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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 8'3C ratios of total organic carbon, aswell
as 51%0 and O'°C 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 athreshold sea-level fall of 40 to 50 m, terrigenousinput dominated the sedimentation via distributary
channel-levee systems, with fan growth occurring at very high rates (~5 to 20 m/k.y.). Consistently low 83C values of ~1%o—

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.

INTRODUCTION
Objectives

During Ocean Drilling Program (ODP) Leg 155, 34 holes at 17
siteswere drilled on the Amazon Fan. The retrieved upper Quaterna-
ry sediments were expected to record fan growth patterns and chang-
esin 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 a., 1995), and it became obviousthat it would be pos-
sible to assign different fan lithologies and their spatial distribution
to distinct climatic periods and states of sealevel.

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 al 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 cal careous claysthat

were deposited across the entire fan at sedimentation rates of ~0.
0.10 m/k.y., whereas deposition of terrigenous sediments took pla
on the continental shelf. During glacial sea-level lowstands, sedime
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tation of terrigenous clays, silts, and sands prevailed, distributed by
several turbidite channel systems over the upper and lower fan (Man-
ley and Flood, 1988; Fig. 1). Drilling of levee sequences associated
with distributary channels showed that levees built by active channels
accumulated at rates of 5—-20 m/k.y., in contrast to the bioturbated
hemipelagic muds that cover the levee crests of abandoned channels
at rates of 1-3 m/k.y.

From the short sediment cores previously recovered, it was
known that this change in sediment source is documented not only in
the organic matter vs. calcium carbonate content, but also in the sta-
ble carbon isotopic composition of bulk organic mat&iQ,,) all
over the fan (Showers and Bevis, 1988; P.J. Miller, unpubl. data).
Holocene sediments are characterized by low total organic carbon
(TOC) contents with carbon isotope ratios ne2®%., whereas sed-
iments from the LGM contain higher amounts of TOC with isotope
ratios about27%o.. The isotope ratios thus, on average, represent the
classical end-member values typical for marine-produced and terres-
trial organic carbon, respectively (e.g., Fontugne and Duplessy,
1986). The carbonate contents vary inversely to the TOC contents,
with very low carbonate concentrations in LGM terrigenous sedi-
ments and higher concentrations in the more pelagic Holocene sedi-
ments. Extending the short records obtained by gravity or piston cor-
ing, the cores drilled during ODP Leg 155 provided the opportunity

) study whether this simple model of two different sediment sources
Was valid for longer than the LGM to Holocene period. Records of

(ﬁ?eochemical and isotopic proxies, several hundred meters in length,

document the input of terrigenous organic matter vs. pelagic fluxes of
marine organic carbon and carbonate and may help to elucidate the
pattern of fan growth in correlation to global climate change and sea
level over more than the last 20 k.y.

Even though the Amazon Fan is mostly built up of very rapidly
deposited and reworked sediments, it was expected that hemipelagic
sediment sequences from levee crests of abandoned channel systems
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would allow paleoceanographic reconstructions of western Atlantic
surface waters at a time resolution much higher than was obtained
from the pel agic sediment records off Northeastern Brazil (e.g., Cur-
ry, Shackleton, Richter, et a., 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 sedimentswould be planktonic foraminifers. Theforaminifersare
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 Madlin et a., this volume). We
investigated the 8'80 and 6*3C signals from planktonic foraminifers
to find evidence for upper Quaternary changesin western tropical At-
lantic surface waters, which may be related to fluctuations in river
discharge and/or cross-equatoria surface circulation in conjunction
with the North Brazil Current (NBC).

Selected Sites

Organic carbon and carbonate weight percentages (wt%), 8%°C,,
values, and planktonic foraminifer %0 and 6*3C 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 previousy mapped (Damuth et al., 1988) and, according
to shipboard studies, comprise a wide range of levee sedimentation
rates (Flood, Piper, Klaus, et a., 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 wasintended to pro-
vide a hemipelagic reference section on the western part of the fan to
study Atlantic pal eoclimate 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 | evee growth with respect to sea-level risefrom
aglacial to an interglacial. The sediment record does not reach sedi-
ments older than 40 ka at 209 meters below seafloor (mbsf), the bot-
tom of Hole 940A.

METHODS
Foraminifer Stable | sotopes

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-um mesh size) revealed that only the upper
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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.

obtain the amount of CaG@ufficient for isotope analysis. The sta-
ble isotope data of combined samples are reported with respect to
core depths that were linearly averaged from individual sample
depths (see Table 1). For Site 940, affected by a very high terrigenous
dilution, only the core catcher samples with a wet volume of more
than 50 cri provided enough tests from an individual foraminifer
species for stable isotope analysis.

Stable oxygen and carbon isotope ratios of the planktonic fora-
minifer Globigerinoides ruber (pink) were measured for Sites 938
and 940 using a FINNIGAN MAT 251 and an automated Kiel car-
bonate preparation line at Bremen University (e.g., Schneider et al.,
1994). For Site 942, isotope data are fi@hobigerinoides sacculifer
measured at North Carolina State University (Raleigh) with a similar
technique. Calibration of the lab internal standard gas to the PDB
standard scale was achieved using NBS (National Bureau of Stan-
dards, Wien) 18, 19, and 20 Cag$dandards. The analytical preci-
sion & 10) based on replicate analyses of an internal Ga&l{stan-
dard is better than 0.07%o and 0.05%.38510 andd*3C, respectively.

The isotope data are listed in Table 1 with the exception of the sam-
p)gs from Site 942 that are reported in Showers et al. (this volume).

m of sediment from Hole 942A and the Holocene sections from

Holes 938A and 940A contained sufficient amounts of foraminifers

Organic Carbon, Carbonate, and 5C,

for isotope analysis on single species from each sample. To enhance

the number of data points for glacial sediments from Hole 938A, for-

In core sections from Hole 942A, samples of 10 wrare taken

aminifers out of two or three neighboring samples were combined tfor organic and inorganic carbon chemistry at depth increments of
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Table 1. Stable oxygen and carbon isotoperatios of G ruber. in samples from Holes 938A and 940A.

Hole 938A Hole 938A Hole 938A Hole 940A
Depth Depth Depth Depth
(mbsf) 880 (%0) &3C (%) (mbsf) 50 (%) 53C (%) (mbsf) 380 (%)  &'3C (%) (mbsf) 380 (%)  &'3C (%)
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 14290  -0.95 1.43 0.5 -1.03 1.11
1.20 -1.57 1.68 7115 -0.42 1.18 14340  -1.00 1.40 1 -0.85 0.76
1.73 -1.08 1.44 71.64  -0.10 1.03 14390  -1.05 1.22 195  -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 7436 -0.48 0.91 14899  -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
473 -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 7934  -0.45 0.66 155.65  -0.85 1.09 84.5 -0.21 0.54
11.05  -0.88 -0.55 7979  -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 17259  -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 18950 -0.35 0.68 22428  -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 21430  -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 22487  -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 12620  -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 29335 -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

Notes: Datafor 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 (%o) vs. PDB.

~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, 3°C,,, measurements were carried out
only on shipboard carbonate samples.

Tota carbon (TC) and TOC values were obtained by combustion

surements, based on duplicates and control analysis of a lab internal
reference sediment sample (WST2), was better than 3%.

The stable carbon isotope composition of TGEQ,,,) was de-
termined with a FINNIGAN MAT delta E mass spectrometer and a
HERAEUS CHN-Rapid elemental analyzer interfaced by an auto-
mated trapping box. Sample preparation was equivalent to that per-

at 1050°C, using a HERAEUS CHN-O-Rapid elemental analyzerformed for TOC analyses (Miller et al., 1993). The overall analytical
following standard procedures described in Muller et al. (1993). Therecision £ 10, based on duplicates and repeated analyses of the lab-
carbonate content of the samples was calculated from the differentgternal WS1 standard) was better than 0.1%.. &'f€,, values are

between TC and TOC and expressed as calcite [ca@3B3 - (TC

reported in standard notation relative to PDB. All data for TOC and

- TOC)]. TOC and CaCg@values are reported in percent dry weight, carbonate content, as well as &iC,, are listed in Table 2 with re-
not corrected for the salt content. The relative precision of the meapect to sample depths in mbsf.
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Table 2. Total organic (TOC) and inorganic carbon (CaCOj) contents, and 613C0,g values from Holes 938A, 940A, and 942A reported vs. corrected

depths.
Hole 938A Hole 942B Hole 940A
Core, section, Depth Core, section, Depth Core, section, Depth
interval (cm)  (mbsf) Remarks TOC CaCO3 d*Cyyq interval (cm) ~ (mbsf) Remarks TOC CaCO3 dCyyq interval (cm) ~ (mbsf) TOC CaCOz dCyyq
1H-1,8-9 008 Ship 052 315 -20.05 1H-1, 50-56 05 942C 032 414 -192 1H-1, 4-6 0.04 047 29.62 —-20.96
1H-1, 26-22 0.20 043 33.8 -20.47 1H-1, 8388 0.83 942C 051 19.4-20.6 1H-1, 1820 0.18 049 33.74 -21.75
1H-1, 6870 0.68 045 21.2 -21.59 1H-1, 9294 0.92 0.68 3.7 -23.47 1H-1, 2830 0.28 051  7.77 -23.72
1H-1, 118120 1.18 066 2.8 -24.35 1H-1, 137139 1.37 085 1.1 -26.71 1H-1, 7580 0.74 056  5.85 —23.42
1H-2, 26-22 1.70 0.69 1.2 -25.63 1H-2, 67 156 Ship 081 1.4-26.34 1H-2, 1520 162 082 0.61 —27.31
1H-2, 6870 2.18 0.9 0.2 -27.12 1H-2, 3133 1.81 081 0.7 -25.98 1H-2, 7580 221 084 076 —27.30
1H-2, 118120 2.68 086 0.4 -27.17 1H-2, 8383 231 0.78 0.9 -26.79 1H-2, 126125 265 0.87  0.65 —27.44
1H-3, 26-22 3.20 086 1 -27.13 1H-2, 133133 2.81 092 1.2 -26.22 2H-1, 7984 356 0.87 1.94 -27.56
1H-3, 6870 3.68 092 0.9 -27.2 1H-3, 1618 3.16 0.96 0.6 -26.99 2H-3, 8685 6.46 0.89  2.17 -27.58
1H-3, 118120 418 095 1.1 -27.36 2H-1, 2527 4,05 091 1.4 -26.71 2H-5, 9697 9.44 098 262 —27.65
1H-4, 26-22 4.70 095 1.2 -27.38 2H-1, 7476 4.54 081 6.9 -24.33 3H-1, 8691 13.16 0.94  1.68 —27.74
1H-4, 46-41 490 Ship 097 0.8-32 2H-1, 124126 5.04 071 0.7 -24.16 3H-3, 6665 159 0.85 1.64 —27.63
1H-4, 6870 5.18 095 1.2 -27.49 2H-2, 2426 5.54 0.80 1.1 -24.85 3H-5, 134140 19.64 0.94  1.36 —27.71
1H-4, 118120 5.68 097 0.7 -27.38 2H-2, 7476 6.04 0.65 1.7 -24.46 5H-1,100105 323 097  1.92 -27.66
1H-5, 26-22 6.20 094 0.6 -27.27 2H-2, 124126 6.54 059 5.0 -23.45 5H-4, 2126 3428 092 ? 2758
1H-5, 60-63 6.60 0.93 0.5 -27.24 2H-3, 2426 7.04 0.62 1.8 -24.72 5H-7,100105 39.07 0.99  2.06 —27.57
1H-5, 118120 7.18 0.96 0.1 -27.14 2H-3, 7375 7.53 0.70 3.0 -24.52 6H-1, 2126 4099 091 221 —27.57
2H-1, 2527 7.83 092 1.2 -27.12 2H-3, 124126 8.04 0.67 1.2 -23.68 7H-2, 98101 5202 091 215 -27.54
2H-1, 7577 8.29 094 1 -2717 2H-4, 2426 8.54 062 4.2 -2381 7H-4, 9396 54.68 0.95  2.82 -27.43
2H-1, 126-128 8.77 0.9 1.4 -27.06 2H-4, 3738 8.67 Ship 0.78  2.7-24.29 7H-6, 1821 56.86 0.85  2.90 -27.45
2H-2, 2527 9.22 0.87 1.4 -26.97 2H-4, 7476 9.04 079 1.6 -25.21 8H-1, 5653 60.30 0.88  1.72 -27.12
2H-2, 36-37 9.32 sShip 0.7 4.3 -26.77 2H-4, 124126 9.54 0.76 0.7 -25.26 8H-4, 7673 6491 0.85 214 -27.07
2H-2, 76-78 9.69 0.81 1.7 -26.77 2H-5, 2426 10.04 0.62 7.0 -22.78 9X-3, 8683 7297 0.81  1.63 —26.79
2H-2,126-128  10.15 0.8 1 -26.7 2H-5, 7476 10.54 0.68 3.2 -24.35 10X-2, 1822 78.65 0.83  2.02 -27.04
2H-3, 2527 10.60 083 1.2-266 2H-5, 124126  11.04 0.64 6.7 -23.63 10X-5, 6972 8359 1.01  2.06 —27.41
2H-3, 7274 11.03 079 8.6 —26.45 2H-6, 2426 11.54 071 6.1 -23.38 11X-1, 4643 85.10 0.84  4.12 -27.45
2H-3,126-128  11.54 0.85 0.6 -26.42 2H-6, 7577 12.05 0.63 2.8 -23.89 11X-3, 3633 87.97 1.02  1.74 -27.41
2H-4, 25-27 11.99 098 1.2 -27.11 3H-1, 2527 13.54 073 6.2 -23.74 11X-5, 2623 90.85 1.00 2.30 -27.43
2H-4, 7879 12.48 Ship 099 1.6-26.9 3H-1, 8682 14.08 050 2.2 -24.67 12X-1, 2730 9457 095 222 -27.30
2H-4, 85-87 12.55 0.97 1.5-26.99 3H-1, 125127  14.52 0.73 4.3 -2381 12X-3, 2730 9757 092  2.38 -27.26
2H-4,126-128  12.93 101 0.7 -27.04 3H-2, 2527 15.01 0.62 1.2 -25.47 12X-5,2730 10057 1.01  2.62 -27.30
2H-5, 25-27 13.38 096 2.5 -27.09 3H-2, 7577 15.50 071 2.0 —24.46 13X-3,3#34  107.09 0.84  1.97 -27.24
2H-5, 8183 13.90 1 1.2 -27.02 3H-2, 124126 1597 077 1.1 -25.77 14X-3,3740  116.87 0.89  2.25 -27.16
2H-5,126-128  14.31 1 1.8 -27.09 3H-3, 2527 16.47 0.73 4.2 -23.98 15X-1,3741  123.67 0.98  2.51 —27.29
2H-6, 25-27 14.76 094 1.2 -27 3H-3, 7577 16.96 0.67 3.4 -24.25 15X-3,8685 127.09 0.50  1.20 —27.04
2H-6, 76-78 15.24 091 1.7 -26.92 3H-3, 124126  17.44 0.82 2.6 -25.00 16X-1,7579  133.75 0.77 156 —27.17
2H-6,126-128  15.70 092  2.2-26.96 3H-4, 2527 17.93 0.65 3.3 -23.81 16X-4,7680  137.90 0.86  2.35 -27.07
2H-7, 2527 16.15 096 1.7 -26.92 3H-4, 3637 18.04 Ship 0.63  3.2-24.31 16X-6,3944  140.09 0.98  2.01 -27.27
2H-7,76-78 16.62 094 1.8 -26.89 3H-4, 7577 18.42 0.74 4.8 -24.74 17X-2,8489  144.94 089  2.15 -27.04
3H-1, 26-28 17.36 099 1.7 -26.81 3H-4, 124126 18.90 0.88  1.5-2528 17X-5,5661  149.16 1.01  3.87 —27.22
3H-1, 7577 17.85 0.97 2.3-26.81 3H-5, 2527 19.40 0.74 0.1 -25.24 18X-1,8685 153.00 0.88  1.80 —27.03
3H-1,126-128  18.23 0.82 2.7-26.84 3H-5, 7577 19.88 0.83 1.3 -25.90 18X-3, 4752  155.65 0.73  1.42 —26.99
3H-2, 2224 18.80 082 2.4 -2657 3H-5,124126  20.36 0.76 0.6 —24.64 18X-3,7983 15597 0.78  2.15 -27.11
3H-2, 78-80 19.24 099 1.6 -26.57 3H-6, 2527 20.86 079 4.8 -24.03 18X-5,7675 158.73 0.88  3.01 -27.05
3H-2,117119  19.61 0.9 2 -26.48 3H-6, 7375 21.33 076 1.3 -25.02 19X-3,123128 166.10 0.96  2.26 —27.09
3H-3, 26-28 20.32 0.98 1.7 -26.55 3H-6, 124126  21.83 0.69  0.5-25.26 21X-1,5258  181.62 0.82  2.01 —27.03
3H-3, 7577 20.74 0.93 1.9 -26.58 3H-7, 2527 22.32 0.70 1.7 -25.24 21X-3,116122 185.22 0.90  2.59 —27.14
3H-3,129131  21.15 0.92 2.3-26.68 4H-1, 2527 23.04 0.82 2.2 -25.09 22X-1,6268 191.42 0.80 2.84 —26.95
3H-4, 23-25 21.78 097 2.2 -26.75 4H-1, 8692 23.56 055 1.9 -25.92 22X-5,136142 198.11 0.85  2.35 —26.87
3H-4, 5758 22.06 Ship 0.89 1.9-26.84 4H-1,136132  24.03 073 0.7 -26.77 23X-4,2¥24  204.74 079  2.24 -26.91
3H-4, 76-78 22.23 093 1.6 -26.52 4H-2, 2527 24.45 077 2.2 -26.01 24X-3,5655  213.49 0.70  2.62 —26.92
3H-4,126-128  22.63 0.96 1.2 -26.55 4H-2, 7476 2491 072 1.7 -27.04 26X-3,7276  233.02 0.71  2.45 -26.81
3H-5, 25-27 23.27 0.96 2.1 -26.47 4H-2,130132  25.44 072 1.2-26.19 27X-6,103106 247.45 0.62  2.13 —26.86
3H-5, 7476 23.73 0.93 1.2 -26.55 4H-3, 3335 25.94 0.77 0.7 -26.59
3H-5, 9192 23.88 Ship 049 1.2-26.83 4H-3, 6970 2628 Ship 071 1.4-26.78
3H-5,126-128  24.21 096 1.2 -26.58 4H-3, 7981 26.38 062 3.1 -23.66
3H-6, 26-28 24.32 087 2 -26.29 4H-3,136132  26.86 079 1.8-26.88
3H-6, 79-81 24.81 0.96 3.7 -26.76 4H-4, 34 27.07 Ship 053 4.7-2261
3H-6, 128130  25.27 093 1.2 -26.64 4H-4, 2527 27.28 047  2.3-24.93
3H-7, 23-25 26.25 093 1.7 -26.45 4H-4, 7981 27.79 053 7.7 -22.16
3H-7,76-78 26.71 094 1.3 -26.54 4H-4,136132  28.27 0.44 10.9-21.95
4H-2, 1517 27.14 0.87 2.2 -26.79 4H-2,148150 28.65 942B 0.43 142 -22.34
Ship
4H-2, 7476 27.67 0.89 2.1 -26.75 4H-5, 2830 28.73 051 1.6 -25.44
4H-2, 142144  28.23 092  3.3-26.77 4H-5, 7678 29.18 049 1.1 -25.51
4H-3, 1416 28.59 085 1.9 -26.62 4H-5,130132  29.69 047  1.3-25.48
4H-3, 7779 29.20 085 1.8 -26.75 4H-6, 2527 30.11 046 1.5 -25.49
4H-3, 142144  29.67 091 1.6 -26.66 4H-6, 7981 30.62 048 4.7 -23.53
4H-4,13-15 30.04 0.96 1.4 -26.8 4H-6, 136132  31.10 047 1.1 -25.10
4H-4, 7476 30.51 0.95 1.6 -26.63 4H-7, 2527 31.53 056 5.0 -24.73
4H-4,117118  30.82 Ship 0.92  1.2-26.49 4H-7, 7577 32.00 049 2.9 -24.33
4H-4, 144146  31.06 096 1.4 -26.68 5H-1, 2628 32.56 0.62 1.1 -2594
4H-5, 8-10 31.44 086 1.8 -26.62 5H-1, 4749 32,76 Ship 054 1.3-25.04
4H-5, 7577 32.01 091 1.3 -26.63 5H-1, 7577 33.04 0.76 1.1 -25.80
4H-5,136-132 32.54 094 15-26.74 5H-1, 126128  33.54 0.66 6.0 -24.07
4H-6, 9-10 32.91 0.9 1.8 -26.64 5H-2, 4842 34.17 0.61 0.7 -25.08
4H-6, 66-68 33.43 0.87 1.7 -26.7 5H-2, 8789 34.64 0.65 1.2 -25.42
4H-6,123125  33.86 0.88 2.2 -26.64 5H-2, 132134  35.08 059 1.5-25.11
4H-7, 9-11 34.36 094 1.2 -26.69 5H-3, 4244 35.67 054 1.9 -25.72
4H-7, 7577 34.96 095 1.8 -26.87 5H-3, 123123  36.45 059 1.2 -26.64
4H-7,126-128  35.45 0.96 1.5-26.63 5H-4, 2426 36.72 0.53 1.3 -26.62
4H-8, 12-14 35.85 098 1.3 -26.75 5H-4, 99101 37.46 053 4.7 -23.80
5H-3, 25-28 39.06 0.9 0.5 -26.34 5H-5, 2224 38.18 0.64 1.2 -26.30
5H-3, 7578 39.41 0.9 1.2 -26.55 5H-6, 3335 38.83 060 1.3 -26.57
5H-3,138140  39.84 1 1 -26.57 5H-6, 8890 39.37 069 1.7 -26.39
5H-4, 25-28 40.52 0.9 0.9 -26.43 5H-6, 125127  39.74 058  0.5-26.16
5H-4, 45-46 40.71 Ship 0.9 1.5 -26.26 5H-7, 2622 40.18 0.55 6.4 -23.56
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Table 2 (continued).

WESTERN ATLANTIC PALEOCEANOGRAPHY

Hole 938A Hole 942B
Core, section,  Depth Core, section,  Depth
interval (cm)  (mbsf) Remarks TOC CaCOz d™C,q interval (cm)  (mbsf) Remarks TOC CaCO; d3Cyyq
5H-4, 72-75 40.97 0.9 17 -26.47 5H-7, 46-47 4044 Ship 054 84 -2284
5H-4, 126-128 41.43 0.9 1 -26.52 5H-7, 76-78 40.74 0.49 8.7 -2257
5H-5, 25-28 41.97 0.9 08 -26.61 5H-7, 123-125 41.20 054 114 -2204
5H-5, 75-78 42.46 0.9 12 -26.67 6H-1, 25-27 42.05 0.53 0.1 -23.36
5H-5,126-128  42.95 0.9 12 -26.73 6H-1, 46-47 4226 Ship 036 15 -2468
5H-6, 75-78 43.39 0.9 11 -26.64 6H-1, 75-77 4254 051 03 -2512
5H-6, 22-25 43.40 0.9 12 -26.66 6H-1,126-128  43.05 044 96 -26.03
5H-6, 126-128 44.24 0.9 12 -26.68 6H-2, 26-28 43.54 0.32 0.9 -26.27
5H-7, 28-31 44.85 0.9 19 -26.61 6H-2, 56-58 43.84 0.46 11 -25.86
5H-7, 75-78 45.30 0.9 09 -26.59 6H-3, 17-19 44,94 0.40 20 -26.44
6H-2, 25-27 46.04 0.9 1 -264 6H-3, 56-58 45.33 047 13 -2622
6H-2, 75-77 46.49 0.9 07 -2657 6H-4,145-147  47.69 049 16 -2612
6H-2,126-128  46.95 0.9 11 -26.65 6H-5, 29-31 48.03 051 11 -2617
6H-3, 25-27 47.39 0.9 0.7 -26.48 6H-5,135-137  49.08 041 12 -2620
6H-3, 75-77 47.83 0.9 09 -26.73 6H-5,140-141  49.13 Ship 035 20 -2574
6H-3,124-126  48.27 0.9 0.7 -26.36 6H-6, 9-11 49.32 045 14 -2635
6H-4, 25-27 48.73 09 0.6 -26.39 6H-6, 81-83 50.03 047 14 -2671
6H-4, 75-77 49.18 09 06 -26.28 6H-6,140-142  50.62 038 11 -2654
6H-4, 78-79 4921 Ship 08 09 -263 6H-7, 4-5 50.76 045 27 -2635
6H-4,125-127  49.63 0.9 12 -26.36 7H-1, 21-23 51.52 050 1.1 -2584
6H-4,134-135 49.71 Ship 09 08 -26.32 7H-1,118-120  52.45 049 1.0 -2650
6H-5, 25-27 50.08 0.9 0.7 -26.43 TH-2, 47-49 53.22 047 16 -2665
6H-5, 81-83 50.58 0.9 37 -2663 7H-2,114-116  53.87 047 19 -26.66
6H-5,125-127  50.97 0.8 12 -2653 7H-3, 35-37 54.56 049 15 -2661
6H-6, 27-29 51.44 0.9 13 -26.79 7H-3,109-111  55.28 046 11 -2618
6H-6, 75-77 51.87 0.9 1.7 -26.63 7H-4, 35-37 56.00 0.46 14 -26.48
6H-6,125-127  52.32 0.9 12 -26.57 7H-3,109-111  55.28 046 11 -2618
6H-7, 25-27 52.77 0.9 15 -26.66 7H-4, 35-37 56.00 046 14 -2648
6H-7, 75-77 53.22 0.9 12 -26.58 7H-4, 80-82 56.44 045 11 -26.42
6H-7,125-127  53.66 0.9 14 -26.67 7H-4,111-113  56.74 046 15 -26.49
6H-8, 26-28 54.12 0.9 13 -26.44 7H-4,115-116  56.78 Ship 008 13
6H-8, 74-76 54.47 0.9 17 -26.76 7H-5, 35-37 57.49 052 11 -2657
7H-2, 76-81 56.25 0.9 1 -265 7H-5,142-144 5853 043 11 -2666
7H-3, 76-81 57.73 0.9 12 -26.46 7H-6, 5-65 865 Ship 0.36 22 -26.09
7H-4, 53-54 58.92 Ship 09 14 -26.38 7H-6, 24-26 58.84 052 09 -2627
7H-4, 76-81 59.14 0.9 22 -2657 7H-6,119-121  59.76 048 18 -26.70
7H-5, 76-81 60.70 0.9 02 -264 TH-7, 42-44 60.48 052 17 -2659
7H-5, 84-85 60.78 Ship 1 22 -26.25 8H-1, 24-26 61.04 054 1.8 -26.64
7H-7, 76-81 63.06 0.9 12 -26.46 8H-1, 65-67 61.45 053 10 -26.24
8H-1, 75-80 65.33 0.9 15 -26.45 8H-1,125-127  61.98 055 12 -2671
8H-2, 75-80 66.74 0.9 13 -26.56 8H-2, 16-18 62.46 058 32 -2625
8H-3, 75-80 68.27 0.9 1 -2658 8H-2, 71-73 62.94 051 12 -2621
8H-4, 75-80 69.73 0.9 24 -26.88 8H-2,126-128  63.49 051 07 -2565
8H-5, 29-30 7060 Ship 09 0.7 -26.26 8H-3, 25-27 64.05 043 14 -2563
8H-5, 58-59 7084 Ship 1 1 -26.77 8H-3, 75-77 64.55 0.46 09 -25.77
8H-5, 75-80 71.00 0.9 17 -26.48 8H-3, 125-127 65.05 0.60 15 -23.89
8H-6, 75-80 72.49 1 17 -27 8H-2, 80-90 6585 942B 040 262 -22.09
Ship
9H-1, 71-75 74.81 1 21 -27.03 8H-4, 63-65 65.93 025 313 -2313
9H-2, 19-20 7561 Ship 11 16 -26.95 8H-2,120-125 66.08 942B 034 125 -23.09
Ship
9H-2, 71-75 76.13 0.9 25 -26.84 8H-4,126-128  66.56 059 1.3 -26.07
9H-3, 71-75 77.54 1 24 -27.04 8H-5, 35-37 67.15 068 06 -2747
9H-3, 86-87 7769 Ship 1 22 -26.86 8H-5, 55-56 67.35 Ship 049 10 -26.13
9H-5, 71-75 79.34 1 2 -2717 8H-5, 84-86 67.64 083 07 -27.00
9H-6, 71-75 80.84 11 16 -27.11 8H-5,122-124  68.02 081 10 -26.89
9H-7,31-32 81.94 Ship 09 25 -26.95 8H-6, 25-27 68.55 086 02 -2675
9H-7, 71-75 82.34 0.9 17 -27.06 8H-6, 85-87 69.15 085 02 -2652
10X-1, 65-70 84.25 1 18 -26.95 8H-6,119-120  69.49 Ship 069 21 -26.02
10X-2, 19-20 8529 Ship 08 33 -26.99 8H-6, 130-132 69.60 0.87 04 -2649
10X-3, 65-70 86.42 07 12 -26.74 8H-7, 13-15 69.93 079 02 -2663
10X-4, 15-16 8742 Ship 09 17 -27.15 9H-1, 25-28 70.55 089 06 -2674
10X-4, 65-70 87.92 1 15 -27.13 9H-1, 75-78 71.05 087 15 -2661
10X-5, 65-70 89.42 1 19 -27.13 9H-1,126-128 7156 085 09 -26.60
10X-6, 65-70 90.69 1 17 -27.17 9H-2, 25-28 72.05 080 12 -2659
11X-1, 72-77 93.82 0.8 17 -26.97 9H-2, 77-79 7257 080 16 -2655
11X-2, 72-77 95.32 1 13 -26.98 9H-4, 23-25 72.90 078 22 -26.39
11X-3, 72-77 96.82 11 22 -2712 9H-4, 75-77 73.42 090 21 -2665
11X-4, 27-28 9787 Ship 1 17 -26.89 9H-4, 79-80 7346 Ship 071 161 -2597
11X-4, 72-77 98.32 1 22 -27.15 9H-4,126-128  73.93 091 24 -2671
11X-4,106-107 9866 Ship 0.8 22 -2712 9H-5, 25-28 74.42 082 27 -2624
11X-5, 77-82 99.82 1 17 -27.18 9H-5, 75-77 74.92 087 19 -2658
11X-5,109-110 100.19 Ship 0.9 33 -26.99 9H-6, 16-18 75.25 0.85 17 -26.66
11X-6,72-77  101.28 1 22 -27.11 9H-7,9-11 75.52 089 30 -2664
12X-1,79-84  103.49 1 15 -27.1 9H-7, 12-13 7555 Ship 083 34 -2675
12X-2, 80-85 105.00 1 17 -27.07 9H-7, 75-77 76.18 0.83 20 -26.65
12X-3, 83-88 106.53 1 21 -2721 9H-7, 126-128 76.69 0.92 20 -26.65
12X-4,79-84  107.99 1 21 -27.04 10H-1, 26-28 80.04 080 46 -2647
12X-4, 85-86 108.05 Ship 0.94 2 -27.05 10H-1, 71-73 80.43 0.88 16 -26.68
12X-5,35-36  109.05 Ship 102 2 -268 10H-1, 127-129  80.95 084 24 -2662
12X-5, 82-87 109.52 1.02 18 -27.15 10H-2, 26-28 81.43 0.90 17 -26.67
13X-1, 64-69 113.04 0.98 21 -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 12 -26.67
13X-2,91-92 11481 Ship 09 2 -269 10H-2,119-121 8229 Ship 057 142 -26.47
13X-3,69-74  116.09 085 22 -268 10H-3, 26-28 82.81 076 27 -2658
13X-4,63-68  117.51 077 22 -2681 10H-3, 74-76 83.26 074 28 -2661
13X-5, 48-49 11888 Ship 075 1.8 -26.69 10H-3,126-128 83.74 0.78 21 -2655
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Table 2 (continued).

Hole 938A Hole 942B

Core, section,  Depth Core, section,  Depth

interval (cm)  (mbsf) Remarks TOC CaCO3 d®¥Cyq interval (cm) ~ (mbsf) Remarks TOC CaCOz d*Cyyq
13X-5,63-68  119.03 08 17 -2679  10H-4,24-26 8418 083 24 -2638
13X-5,105-106 11945 Ship 085 21 -2665  10H-4,75-77  84.65 089 21 -2685
14X-1,53-58 12253 099 17 -2691  10H-4,126-128 8513 074 32 -2679
14X-1,127-128 12327 Ship 094 17 -2674  10H-5,26-28 8559 088 17 -2663
14X-2,53-58  124.03 092 09 -2642  10H-561-63 8591 090 22 -2658
14X-3,53-58 12553 099 17 -2687  10H-566-67 8596 Ship 062 36 -2641
14X-4,45-50  126.95 092 17 -2614  10H-5,126-128 86,51 074 37 -2644
14X-4,67-68 12717 Ship 077 183 -2456  10H-6,26-28  86.97 089 17 -2662
14X-5,45-50 12845 097 2 -2699  10H-6,76-78  87.44 078 28 -2664
15X-1,39-40 13197 Ship 096 21 -2681  10H-6,126-128 87.90 079 18 -2645
15X-1,54-55 13212 Ship 092 22 -2683  10H-7,23-25 8833 084 22 -2685
15X-1,75-80  132.33 095 17 -2667  10H-7,76-78 8882 064 47 -27.26
15X-2,30-31 13340 Ship 074 62 -2371  11H-1,14-17 8944 083 40 -2653
15X-2,75-80  133.85 088 08 -2659  11H-1,52-55  89.76 085 27 -27.22
15X-3,75-80  135.21 083 38 -2633  11H-2,16-19  90.15 091 24 -27.22
15X-4,75-80  136.71 086 18 -2622  11H-2,52-55 9051 078 36 -27.28
15X-5,75-80 13821 087 17 -2632  11H-2,111-114 9097 086 30 -27.30
16X-1,75-80 14195 063 0.8 -256 11H-3,25-28 9174 090 17 -27.15
16X-2, 34 14273 Ship 066 68 -2333  11H-3,112-115 9212 086 17 -27.35
16X-2,75-80  143.45 064 11 -2707  11H-4,10-13 9287 092 25 -27.29
16X-3,75-80  144.95 084 12 -2719  11H-4,52-55  93.20 092 25 -27.16
16X-4,83-88 14653 088 2 -27.22  11H-4,107-110 93.75 100 22 -27.20
16X-5,54-55  147.74 Ship 086 15 -2695  11H-54-5 9397 Ship 080 45 -2694
16X-5,70-75  147.90 084 27 -2718  11H-552-55  94.45 101 21 -27.21
17X-1,74-79 15154 087 22 -27 11H-5,107-110  95.00 091 27 -27.23
17X-2,32-33 15262 Ship 091 42 -2644  11H-6,25-28 9568 100 22 -27.23
17X-2,75-80  153.05 087 13 -2706  11H-6,52-55 9595 101 29 -27.20
17X-3,75-80 15455 094 23 -2681  11H-6,107-110 96.50 090 22 -27.08
18X-1,25-29  160.65 104 23 -2759  12H-1,26-29  99.05 100 25 -27.40
18X-1,70-75 16110 104 25 -276 12H-1,76-79 9954 102 26 -27.39
18X-2,26-30  161.64 101 29 -27.76  12H-1,125-128 100.02 100 29 -2748
18X-2,70-75  162.08 105 27 -2769  12H-2,26-29  100.32 093 36 -2746
18X-2,110-111 16248 Ship 106 25 -27.64  12H-2,76-79  100.80 100 22 -2745
18X-2, 127-132 162.65 105 28 -2769  12H-2,125-128 101.28 088 32 -27.44
18X-3,26-30  163.14 106 28 -2765  12H-3,26-29 10178 093 25 -27.50
18X-3,70-75 16358 092 24 -2759  12H-3,51-52 10203 Ship 082 39 -27.13
18X-3,127-132 164.15 097 42 -27.77  12H-3,125-128 102.75 093 24 -27.60
18X-4,26-30  164.64 098 42 -2765  12H-3,76-79 10276 072 27 -27.39
18X-4,70-75  165.08 104 28 -2769  12H-4,25-28  103.24 096 21 -2765
18X-CC, 25-29 165.78 108 36 -27.72  12H-4,73-76  103.71 090 24 -27.48
18X-CC, 64— 69 166.17 102 26 -2754  13X-1,25-27  104.25 087 46 -2747
19X-1,112-113 17122 Ship 088 1.8 -27.74  13X-1,76-78  104.76 087 31 -27.46
19X-2,94-99 172,54 112 28 -27.75  13X-1,125-127 105.25 102 27 -2754
20X-1,65-70  180.45 105 31 -2797  13X-2,26-28 10576 099 22 -2749
20X-2,60-65  181.90 099 42 -2768  13X-2,76-78  106.26 090 25 -2755
20X-2,125-126 18255 Ship 031 2 -27.22  13X-2,126-128 106.76 100 18 -2747
20X-3,62-67  183.42 096 32 -2761  13X-3,25-27  107.25 099 16 -27.64
20X-4,26-31 18456 097 39 -27.77  13X-3,58-59 10758 Ship 090 32 -27.00
20X-4,74-75 18504 Ship 1 22 -2753  13X-3,76-78  107.76 102 22 -2764
20X-5,66-71  186.46 104 32 -2764  13X-3,126-128 108.26 084 37 -27.27
22X-1,93-98  197.43 1 3 2751  13X-4,25-27 10875 080 47 -2759
22X-2,87-93  198.87 1 35 -2756  14X-1,26-28  110.36 100 27 -2763
22X-3,77-82  200.27 101 28 -276 14X-1,76-78  110.86 105 23 -2758
22X-4,30-31 20130 Ship 044 27 -27.28  14X-1,126-128 111.36 099 16 -27.56
22X-4,64-69  201.64 1 32 -2754  14X-2,26-28  111.86 085 47 -27.68
22X-4,86-87 20186 Ship 097 22 -27.56  14X-2,39-40 11199 Ship 094 20 -2694
23X-1,75-80  204.25 093 27 -2745  14X-2,78-80  112.38 102 22 -2717
23X-2,45-46 20545 Ship 101 22 -2741  14X-2,126-128 112.86 101 17 -27.25
23X-2,75-80  205.75 103 3 -2747  14X-3,26-28 11336 095 36 -2668
23X-3,75-81  206.99 096 31 -2745  14X-3,82-84 11392 102 22 -2678
24X-1,76-81  213.86 093 32 -2744  14X-3,126-128 114.36 101 22 -2673
24X-2,76-81  215.36 085 36 -2727  15X-1,76-79  120.46 102 23 -26.86
24X-3,76-81  216.86 076 54 -2746  15X-1,126-129 120.96 110 13 -27.10
24X-4,59-60 21819 Ship 1 26 -2742  15X-2,26-29 12146 105 17 -27.15
24X-4,76-81  218.36 105 36 -2744  15X-2,76-79 12196 109 20 -27.22
24X-5,76-81  219.86 102 27 -2739  15X-2,126-129 122.46 106 21 -27.20
25X-1,24-30  223.04 096 33 -2733  15X-3,26-29  122.96 104 19 -27.42
25X-2,72-78  224.09 101 3 -2734  15X-3,47-48 12317 Ship 091 26 -27.13
25X-2,104-105 22441 Ship 093 22 -27.21  15X-3,76-79  123.46 102 20 -2746
25X-CC, 24-30 225.11 105 32 -2737  15X-3,126-129 123.96 104 23 -2685
26X-1,128-134 23358 099 28 -27.33  15X-4,26-29 12446 107 21 -27.29
26X-2, 6-7 23386 Ship 102 29 -2742  15X-4,76-79  124.96 105 24 -27.23
26X-2,37-42 23417 105 26 -27.32  15X-4,126-129 12542 105 21 -2731
27X-1,73-77 24253 08 31 -27.16  15X-5,26-28 12596 108 24 -27.28
27X-2,73-77 24403 08 32 -27.06  16X-1,26-28 12956 098 17 -27.19
27X-3,75-80 24555 08 39 -2711  16X-2,86-89 13166 100 26 -27.31
27X-4,45-47 24675 Ship 0.9 2 2708  16X-2,126-128 132.06 103 17 -27.41
27X-4,75-80  247.05 0.9 27 -2719  16X-3,26-28 13256 103 20 -27.32
27X-5,77-82 24857 09 27 -2716  16X-3,86-89  133.16 107 15 -26.88
27X-6,49-50 24979 Ship 08 17 -2705  16X-3,129-131 13359 101 24 -27.38
27X-6,77-82  250.07 09 23 -27.2 16X-4,26-28  134.06 106 23 -2745
28X-1,71-76 25211 0.9 27 -271 16X-4,76-77 13456 Ship 092 29 -27.13
28X-1,125-130 252.65 0.9 32 -2727  16X-4,98-100 13478 102 23 -27.37
28X-2,71-76 25361 0.9 32 -2717  16X-4,125-127 135.05 100 41 -2750
28X-2,125-130 254.15 09 29 -2721  16X-5,26-28 13556 108 23 -2745
28X-3,70-75  255.10 09 37 —2711  17X-1,25-28 13925 101 25 -2741
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Table 2 (continued).

Hole 938A Hole 942B
Core, section, Depth Core, section, Depth
interval (cm)  (mbsf) Remarks TOC CaCQd* CDrg interval (cm)  (mbsf) Remarks TOC CaGQd* COrg
28X-4,53-54  255.43 Ship 3.5-27.21 17X-1,7578  139.75 1.08 2.2 -27.48
28X-4,5#58  255.47 Ship 2.8-27.19 17X-1, 125128 140.25 1.01 3.0 -27.38
28X-3, 125130 255.65 22 -274 17X-2,1518  140.65 1.01 2.1-27.32

28X-4, 86-85 256.70
28X-4, 125130 257.15
28X-5, 73-79 258.13
28X-5, 124130 258.64
29X-1, 7377 261.73
29X-2, 7377 263.23
29X-3, 7781 264.77
29X-3, 114115 265.14 Ship
29X-4, 68-72 266.18
29X-5, 68-72 267.68
29X-6, 56-51 269.00 Ship
30X-1, 34-35 270.94 Sship
30X-1, 7276 271.32
30X-2, 7276 272.82
30X-3, 7276 274.32
30X-3, 88-89 274.48 Ship
30X-4, 7276 275.82
31X-1, 5762 280.95
31X-2, 7580  282.45
31X-2, 102103 282.72 Ship
31X-3, 66-62 283.80 Ship
31X-3,7580  283.95
32X-1, 7580  290.65
32X-2, 7580  292.15
32X-3, 7580  293.65
32X-4,7580  295.15
32X-4,93-94  295.33 Ship
32X-5,27#28 296.17 Ship
32X-5, 7580  296.65
33X-1, 776 300.21
33X-2,79-84  301.79
33X-2, 146-147 302.46 Ship
33X-3,7581  303.25

.5 -27.18 17X-2, 7578 141.22 1.07 1.4 -27.28
-27.22 17X-2,125128 141.72 1.07 2.3-27.49
-27.26 17X-3, 2528 142.25 1.02 1.8 -27.20
-27.22 17X-3, 7578 142.75 1.00 2.1 -27.33
-27.23 17X-3, 125128 143.25 1.00 1.7 -27.35
-27.25 17X-4, 2528 143.75 1.01 2.1 -27.47
-27.28 17X-4, 7578 144.25 0.99 2.7 -27.31
-27.37 17X-4, 7980 144.29 Sship 1.01 2.4-27.21
-27.24 17X-4, 125128 144.75 0.96 2.3-27.17
-27.28 17X-5, 1417 145.14 0.96 2.8 -27.23
7.45 18X-1, 2527 148.85 1.11 2.2 -27.07
7.25 18X-1, 7577 149.35 1.08 2.8 -27.18
-27.3 18X-1, 125127 149.85 1.12 2.2 -27.22
-27.22 18X-2, 2527 150.35 111 2.7 -27.13
-27.23 18X-2, 7577 150.85 111 2.9 -27.17
-27.21 18X-2, 125127 151.35 1.09 2.5-27.06
-27.33 18X-3, 2527 151.85 1.03 2.2 -27.13
-27.19 18X-3, 7577 152.35 1.10 2.6 -27.17
-27.18 18X-3, 125127 152.85 1.08 3.1-27.08
6.99 18X-4, 2527 153.35 1.09 2.9 -27.09
7.32 18X-4, 7577 153.85 Ship  1.00 2.4-27.09
-27.3 18X-4, 5354 153.89 1.07 3.1-27.21
-27.1 18X-4, 125127 154.35 1.20 2.7-27.10
-27.17 18X-5, 2527 154.85 1.05 2.3 -27.08
-27.31 18X-5, 7577 155.35 1.10 2.9 -27.22
-27.08 18X-5, 125127 155.85 1.09 3.6 -27.24
7.21 19X-1, 2527 158.55 1.08 3.2 -27.29
7.32 19X-1, 7274 159.02 1.09 3.1-27.24
7.17 19X-1, 125127 159.55 1.05 3.4 -27.16
-27.2 19X-2, 2527 160.05 1.04 3.3-27.11
-27.25 19X-2, 7#79 160.57 1.06 2.7 -27.19
-26.9 19X-2,125127 161.05 1.05 3.2-27.11
-27.16 19X-3, 2527 161.55 0.94 4.2 -27.02
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33X-3, 103104 303.53 Ship -27.22 19X-4, 3637 161.66 1.07 2.3 -27.29
33X-4, 7782 304.77 -27.21 19X-3, 7577 161.75 1.03 1.8 -27.14
19X-3, 125127 162.25 1.03 2.2 -27.25
19X-4, 2527 163.05 Ship  0.95 2.9-27.17
19X-4, 7577 163.55 1.08 2.2 -27.19
19X-4, 125127 164.05 1.09 2.1-27.17
19X-5, 2527  164.55 1.10 1.7 -27.08
19X-5, 7779 165.07 1.10 2.2 -27.25
19X-5, 125127 165.55 1.08 2.6 -27.15
20X-1, 16-18 168.06 1.08 2.2 -27.25
20X-1, 7577 168.65 1.07 2.4 -27.24
20X-1, 126128 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, 6567 170.05 1.03 2.1 -27.22
20X-2, 126-128 170.66 0.94 2.9-27.10

Notes: Organic carbon isotope ratios are reported in per mil (%o vs. PDB); “Ship” samples are shipboard carbonate sametefomeamparison. Corrected values from D. Piper,
pers. comm., 1995.

RESULTSAND DISCUSSION During this period, the western part of the fan had been less affected
o by terrigenous input than the central fan, where the other two sites are
Foraminifer Oxygen | sotope Records located (Flood, Piper, Klaus, et al. 1995). Extremely high terrigenous

sedimentation rates during glacials produced the 100- to 250-m-thick

Oxygen isotope ratios provide stratigraphic information for all of glacial levee and turbidite sequences that were recovered for isotope
the investigated sites (see Showers et al., this volume). At al holes Stage 6 at Site 942 from the western fan, for Stages 2 to 4 at Site 938
from Sites 942, 938, and 940, foraminifers in sediments of Holocene from the upper central fan, and for Stage 2 at Site 940 retrieved from
age and from the warm interstadials of the penultimate interglacia the most recent Amazon Channel complex. This pattern of very high
are characterized by 8'%0 values between 1%b-5%. and —2%o, glacial vs. low interglacial sedimentation rates can be observed also
whereas foraminifers contained in glacial sediments have 3gier in the oxygen isotope records. They vary around typically glacial
values ranging betweei.2%. and 0.5%.. This allows a clear sepa- %0 values over more than 100 m in the glacial core sections,
ration between sediment intervals representing maximum interglaciathereas®O values representing the Holocene and the warm inter-
and glacial climate conditions, and respective periods of sea-levetadials of isotope Stage 5 are restricted to very short depth intervals
highstands and lowstands (Figs. 2—4). of a few meters or less (Figs. 2—4). The variabilityd80 values

In contrast to climatic extremes, the identification of depth inter-within the glacial sediment sections is predominantly attributed to
vals representing the periods of intermediate climate conditions andillimeter- to centimeter-thick, silty or sandy turbidites intercalated
sea levels, as well as the fixing of stage boundaries or second-orderthe hemipelagic muds that form the channel-levee sediments.
isotopic events according to the global SPECMAP standard stadience, biases in the isotope records due to reworked foraminifers are
(Imbrie et al., 1984; Prell et al., 1986), was very difficult, if not im- very likely. On the other hand, disturbances in the isotope records of
possible. Only for the upper 70 m of Hole 942A (Fig. 2), where theplanktonic foraminifers seem to be a function of the degree of distor-
080 record is more similar to the standard stack, was identificatiotion by the small-scale turbidites, which is indicated by the amount of
of isotope stages possible for the last 135 k.y. (Showers et al., 1995)illimeter-to centimeter-thick silty and sandy layers in the otherwise
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Figure 2. Graphic illustration of the macroscopic sediment description
(adapted from Flood, Piper, Klaus, et al., 1995) and &80 stratigraphy (from
Showers et a., this volume) of Hole 942A. Black arrow indicates position of
the respective topmost value.
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Figure 3. Graphic illustration of the macroscopic sediment description
(adapted from Flood, Piper, Klaus, et al., 1995) and 8'%0 stratigraphy of Hole
938A. Black arrow indicates position of the respective topmost value.
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Figure 4. Graphic illustration of the macroscopic sediment description
(adapted from Flood, Piper, Klaus, et al. 1995) and 80 stratigraphy of Hole
940A. Black arrow indicates position of the respective topmost value.

ability of the stable isotope records decreases. For this reason, the
best correlation of th&®¥0 record from Hole 942A with the SPEC-
MAP stack is observed in the depth intervals<#® 28-37, and 63

75 mbsf (Fig. 2).

A strong glacial to Holocene decreas@%O values is document-
ed in the upper 45 m of hemipelagic muds from Hole 938A (Fig. 3).
At Site 940, the glacial sediments recovered had such low numbers
of foraminifers that only a few core catcher samples provided enough
tests of a distinct foraminifer species for stable isotope analysis at
depth increments of ~10 m. However, a glacial to Holocene decrease
similar to that at Site 938 is obvious as a climate signal in this 250-
m-long 6*0 record (Fig. 4). When compared with @O record
from Hole 942A, it follows that the bulk sedimentation rate for the
LGM increased by a factor of almost 5, respectively, from the west-
ernmost part of the fan to the abandoned eastern levee complex at Site
938, and again from the latter site to Site 940 on the most recent Am-
azon Channel-levee Complex. Glacial sedimentation rates similar to
those found at Sites 938 and 940 are observed in the western fan Site
942 only for Stage 6, which suggests an eastward propagation of the
main active channel system over the last 140 k.y.

Aside from the glacial to Holoce*O decrease of ~2%., and ig-
noring the high frequency change, the oxygen isotope record from
Hole 938A reveals a smooth decrease from maximum glacial values
at 20 mbsf to intermediate values of abelfto at 150 mbsf, increas-
ing again to more glacial values of ~0.3%. between 180 mbsf and the
bottom (Fig. 3). This pattern presumably represents the climate and
sea-level change from the glacial Stage 4 (highest values at the bot-
tom) through Stage 3 into th&M. Lowest values ~150 mbsf sug-
gest a sediment age of ~50 ka corresponding to isotope Substage 3.3

hemipelagic bioturbated muds (see graphic sections in Figs. 2-4). Vite the SPECMAP stack. This age is corroborated by the shipboard
assume that at least in the bioturbated hemipelagic muds with lomagneto- and biostratigraphy, which delineate the geomagnetic Lake
amounts of silt or sand, the stable isotope records roughly refleMungo Excursion (~32 ka) and the last occurrencBubfeniatina
changes in surface water conditions in the western equatorial Atlantibliquiloculata (>40 ka) at 145 and 149 mbsf, respectively (Flood,
(see also discussion in Showers et al. and Maslin et al., this volumdaiper, Klaus, et al., 1995). The magnetic age of ~30 ka and the oxy-
As silt and sand layers increase in abundance and thickness, the rglen isotope age of ~50 ka culminate within a relatively narrow depth
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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 glacia 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 thisinterval (Fig. 3, graphic section), supports this
suggestion.

A pronounced excursion to higher 3%0 values occurs in Hole
938A at ~135 mbsf (Fig. 3). Because this significant increase in 380
values appears in the condensed hemipelagic sediment section, it is
regarded as area surface-water signa 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 %0 records from the southwest African Margin (Jansen et al.,
1996; Little et ., in press; Summerhayes et a., 1995). In these latter
records, the 380 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., 19954). In the eastern South Atlan-
tic, this SST minimum, corresponding to the foraminifé¥0 max-

WESTERN ATLANTIC PALEOCEANOGRAPHY

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

Foraminifer Carbon | sotope Records

Attempts to explain variations in planktonic carbon isotope
records are strongly hampered because of the poorly understood
complexity of the genesis of the foraminif@?C signal (Hemleben
et al., 1989; Schneider et al., 1994; Kroon and Darling, 1995). In pa-
leoceanographic reconstructions, changes in the plankibQisig-
nal are variously attributed to local fluctuations in upwelling intensity
and nutrient concentrations (Kroon and Ganssen, 1989; Sarnthein
and Winn, 1990), to variations among atmospheric, terrestrial, and
marine carbon reservoirs (Shackleton, 1977; Shackleton et al., 1992),
to oceanwide fluctuations in surface and subsurface watec@®
centrations (Berger and Vincent, 1986; Oppo and Fairbanks, 1989),
or to changing atmosphere-ocean gas exchange rates in high latitudes
(Charles and Fairbanks, 1990; Charles et al., 1993). In the case of the
Amazon Fard**C records, this complexity is additionally complicat-
ed by repetitive and temporally variable turbidite-rich sediment sec-

imum in Stage 3, indicates an enhanced northward cold-water advet@ns. It is thus difficult to attribute the observed fluctuations in the
tion from the Southern Ocean with the Benguela Current (Jansen Amazon records to anyone of the above paleoceanographic changes.
al., 1996; Schneider et al., 1995a, 1996). A northward shift and intefNevertheless, the highly expanded hemipelagic sediment intervals,
sification of the Benguela coastal upwelling system was also assoaithich based on th&®0 records would seem to reflect a relatively
ated with this advectional event (Little et al., in press). According taundisturbed oceanographic signal, have the potential to give new in-
the oxygen isotope chronology and thevbliquiloculata datum, the  sights into changes in tl¢*C composition of dissolved surface sea-
80 excursion in Hole 938A correlates in age with the cold surfacewater CQ (8"*Cso,) in the western Atlantic.

water event in the eastern South Atlantic during Stage 3. This excur- With the exception of the occasional extreme values, the Amazon
sion thus reveals strong evidence that cooling perturbations in tHeand'*C records of5. ruber at Sites 938 and 940 range between 0%o
eastern South Atlantic are transferred to the western equatorial Atlaand 1.5%. and are on average ~1%o lower than tho&e ssfcculifer

tic by reduction of heat transport across the equator with the NBGt Site 942. Since the foraminifers analyzed were all from the same
Furthermore, taking into account that during Stage 3 the global ice efize fraction, this 1% difference between both species may be ex-
fect in thed'®O signal was less than in Stage 2, the strong excursioplained by vital effects, especially different fractionation of calcite
to maximum values at 135 mbsf in Hole 938A may indicate that max3*C with respect to seawai®?Cs ., and different life habitat in the
imum cooling in the western Atlantic happened ~40 to 50 ka. and natater column or by season (Kroon, 1988). At Site 4%, values
during the LGM. However, this has to be regarded with caution, besf G. sacculifer vary between 1%. and 2.5%. over the last 125 k.y.
cause we cannot exclude changes indtf® signal owing to fresh-  (Fig. 5). Before Substage 5.5 (125 ka, 68 mbsf in Hole 942A;the
water induced salinity variations off the Amazon outfall, as previoussacculifer 6*3C record also shows a range of ~1.5%o, but absolute val-
ly described by Showers and Bevis (1988). Consequently, we neegts are shifted by ~0.5%. to more negative ratios. Such a shift is sim-
further information from other proxies that permit reconstruction ofilarly observed in a stacked plankton®*C record representing

Site 942 Site 938 Site 940
9180 013¢C 9180 913¢C 9180 013¢C
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Figure 5. Foraminifer 880 and &'3C records of G. sacculifer (Hole 942A), and G. ruber (Holes 938A and 940A). Black arrows indicate position of respective
topmost value.

327



R.R. SCHNEIDER ET AL.

changes in 8%Csc., over the last 260 k.y. in the nutrient-depleted, event had a short duration of 500 to 1000 yr (Schneider et al., 1992),
western tropical Atlantic (Standard 8'°C stack; Curry and Crowley, it is only clearly recorded b§*3C records from very expanded sedi-
1987). Inthis stacked record, *C values of G. sacculifer are ~0.5%  ment sections. Together, these records point to a ne@éivg..,
more negative during late Stage 6 (2B50 ka) compared with the signal originating at high latitudes in the southern ocean and being
average over the last 125 k.y., as observed in the record from Hdlensferred to the Northern Hemisphere via surface circulation.
942A. The excursions to more negath¥&C values at 33, £&@2, and The polar front region is a sensitive recorder of variations in
10 mbsfin Hole 942A (Fig. 5) are also present in the Curry and Crowsouthern ocean nutrient content and atmospheric-sea gas exchange.
ley (1987)5%C stack. Thé™C record from Site 942 is thus very sim- Both processes are presumably documented i@ o, signal
ilar to its equivalents from the open ocean. This suggests that surfaf@harles and Fairbanks, 1990). Polar surface waters set the pre-
waterdCs.o, changes over the western fan have not been very difformedd*Cs o, conditions for northward flowing subsurface waters,
ferent from those in the larger western Atlantic during the upper Quawhich from a simple point of view, feed the coastal and equatorial up-
ternary. welling areas in the South Atlantic. Past nutrient or atmospherjc CO
We cannot exclude that planktonic foraminifer records from offperturbations in the southern ocean therefore may be reflected in
the Amazon estuary may have been affected by freshwater spikesd#Csqo, of the upwelled subsurface waters in South Atlantic up-
thed*C signal, as was earlier described by Showers and Bevis (1988&jelling areas and transported via surface currents into the North At-
for the Amazon and by Pastouret et al. (1978) for the Niger. In corlantic. This model is in conflict, however, with another hypothesis
trast to those studies, however, the negadW€ excursions de- that explains strong negative foraminifer stable isotope excursions
scribed here are not accompanied by shifts to | values, during the last deglaciation as the result of excess meltwater flow to
which would be expected in case of a strong freshwater signal (Pathe Atlantic induced by melting of tropical and subtropical mountain
touret et al., 1978; Showers and Bevis, 1988). A greater detailed iglaciers (Showers and Margolis, 1985; Showers and Bevis, 1988).
spection of the foraminifer stable isotope records from the AmazoBoth potential mechanisms need further evaluation with planktonic
Fan, including denser sample intervals, may provide more conclusiv®3C records retrieved from outside the Amazon freshwater plume.
evidence for freshwater signals in the stable isotope records from Legdditional information on the timing and extension®fC excur-
155 sites. Such an effort would also require a more detailedions is especially needed to enable correlation with other detailed
chronostratigraphy and the exclusion of isotopic spikes as a result cécords of changes in Atlantic surface water circulation; for example,
reworked foraminifers. Accelerator mass spectrometry (AMS)  the onset of the conveyor after the LGM (Broecker and Denton, 1989;
measurements from a short gravity core (GeoB 1513; Showers, ulmbrie et al., 1993).
publ. data) have shown age reversals in LGM sediments from the
Amazon Fan that suggest reworking and redistribution of levee sedi- ~ Organic Carbon, Carbonate, and 6°C,,, Records
ments on decimeter to meter scales. Nevertheless, from the data pre-
sented, we argue that observed changes in the plankté@icecord According to their stratigraphic units, the hemipelagic sediments
from Site 942 can be considered to approximate the gedté€at,, from Holes 938A, 940A, and 942A reveal the opposing patterns in
signal of surface waters in the western Atlantic, which can itself berganic and inorganic carbon content, as well as in organic carbon
attributed to oceanwide reorganization of ocean circulation and/or tizotope character (Figs. 6-8), that are well known from previous stud-
changes i®*C; ., composition (e.g., gas exchange and atmospherees of sediment cores containing the LGM to Holocene period (Da-
surface ocean nutrient levels) in source regions of tropical Atlanticnuth and Kumar, 1975; Damuth et al., 1977; Showers and Angle,
surface and subsurface waters (Curry and Crowley, 1987; Oppo aid86). In general, sediments from intervals representing maximum
Fairbanks, 1989). warm climate and sea-level highstands that occurred during oxygen
Two negatived®*C excursions, each ~2%. in amplitude can be ob-isotope Stage 1 and Substages 5.1, 5.3, and 5.5, are characterized by
served in the hemipelagic sediment sections from Hole 938A at ~Between 10 and 35 wt% calcium carbonate and 0.2 and 0.4 wt% TOC
and 139 mbsf (Fig. 5). A similar negative peak is observed tt#8e  (Holes 938A and 940A: upper 0.5 m; Hole 942A: upper 0.5 m and
record from Hole 933A for the last deglaciation (Maslin et al., 1995)66.5 mbsf). In sediments from maximum glacial periods with mini-
The 2%0 decreases in the Hole 938A record are nearly twice the magwum sea level (isotope Stages 2, 4, and 6), TOC contents vary be-
nitude of corresponding peaks in pelagic planktaif€ records tween 0.8 and 1 wt%, and calcium carbonate concentrations are gen-
from the western Atlantic (Curry and Crowley, 1987). Because theserally less than 3 wt% (Hole 938A:-307 mbsf; Hole 940A: 4248
negatived*C peaks in thé. ruber record coincide with high glacial- mbsf; Hole 942A: 4 mbsf, 237 mbsf, 67172 mbsf). The**C,,
like 610 values, rather than with particularly low values, we excludevalues follow this inverse pattern of TOC and CgaCantent for the
enhanced freshwater flux as the mechanism responsible for these eyper Quaternary climate extremes. Maximum glacial TOC contents
cursions (see discussion above). Instead, the neg#ti@eexcur-  reveal isotope ratios of abot7%., whereas values ranging between
sions may reflect changes in the Atlantic large-scale surface circula22%. and-19%. are characteristic of TOC-poor sediments from pe-
tion, including the Benguela Current off Southwest Africa, the Southriods of maximum warmth and sea-level highstands. Periods of inter-
Equatorial Current, and the NBC that flows along the Northeast Branediate climate conditions and sea level, like during oxygen isotope
zilian margin into the Caribbean Sea. Evidence for such a circulatioBtage 3 and Substage 5.2Z6 mbsf and 3040 mbsf, respectively,
signal originates from a few highly expanded plankt@#€ records  in Hole 942A) typically contain slightly more carbonate (5-10 wt%)
spanning the last 20 k.y. The southernmost records, with a stroramd less TOC (0-9.7 wt%), with intermediat&C,4values varying
negatived*C shift of ~1%o, are known from the Antarctic polar front about—-24%.. Also in the hemipelagic sediment sequence between
region and are dated with a radiocarbon AMS age of 13.8 ka (Charld®5 and 145 mbsf in Hole 938A, presumably representing oxygen
and Fairbanks, 1990). Farther north, a planktonic foraminifer recortotope Stage 3 (compare Figs. 3, 7), there is a tendency for slightly
off Northern Namibia reveals a similar signific®C decrease with enhanced carbonate contents coincident with reduced TOC concen-
nearly the same age (13 ka, conventiét@imethod) and magnitude trations and intermedia®*C,,, values of about24%.. Sediment
(Schneider et al., 1992). Following the surface circulation from thesections containing high amounts of millimeter- to centimeter-thick
South Atlantic into the western North Atlantic, #1€C excursion at  silt and sand layers or single decimeter-thick turbidites, illustrated by
5 mbsf in Hole 938A (roughly at 14 ka, according todH© stratig-  the dense line pattern in the graphic sections of Figures 6-8, are char-
raphy) is the next observation of this event. Finally, the same signakterized by very low carbonate contents and low (0.05-0.4 wt%)
is observed in a new record from the Caribbean Sea (Peterson et @IQC contents witt3**C,, values 0f-26%o to -28%.. This can be
1995). All these records are characterized by much higher sedimeseen, for example, in Hole 942A betweer@3 mbsf, in Hole 938A
tation rates than pelagic sediments, and because this southern ocbatween 170 and 200 mbsf, and in Hole 940A at 130 mbsf.
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Figure 6. Graphic illustration of the macroscopic sediment description (adapted from Flood, Piper, Klaus, et al., 1995) records of CaCO3, TOC, and 613C0rg, and
isotopic stages for Hole 938A. Black arrows indicate position of respective topmost value.
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Figure 7. Graphic illustration of the macroscopic sediment description (adapted from Flood, Piper, Klaus, et al., 1995) records of CaCO,, TOC, and 613C0rg, and
isotopic stages for Hole 940A. Black arrows indicate position of respective topmost value.
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Figure 8. Graphic illustration of the macroscopic sediment description (adapted from Flood, Piper, Klaus, et al., 1995) records of CaCO3, TOC, and 613C0rg, and
isotopic stages for Hole 942A. Black arrows indicate position of respective topmost value.

Most of the variations observed in the records of TOC, CaCQO,,
and 8%C,,, can be explained simply by shifts from pelagic carbonate-
rich sedimentation at rates similar to open ocean sites to terrigenous
dluvial fan deposition at very high sedimentation rates (5 to 20 m/
k.y.) and vice versa. Periods of predominant contribution by marine
congtituents to the Amazon Fan, in other words times of minimum
terrigenous dilution, are characterized by highest CaCO; and 8%C,,
values, but lowest TOC concentrations. Carbonate is derived pre-
dominantly from coccolithophorids and foraminifers (Maslin and

for cessation of dominantly terrigenous sedimentation over the cen-
tral fan during the transition from the LGM to the Holocene.

It was suggested earlier by Milliman et al. (1975) that, during pe-
riods of glacial sea-level lowstand, Amazon sediment dispersal was
guided by shelf-cutting canyons directly to the upper fan (Fig. 9). In
glacial sections from Holes 938A, 940A, and 942A, the sedimentary
terrigenous end-member is defined by the low#€,,and CaCQ
values, and the highest TOC contents. Under modern conditions,
dC,,, values of-27%0 t0—26%o0 are characteristic of particulate or-

Mikkelsen, thisvolume), and the 8"*C,, val ues aretypical for organic ganic carbon transported in the lower reaches of the Amazon River
matter produced by marine phytoplankton in the tropical ocean (Cai et al., 1988) and deposited in the Holocene mud wedge near the
(Westerhausen et al., 1993; Muller et al., 1993). In Holes 938A andver mouth (Showers and Angle, 1986). Outer shelf sediments at the
940A, the pelagic type of sediment is found only in the Holocene sederward rim of the prograding Amazon mud wedge reveal heavier val-
tions (Figs. 6, 7), as was the case for short gravity or piston cores ines of about24%. to—22%., owing to the mixing of terrigenous car-
vestigated before. The period of highest sea level during the penultion with marine organic matter. Further away from the Amazon out-
mate interglacial is documented in Hole 942A at ~66.5 mbsf. Théall, at the shelf break outside the mud wedge, values of aBa¥b
CaCQ contents andC,, values at that depth in Hole 942A do not indicate the growing dominance of marine organic carbon in surface
reach Holocene values, most likely because the exact core depth fmdiments (Showers and Angle, 1986). The continuousypidy,,

the penultimate climatic optimum was missed owing to the widevalues of about27%. in glacial sediment sections from the ODP
sampling intervals. The other two sea-level maxima corresponding taoles (Figs. 6—8) thus corroborate the assumption that, during glacial
Substages 5.3 and 5.1, which were probably on the order of 30 m lowea-level lowstands, the terrigenous Amazon sediment load was di-
er than at Substage 5.5 (see SPECMAP stack as an indicator for redetly transported through the distributary channel systems onto the
ative changes in sea level; Imbrie et al., 1984), are indicated by shiftan. Otherwise, if the westward transport of Amazon sediments was
to a sediment character more similar to an interglacial one. Thalso prevalent during glacial sea-level lowstands, we would expect
records from Holes 938A, 940A, and 942A are thus consistent witproportionately more marine organic carbon that would lead to a shift
the Amazon Fan sedimentation model, that during periods of higheswards heavied™*C,, values as observed in outer shelf deposits to-
sea level most of the terrigenous Amazon River load is deposited afay. This may have been the case during phases of intermediate sea
the shelf or transported westward by alongshore currents and does tmtel, for example, during oxygen isotope Stage 3. However, for max-
reach the fan (Damuth and Kumar, 1975; Damuth, 1977). In contrastnum lowstands of sea level, most of the terrigenous Amazon sedi-
as can be seen from the Hole 942A record (Fig. 8), a drop in sea levakbnt load was deposited over the fan. The glacial deposits comprise
from oxygen isotope Substages 5.5 to 5.4 of only 30-50 m (froman estimated 99% of sediments retrieved from Holes 938A and 940A,
SPECMAP-based estimates) resulted in erosion of shelf sedimernitalicating the vast amount of terrigenous material transported to the
and a predominance of sandy terrigenous sedimentation over thentral fan during the isotope Stages 2 and 4. Similar high rates of ter-
western fan. Showers and Bevis (1988) similarly estimated that a seastrial deposition occurred in the western fan area during the penul-
level of ~40 m below the modern highstand was the threshold levéimate glacial (Stage 6).
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Figure 9. Model of Quaternary sedimentation off the Ama-
zon River during high- and lowstands of sealevel. Arrows
delineate main routes of sediment dispersal. Dashed line
refersto present 100 m isobath, which approximates the

Noteworthy isthe relative constant TOC content between 0.8 and
1 wt%, in glacial terrigenous sediments. These values are similar to
the TOC contentsin surface sediments of the mud wedge on the shelf
off the Amazon mouth. This organic matter sesemsto 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-
dlefan. No indication existsfrom bulk 8**C,,, valuesthat 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 vegetationin
the Amazon catchment area (e.g., rainforest or grassland), as was
suggested by Bird et al. (1991). Shiftsto more positive 8°C,, val ues,
observed in more condensed hemipelagic sediment intervals of iso-
tope Substage 5.2 and Stage 3, coincide with reduced TOC and
dightly enhanced CaCOj; contents. Hence, these increases in 8'°C,
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 a., 1995; site sum-
maries Holes 938A and 942A; also above discussion of oxygen
isotopes for Stage 3in Hole 938A; Fig. 2).

CONCLUSIONS

shelf edge (adapted from Milliman et al., 1975).

shorter gravity or piston cores. The resultsfrom analysis of TOC and
CaCO, concentrations, of 3C,,, as well as 3'%0 and &"*C values of
the planktonic foraminifers G. ruber (pink) and G. sacculifer (see
aso Showers et al., this volume), lead to the following conclusions.

First, stable oxygen isotope records of planktonic foraminifersre-
veal an upper Quaternary pattern similar to those observed inisotope
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 380 and 8'3C 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 suggeststhat
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 signd in iso-
tope records of planktonic foraminifers.

Second, variationsin TOC and CaCO; content, aswell as 5°C,,
provide clear evidence that the model of fan sedimentation previous-
ly suggested for the last 20 k.y. (Damuth and Kumar, 1975; Damuth,
1977) isalso 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

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

O'3C values of about —20%.. During glacial and interglacial sea-level
lowstands (Stages 2, 4, 6, and Substages 5.2 and 5.4), deposition of
terrigenous material, including terrestrial organic carbon, occurred at
very high rates (~5—-20 m/k.y.) along distributary channels. Low
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8BC,q values of about —27%o in all glacial deposits indicate that dur- Toggweiler, J., 1993. On the structure and origin of major glaciation
ing sea-level lowstands, the Amazon River load was discharged di- cycles, 2. The 100,000-year cycRaleoceanography, 8:699—735.
rectly to the upper and middle fan in contrast to the modern situatiofnPrie, J., Hays, J.D., Martinson, D.G., Mcintyre, A., Mix, A.C., Morley,
where the sediments are being redistributed westward with the NBC. J-J-: Pisias, N.G,, Prell, W.L., and Shackleton, N.J., 1984. The orbital the-
Conditions intermediate to maximum and minimum sea level are rep- (;{gri?]](egggorceigfdfgng% efuﬁpolrr;gﬁén Ja rﬁ;'ysse dJ Ch&ﬁﬂ?f%’ (2n:jhe
resented by condensed sediment sections belonging to oxygen iso-g,;man B. (Eds.}\/iilankovitch and C”m’e('F;L 1), NATO ASI Ser. C,
tope Substage 5.2 and Stage 3. At these periods, terrigenous dilutionyath phys. Sci., 126: Dordrecht (D. Reidel), 269—305.
of the pelagic sediment signal was not as high as during glacial ma¥ansen, J.H.F., Ufkes, E., and Schneider, R.R., 1996. Late Quaternary move-
ima, which is indicated by organic and inorganic carbon contents and ments of the Angola-Benguela-Front, SE Atlantic, and implications for
OBC,, ratios intermittent between the interglacial and glacial ex- advection in the equatorial oceanWefer, G., Berger, W.H., Siedler, G,,
tremes. and Webb, D. (Eds.)The South Atlantic: Present and Past Circulation:
Berlin (Springer-Verlag), 553_—651Zg. § i § climate
Kroon, D., 1988. The planktoni record, upwelling and climatén
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