 12H-2, 76−79 100.80 1.00 2.2 −27.45
18X-2, 127−132 162.65 1.05 2.8 −27.69 12H-2, 125−128 101.28 0.88 3.2 −27.44
18X-3, 26−30 163.14 1.06 2.8 −27.65 12H-3, 26−29 101.78 0.93 2.5 −27.50
18X-3, 70−75 163.58 0.92 2.4 −27.59 12H-3, 51−52 102.03 Ship 0.82 3.9 −27.13
18X-3, 127−132 164.15 0.97 4.2 −27.77 12H-3, 125−128 102.75 0.93 2.4 −27.60
18X-4, 26−30 164.64 0.98 4.2 −27.65 12H-3, 76−79 102.76 0.72 2.7 −27.39
18X-4, 70−75 165.08 1.04 2.8 −27.69 12H-4, 25−28 103.24 0.96 2.1 −27.65
18X-CC, 25−29 165.78 1.08 3.6 −27.72 12H-4, 73−76 103.71 0.90 2.4 −27.48
18X-CC, 64− 69 166.17 1.02 2.6 −27.54 13X-1, 25−27 104.25 0.87 4.6 −27.47
19X-1, 112−113 171.22 Ship 0.88 1.8 −27.74 13X-1, 76−78 104.76 0.87 3.1 −27.46
19X-2, 94−99 172.54 1.12 2.8 -27.75 13X-1, 125−127 105.25 1.02 2.7 −27.54
20X-1, 65−70 180.45 1.05 3.1 −27.97 13X-2, 26−28 105.76 0.99 2.2 −27.49
20X-2, 60−65 181.90 0.99 4.2 −27.68 13X-2, 76−78 106.26 0.90 2.5 −27.55
20X-2, 125−126 182.55 Ship 0.31 2 −27.22 13X-2, 126−128 106.76 1.00 1.8 −27.47
20X-3, 62−67 183.42 0.96 3.2 −27.61 13X-3, 25−27 107.25 0.99 1.6 −27.64
20X-4, 26−31 184.56 0.97 3.9 −27.77 13X-3, 58−59 107.58 Ship 0.90 3.2 −27.00
20X-4, 74−75 185.04 Ship 1 2.2 −27.53 13X-3, 76−78 107.76 1.02 2.2 −27.64
20X-5, 66−71 186.46 1.04 3.2 −27.64 13X-3, 126−128 108.26 0.84 3.7 −27.27
22X-1, 93−98 197.43 1 3 −27.51 13X-4, 25−27 108.75 0.80 4.7 −27.59
22X-2, 87−93 198.87 1 3.5 −27.56 14X-1, 26−28 110.36 1.00 2.7 −27.63
22X-3, 77−82 200.27 1.01 2.8 −27.6 14X-1, 76−78 110.86 1.05 2.3 −27.58
22X-4, 30−31 201.30 Ship 0.44 2.7 −27.28 14X-1, 126−128 111.36 0.99 1.6 −27.56
22X-4, 64−69 201.64 1 3.2 −27.54 14X-2, 26−28 111.86 0.85 4.7 −27.68
22X-4, 86−87 201.86 Ship 0.97 2.2 −27.56 14X-2, 39−40 111.99 Ship 0.94 2.0 −26.94
23X-1, 75−80 204.25 0.93 2.7 −27.45 14X-2, 78−80 112.38 1.02 2.2 −27.17
23X-2, 45−46 205.45 Ship 1.01 2.2 −27.41 14X-2, 126−128 112.86 1.01 1.7 −27.25
23X-2, 75−80 205.75 1.03 3 −27.47 14X-3, 26−28 113.36 0.95 3.6 −26.68
23X-3, 75−81 206.99 0.96 3.1 −27.45 14X-3, 82−84 113.92 1.02 2.2 −26.78
24X-1, 76−81 213.86 0.93 3.2 −27.44 14X-3, 126−128 114.36 1.01 2.2 −26.73
24X-2, 76−81 215.36 0.85 3.6 −27.27 15X-1, 76−79 120.46 1.02 2.3 −26.86
24X-3, 76−81 216.86 0.76 5.4 −27.46 15X-1, 126−129 120.96 1.10 1.3 −27.10
24X-4, 59−60 218.19 Ship 1 2.6 −27.42 15X-2, 26−29 121.46 1.05 1.7 −27.15
24X-4, 76−81 218.36 1.05 3.6 −27.44 15X-2, 76−79 121.96 1.09 2.0 −27.22
24X-5, 76−81 219.86 1.02 2.7 −27.39 15X-2, 126−129 122.46 1.06 2.1 −27.20
25X-1, 24−30 223.04 0.96 3.3 −27.33 15X-3, 26−29 122.96 1.04 1.9 −27.42
25X-2, 72−78 224.09 1.01 3 −27.34 15X-3, 47−48 123.17 Ship 0.91 2.6 −27.13
25X-2, 104−105 224.41 Ship 0.93 2.2 -27.21 15X-3, 76−79 123.46 1.02 2.0 −27.46
25X-CC, 24−30 225.11 1.05 3.2 −27.37 15X-3, 126−129 123.96 1.04 2.3 −26.85
26X-1, 128−134 233.58 0.99 2.8 −27.33 15X-4, 26−29 124.46 1.07 2.1 −27.29
26X-2, 6−7 233.86 Ship 1.02 2.9 −27.42 15X-4, 76−79 124.96 1.05 2.4 −27.23
26X-2, 37−42 234.17 1.05 2.6 −27.32 15X-4, 126−129 125.42 1.05 2.1 −27.31
27X-1, 73−77 242.53 0.8 3.1 −27.16 15X-5, 26−28 125.96 1.08 2.4 −27.28
27X-2, 73−77 244.03 0.8 3.2 −27.06 16X-1, 26−28 129.56 0.98 1.7 −27.19
27X-3, 75−80 245.55 0.8 3.9 −27.11 16X-2, 86−89 131.66 1.00 2.6 −27.31
27X-4, 45−47 246.75 Ship 0.9 2 −27.08 16X-2, 126−128 132.06 1.03 1.7 −27.41
27X-4, 75−80 247.05 0.9 2.7 −27.19 16X-3, 26−28 132.56 1.03 2.0 −27.32
27X-5, 77−82 248.57 0.9 2.7 −27.16 16X-3, 86−89 133.16 1.07 1.5 −26.88
27X-6, 49−50 249.79 Ship 0.8 1.7 −27.05 16X-3, 129−131 133.59 1.01 2.4 −27.38
27X-6, 77−82 250.07 0.9 2.3 −27.2 16X-4, 26−28 134.06 1.06 2.3 −27.45
28X-1, 71−76 252.11 0.9 2.7 −27.1 16X-4, 76−77 134.56 Ship 0.92 2.9 −27.13
28X-1, 125−130 252.65 0.9 3.2 −27.27 16X-4, 98−100 134.78 1.02 2.3 −27.37
28X-2, 71−76 253.61 0.9 3.2 −27.17 16X-4, 125−127 135.05 1.00 4.1 −27.50
28X-2, 125−130 254.15 0.9 2.9 −27.21 16X-5, 26−28 135.56 1.08 2.3 −27.45
28X-3, 70−75 255.10 0.9 3.7 −27.11 17X-1, 25−28 139.25 1.01 2.5 −27.41

Hole 938A Hole 942B

Core, section, 
interval (cm)

Depth 
(mbsf) Remarks TOC CaCO3 d13Corg

Core, section, 
interval (cm)

Depth 
(mbsf) Remarks TOC CaCO3 d13Corg

Table 2 (continued).
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RESULTS AND DISCUSSION

Foraminifer Oxygen Isotope Records

Oxygen isotope ratios provide stratigraphic information for all of
the investigated sites (see Showers et al., this volume). At all holes
from Sites 942, 938, and 940, foraminifers in sediments of Holocene
age and from the warm interstadials of the penultimate interglacial
are characterized by δ18O values between 1‰–1.5‰ and −2‰,
whereas foraminifers contained in glacial sediments have higher δ18O
values ranging between −0.2‰ and 0.5‰. This allows a clear sepa
ration between sediment intervals representing maximum intergla
and glacial climate conditions, and respective periods of sea-le
highstands and lowstands (Figs. 2–4).

In contrast to climatic extremes, the identification of depth inte
vals representing the periods of intermediate climate conditions 
sea levels, as well as the fixing of stage boundaries or second-o
isotopic events according to the global SPECMAP standard st
(Imbrie et al., 1984; Prell et al., 1986), was very difficult, if not im
possible. Only for the upper 70 m of Hole 942A (Fig. 2), where t
δ18O record is more similar to the standard stack, was identificat
of isotope stages possible for the last 135 k.y. (Showers et al., 19
Notes: Organic carbon isotope ratios are reported in per mil (‰ vs. PDB); “Ship” samples are shipboard carbonate samples measured for comparison. Corrected values from D. Pipe
pers. comm., 1995.

28X-4, 53−54 255.43 Ship 0.9 3.5 −27.21 17X-1, 75−78 139.75 1.08 2.2 −27.48
28X-4, 57−58 255.47 Ship 0.6 2.8 −27.19 17X-1, 125−128 140.25 1.01 3.0 −27.38
28X-3, 125−130 255.65 1 2.2 −27.4 17X-2, 15−18 140.65 1.01 2.1 −27.32
28X-4, 80−85 256.70 0.9 3.5 −27.18 17X-2, 75−78 141.22 1.07 1.4 −27.28
28X-4, 125−130 257.15 0.9 2.8 −27.22 17X-2, 125−128 141.72 1.07 2.3 −27.49
28X-5, 73−79 258.13 0.8 3.6 −27.26 17X-3, 25−28 142.25 1.02 1.8 −27.20
28X-5, 124−130 258.64 0.8 3.2 −27.22 17X-3, 75−78 142.75 1.00 2.1 −27.33
29X-1, 73−77 261.73 0.9 3.9 −27.23 17X-3, 125−128 143.25 1.00 1.7 −27.35
29X-2, 73−77 263.23 0.8 3.4 −27.25 17X-4, 25−28 143.75 1.01 2.1 −27.47
29X-3, 77−81 264.77 0.8 3.3 −27.28 17X-4, 75−78 144.25 0.99 2.7 −27.31
29X-3, 114−115 265.14 Ship 0.8 3.2 −27.37 17X-4, 79−80 144.29 Ship 1.01 2.4 −27.21
29X-4, 68−72 266.18 0.9 3.2 −27.24 17X-4, 125−128 144.75 0.96 2.3 −27.17
29X-5, 68−72 267.68 0.9 3.5 −27.28 17X-5, 14−17 145.14 0.96 2.8 −27.23
29X-6, 50−51 269.00 Ship 0.8 4.3 −27.45 18X-1, 25−27 148.85 1.11 2.2 −27.07
30X-1, 34−35 270.94 Ship 0.9 2.2 −27.25 18X-1, 75−77 149.35 1.08 2.8 −27.18
30X-1, 72−76 271.32 0.9 3.2 −27.3 18X-1, 125−127 149.85 1.12 2.2 −27.22
30X-2, 72−76 272.82 0.9 3.1 −27.22 18X-2, 25−27 150.35 1.11 2.7 −27.13
30X-3, 72−76 274.32 0.9 2.8 −27.23 18X-2, 75−77 150.85 1.11 2.9 −27.17
30X-3, 88−89 274.48 Ship 0.8 2.3 −27.21 18X-2, 125−127 151.35 1.09 2.5 −27.06
30X-4, 72−76 275.82 0.9 4.1 −27.33 18X-3, 25−27 151.85 1.03 2.2 −27.13
31X-1, 57−62 280.95 0.9 3.4 −27.19 18X-3, 75−77 152.35 1.10 2.6 −27.17
31X-2, 75−80 282.45 0.8 3.6 −27.18 18X-3, 125−127 152.85 1.08 3.1 −27.08
31X-2, 102−103 282.72 Ship 0.8 4.2 −26.99 18X-4, 25−27 153.35 1.09 2.9 −27.09
31X-3, 60−62 283.80 Ship 0.9 2.2 −27.32 18X-4, 75−77 153.85 Ship 1.00 2.4 −27.09
31X-3, 75−80 283.95 0.8 3.7 −27.3 18X-4, 53−54 153.89 1.07 3.1 −27.21
32X-1, 75−80 290.65 0.9 4.4 −27.1 18X-4, 125−127 154.35 1.20 2.7 −27.10
32X-2, 75−80 292.15 0.8 4.1 −27.17 18X-5, 25−27 154.85 1.05 2.3 −27.08
32X-3, 75−80 293.65 0.9 3.6 −27.31 18X-5, 75−77 155.35 1.10 2.9 −27.22
32X-4, 75−80 295.15 0.9 3.9 −27.08 18X-5, 125−127 155.85 1.09 3.6 −27.24
32X-4, 93−94 295.33 Ship 0.9 2.2 −27.21 19X-1, 25−27 158.55 1.08 3.2 −27.29
32X−5, 27−28 296.17 Ship 0.8 2.6 −27.32 19X-1, 72−74 159.02 1.09 3.1 −27.24
32X-5, 75−80 296.65 0.8 3.4 −27.17 19X-1, 125−127 159.55 1.05 3.4 −27.16
33X-1, 71−76 300.21 0.8 3.2 −27.2 19X-2, 25−27 160.05 1.04 3.3 −27.11
33X-2, 79−84 301.79 0.8 3 −27.25 19X-2, 77−79 160.57 1.06 2.7 −27.19
33X-2, 146−147 302.46 Ship 0.8 3.7 −26.9 19X-2, 125−127 161.05 1.05 3.2 −27.11
33X-3, 75−81 303.25 0.8 3.1 −27.16 19X-3, 25−27 161.55 0.94 4.2 −27.02
33X-3, 103−104 303.53 Ship 0.8 2.9 −27.22 19X-4, 36−37 161.66 1.07 2.3 −27.29
33X-4, 77−82 304.77 0.7 3 −27.21 19X-3, 75−77 161.75 1.03 1.8 −27.14

19X-3, 125−127 162.25 1.03 2.2 −27.25
19X-4, 25−27 163.05 Ship 0.95 2.9 −27.17
19X-4, 75−77 163.55 1.08 2.2 −27.19
19X-4, 125−127 164.05 1.09 2.1 −27.17
19X−5, 25−27 164.55 1.10 1.7 −27.08
19X-5, 77−79 165.07 1.10 2.2 −27.25
19X-5, 125−127 165.55 1.08 2.6 −27.15
20X-1, 16−18 168.06 1.08 2.2 −27.25
20X-1, 75−77 168.65 1.07 2.4 −27.24
20X-1, 126−128 169.16 1.07 2.7 −27.23
20X-2, 16−18 169.56 1.06 1.9 −27.20
20X-2, 42−43 169.82 Ship 1.01 1.9 −27.12
20X-2, 65−67 170.05 1.03 2.1 −27.22
20X-2, 126−128 170.66 0.94 2.9 −27.10

Hole 938A Hole 942B

Core, section, 
interval (cm)

Depth 
(mbsf) Remarks TOC CaCO3 d13Corg

Core, section, 
interval (cm)

Depth 
(mbsf) Remarks TOC CaCO3 d13Corg

Table 2 (continued).
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During this period, the western part of the fan had been less affe
by terrigenous input than the central fan, where the other two sites
located (Flood, Piper, Klaus, et al. 1995). Extremely high terrigeno
sedimentation rates during glacials produced the 100- to 250-m-th
glacial levee and turbidite sequences that were recovered for iso
Stage 6 at Site 942 from the western fan, for Stages 2 to 4 at Site
from the upper central fan, and for Stage 2 at Site 940 retrieved f
the most recent Amazon Channel complex. This pattern of very h
glacial vs. low interglacial sedimentation rates can be observed 
in the oxygen isotope records. They vary around typically glac
δ18O values over more than 100 m in the glacial core sectio
whereas δ18O values representing the Holocene and the warm int
stadials of isotope Stage 5 are restricted to very short depth inter
of a few meters or less (Figs. 2–4). The variability of δ18O values
within the glacial sediment sections is predominantly attributed
millimeter- to centimeter-thick, silty or sandy turbidites intercalate
in the hemipelagic muds that form the channel-levee sedime
Hence, biases in the isotope records due to reworked foraminifers
very likely. On the other hand, disturbances in the isotope record
planktonic foraminifers seem to be a function of the degree of dis
tion by the small-scale turbidites, which is indicated by the amoun
millimeter-to centimeter-thick silty and sandy layers in the otherw
325
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hemipelagic bioturbated muds (see graphic sections in Figs. 2–4)
assume that at least in the bioturbated hemipelagic muds with
amounts of silt or sand, the stable isotope records roughly re
changes in surface water conditions in the western equatorial Atla
(see also discussion in Showers et al. and Maslin et al., this volu
As silt and sand layers increase in abundance and thickness, the

Figure 2. Graphic illustration of the macroscopic sediment description
(adapted from Flood, Piper, Klaus, et al., 1995) and δ18O stratigraphy (from
Showers et al., this volume) of Hole 942A. Black arrow indicates position of
the respective topmost value.

Figure 3. Graphic illustration of the macroscopic sediment description
(adapted from Flood, Piper, Klaus, et al., 1995) and δ18O stratigraphy of Hole
938A. Black arrow indicates position of  the respective topmost value.
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ability of the stable isotope records decreases. For this reason
best correlation of the δ18O record from Hole 942A with the SPEC-
MAP stack is observed in the depth intervals of 0−25, 28−37, and 63−
75 mbsf (Fig. 2).

A strong glacial to Holocene decrease in δ18O values is document-
ed in the upper 45 m of hemipelagic muds from Hole 938A (Fig. 
At Site 940, the glacial sediments recovered had such low numb
of foraminifers that only a few core catcher samples provided enou
tests of a distinct foraminifer species for stable isotope analysis
depth increments of ~10 m. However, a glacial to Holocene decre
similar to that at Site 938 is obvious as a climate signal in this 2
m-long δ18O record (Fig. 4). When compared with the δ18O record
from Hole 942A, it follows that the bulk sedimentation rate for th
LGM increased by a factor of almost 5, respectively, from the we
ernmost part of the fan to the abandoned eastern levee complex a
938, and again from the latter site to Site 940 on the most recent A
azon Channel-levee Complex. Glacial sedimentation rates simila
those found at Sites 938 and 940 are observed in the western fan
942 only for Stage 6, which suggests an eastward propagation o
main active channel system over the last 140 k.y.

Aside from the glacial to Holocene δ18O decrease of ~2‰, and ig-
noring the high frequency change, the oxygen isotope record fr
Hole 938A reveals a smooth decrease from maximum glacial val
at 20 mbsf to intermediate values of about −1‰ at 150 mbsf, increas-
ing again to more glacial values of ~0.3‰ between 180 mbsf and
bottom (Fig. 3). This pattern presumably represents the climate 
sea-level change from the glacial Stage 4 (highest values at the 
tom) through Stage 3 into the LGM. Lowest values ~150 mbsf sug-
gest a sediment age of ~50 ka corresponding to isotope Substag
in the SPECMAP stack. This age is corroborated by the shipbo
magneto- and biostratigraphy, which delineate the geomagnetic L
Mungo Excursion (~32 ka) and the last occurrence of Pulleniatina
obliquiloculata (>40 ka) at 145 and 149 mbsf, respectively (Floo
Piper, Klaus, et al., 1995). The magnetic age of ~30 ka and the o
gen isotope age of ~50 ka culminate within a relatively narrow de

Figure 4. Graphic illustration of the macroscopic sediment description
(adapted from Flood, Piper, Klaus, et al. 1995) and δ18O stratigraphy of Hole
940A. Black arrow indicates position of  the respective topmost value.
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interval of 5 m. This suggests that intermediate climate and sea-level
conditions during Stage 3 are represented by a very condensed sedi-
ment section compared to those of maximum glacial age during Stag-
es 4 and 2. The more hemipelagic character of bioturbated muds be-
tween 120 and 170 mbsf, in contrast to the turbidite-rich sediments
above and below this interval (Fig. 3, graphic section), supports this
suggestion.

A pronounced excursion to higher δ18O values occurs in Hole
938A at ~135 mbsf (Fig. 3). Because this significant increase in δ18O
values appears in the condensed hemipelagic sediment section, it is
regarded as a real surface-water signal rather than a feature induced
by reworked foraminifers. A similar excursion during Stage 3 in ex-
panded glacial sediment sections has recently been found in plank-
tonic δ18O records from the southwest African Margin (Jansen et al.,
1996; Little et al., in press; Summerhayes et al., 1995). In these latter
records, the δ18O maximum is rather poorly dated between 40 and 50
ka. Moreover, estimates of past sea-surface temperature (SST) in the
eastern South Atlantic show a pronounced minimum at approximate-
ly the same age (Schneider et al., 1995a). In the eastern South Atlan-
tic, this SST minimum, corresponding to the foraminifers’ δ18O max-
imum in Stage 3, indicates an enhanced northward cold-water ad
tion from the Southern Ocean with the Benguela Current (Janse
al., 1996; Schneider et al., 1995a, 1996). A northward shift and in
sification of the Benguela coastal upwelling system was also ass
ated with this advectional event (Little et al., in press). According
the oxygen isotope chronology and the P. obliquiloculata datum, the
δ18O excursion in Hole 938A correlates in age with the cold surfa
water event in the eastern South Atlantic during Stage 3. This ex
sion thus reveals strong evidence that cooling perturbations in
eastern South Atlantic are transferred to the western equatorial A
tic by reduction of heat transport across the equator with the N
Furthermore, taking into account that during Stage 3 the global ic
fect in the δ18O signal was less than in Stage 2, the strong excur
to maximum values at 135 mbsf in Hole 938A may indicate that m
imum cooling in the western Atlantic happened ~40 to 50 ka. and
during the LGM. However, this has to be regarded with caution,
cause we cannot exclude changes in the δ18O signal owing to fresh-
water induced salinity variations off the Amazon outfall, as previo
ly described by Showers and Bevis (1988). Consequently, we n
further information from other proxies that permit reconstruction
vec-
n et
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 to

ce-
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BC.
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temporal changes in freshwater outflow from the Amazon (e.
Schneider et al., 1995b).

Foraminifer Carbon Isotope Records

Attempts to explain variations in planktonic carbon isotop
records are strongly hampered because of the poorly unders
complexity of the genesis of the foraminifer δ13C signal (Hemleben
et al., 1989; Schneider et al., 1994; Kroon and Darling, 1995). In 
leoceanographic reconstructions, changes in the planktonic δ13C sig-
nal are variously attributed to local fluctuations in upwelling intensi
and nutrient concentrations (Kroon and Ganssen, 1989; Sarnth
and Winn, 1990), to variations among atmospheric, terrestrial, a
marine carbon reservoirs (Shackleton, 1977; Shackleton et al., 19
to oceanwide fluctuations in surface and subsurface water CO2 con-
centrations (Berger and Vincent, 1986; Oppo and Fairbanks, 198
or to changing atmosphere-ocean gas exchange rates in high latit
(Charles and Fairbanks, 1990; Charles et al., 1993). In the case o
Amazon Fan δ13C records, this complexity is additionally complicat
ed by repetitive and temporally variable turbidite-rich sediment se
tions. It is thus difficult to attribute the observed fluctuations in th
Amazon records to anyone of the above paleoceanographic chan
Nevertheless, the highly expanded hemipelagic sediment interv
which based on the δ18O records would seem to reflect a relativel
undisturbed oceanographic signal, have the potential to give new
sights into changes in the δ13C composition of dissolved surface sea
water CO2 (δ13C∑CO2) in the western Atlantic.

With the exception of the occasional extreme values, the Amaz
Fan δ13C records of G. ruber at Sites 938 and 940 range between 0‰
and 1.5‰ and are on average ~1‰ lower than those of G. sacculifer
at Site 942. Since the foraminifers analyzed were all from the sa
size fraction, this 1‰ difference between both species may be 
plained by vital effects, especially different fractionation of calci
δ13C with respect to seawater δ13C∑CO2 and different life habitat in the
water column or by season (Kroon, 1988). At Site 942, δ13C values
of G. sacculifer vary between 1‰ and 2.5‰ over the last 125 k.
(Fig. 5). Before Substage 5.5 (125 ka, 68 mbsf in Hole 942A), theG.
sacculifer δ13C record also shows a range of ~1.5‰, but absolute v
ues are shifted by ~0.5‰ to more negative ratios. Such a shift is s
ilarly observed in a stacked planktonic δ13C record representing
Site 942
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Figure 5. Foraminifer δ18O and δ13C records of G. sacculifer (Hole 942A), and G. ruber (Holes 938A and 940A). Black arrows indicate position of respective
topmost value.
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changes in δ13C∑CO2 over the last 260 k.y. in the nutrient-depleted,
western tropical Atlantic (Standard δ13C stack; Curry and Crowley,
1987). In this stacked record, δ13C values of G. sacculifer are ~0.5‰
more negative during late Stage 6 (130−150 ka) compared with the
average over the last 125 k.y., as observed in the record from H
942A. The excursions to more negative δ13C values at 33, 18−22, and
10 mbsf in Hole 942A (Fig. 5) are also present in the Curry and Cro
ley (1987) δ13C stack. The δ13C record from Site 942 is thus very sim
ilar to its equivalents from the open ocean. This suggests that sur
water δ13C∑CO2 changes over the western fan have not been very 
ferent from those in the larger western Atlantic during the upper Q
ternary.

We cannot exclude that planktonic foraminifer records from o
the Amazon estuary may have been affected by freshwater spike
the δ13C signal, as was earlier described by Showers and Bevis (19
for the Amazon and by Pastouret et al. (1978) for the Niger. In c
trast to those studies, however, the negative δ13C excursions de-
scribed here are not accompanied by shifts to lower δ18O values,
which would be expected in case of a strong freshwater signal (P
touret et al., 1978; Showers and Bevis, 1988). A greater detailed
spection of the foraminifer stable isotope records from the Amaz
Fan, including denser sample intervals, may provide more conclu
evidence for freshwater signals in the stable isotope records from
155 sites. Such an effort would also require a more detai
chronostratigraphy and the exclusion of isotopic spikes as a resu
reworked foraminifers. Accelerator mass spectrometry (AMS) 14C
measurements from a short gravity core (GeoB 1513; Showers,
publ. data) have shown age reversals in LGM sediments from 
Amazon Fan that suggest reworking and redistribution of levee s
ments on decimeter to meter scales. Nevertheless, from the data
sented, we argue that observed changes in the planktonic δ13C record
from Site 942 can be considered to approximate the general δ13C∑CO2

signal of surface waters in the western Atlantic, which can itself
attributed to oceanwide reorganization of ocean circulation and/o
changes in δ13C∑CO2 composition (e.g., gas exchange and atmosphe
surface ocean nutrient levels) in source regions of tropical Atlan
surface and subsurface waters (Curry and Crowley, 1987; Oppo
Fairbanks, 1989).

Two negative δ13C excursions, each ~2‰ in amplitude can be o
served in the hemipelagic sediment sections from Hole 938A at
and 139 mbsf (Fig. 5). A similar negative peak is observed in the δ13C
record from Hole 933A for the last deglaciation (Maslin et al., 199
The 2‰ decreases in the Hole 938A record are nearly twice the m
nitude of corresponding peaks in pelagic planktonic δ13C records
from the western Atlantic (Curry and Crowley, 1987). Because th
negative δ13C peaks in the G. ruber record coincide with high glacial-
like δ18O values, rather than with particularly low values, we exclu
enhanced freshwater flux as the mechanism responsible for thes
cursions (see discussion above). Instead, the negative δ13C excur-
sions may reflect changes in the Atlantic large-scale surface circ
tion, including the Benguela Current off Southwest Africa, the Sou
Equatorial Current, and the NBC that flows along the Northeast B
zilian margin into the Caribbean Sea. Evidence for such a circula
signal originates from a few highly expanded planktonic δ13C records
spanning the last 20 k.y. The southernmost records, with a str
negative δ13C shift of ~1‰, are known from the Antarctic polar fron
region and are dated with a radiocarbon AMS age of 13.8 ka (Cha
and Fairbanks, 1990). Farther north, a planktonic foraminifer rec
off Northern Namibia reveals a similar significant δ13C decrease with
nearly the same age (13 ka, conventional 14C method) and magnitude
(Schneider et al., 1992). Following the surface circulation from t
South Atlantic into the western North Atlantic, the δ13C excursion at
5 mbsf in Hole 938A (roughly at 14 ka, according to the δ18O stratig-
raphy) is the next observation of this event. Finally, the same sig
is observed in a new record from the Caribbean Sea (Peterson e
1995). All these records are characterized by much higher sedim
tation rates than pelagic sediments, and because this southern o
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event had a short duration of 500 to 1000 yr (Schneider et al., 19
it is only clearly recorded by δ13C records from very expanded sedi
ment sections. Together, these records point to a negative δ13C∑CO2

signal originating at high latitudes in the southern ocean and be
transferred to the Northern Hemisphere via surface circulation.

The polar front region is a sensitive recorder of variations 
southern ocean nutrient content and atmospheric-sea gas excha
Both processes are presumably documented in the δ13C∑CO2 signal
(Charles and Fairbanks, 1990). Polar surface waters set the 
formed δ13C∑CO2 conditions for northward flowing subsurface waters
which from a simple point of view, feed the coastal and equatorial 
welling areas in the South Atlantic. Past nutrient or atmospheric C2

perturbations in the southern ocean therefore may be reflected
δ13C∑CO2 of the upwelled subsurface waters in South Atlantic u
welling areas and transported via surface currents into the North
lantic. This model is in conflict, however, with another hypothes
that explains strong negative foraminifer stable isotope excursio
during the last deglaciation as the result of excess meltwater flow
the Atlantic induced by melting of tropical and subtropical mounta
glaciers (Showers and Margolis, 1985; Showers and Bevis, 198
Both potential mechanisms need further evaluation with plankton
δ13C records retrieved from outside the Amazon freshwater plum
Additional information on the timing and extension of δ13C excur-
sions is especially needed to enable correlation with other deta
records of changes in Atlantic surface water circulation; for examp
the onset of the conveyor after the LGM (Broecker and Denton, 19
Imbrie et al., 1993).

Organic Carbon, Carbonate, and δ13Corg Records

According to their stratigraphic units, the hemipelagic sedimen
from Holes 938A, 940A, and 942A reveal the opposing patterns
organic and inorganic carbon content, as well as in organic car
isotope character (Figs. 6–8), that are well known from previous st
ies of sediment cores containing the LGM to Holocene period (D
muth and Kumar, 1975; Damuth et al., 1977; Showers and Ang
1986). In general, sediments from intervals representing maxim
warm climate and sea-level highstands that occurred during oxy
isotope Stage 1 and Substages 5.1, 5.3, and 5.5, are characteriz
between 10 and 35 wt% calcium carbonate and 0.2 and 0.4 wt% T
(Holes 938A and 940A: upper 0.5 m; Hole 942A: upper 0.5 m a
66.5 mbsf). In sediments from maximum glacial periods with min
mum sea level (isotope Stages 2, 4, and 6), TOC contents vary
tween 0.8 and 1 wt%, and calcium carbonate concentrations are 
erally less than 3 wt% (Hole 938A: 1−307 mbsf; Hole 940A: 1−248
mbsf; Hole 942A: 1−4 mbsf, 23−7 mbsf, 67−172 mbsf). The δ13Corg

values follow this inverse pattern of TOC and CaCO3 content for the
upper Quaternary climate extremes. Maximum glacial TOC conte
reveal isotope ratios of about −27‰, whereas values ranging betwee
−22‰ and −19‰ are characteristic of TOC-poor sediments from p
riods of maximum warmth and sea-level highstands. Periods of in
mediate climate conditions and sea level, like during oxygen isoto
Stage 3 and Substage 5.2 (6−20 mbsf and 30−40 mbsf, respectively,
in Hole 942A) typically contain slightly more carbonate (5–10 wt%
and less TOC (0.5−0.7 wt%), with intermediate δ13Corg values varying
about −24‰. Also in the hemipelagic sediment sequence betwe
125 and 145 mbsf in Hole 938A, presumably representing oxyg
isotope Stage 3 (compare Figs. 3, 7), there is a tendency for slig
enhanced carbonate contents coincident with reduced TOC con
trations and intermediate δ13Corg values of about −24‰. Sediment
sections containing high amounts of millimeter- to centimeter-thi
silt and sand layers or single decimeter-thick turbidites, illustrated
the dense line pattern in the graphic sections of Figures 6–8, are c
acterized by very low carbonate contents and low (0.05–0.4 wt
TOC contents with δ13Corg values of −26‰ to −28‰. This can be
seen, for example, in Hole 942A between 44−63 mbsf, in Hole 938A
between 170 and 200 mbsf, and in Hole 940A at 130 mbsf.



 WESTERN ATLANTIC PALEOCEANOGRAPHY
Figure 6. Graphic illustration of the macroscopic sediment description (adapted from Flood, Piper, Klaus, et al., 1995) records of CaCO3, TOC, and δ13Corg, and
isotopic stages for Hole 938A. Black arrows indicate position of respective topmost value.

Figure 7. Graphic illustration of the macroscopic sediment description (adapted from Flood, Piper, Klaus, et al., 1995) records of CaCO3, TOC, and δ13Corg, and
isotopic stages for Hole 940A. Black arrows indicate position of respective topmost value.
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Most of the variations observed in the records of TOC, CaCO3,
and δ13Corg can be explained simply by shifts from pelagic carbonate-
rich sedimentation at rates similar to open ocean sites to terrigenous
alluvial fan deposition at very high sedimentation rates (5 to 20 m/
k.y.) and vice versa. Periods of predominant contribution by marine
constituents to the Amazon Fan, in other words times of minimum
terrigenous dilution, are characterized by highest CaCO3 and δ13Corg

values, but lowest TOC concentrations. Carbonate is derived pre-
dominantly from coccolithophorids and foraminifers (Maslin and
Mikkelsen, this volume), and the δ13Corg values are typical for organic
matter produced by marine phytoplankton in the tropical ocean
(Westerhausen et al., 1993; Müller et al., 1993). In Holes 938A a
940A, the pelagic type of sediment is found only in the Holocene s
tions (Figs. 6, 7), as was the case for short gravity or piston cores
vestigated before. The period of highest sea level during the pen
mate interglacial is documented in Hole 942A at ~66.5 mbsf. T
CaCO3 contents and δ13Corg values at that depth in Hole 942A do no
reach Holocene values, most likely because the exact core dept
the penultimate climatic optimum was missed owing to the wi
sampling intervals. The other two sea-level maxima correspondin
Substages 5.3 and 5.1, which were probably on the order of 30 m 
er than at Substage 5.5 (see SPECMAP stack as an indicator fo
ative changes in sea level; Imbrie et al., 1984), are indicated by s
to a sediment character more similar to an interglacial one. T
records from Holes 938A, 940A, and 942A are thus consistent w
the Amazon Fan sedimentation model, that during periods of high
sea level most of the terrigenous Amazon River load is deposited
the shelf or transported westward by alongshore currents and doe
reach the fan (Damuth and Kumar, 1975; Damuth, 1977). In contr
as can be seen from the Hole 942A record (Fig. 8), a drop in sea l
from oxygen isotope Substages 5.5 to 5.4 of only 30–50 m (fr
SPECMAP-based estimates) resulted in erosion of shelf sedim
and a predominance of sandy terrigenous sedimentation over
western fan. Showers and Bevis (1988) similarly estimated that a
level of ~40 m below the modern highstand was the threshold le
Figure 8. Graphic illustration of the macroscopic sediment description (adapted from Flood, Piper, Klaus, et al., 1995) records of CaCO3, TOC, and δ13Corg, and
isotopic stages for Hole 942A. Black arrows indicate position of respective topmost value.
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for cessation of dominantly terrigenous sedimentation over the c
tral fan during the transition from the LGM to the Holocene.

It was suggested earlier by Milliman et al. (1975) that, during p
riods of glacial sea-level lowstand, Amazon sediment dispersal w
guided by shelf-cutting canyons directly to the upper fan (Fig. 9).
glacial sections from Holes 938A, 940A, and 942A, the sediment
terrigenous end-member is defined by the lowest δ13Corg and CaCO3
values, and the highest TOC contents. Under modern conditio
δ13Corg values of −27‰ to −26‰ are characteristic of particulate or
ganic carbon transported in the lower reaches of the Amazon R
(Cai et al., 1988) and deposited in the Holocene mud wedge nea
river mouth (Showers and Angle, 1986). Outer shelf sediments at
forward rim of the prograding Amazon mud wedge reveal heavier v
ues of about −24‰ to −22‰, owing to the mixing of terrigenous car
bon with marine organic matter. Further away from the Amazon o
fall, at the shelf break outside the mud wedge, values of  about −22‰
indicate the growing dominance of marine organic carbon in surf
sediments (Showers and Angle, 1986). The continuously low δ13Corg

values of about −27‰ in glacial sediment sections from the OD
holes (Figs. 6–8) thus corroborate the assumption that, during gla
sea-level lowstands, the terrigenous Amazon sediment load was
rectly transported through the distributary channel systems onto
fan. Otherwise, if the westward transport of Amazon sediments w
also prevalent during glacial sea-level lowstands, we would exp
proportionately more marine organic carbon that would lead to a s
towards heavier δ13Corg values as observed in outer shelf deposits t
day. This may have been the case during phases of intermediat
level, for example, during oxygen isotope Stage 3. However, for m
imum lowstands of sea level, most of the terrigenous Amazon s
ment load was deposited over the fan. The glacial deposits comp
an estimated 99% of sediments retrieved from Holes 938A and 94
indicating the vast amount of terrigenous material transported to
central fan during the isotope Stages 2 and 4. Similar high rates of
restrial deposition occurred in the western fan area during the pe
timate glacial (Stage 6).



 WESTERN ATLANTIC PALEOCEANOGRAPHY

l
on of
d at
w

Noteworthy is the relative constant TOC content between 0.8 and
1 wt%, in glacial terrigenous sediments. These values are similar to
the TOC contents in surface sediments of the mud wedge on the shelf
off the Amazon mouth. This organic matter seems to represent the av-
erage nonrefractory organic residue that survives deposition on the
shelf and later transport to or direct deposition on the upper and mid-
dle fan. No indication exists from bulk δ13Corg values that this organic
carbon residue, sampled preferentially from hemipelagic or turbidite-
free terrigenous levee muds, may contain different plant source ma-
terial that would point to climate-related changes in the vegetation in
the Amazon catchment area (e.g., rainforest or grassland), as was
suggested by Bird et al. (1991). Shifts to more positive δ13Corg values,
observed in more condensed hemipelagic sediment intervals of iso-
tope Substage 5.2 and Stage 3, coincide with reduced TOC and
slightly enhanced CaCO3 contents. Hence, these increases in δ13Corg

are attributed to a decrease of terrigenous dilution of the marine sed-
iment component at times of intermediate climate and sea-level con-
ditions. This would also explain the lower sedimentations rates dur-
ing these climate stages (Flood, Piper, Klaus, et al., 1995: site sum-
maries Holes 938A and 942A; also above discussion of oxygen
isotopes for Stage 3 in Hole 938A; Fig. 2).

CONCLUSIONS

We have investigated sediment records from Leg 155, Sites 938,
940, and 942, in order to gain new insights to hydrographic changes
in western Atlantic surface circulation and to test the model of Ama-
zon Fan sedimentation patterns derived from previously investigated
Figure 9. Model of Quaternary sedimentation off the Ama-
zon River during high- and lowstands of sea level. Arrows 
delineate main routes of sediment dispersal. Dashed line 
refers to present 100 m isobath, which approximates the 
shelf edge (adapted from Milliman et al., 1975).
shorter gravity or piston cores. The results from analysis of TOC and
CaCO3 concentrations, of δ13Corg, as well as δ18O and δ13C values of
the planktonic foraminifers G. ruber (pink) and G. sacculifer (see
also Showers et al., this volume), lead to the following conclusions.

First, stable oxygen isotope records of planktonic foraminifers re-
veal an upper Quaternary pattern similar to those observed in isotope
records from the open ocean and thus confirm the preliminary ship-
board bio- and magneto-stratigraphic chronologies. Moreover, the
isotopic excursions detected in the planktonic δ18O and δ13C records
in relatively undisturbed sediment sections can be tentatively related
to similar events observed in other records from the Antarctic, the
southwest African Margin, and the Caribbean Sea. This suggests that
attended changes in NBC hydrography off the Amazon are closely
connected to fluctuations in oceanwide surface circulation. No clear
evidence is found in support of a freshwater discharge signal in iso-
tope records of planktonic foraminifers.

Second, variations in TOC and CaCO3 content, as well as δ13Corg,
provide clear evidence that the model of fan sedimentation previous-
ly suggested for the last 20 k.y. (Damuth and Kumar, 1975; Damuth,
1977) is also valid for the last 140 k.y. Fan deposition of marine bio-
genic matter vs. terrigenous input is predominantly controlled by up-
per Quaternary sea-level changes. During the Holocene and the pen-
ultimate interglacial maximum (Substage 5.5), corresponding with
sea-level highstands, fan sedimentation was dominated by fluxes of
calcite from coccoliths and foraminifers and of marine TOC with
δ13C values of about −20‰. During glacial and interglacial sea-leve
lowstands (Stages 2, 4, 6, and Substages 5.2 and 5.4), depositi
terrigenous material, including terrestrial organic carbon, occurre
very high rates (~5–20 m/k.y.) along distributary channels. Lo
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δ13Corg values of about −27‰ in all glacial deposits indicate that dur
ing sea-level lowstands, the Amazon River load was discharged
rectly to the upper and middle fan in contrast to the modern situat
where the sediments are being redistributed westward with the N
Conditions intermediate to maximum and minimum sea level are r
resented by condensed sediment sections belonging to oxygen
tope Substage 5.2 and Stage 3. At these periods, terrigenous dil
of the pelagic sediment signal was not as high as during glacial m
ima, which is indicated by organic and inorganic carbon contents 
δ13Corg ratios intermittent between the interglacial and glacial e
tremes.
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