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Abstract

As a primary feature of ocean circulation and a key component of the global carbon cycle,
changes in the thermocline must be accounted for if we are to understand the processes
involved in Quaternary climatic fluctuation. Toward this goal, this thesis contains studies
of the modern and glacial thermoclines at the Bahama Banks and it presents an novel
approach to determine sea level based on the flux of 23Th and 231Pa from thermocline
waters to the seafloor.

In the first chapter, the hydrography of the modern thermocline in Northwest and
Northeast Providence Channels, Bahamas, is investigated using CTD data. Potential
temperature-salinity relationships demonstrate that the deep waters and most of the ther-
mocline waters in these channels originates in the Sargasso Sea. Cross channel sections of
water properties suggest the following: (1) water from the shallow core of the Deep Western
Boundary Current (Fine and Molinari, 1988) may circulate along the channel margins, and
(2) where the western end of Northwest Providence Channel opens to the Florida Straits,
shallow flow is toward the straits in the southern portion of the channel and away from the
straits in the northern portion.

In the next two chapters, changes in the temperature and nutrient structures of the ther-
mocline from the last glaciation to the recent Holocene are inferred from isotopic variations
of the planktonic foraminifera Globigerinoides ruber (212-250 um) and G. sacculifer (300~
350 pm) and the benthic foraminifera Planulina wuellerstorfi, P. ariminensis, P. foveolata
and Cibicidoides pachyderma (>250um) in a suite of cores from the margins of Little and
Great Bahama Banks. During the last glaciation, 6180 values were from 1.4 to 1.9 per mil
greater than during the recent Holocene. Based on the 6180 /sea-level model of Fairbanks
(1989), we estimate that the upper 1500 m of the water column was cooler by at least 1
°C—the deepest waters were several degrees cooler. The temperature gradient (dT/dz) was
steeper and the base of the thermocline appears to have stayed at about the same depth or
risen slightly. At all depths in the thermocline, §'°C was greater during the last glaciation
than during the recent Holocene by at least 0.1-0.2 per mil and as much as 0.6 per mil in
the lower thermocline. While recent Holocene §3C reaches minimum values in the lower
thermocline (the poorly-ventilated oxygen minimum/phosphate maximum layer), this fea-
ture was not present during the last glaciation. These data show that the concentrations of



nutrients throughout the thermocline were reduced and that there was no oxygen minimum
layer, indicating greater, more uniform ventilation of thermocline waters.

These results are consistent with our understanding of the physics of thermocline cir-
culation and evidence for hydrographic conditions at the ocean surface during the last
glaciation, indicating a direct response of thermocline circulation to changes in climate.
Cooler thermocline waters reflect cooler surface ocean temperatures at mid-latitudes where
thermocline isopycnal surfaces outcrop. Increased, more uniform ventilation of the glacial
thermocline is consistent with both more vigorous glacial winds leading to increased Ekman
pumping and all isopycnal surfaces of the thermocline outcropping in the area of Ekman
downwelling. Taken together with previous studies of intermediate-depth waters, these data
document that the entire upper water column of the North Atlantic was depleted in nutri-
ents during the last glaciation. A final suggestion of the third study is that Mediterranean
and southern source waters contributed little to deeper intermediate-depth waters in the
North Atlantic.

The fourth chapter presents two new approaches to reconstruct the sea-level history
based on the fluxes of 23°Th and 23! Pa to the seafloor. The approaches rely on the fact that
fluxes of these nuclides to a site on the seafloor are proportional to the height of the water
column above the site. Consequently, a change in sea level causes changes in the 230Th
and 23'Pa fluxes which, at shallow sites, are large fractions of the total fluxes. Past sea
level can be reconstructed using either the record of nuclide accumulation in a single core
of sediment, or nuclide concentrations in synchronously deposited sediment samples from
cores collected over a range of water depths. Importantly, this record of sea level is both
continuous (not just high stands) and independent of the assumptions of constant seawater
temperature or uplift rate required by some other approaches.

Thesis Supervisor: William B. Curry
Title: Associate Scientist
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Chapter 1

On the hydrography of the Providence Channels,

Bahamas

1.1 Introduction

Northeast Providence Channel (NEPC) and Northwest Providence Channel (NWPC) form
an open-ended seaway which separates Little and Great Bahama Banks (Figure 1). For both
physical oceanographic and geologic reasons, the hydrography of this seaway is of interest.
It connects the western North Atlantic basin with the Straits of Florida and so is a site for
the exchange of water between the Sargasso Sea and the Florida Current (e.g. Wennekens,
1959; Richardson and Finlen, 1967; Richardson et al., 1969; Leaman and Molinari, 1987).
In addition, the circulation and chemistry of the water within the channels influence the
deposition and diagenesis of peri-platform carbonate ooze on the floor of the channels (e.g.
Boardman and Neumann, 1984; Droxler et al., 1988; Pilskaln et al., 1989).

Based upon temperature-salinity and nutrient—density relationships, Smith (1940) and
Wennekens (1959) identified the western North Atlantic as the source of waters found deeper
than about 250 m in the Providence Channels and implied a dominant western flow. Net
western flow is consistent with short-term direct transport measurements made across the
western end of NWPC (Richardson and Finlen, 1967) and increased transport of the Florida
Current after it passes NWPC (Richardson et al., 1969; Leaman and Molinari, 1987).

Short-term measurements of the current structure across the channels (limited to the
western end of NWPC) do not form a consistent picture. Richardson and Finlen (1967)

observed easterly flow in the southern side (away from the Florida Straits) and westerly



flow in the northern side (toward the Florida Straits). Current meters deployed along the
southern shore of Grand Bahama Island (Lee, 1977) also showed near surface currents with
a mean flow toward the west, but with frequent reversals. In contast, the reverse pattern
(i.e. flow toward the straits in southern side of NWPC and flow away from the straits in the
northern side) is apparent in Acoustic Doppler Current Profiler sections by Leaman and
Molinari (1987). Current measurements from the submarine NR-1 and dipping isotherms
on a temperature section across the southern side of NWPC also indicate westward flow
(Gardner et al., 1989). Finally, current meters deployed at 450 and 550 m depth along
the axis of western NWPC showed dominant westward flow, though there was significant
variability in the northward component of velocity (Pilskaln, et al., 1989).

Here we describe a suite of CTD profiles that bear on the hydrography of the Providence
Channels. The previously suggested origin of main thermocline and deep waters within the
channels is confirmed by comparison of their potential temperature-salinity (6-S) relation-
ships with those of waters within the adjacent Florida Straits and Sargasso Sea. Water
properties and geostrophic velocities in several sections across the channels are described

and provide insight into the pattern of water circulation.

1.2 Data

During RV Oceanus cruise 205-2 in December, 1988, hydrographic data was collected from
both Providence Channels (Figure 2 and Table 1). CTD casts were made to a maximum
depth of ~2000 m using a Sea-Bird Electronics model SBE 19 profiler with a Paroscientific
Digiquartz pressure transducer.

A difference in the response times of conductivity and temperature sensors in a CTD
results in salinity bias and spikes (e.g. Ochoa, 1989). To compensate for the difference that
exists in our CTD, a range of advances were applied to the raw conductivity data in one
profile (Figure 3) and the value which minimized salinity spikes (-0.4 sec) was applied to
the raw conductivity data in all profiles. Raw data were then sorted into 2 db bins and
averaged before physical properties were calculated. Data processing was carried out using
software provided by Sea-Bird (version 3.2B) which utilizes the algorithims of UNESCO
technical paper #44 (Fofonoff and Millard, 1983).



Salinity, temperature and pressure sensors were calibrated two weeks before the start of
the cruise and were again calibrated 9 weeks after the finish. There was no significant change
in the sensitivity of the temperature sensor, but the sensitivity of the conductivity sensor
did drift between calibrations. A systematic pattern to this drift could not be discerned
from the 8-S relationships of casts made at different times during the cruise, so no attempt
was made to correct for drift in a systematic way. Instead, the average of the pre- and
post-cruise calibrations was utilized. Considering both calibration uncertainties and the
precision of the sensors listed by Sea-Bird, we believe that temperatures and salinities are
accurate to about +0.003°C and £0.01 ppt, respectively.

CTD data for both the Florida Straits and the Sargasso Sea (Tables 2 and 3) were
collected during RV Atlantis II cruise 109 (Roemmich and Wunsch, 1985) and RV Endeavor
cruise 129 (Knapp, 1988). For these data, salinities are believed accurate to +0.003 ppt

and temperatures are believed accurate to £0.002°C.

1.3 Results and Discussion

Situated at either end of the seaway formed by the Providence Channels, the Sargasso Sea
and the Florida Straits are the two possible sources for waters found within the channels.
Figure 4 shows the 8-S relationships for individual stations in the Florida Straits (just
south of the western entrance to NWPC) and the Sargasso Sea. Though warm, shallow
waters from both regions cannot be distinguished on the basis of §-S characteristics, for
# <15.5°C, waters in the Sargasso Sea are consistently about 0.1 ppt saltier than in the
Florida Straits. This subtle but significant difference makes it possible to determine the
relative contributions from these two potential sources to main thermocline and deep waters
within the Providence Channels.

The 6-S relationships at stations throughout the Providence Channels (Figure 5) fall
on a relatively tight curve, indicating that thermocline and deep waters in all parts of the
Providence Channels have a similar origin. Where this curve lies between Sargasso Sea and
Florida Straits waters on a 6-S plot is proportional to the relative contributions of these two
potential sources of water to the channels. §-S relationships for these waters are plotted

together in Figure 6. It is clear that the characteristics of channel waters with temperatures



<15.5°C (>500 m) are the same as that of Sargasso Sea waters—not intermediate between
those of the Sargasso Sea and Florida Straits—so their source must be the Sargasso Sea
alone.

Sections 1 and 2 are located at the eastern end of the seaway where it is relatively
deep and opens into the Sargasso Sea (see Figure 2). Isopleths of temperature, salinity
and density (Figures 7 and 8) generally have little slope across these sections; there is little
lateral variation in water properties. Isopleths do dip slightly from the axis of the channel
to the edges and preliminary geostrophic calculations (calculated assuming zero velocity at
the greatest depth common to adjacent CTD profiles) indicates flow of about 10-20 cm/sec
over the depth range of about 1000 to 1500 m (6: ~4-6°C, S: ~35.0-35.1 ppt), indicating
the presence of a westward flowing boundary current on the northern side of the channel
and a eastward flowing boundary current on the southern side. A deep western boundary
current (Labrador Sea type water) at the same depths and with similar physical property
and velocity characteristics flows along the western margin of the North Atlantic basin and
passes by the eastern margin of Little Bahama Bank (Olsen et al., 1984; Wilburn et al.,
1987; Fine and Molinari, 1988). Our observations suggest that this current does not jump
completely across the entrance to NEPC but at least a portion of it hugs topography—
entering, traveling around and then exiting the Providence Channels before it continues
southward.

Section 3 crosses the western end of NWPC where it opens into the Florida Straits
(Figure 9). The depths of isopleths are about the same as in sections 1 and 2 indicating
that there is little slope to isopleths along the axis of the channel and between the channel
and the Sargasso Sea (see Roemmich and Wunsch, 1985, for comparison). In contrast,
Luyten and Stommel (1984) note that the depths of temperature and density surfaces in
the Sargasso Sea are about 100 m deeper than in the rapidly flowing, confined current in
the Florida Straits. In waters shallower than about 300 m, isopleths are closely spaced
and dip from the edges of the channel towards its axis. This pattern implies eastward flow
in the northern portion of the channel and westward flow in the southern portion of the
channel—consistent with the observations of Leaman and Molinari (1987) and Gardner et

al. (1989) and in contrast to those of Richardson and Finlen (1967) and Lee (1977).
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In summary, 8-S relationships of thermocline and deeper waters within the Providence
Channels are consistent with a Sargasso Sea origin. Cross channel sections of water prop-
erties indicate that the lateral distribution of waters within the channels is generally homo-
geneous. These properties suggest two notable features of current flow within the channels.
First, at the western end of NWPC, there is eastward flow in the northern portion of the
channel and westward flow in the southern portion. Second, a portion of the North Atlantic
deep western boundary current (core at ~1250 m) flows along the margins of NEPC and

NWPC.
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1.6 Tables

TABLE 1. CTD Stations in the Providence Channels

Cruise Station Latitude (°N) Longitude (°W)

0C205-2 1 26.1637 77.6518
0C205-2 2 26.1750 77.6508
0C205-2 8 26.1225 77.7137
0C205-2 12 26.1695 77.7050
0C205-2 16 26.3263 77.8133
0C205-2 20 26.1173 77.7357
0C205-2 22 26.1570 77.7193
0C205-2 24 26.1882 77.7040
0C205-2 27 26.1892 77.7138
0C205-2 28 26.1767 77.7108
0C205-2 31 26.1835 77.6500
0C205-2 33 26.2210 77.6912
0C205-2 35 26.2245 77.7042
0C205-2 38 26.2183 77.6635
0C205-2 40 26.2657 77.7055
0C205-2 41 26.2277 77.6732
0C205-2 44 26.2682 78.2843
0C205-2 45 26.2595 77.7037
0C205-2 63 26.1265 77.7320
0C205-2 66 26.1540 77.7412
0C205-2 80 25.5632 76.8935
0C205-2 82 25.6065 76.9315
0C205-2 83 25.6558 76.9723
0C205-2 84C 25.6962 77.0112
0C205-2 85 25.7450 77.0607
0C205-2 86 25.7925 77.0952
0C205-2 87 25.8408 77.2668
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TABLE 1. Continued

Cruise Station Latitude (°N) Longitude (°W)

0C205-2 88 25.7997 77.3398
0C205-2 89 25.7613 77.4123
0C205-2 90 25.7358 77.4900
0C205-2 91 25.7027 77.5597
0C205-2 92 25.6657 77.6367
0C205-2 93 25.9417 77.8267
0C205-2 96 25.9327 77.8447
0C205-2 98 25.9747 78.0210
0C205-2 100 26.0612 78.0277
0C205-2 102 26.0703 78.0562
0C205-2 103 26.0663 78.0640
0C205-2 108 25.9838 78.1797
0C205-2 110 25.9483 78.2455
0C205-2 111 25.9237 78.1227
0C205-2 113 25.8803 78.1368
0C205-2 114 25.9062 78.1097
0C205-2 116 26.0333 77.8748
0C205-2 118 26.1240 77.7347
0C205-2 121 26.1547 77.7243
0C205-2 140 26.2002 77.7005
0C205-2 143 26.2297 77.7035
0C205-2 145 26.2163 77.6598
0C205-2 148 26.2595 77.6715
0C205-2 151 26.2303 77.6723
0C205-2 153 26.1948 77.7093
0C205-2 155 26.4572 78.6882
0C205-2 156 26.3858 78.7092
0C205-2 157B 26.3105 78.7273
0C205-2 158 26.2542 78.7515
0C205-2 159 26.1860 78.7728
0C205-2 160 26.1192 78.7938
0C205-2 161 26.0490 78.8170
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TABLE 2. CTD Stations in the Florida Straits

Cruise Station Latitude (°N) Longitude (°W)

AT109 240 26.033 79.230
AT109 241 26.041 79.344
AT109 242 26.058 79.378
AT109 243 26.033 79.480
AT109 244 26.030 79.562
AT109 245 26.042 79.670
AT109 246 26.033 79.767
AT109 247 26.033 79.850
AT109 248 26.092 79.933
AT109 249 26.092 80.020
AT109 250 26.092 80.067
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TABLE 3. CTD Stations in the Sargasso Sea

Cruise Station Latitude (°N) Longitude (°W)

AT109 215 24.516 64.932
AT109 223 24.529 70.023
AT109 232 24.496 74.412
AT109 233 24.513 74.723
AT109 234 24.510 75.011
AT109 235 24.502 75.285
AT109 236 24.492 75.420
AT109 237 24471 75.440
AT109 238 24.501 75.524
AT109 239 24.510 75.538
EN129 30 23.985 64.499
EN129 34 26.000 64.490
EN129 37 27.498 64.502
EN129 38 28.000 64.504
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1.7 Figure Captions

Figure 1. The geographic setting of the Northeast and Northwest Providence Channels.

Figure 2. Bathymetry of the Northeast and Northwest Providence Channels in meters (after
NOAA SE United States regional map). Solid circles indicate the locations of CTD stations
occupied during RV Oceanus cruise 205-2.

Figure 3. Vertical profiles of salinity calculated after advancing measured conductivity in
time relative to measured temperature. Notice the changes in the magnitude and sense of
spikes with different advances. The minimal salinity spikes associated with the -0.4 second
advance suggests that this value best compensates for the inherent mis-match in the re-
sponse time of the CTD’s conductivity and temperature sensors.

Figure 4. 6-S relationships for the Florida Straits (dashes) and the Sargasso Sea (lines).
Figure 5. 8-S relationships for the Northeast and Northwest Providence Channels.

Figure 6. 6-S relationships for the Florida Straits (dashes), the Sargasso Sea (lines) and
the Providence Channels (dots). If Providence Channel waters were a mixture of Sargasso
Sea and Florida Straits waters, the channel waters would have a 6-S relationship that falls
between those of the Florida Straits and the Sargasso Sea. However, Providence Channel
waters have the same 6-S relationship as Sargasso Sea waters and, for § <15.5°C, a dis-
tinctly different -S than the Florida Straits. This demonstrates that these waters have a
Sargasso Sea origin.

Figure 7. Distribution of a) temperature b) salinity, c) potential density and d) geostrophic
velocity (assumed to be zero at greatest depth common to adjacent CTD profiles, positive
value out of page) for section 1 across Northeast Providence Channel. Circles at top of
section indicate locations of CTD stations.

Figure 8. Same as Figure 7 except for section 2 across eastern end of Northwest Providence
Channel.

Figure 9. Same as Figure 7 except for section 3 across western end of Northwest Providence
Channel.
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Within the thermocline of the western North Atlantic, bathymetric
gradients of hydrographic properties are controlled by the iateral
movement of water along isopycnal surfaces'™. This movement is
driven by air-sea interaction processes: Ekman pumping and sur-
face heat (buoyancy) flux. By affecting the intensity of these
processes, glaciai-intergiacial climatic change shouid aiso affect
the bathymetric gradients of properties within the thermocline.
Benthic foraminifera live on carbonate bank margins that intersect
the thermocline. These foraminifers record the hydrographic
gradients in their isotopic shell chemistry, providing the means to
reconstruct changes in thermocline structure and circulation. We
have measured the 5'°O compositions of a near-surface planktonic
foraminifer, Globigerinoides ruber, and a shallow-water beathic
foraminifer, Cibicidoides floridanus, in a core recovered from Little
Bahama Bank. Cibicidoides floridanus exhibits a glacial-inter-
glacial range in 5'°0 that is 0.5% less than G. ruber’s, because
individuais of this species lived and caicified ~110 m shallower
on the thermocline ~ 18,000 yr ago. After giacio-eustatic changes
in thermocline position are accommodated, we estimate that tem-
perature at 540 m paiacodepth cooled by ~2 °C. Globigerionoides
ruber 5'®0 values suggest that surface water temperature at this
location aiso cooled by ~2 °C. This uniform cooling of the upper
600 m of the water column is consistent with the observation that

surface water where isopycnals outcrop was ~2 °C cooler during
the glacial maximum®™®.

During January 1982, the RV Cape Hatteras recovered piston
core CHO0182-36 from the southwest margin of Little Bahama
Bank, Bahamas. Seismic profiles of the site (26.1797° N,
77.6460° W, 651 m) and the down-core carbonate stratigraphy
indicate undisturbed hemi-pelagic deposition in the vicinity of
CHO0182-36 (refs 9, 10). Sediments are foraminifera-pteropod
ooze which appear to be partly lithified at ~40-45 cm depth’.
Over the depth range of 0-90 cm, four bulk sediment radio-
carbon ages™'® (Table 1) and 3'*O provide chronologic control.
We sampled the core at 2-cm intervals for isotopic analyses and
present a record with average spacing of 1,000 yr. Oxygen-
isotope analyses of C. floridanus'' (equivalent to C. pachyderma
(Rzehak)'?, >250 um) and G. ruber (white variety, 212-250 wm)
were made by using standard methods'’, and our resuits are
presented in § notation with respect to PDB (Table 1).

The 5'®0 records (Fig. 1) extend from the Late Holocene
back through the last glacial period (~18 kyr). Ages were assig-
ned to samples by correlating the 5'*0 records of G. ruber in
CHO182-36 and Uvigerina in core V19-30'* (age mode! of
Shackleton and Pisias'®). Ages obtained by correlation agree
reasonably well with the radiocarbon ages (~2 kyr mean devi-
ation). Inaccuracies in the V19-30 age model and difficulties in
using bulk sediment radiocarbon dates for high resolution
stratigraphy'®-'* may cause some differences between the age
scales. For this study it is much more important to have closely
correlated CHO0182-36 with V19-30 than to determine the
absolute age of the sediment, because we use V19-30 as both a
record of eustatic sea-level and a monitor of the effect of con-
tinental ice volume on the §'0 of sea water.

There are two notable differences between the planktonic and
benthic 530 records. (1) As is typically observed in deep-sea
sediment cores, 5'®0 values for the benthic C. floridanus are
always greater than corresponding values for planktonic G. ruber
because the benthic foraminifer lives in sea water that is cooler

Visual correlation chronology, '“C ages and oxygen-isotopic data for CHO182-36

Table 1
Depth Age* 5'%0ppg 5'%0ppp
(cm) (kyr) (G. ruber) {C. flondanus)
0 0.0t
1 0.4 -1.74 _—
1.27 £0.06%

3 1.1 -1.62 1.04

5 1.8 -2.01 1.07

7 25 -1.75 1.08

9 3.2 -1.36 1.04
1t 39 -1.90 1.05
13 4.6 -1.52 1.06
15 5.3 -1.92 0.98
17 6.0t -1.64 1.08
18 4.08=0 10%
19 6.4 -1.86 0.90
21 6.8 -1.85 1.29
23 7.2 ~1.90 1.20
25 7.6 -1.87 0.95
27 8.0 -1.87 1.27
29 8.5 =175 1.42
31 8.9 -1.69 1.21
32 7.27+0.11¢
13 9.3 -1.31 1.21
35 9.7¢ -2.00 1.16
37 10.2 -1.44 1.28
39 10.8 -1.58 1.30
41 11.3 -1.47 1.56
43 11.8 -1.00 1.89
45 123 -0.82 2.35
46 12.61

Depth Age* 5"%0pps 5"0pps

(cm) (kyr) (G. ruber) (C. flondanus)
47 12.8 -0.38 241
49 133 -040 147
50 16.96 £ 0.29%
51 13.8 -0.17 2.37
53 143 -0.22 2.06
S5 14.8% -0.74 1.72
57 15.1 -0.27 2.06
59 15.5 0.02 215
61 15.8 -010 237
63 16.1% 0.17 2.01
65 174 -0.12 236
67 18.7 -0.23 2.12
69 20.0 -0.44 215
70 20.6 -0.09 2.28
73 226 -0.29 1.95
74 232 -0.24 .19
76 25 -0.21 2.25
77 25.1 -0.27 2.06
78 26.31
79 26.4 -0.73 1.84
81 27.7 -1.00 1.97
83 29.0 -0.55 2.10
85 30.3 -0.79 1.87
87 315 -0.67 —_
89 328 -1.34 —
91 34.1 -0.82 —_
93 354 -1.03 —_

* Unless otherwise noted, obtained by linear interpolation between tie points from visual correlation between §'%0 of G. ruber and V19-30

Uvigerna'*'5,

+ Visual correlation tie point.
1 From bulk sediment '*C daung>'°.
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Fig. I Oxygen-isotope data for C. flondanus and G. ruber from

core CHO0182-36. Correiation points of the 5'*O records of G. ruber

in CHO182-36 and Uwigerna 1n V19-30 (refs 14,15) (open

tnangles), bulk sediment '“C ages®™'® (solid tnangles), and both

recent Holocene (0-4 cm) and glacial maximum (56-68 cm) 3'*0
data (shaded) are indicated.

(10-15 °C) than the surface water (~25°C). (2) The magnitude
of the glacial-interglacial change of C. floridanus (1.1%) is
significantly less than that of G. ruber (1.6%). The differences
between the records result from the relative positions of the
planktonic and benthic foraminifera within the thermocline, and
the vertical migration of the thermocline along the bank margin
(where C. floridanus lives) that accompanies glacio-eustatic sea
level changes.

The 8'®0 of calcite deposited in equilibrium with the present
sea water at Little Bahama Bank increases with depth because
of a large decrease in temperature within the thermocline. Figure
2a shows the measured temperature and salinity (25.7833° N,
77.0000° W, RV Researcher cruise ANT80), and estimated oxy-
gen isotopic composition of sea water (8'*0,,) as a function of
depth as it is today near the site of CH0182-36. Because the
prncipal source of this water is the Gulf Stream recirculation
system'®, 6'%0,, was calculated from &'°0,,-salinity relations for
Sargasso Sea Water and North Atlantic Deep Water (R. G.
Fairbanks personal communication). In the surface waters,
salinity decreases from lower to higher latitudes, and higher
salinities correlate with enriched 5'*0,, values because evapor-
ation increases salinity while fracuonating H3°O from H* 0.
Both salinity and 8'*Q,, values decrease with depth at this
location because deeper thermocline waters are supplied along
1sopycnals from the ocean surface at higher latitudes' . Despite
this decrease 1n 6'%0,, the 530 of calcite precipitated in equili-
brium with the sea water shows a consistent increase with depth
in the water column (Fig. 2b) because of the overwheiming
effect of the large temperature decrease™?.

The 6'%0 difference between G. ruber and C. floridanus
reflects this bathymetric gradient. Globigerinoides ruber live and
deposit their tests within the mixed layer®, so their equili-
brium 5'®0 composition shouid equal —1.3%. The mean value
observed for the interval 0.4-1.1 kyr is —1.7%. The observed
difference between our recent Holocene average and the calcu-
lated equilibrium 5'*Q value is —0.4%, which agrees with pre-
viously reported disequilibria of —0.25-~0.5%%*°. Much of this
difference has been attributed to the effects of symbiotic algae®.
Sediment-trap studies in the Sargasso Sea indicate that the flux
of G. ruber to the sea floor is relatively constant thoughout the
year’'?2. We assume that this same seasonal pattern of G. ruber
production existed during the glacial maximum, so that the 5%0
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Fig.2 a, Profiles of temperature, salinity and 5'®0 for the present-
day water column near the site of CHO182-36 (25.7833°N,
77.0000° W, RV Researcher cruise ANT80). Values of §'°0 were
calculated from the salimty data by using salinity-5'*O relauons
(R. G. Fairbanks, personal communication) for Sargasso Sea Water
and North Atlantic Deep Water. b, Profile of the 3'*0 of equili-
brium calcite and the depths at which G. ruber and C. flondanus
live today.

of G. ruber reflects the average annual surface water palaeo-
temperature. For individual Cibicidowdes species, the offset from
equilibnum has been reported to range between —0.64 and
-1.0%"*->. Our most recent Holocene value is 1.0% and expec-
ted equilibrium at 651-m water depth is 1.8%, indicating that
vital effects of C. floridanus fall within the range of previously
investigated Cibicidoudes species. We assume that the vital effects
remain constant through time so that foraminiferal and equili-
brium &'#0 values have the same spatial and temporal gradients.

Figure 3 shows the average measured interglacial and glacial
maximum 8'*O values of G. ruber and C. flondanus along with
the glacial foraminifera §'0 values that would be expected if
the thermocline maintained its present depth structure while the
sea level changed. Also shown are the %0 values that would
exist if sea-water temperatures at this locaton decreased by
increments of 1 °C. Palaeodepths and past sea-level are based
on the history of eustatic sea-level inferred from the 5'30 record
of benthic foraminifera in V19-30'*'* (corrected for effects of
deep-water temperature change®®). Eustatic sea-level changes
were calculated by assuming that a 0.1% increase 1n 5'°0O corre-
sponds to a 10 m fall in sea-ievel***°. The expected §'°0 values
were generated by the palacotemperature equation™* and the
data 1n Fig. 2 (after accounting for ice volume effects as indicated
by the V19-30 record).

For the surface-dwelling planktonic foraminifer, G. ruber, the
expected 6'*0 composition follows a simple response to sea-
level change because its position within the water column does
not change with respect to sea-level. The benthic foraminifer,
C. flondanus, has a more complicated response to sea-level
change because its §'*0 composition is affected not only by
enrichment and depletion that correspond to ice volume growth
and decay, but also by changes in its position within the thermo-
cline as sea level changes. Thus whereas the isotopic composition
of G. ruber 1s affected mostly by changes in ice volume and sea
surface temperature, C. flondanus is affected by ice volume,
migration of the thermocline and changes in the temperature
structure within the thermocline.

The average giacial 6'®0 compositions for both G. ruber and
C. flondanus show that near-surface and mid-thermoctine water
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Fig. 3 The average measured 5'0 of recent Holocene
foramimfera are represented by circles. If water temperatures near
the surface and within the thermoctine have remained the same
from the last glacial maximum through today, then the solid lines
trace the 5'°0 of foramimfera that would be expected as ice volume
and sea level changed; dashed lines trace the 5'%0 of foraminifera
1f water temperatures were decreased by ! °C increments. For a
given v-axis value, heavier 3'%0 values indicate cooler water tem-
peratures and the dashed lines provide a scale to calibrate the
temperature of water in which foraminifera lived. The averaged
measured 5'°0 of glacial foraminifera (tnangles) are heavier than
expected, indicauing that glacial water temperatures were cooler
than today at (a) the surface and (b) 540 m palacodepth.

temperatures were colder by about 2.3 and 1.7 °C, respectively,
during the last glacial maximum than today. If only differences
1n ice volume and eustatic sea level change affected the 5'*0
of C. flondanus, then its glacial 4'°0 value should be 1.8%
during the lowest sea level (sea-level change —110 m, CHO0182-36
palacodepth ~540 m) (Fig. 3b). The predicted net difference
from today of 0.7% reflects the combined effects of a 1.1%
change due to greater ice volume and a ~0.4% change due to
calcification shallower in the thermocline at warmer tem-
peratures (see Fig. 2b). This predicted glacial 5'%0 value is 0.4%
less than the measured glacial value, indicating that the thermo-
cline at that paleodepth (540 m) was about 1.7 °C cooler than
at 540 m depth in the modern ocean. Similarly, if glacial near-
surface waters had the same temperature as today, then the
predicted 6'%0 value of G. ruber would be —0.6% during the
glacial maximum, 1.1% greater than today due to greater ice
volume (Fig. 3a). This value is 0.5% less than our measured
glacial value for G. ruber, indicating that surface water tem-
perature cooled by 2.3 °C. Precisely how variations in evapor-
atton and precipitation affected the 5'%0 of the water during
glacial times is not known. Our glacial-interglacial surface tem-
perature decrease agrees closely with faunal assemblage esti-
mates (about ~2 °C) for the same region®~***'_ implying that
any such effects on near-surface water are small.

We have assumed that eustatic and local sea levels are the
same. Because the site of CH0182-36 is more than 200 km from

41

the conunental margin of eastern Flonda, we suspect that there
1s little ditference between eustatic and local sea levels. In any
case, using a simple Airy model of isostatic compensation, we
estimate that the difference between changes of eustatic and
local sea level was at most 34 m. Consequently, our estimate of
the glaciai-interglacial change in mid-thermocline temperatures
may be in error by up to 0.4 °C because of isostatic effects. The
effects of even this maximum possible difference in sea level
change would hardly be detected because the mid-thermocline
temperature estimate from the 5'*0 of C. floridanus is not more
precise than about £0.3 °C.

Our temperature estimates require that the effect of glacial
ice volume on 5'%0,, has been correctly determined by Chappel
and Shackieton’®. However, the 5'%0 difference between G.
ruber and C. flondanus can be used to reconstruct the past
vertical structure (i.e. temperature gradient) of the water column
at Little Bahama Bank without this stipulation. As illustrated
in Fig. 3, if the same thermocline structure existed during the
glacial climate, then the glaciai-interglacial range for C.
flondanus should be 0.4% less than for G. ruber. Our measure-
ments show that the A5'%0 value for C. flondanus is 0.5% less
than that of G. ruber. Thus no changes in thermocline structure
are necessary to accommodate the differences between the sur-
face water and mid-thermocline isotopic records. [f our
palacotemperature estimates are correct, glacial cooling of the
surface ocean affected at least the upper 600 m of the water
column.

These results are consistent with inferences drawn from the
simple ventilated thermocline model of Luyten et al>*. In this
model, the structure of the thermocline reflects the latitudes at
which isopycnal surfaces outcrop at the ocean surface and the
strength of wind-driven Ekman pumping. During the last glacial
maximum, stronger trade winds>****° and westerlies®*°
increased Ekman pumping, and isopycnal surfaces outcropped
at lower latitudes because of decreased surface temperature®™
and southward migration of the oceanic polar front>**'. Con-
sistent with the model of Luyten et al>*', our data indicate that
the thermocline structure at the latitude, longitude and
palaeodepth (~540 m) of CHO182-36 was relatively insensitive
to the glacial-interglacial changes in either Ekman pumping or
isopycnal outcrop location. The ~2°C glacial cooling of the
upper water column indicated by our data ts consistent with the
observation that much of the ocean surface where the 1sopycnal
surfaces outcropped was ~2 °C cooler™™.
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Chapter 3

Physical structure and carbon cycling within the
glacial thermocline of the western subtropical

North Atlantic

3.1 Heading

Benthic foraminifera shells accumulating on the margins of the Bahamas Banks had higher
6180 and §'3C during the last glaciation than today. These data show that glacial North
Atlantic thermocline waters were colder, better ventilated and depleted of nutrients. Such
changes result from the direct response of thermocline circulation to glacial surface ocean

climate.

3.2 Introduction

The subtropical gyre of the western North Atlantic is characterized by a steep gradient
in temperature, or main thermocline, that extends from the base of the surface mixed
layer (~150 m) to uniformly cool deep waters (~1200 m). Pedlosky [1990] has reviewed
the dynamics of gyre circulation. Within the thermocline, gradients of water properties
with depth reflect the lateral flow of water along isopycnal surfaces. Wind-driven Ekman
transport and bouyancy (density) flux drive water into the thermocline when isopycnals
outcrop at the ocean surface during late winter. Water then flows along isopycnals to greater
depths at lower latitudes along paths that minimize changes in potential vorticity. In this

“ventilated” region of the thermocline, the fluxes and trajectories of water and therefore its
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vertical structure, depend largely on the climatic conditions at the ocean surface where and
when isopycnals outcrop.

Together with circulation, biological processes control the vertical distribution of nu-
trients in the thermocline. Marine plants produce oxygen and deplete surface waters of
nutrients and isotopically-light carbon, while the decomposition of settling organic matter
at depth consumes oxygen and releases nutrients and isotopically-light carbon back into
the water. As a result, concentrations of phosphate, nitrate, silicate and total dissolved
inorganic carbon all increase with depth, and the concentration of dissolved oxygen and
the §13C of the dissolved inorganic carbon decrease [Spencer, 1972; Kroopnick et al., 1972].
The steepness of gradients in these parameters reflects the fact that the thermocline is the
principal site of nutrient and carbon cycling in the oceans, that is, ~90% of the organic
matter produced in the surface mixed layer is recycled before sinking through the base of
the thermocline [see Broecker and Peng, 1982; Sundquist, 1985].

Abundant evidence exists for glacial-interglacial changes in surface ocean climate and
the chemistries of the atmosphere and ocean (see below). Such changes relate in a pre-
dictable manner to the bathymetric distributions of temperature and nutrients within the
thermocline. By accurately reconstructing these distributions for times in the past, strong
constraints can be placed on the mechanisms driving these changes. In this paper, §30 and
613C of benthic foraminifera from a suite of Bahamaian sediment cores provide the basis
of the first detailed reconstructions of the temperature and nutrient distributions of the
glacial thermocline. These distributions reflect thermocline circulation and are interpreted

in terms of glacial surface ocean climate.

3.3 Geologic and oceanographic setting

We focused our efforts on the margins of Little Bahama Bank and Great Bahama Bank
which bound the eastern end of Northwest Providence Channel for two reasons (Fig. 1).
First, the banks are one of the few topographic features in the western North Atlantic where
benthic foraminifera live and which intersect subtropical-gyre thermocline waters. Second,
prior experience indicated that it would be possible to recover undisturbed, continuously

deposited sequences of sediments that contained abundant benthic foraminifera [Mullins
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and Neumann, 1979; Burns and Neumann, 1987; Slowey and Curry, 1987].

Northeast and Northwest Providence Channels form a seaway that connects the western
North Atlantic basin with the Florida Straits. The hydrography of the seaway is reviewed
in Chapter 1. Today, temperature—salinity, oxygen—density and temperature-depth rela-
tionships of thermocline and underlying waters within the seawway are characteristic of
the Sargasso Sea and North Atlantic Deep Water and flow is dominantly westward from
the Atlantic toward the Florida Straits. We assume that this was also the case during the
last glaciation. While some flow of water from the Florida Straits into the western end
of Northwest Providence Channel does occur, such events are relatively uncommon and of
short duration. More importantly, they are confined to waters shallower than ~275 m, that
is, above the main thermocline. Noting that the intrusion of western North Atlantic water
from Northwest Providence Channel into the Florida Straits does not extend below ~450
m, Wennekens [1959] suggested that an underwater sediment spur, which extends along the
seafloor from the western tip of Great Bahama Bank past the southern margin of Little
Bahama Bank, isolates deeper waters in Northwest Providence Channel from those in the
Florida Straits. During the last glacial maximum, the spur would have been even shallower
as sea level was lower at that time.

At our study site, the margin of Little Bahama Bank is steep and irregular due to a
series of ridges and gullies extending down its face; the margin of Great Bahama Bank
is more gently sloping and broader [Mullins and Neumann, 1979; Burns and Neumann,
1987]. Though downslope processes were once active, high-resolution seismic profiles display
continuous, parallel, unbroken reflectors, indicating that veneer of Quaternary periplatform
ooze now drapes both margins [Mullins and Neumann, 1979; Mullins et al., 1979; Burns
and Neumann, 1987]. The compositions and downcore stratigraphies of late Quaternary
sediment samples recovered from the margins also display few effects of downslope processes
such as turbidity and grain flows [Mullins and Neumann, 1979; Boardman and Neumann,
1984; Burns and Neumann, 1987].

In addition to the normal rain of pelagic detritus, periplatform ooze contains fine-grained
algal debris and other bank-top derived material that is composed primarily of aragonite and

magnesian calcite [Schlager and James, 1978]). This material is suspended into the water
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column by tides and storms and then settles through the water column to the seafloor
[Neumann and Land, 1975; Boardman and Neumann, 1984]. Importantly, changes in the
aragonite content of the ooze corresponds closely with changes in climate as indicated by
foraminiferal 6180 such that it is greatest during interglaciations and least during glaciations
[Droxler et al., 1983; Boardman et al., 1986]. Two explanations have been suggested:
(1) aragonite production is greater when the bank tops are flooded during interglacial
highstands of sea level [Kier and Pilkey, 1971; Boardman and Neumann, 1984; Boardman
et al., 1986], and (2) aragonite dissolution on the seafloor is greater during glaciations [Lynts,
1973; Droxler et al., 1983; Droxler, 1985]. As a result of fluctuations of aragonite content,
the sedimentation rates of periplatform ooze are typically higher during interglacials than
during glacials [e.g. Kier and Pilkey, 1971; Droxler et al., 1983; Boardman et al., 1986;

Burns and Neumann, 1987].

3.4 Methods and core stratigraphies

A suite of giant gravity cores (GGC, 4 inch diameter), jumbo piston cores (JPC, 4 inch
diameter) with trigger weight cores (TC), and box cores (BC) were recovered from the
study site in December, 1988, during RV Oceanus cruise 205-2. Whenever possible, we
recovered these cores from ridge crests and other local topographic highs to avoid the
possible influence of downslope processes. Two previously existing standard piston cores
(PC, 2.25 in diameter) were also available [Burns and Neumann, 1987]. Fig. 2 and Table
1 show the location, water depth and length of recovery of the cores utilized in this study.
Core sites are from a limited area along the bank margins with a depth distribution (425-
1534 m) that spans almost the entire thermocline and extends into upper North Atlantic
Deep Water.

Two approaches were followed to check the stratigraphic integrity of the gravity and
piston cores. First, each core was visually inspected, then sampled at 10 cm intervals
and the percentage of aragonite relative to total aragonite and calcite in bulk sediment was
determined using x-ray diffraction [after Neumann, 1965, see Appendix to this Chapter]. As
noted above, previous work by Droxler et al. [1983] and Boardman et al. [1986] has shown

a strong correspondence of aragonite percentage with foraminiferal 680 in this region.
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The standard deviation of duplicate determinations is about +1%. The algorithim used
to analyze x-ray data slightly over-estimated the aragonite content of some glacial samples
that contained quartz. Therefore, on average, true glacial-interglacial ranges in aragonite
content are about 4 percent greater than presented here. This difference in no way affected
the stratigraphic interpretation of the aragonite percentages. If sedimentation appeared
continuous and undisturbed from the la.t glaciation through the recent Holocene, the core
was resampled at ~3 cm intervals near its top and across the glacial-aged section. Shells of
the planktonic foraminifera Globogerinoides sacculifer (300-350 um) were picked from each
sample and their oxygen isotopic composition measured on a VG Micromass 602E mass
spectrometer at the Woods Hole Oceanographic Institution using standard methods [Curry
and Lohmann, 1982]. Replicate analyses of the standard NBS-20 indicate that analytical
precision is better than 0.1 per mil.

Sediments deposited during the recent Holocene and last glacial maximum (LGM) were
identified in each core based on these two stratigraphies (Fig. 3). While the stratigraphic
relationships of the other cores are straightforward, it was clear from the shape of the
aragonite profile of core 120JPC that some Holocene sediments were missing and so it has
been spliced together with its trigger weight core (120T). High aragonite content and low
6180 values confirm that core-top sediments are recent Holocene while low aragonite and
high 6180 typify glacial sediments. Sediments spanning the depths where G. sacculifer 6°0
is most positive are taken to be from the LGM [Emiliani, 1955; Shackleton and Opdyke,
1973). When two glacial 6'®0 maxima occurred, the youngest was chosen. If the ages
of this event is 18 kyrs [Mix and Ruddiman, 1985; Bard et al., 1990] and the core tops
are 0 kyrs, then the average glacial to recent sedimentation rates for the cores range from
about 3 to 13.5 cm/kyr. Since the supply of aragonite from the bank tops is greater during
interglaciations, it is likely actual interglacial sedimentation rates are greater than these
averages and glacial rates are lower.

The LGM to recent Holocene ranges of aragonite content and G. sacculifer §'30 are all
about 28 to 74% and -1.6 to 0.3 per mil, respectively, suggesting no significant disturbance
by bioturbation or coring processes. Sediments in core 7JPC may be an exception, as

they display a low sedimentation rate and the smallest ranges of aragonite content and
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foraminiferal §180 (see benthic values below). Core 149JPC barely penetrated the glacial
sediments. Thus, while the aragonite content and 680 of G. sacculifer at its base are
consistent with a LGM age, we cannot be certain on this basis alone.

The shell compositions of Planulina species of benthic foraminifera are believed to faith-
fully record gradients of §13C in £CO; and §'80 of ambient seawater [Belanger et al., 1982;
Graham et al., 1982]. As no one species of Planulina is found over the entize range of
thermocline depths [e.g. van Morkhoven et al., 1986}, shells (>250 pm) of several species—
P. joveolata (shallowest), P. ariminensis and P. wuellerstorfi (deepest)—were picked from
the recent Holocene and LGM sediments for analysis. Isotope ratios were measured using
a Carousel-48 automatic preparation system attached to a Finnigan-MAT 251 mass spec-
trometer at Lamont-Doherty Geological Observatory. In contrast to the procedure followed
at Woods Hole, shells were not crushed prior to reaction with acid and the acid temperature
was 90°C instead of 50°C. The means of the standard deviations of 15 duplicate analyses
of foraminiferal 6120 and §13C were 0.053 and 0.023 per mil, respectively.

Using data from Zahn et al. [1987] and our data presented here for the Bahamas, the
isotopic compositions of P. ariminensis and P. wuellerstorfi are compared (Fig. 4). Zahn
et al. ignored about half of their data because it had large inter-species differences due
to bioturbational mixing. Two points of the Bahamas data (identified by the symbol ‘?’)
were not used in determining the mean isotopic compositions of the foraminifera because
we suspect slight downslope creep of P. ariminensis shells. Their §'80 values are like the
P. ariminensis found ~50-150 m further up the bank margins (see Fig. 6 below). As
the gradient of water column §'3C is greatest over these depths, this might explain the
particularly large differences between the 813C of these P. ariminensis and P. wuellerstorfi.
The mean §'80 of P. ariminensis is 0.1 per mil less than that of P. wuellerstorfi and the
mean §13C of P. ariminensis is 0.02 per mil greater than that of P. wuellerstorfi. For these
species, the means of §'3C and 680 are essentially the same (given the analytical precision
of the measurements) and changes in their isotopic compositions correspond nearly one to

one one. Therefore, these data can be combined to produce a single profile.
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3.5 Ventilation and nutrient concentrations

Fig. 5 shows the measured concentration of phosphate in the water column, the estimated
§13C of the dissolved inorganic carbon in the water column and the measured §3C of
Planulina species in both recent Holocene and glacial maximum sediments. The water §3C
estimates are based upon along-isopycnal differences in phosphate between the GEOSECS
II hydrographic station [Spencer, 1972; Kroopnick et al., 1972] and the Bahamas, assuming
phosphate and carbon are released into the water from “Redfield” organic matter with
613C of -18.1 per mil. To correct for lower sea level, 120 m was subtracted from the depths
of LGM foraminifera [Fairbanks, 1989]. Importantly, the §23C profile of recent Holocene
benthic foraminifera reaches a minimum at about the same depth as the characteristic lower
thermocline maximum of nutrients and minima of dissolved oxygen and the §'3C of the
dissolved inorganic carbon within the modern North Atlantic subtropical gyre. This close
correspondence lends confidence to the use of fossil §*3C as a proxy for past phosphate and
oxygen concentrations and indicates that modern foraminifera were not significantly affected
by downslope transport. In this carbonate platform environment, downslope processes are
even less active during the glacial lowstand of sea level [Mullins, 1983; Droxler and Schlager,
1985].

Bathymetric profiles of modern North Atlantic subtropical gyre waters typically display
a maximum in phosphate and minimum in dissolved oxygen concentrations near the base
of the thermocline. A minimum of the §13C in £CO; occurs at the same depth—consistent
with biological consumption of O; and the release of phosphate and !3C during organic
matter degradation [Kroopnick et al., 1972]. These extrema occur in waters where the po-
tential density anomaly ranges from about 27.2 to 27.5 kg/m>. They reflect the presence of
poorly-ventilated lower thermocline waters separating well-ventilated, oxygen-rich shallow
thermocline waters and intermediate depth Labrador and Mediteranean Sea waters [e.g.
Jenkins, 1980; Sarmiento et al., 1982]. Vertical diffusion cannot by itself account for the
presence of the oxygen minimum because lateral advection of water along isopycnals is much
more significant than vertical mixing [Jenkins, 1980]. However, several other processes may
be involved.

The concentration of dissolved oxygen in thermocline waters primarily reflects how well
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ventilated they are to the atmosphere. Waters remain saturated with dissolved oxygen while
at the ocean surface; but once they are subducted into the thermocline, biological consump-
tion outpaces supply by advection or diffusion, and the concentration of oxygen falls. Waters
corresponding to isopycnals that outcrop along the surface of the subtropical gyre belong
to the “ventilated” region of the thermocline [Luyten et al., 1983a]. Driven directly into
the thermocline by Ekman pumping and bouyancy flux, they circulate rapidly around the
gyre and are frequently ventilated as indicated by high tritium concentrations and young
tritium—3He ages [Broecker and Ostlund, 1979; Jenkins 1980, 1987, 1988; Sarmiento et al.,
1982]. In contrast, the isopycnal surfaces that correspond to the oxygen minimum are poorly
ventilated. They are deeper and outcrop farther north in the subpolar gyre—north of the
line of zero wind stress curl—where Ekman upwelling occurs, which does not contribute
to ventilation [Jenkins, 1980, 1987, 1988; McCartney, 1982; Sarmiento, 1982; Luyten et
al., 1983a). Waters may also circulate about the subpolar gyre before communicating with
the subtropical gyre, during which time oxygen is depleted and nutrients are accumulated
[Sarmiento et al., 1982; Pedlosky, 1990; McCartney, personal communication]. To some
extent, the oxygen minimum of the North Atlantic thermocline may be enhanced by mixing
with older (in this sense, poorly ventilated), low-oxygen waters from the south [Jenkins,
1980; Tsuchiya, 1989]. The volume of poorly-ventilated, low-oxygen waters increases along
the southeastern margin of the gyre [e.g. Sarmiento et al., 1982; Kawase and Sarmiento,
1985; Jenkins, 1987]. This increase is consistent with the “shadow” zone predicted as a con-
sequence of the anticyclonic trajectory of water subducted from the gyre surface [Luyten
et al., 1983a]. Yet, the actual contribution of this mechanism cannot be evaluated until
after the physical circulation in the region is considered [Stramma and Siedler, 1988; Spall,
1990]. Finally, degradation of organic matter beneath the upwelling zone off of Africa also
contributes to the oxygen depletion of these waters [e.g. Menzel and Ryther, 1968].

The recent Holocene and glacial maximum 6*3C profiles differ in two significant ways.
Glacial §13C values are at least 0.1-0.2 per mil more positive than recent Holocene values
and as much as 0.6 per mil more positive at the depth of the modern ocean 613C minimum.
The LGM profile does not possess a local minimum, rather, §13C values decrease steadily

from the upper thermocline to greater depths. These data are consistent with greater, more
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uniform ventilation rates for thermocline waters driven by glacial surface ocean climate.
During the LGM, geologic evidence and climatic models suggest stronger trade winds [e.g.
Hays and Perruzza, 1972; Parkin and Shackleton, 1973; CLIMAP, 1976; Gates, 1976; Gard-
ner and Hays, 1976; Manabe and Hahn, 1977; Kolla et al., 1979; Sarnthein et al., 1982;
Manabe and Broccoli, 1985; Kutzbach and Guetter, 1986] and westerlies [Manabe and Broc-
coli, 1985; Kutzbach and Guetter, 1986], implying stronger Ekman pumping and greater
thermocline ventilation. The models emphasize that the westerlies flowed along the margin
of sea ice. Therefore, in contrast to today, all glacial thermocline isopycnals outcropped in
the region of Ekman downwelling south of the zero wind stress curl line and so all were well
ventilated.

A model by Boyle [1986] illustrated that increased wind-driven ventilation of the upper
thermocline would lead to lower nutrient concentrations. Qur results are consistent with this
suggestion, though whereas Boyle focused on increased low-latitude pumping, we suggest
that the high-latitude processes, such as increased strength and shift in the position of the
westerlies, were also quite significant. It is only at higher latitudes that all thermocline
isopycnals are ventilated and subject to direct atmospheric forcing.

An anticipated consequence of higher ventilation rates is that the concentration of nutri-
ents in thermocline waters decreases. To infer a change in the concentration of the nutrient
phosphate from foraminiferal §'3C requires knowledge of the 63C to phosphate ratio in
seawater. Core-top benthic foraminifera are assumed to be on average at least 100 years
old, so their §13C does not reflect the input into the oceans of isotopically light CO, from
fossil fuels; in contrast, the §13C of rapidly ventilated thermocline waters to some extent
does [Broecker and Peng, 1982]. Based upon the mean ocean §13C to phosphate ratio of
Broecker and Peng [1982] (-0.93 per mil/umol kg~!) which has been corrected for this ef-
fect, the phosphate concentrations of glacial thermocline waters were from about 0.1 to 0.65
pmol kg1 less than today—the biggest difference occurring at the depth of the modern
613C minimum. It is currently estimated that the mean §!3C of glacial ocean water was ~0.3
per mil less than during the recent Holocene [Curry et al., 1988; Duplessy et al., 1988] due
to the transfer of 12C encriched terrestrial carbon to the oceans [Shackleton, 1977]. Taking

this into account, glacial phosphate concentrations within the thermocline must have been
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from about 0.4 to 0.9 pmol kg~! less than today. The 63C to phosphate ratio and decrease
in mean ocean §13C are consistent with the changes in Cd/Ca and §'3C reported by Boyle

and Keigwin [1987] for Carribean core KNR 65 Sta 5 core 5PG.

3.6 Temperature gradient

Bathymetric profiles of temperature, the §'20 of equilibrium calcite and the measured 5180
in both recent Holocene and LGM Planulina species are shown in Fig. 6. To correct for lower
sea level, 120 m was subtracted from the depths of LGM foraminifera [Fairbanks, 1989]. The
6180 of equilibrium calcite was calculated using §!80,,-salinity relations for the Sargasso
Sea (R. Fairbanks, personal communication) and the paleotemperature relationship of Erez
and Luz [1983]. Like Zahn and Mix [submitted], we find that this relationship (offset by -1.0
per mil) compares better with foraminiferal §'80 than either the Craig [1965] modification
of the Epstein et al. [1953] relationship (offset by -1.0 per mil) or the relationship of
O’Neil et al. [1969] (offset by -1.0 per mil) (Fig. 7). The average difference between
foraminiferal and equilibrium 680 is about -1.0 per mil, within the range of -0.64 to -1.0
reported for individual Planulina and Cibicidioides species [e.g. Shackleton and Opdyke,
1973; Shackleton, 1977; Woodruff et al. 1980; Belanger et al., 1981; Graham et al., 1981].
If we assume that vital effects on foraminiferal §180 and the bathymetric gradients of the
§180 of water remain constant through time, then bathymetric gradients of foraminiferal
6180 can be used to estimate temperature gradients. The foraminiferal §'®0 gradient
is steeper during the LGM than during the recent Holocene. After subtracting 1.2 per
mil from LGM values to account for the mean change in the §'80 of ocean water due to
increased glacial ice volume [Fairbanks, 1989], the LGM-recent Holocene difference in 6180
ranges from about 0.2 to 0.7 per mil with increasing depth which is roughly equivalent to
temperature decreases of about 1 to 3 °C during the LGM. Thus, the upper 1500 m of
the water column was cooler by at least 1 °C during the LGM—the deepest waters were
several degrees cooler. This is consistent with the general wintertime latitudinal sea surface
temperatures and their gradients indicated by CLIMAP [1976, 1981] and climate models
[Manabe and Broccoli, 1985; Kutzbach and Guetter, 1986], that is, the source waters of
the glacial thermocline. From their model, Luyten et al. [1983b] infer that the response of
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thermocline structure to changes in wind stress is mostly local. At a western, low-latitude
location like the Bahamas, the base of the thermocline would deepen if low-latitude Ekman
pumping doubled, while it would not show much effect if high-latitude pumping increased.
Within the resolution of the data, the break in slope that marks the thermocline-deep water
boundary (~1100 m during the recent Holocene) was shallower by ~100 m during the LGM.
Either glacial trade winds were not greatly increased during the LGM, or the model with
boundary conditions of Luyten et al. [1983b] do not adequately reflect the glacial ocean.

3.7 Intermediate depth waters

Evidence exists for nutrient-depleted intermediate-depth waters in the Atlantic during the
LGM [Cofer-Shabica and Peterson, 1986; Boyle and Keigwin, 1986, 1987; Oppo and Fair-
banks, 1987; Zahn et al., 1987]. Zahn et al. [1987] attributed glacial 3C enrichment of
waters along the northwest margin of Africa to increased outflow of Mediterranean water.
Oppo and Fairbanks [1987] contend that the nutrient depletion observed at other points in
the Atlantic basin reflects the presence of the Mediterranean water. Due to lower sea level,
Duplessy et al. [1988] suggest the Mediterranean outflow would have decreased during the
LGM, and Boyle and Keigwin [1987] argue it is unlikely that the volume of Mediterranean
outflow would be sufficient to so strongly affect the character of intermediate depth water
as far west as the Caribbean. The distribution of preliminary foraminiferal Ba/Ca data
from Caribbean and Mediterranean cores also conflicts with the notion of greatly enhanced
influence of glacial Mediterranean water [Lea, 1990].

Boyle and Keigwin [1987] suggest that less-saline, nutrient-depleted North Atlantic sur-
face waters formed intermediate waters during the last glaciation. That northern source
waters extended as far south as the passages leading to the Caribbean is consistent with
both §23C [Oppo and Fairbanks, 1989] and preliminary Ba/Ca data [Lea, 1990].

To shed light on the processes involved in the glacial *C enrichment of Mediterranean
water and the origins of glacial intermediate depth waters, Figs. 8 and 9 show glacial isotopic
compositions of Planuling and Cibicidoides species from the Bahamas, the Caribbean, the
Mediterranean, the African margin by Gibraltar and the intermediate-depth North Atlantic
[Boyle and Keigwin, 1987; Oppo and Fairbanks, 1987; Zahn et al., 1987]. So that the

53



data could be considered in the context of mixing among water masses, end members
for water types were identified in the fashion of Oppo and Fairbanks [1987]: wintertime,
low-latitude North Atlantic surface water (WNASW); Mediterranean Intermediate Water
(MIW); Northern Component Water (NCW); southern component water and North Atlantic
Intermediate Water (NAIW). Oppo and Fairbanks [1987] note that the type data they
chose for NCW actually contains a southern component in addition to its primary northern
character, therefore, core V2814 [Curry et al., 1988] is also included in the hopes of being
a more representative end member. Data from low-latitude, intermediate-depth cores are
also shown (KW-31, 1181 m [Pastouret et al., 1978]; BT4, 1000 m [Curry et al., 1988]).
Finally, there are no data available from the South Atlantic thermocline and so at this time
the influence of these waters cannot be considered.

Existing Ba/Ca data [Lea, 1990] plotted versus the isotopic ratios provides an additional
constraint (Figs. 9b and 10). We have converted the Ba/Ca of glacial planktonic foraminifera
[Lea, 1990] to an equivalent benthic Ba/Ca using the appropriate distribution coefficients
[Lea, 1990] and assumed it applies to wNASW. This assumption is consistent with the
uniform distribution of Ba in surface waters of the modern North Atlantic [GEOSECS
executive committee, 1987).

There is a general trend of decreasing §'3C with increasing 6'®0, consistent with a steady
transitions between thermocline waters and NAIW and between NAIW and deep waters
with a both northern and southern components. While NAIW falls between southern water,
MIW and wNASW in 613C-§180 space (Figs. 8 and 9a), it does not in either §'>C-Ba/Ca
or Ba/Ca-680 space (Figs. 9b and 10), indicating that NAIW cannot be simply a mixture
of MIW, wNASW and southern waters.

Several possibilities remain: (1) NAIW is a mixture of wNASW, northern and southern
component waters (Fig. 9c), (2) NAIW is a mixture of wNASW, MIW and northern
component waters (Fig. 9d), (3) NAIW is a discrete water mass. NAIW falls directly on
the mixing line between wNASW and northern component water, that is, along the edge
of the mixing fields in possibilities (1) and (2). Assuming core V28-14 represents northern
component water, any contribution of MIW or southern waters to NAIW must be minimal.

Further Ba/Ca data may help to constrain whether NAIW could be a mixture between
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these wNSW and deep northern component water or is a discrete water type. If core
V28-14 actually reflects a mixture of northern and southern waters then NAIW will fall
within the wNASW, northern and southern component water mixing field and southern
waters could contribute to NAIW (Fig. 9¢). NAIW would be out of the wNASW, MIW
and northern water mixing field and, again, MIW could not contribute to NAIW (Fig. 9f).

In the North Atlantic today, the thermocline is underlain by Uppcr North Atlantic
Deep Water—Labrador Sea waters along the western margin of the basin and waters which
contain a percentage of MIW in the central and eastern part of the basin [e.g. Wust, 1978;
Worthington, 1976; Talley and McCartney, 1982]. MIW quickly entrains Atlantic waters
as it leaves the Mediterranean so that MIW makes up only ~1/4 of outflow waters near
Gibraltar [e.g. Oppo and Fairbanks, 1987, Fig. 1] and less than 1/10 of the waters in the
western portion of the basin [e.g. Wust, 1978]. The §'3C of Zahn et al. [1987] suggest
that MIW was similarly diluted as it entered the Atlantic near Gibraltar during the LGM.
Yet, the §13C values of glacial Bahamas foraminifera equal or exceed the maximum values
reported by Zahn et al. [1987] for the Mediterranean outflow waters (Fig. 8). Thus, unless
these outflow waters crossed the ocean basin without entraining any other waters—which
seems unlikely—MIW could not have been the main source of the high §13C found in the
western North Atlantic during the LGM.

During the LGM, the §'3C of the shallow thermocline waters at the Bahamas were at
least ~0.1-0.2 per mil greater than that of MIW and the difference between surface ocean
and MIW was probably greater still. If all glacial North Atlantic thermocline waters were
similarly enriched, then 3C enrichment of MIW would occur if for no other reason than its
surface ocean source waters were similarly enriched. As a consequence of stronger glacial
Ekman pumping, a decrease in the size of the oxygen-depleted “shadow” region along the
eastern margin of the gyre [Luyten et al., 1983a] might enhance the increase in the §'2C of

these waters.

3.8 Summary and speculation

Thermocline circulation in the North Atlantic subtropical gyre responds directly to the driv-

ing forces of surface ocean climate. During the last glaciation, the nutrient concentrations
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and the temperatures of thermocline waters decreased and a poorly-ventilated oxygen mini-
mum layer did not exist. These changes are consistent with our understanding of the physics
of thermocline circulation and evidence for stronger winds and cooler wintertime surface
ocean temperatures. We suggest that because of the influence of glacial ice on the strength
and position of the westerlies, all thermocline isopycnals outcropped within the zone of
Ekman downwelling and so were well ventilated. Boyle [1986] has previously shown how
increased wind-driven, low-latitude upwelling could lead to such a vertical re-distribution of
nutrients. Glacial North Atlantic Intermediate waters originating within the gyre and the
Mediterranean would thus form with low initial nutrient concentrations. The contribution
to these waters from the Mediterranean was minimal [Boyle and Keigwin, 1987].

Our thermocline data together with prior evidence from intermediate depths shows that
the entire upper water column of the North Atlantic was depleted in 12C and nutrients
during the last glacial maximum while deep waters were enriched. This observation is
significant because Boyle [1988] envisions a major role for such nutrient re-distribution in
controlling concentrations of atmospheric CO,.

Further thermocline reconstructions are necessary to verify that the nutrient depletion
observed at the Bahamas was a gyre-wide phenomenon and to sort out the variable response
of thermocline structure to local climatic forcing both in the North Atlantic and in other
oceans. Finally, our consideration has focused on changes in the wind-driven component
of thermocline ventilation because data on changes in glacial winds exists, and our under-
standing of the physics of the modern thermocline can accommodate it. Yet, bouyancy
flux processes also play a significant role in thermocline ventilation [Sarmiento et al., 1982;
Woods, 1985; Luyten and Stommel, 1986] and must be considered if the response of ocean

circulation to climatic change is to be fully understood.
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3.10 Figure captions

Figure 1. The geographic setting of Little and Great Bahama Banks. Hatched area indi-
cates location of study site.

Figure 2. Bathymetry of study site in meters (after NOAA SE United States regional map).
Open symbols indicate locations of sediment cores utilized in this study and listed in Table
1 (circles = piston and gravity cores, boxes = box cores).

Figure 3. Aragonite content (open circles) and 620 of planktonic foraminifera (dots) versus
depth in the upper 260 cm of piston and gravity cores. High aragonite and low 680 at the
core tops indicate they are recent Holocene in age while low aragonite and high 6180 indi-
cate glacial-aged sediments. Benthic foraminifera were picked from core tops and sediments
deposited during the last glacial maximum (stippling).

Figure 4. Comparison of the isotopic compositions of P. wuellerstorfi and P. ariminensis
found in the same sediment samples (filled circles = Zahn et al., 1988; open circles = this
study). Both species have essentially the same 613C values and the difference in the mean
compositions of §180 is quite small. Therefore, no corrections are applied to P. ariminensis
isotope values before comparing them to those of P. wuellerstorfi.

Figure 5. The concentration of phosphate in seawater near the Little Bahama Bank (AT109
station 137 [Roemmich and Wunsch, 1985]), the estimated 6'3C of the-dissolved inorganic
carbon in seawater (dashed line) and the average 6'>C of recent Holocene (open symbols)
and glacial-aged (filled symbols) foraminifera from the margin of Little and Great Bahama
Banks (box = P. foveolata, circle = P. ariminensis, triangle = P. wuellerstorfi. Bars
indicate the standard error of averaged values. Modern phosphate concentrations reach
maximum values and recent Holocene §13C reach mimimum values at about 800 m water
depth. Glacial §*3C values are more positive than recent Holocene values and do not possess
a local mimimum.

Figure 6. Bathymetric profile of water temperature near Little Bahama Bank (0C205-2
station 93, Chapter 1) and the §'80 of benthic foraminifera (see Fig. 7). Foraminiferal
§180 displays a steep gradient with depth that results primarily from the characteristic
temperature gradient of thermocline waters. The bathymetric gradient of recent Holocene
foraminifera corresponds closely to that of equilibrium calcite (dashed line). Symbols are
the same as Fig. 5. During the last glacial maximum, values are more positive and the
gradient was steeper than during the recent Holocene.

Figure 7. Qualitative comparison of the §'®0 of recent benthic foraminifera and the ex-
pected equilibrium values (offset by -1.0 per mil) based upon the equations of (a) Erez and
Luz [1983], (b) O’Neil et al. [1969] and (c) Craig’s [1965] modification of Epstein et al.
[1953].

Figure 8. A “mixing” diagram for glacial foraminiferal §®0 and 6'°C. End members are
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identified and usually correspond to circles (see text, and Oppo and Fairbanks [1987] for
description).

Figure 9. Schematic illustration of data in Fig. 8 and 10. (a) NAIW falls within the
§13C-6'80 mixing field of wNASW, southern component water and Mediterranean water;
however, (b) NAIW does not fall within the Ba/Ca—6'80 mixing field of these components
and so is not a mixture of all of them. (c) NAIW falls on the edge of the mixing field between
wNASW, southern and northern component waters, indicating lit.le contribution by south-
ern waters. (d) NAIW falls on the edge of the mixing field between wNASW, Mediterranean
and northern component waters, indicating little contribution by Mediterranean waters. (e)
If the end member for northern component water is different than above, some contribution

of southern water to NAIW is possible. However, no contribution of Mediterranean water
to NAIW is possible.

Figure 10. “Mixing” diagrams for (a) glacial foraminiferal Ba/Ca and §13C, and (b) glacial
foraminiferal Ba/Ca and §'0. Symbols are as in Fig. 8.
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3.11 Figures
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3.12 Tables

These tables contain the following: (1) the location and depth of cores utilized in this study,
(2) the percentage of aragonite relative to total aragonite and calcite in bulk sediment from
the cores, (3) the isotopic compositions of planktonic foraminifera (Globigerinoides species)
from the cores, and (4) the isotopic compositions of benthic foraminifera ( Planulina species)

from the recent Holocene and last glacial Maximum.
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CORE

0C205-2-50BC
0C205-2-53BC
0C205-2-55BC
0C205-2-59BC
0C205-2-67BC
0C205-2-69BC
0C205-2-70BC
0C205-2-72BC
0C205-2-74BC
0C205-2-7JPC
0C205-2-33GGC
0C205-2-97JPC
0C205-2-100GGC
0C205-2-103GGC
0C205-2-106GGC
0C205-2-108GGC
0C205-2-117JPC
0C205-2-120JPC
0C205-2-120TC
0C205-2-149JpC
CH0182-42PC

LATITUD
(deg)

26.2247
26.1928
26.1685
26.1663
26.1542
26.2282
26.2225
26.2248
26.2272
26.1365
26.2210
25.9368
26.0612
26.0703
25.9767
25.9838
26.0335
26.1230
26.1230
26.2595
26.1895

E

ZZAZBZA AR AR 2222222222

75

LONGITUDE
(deg)

77.6968
77.7092
77.7075
77.7408
77.7400
77.6915
77.7027
77.7118
77.6728
77.7353
77.6912
77.8537
78.0277
78.0562
78.1810
78.1797
77.8778
77.7350
77.7350
77.6715
77.6470

FREREDETELINERNETRRNTNIZLEIEZEE

DEPTH
(m)

800
1020
1125
1468
1380

720

865

886

595
1310

770
1172
1045

950

640

730
1520
1455
1455

423

985



Core: 0C205-2 7JpPC

440.
447.

54.
58.

bulk sediment G. sacculifer (300-350 microns)
depth aragonite depth 0-18 c-13
(cm) (wt %) {cm) (PDB) (PDB)
1.0 58.6 1.0 -.82 .96
10.0 65.0 4.0 -1.38 1.22
20.0 68.3 60.0 -.96 1.23
30.0 68.2 63.0 -.12 1.58
40.0 70.2 67.0 -.13 1.33
50.0 66.4 70.0 .02 1.52
60.0 48.8 73.0 .08 1.44
70.0 35.1 77.0 -.10 1.40
80.0 36.0 80.0 .00 1.39
90.0 46.5 83.0 .09 1.20
100.0 48.5 87.0 -.01 1.50
110.0 52.4 90.0 -.29 1.47
120.0 43.9
130.0 40.6
144.0 43.7
150.0 48.6
160.0 50.2
170.0 50.7
180.0 52.1
190.0 52.3
200.0 58.8
210.0 69.9
220.0 74.3
230.0 76.9
240.0 79.9
250.0 83.1
260.0 75.7
270.0 59.5
280.0 35.1
287.0 37.0
291.0 38.9
300.0 47.6
310.0 50.9
320.0 54.4
330.0 64.9
340.0 64.5
350.0 43.8
360.0 46.9
370.0 53.4
380.0 67.6
390.0 72.8
400.0 71.8
410.0 60.9
420.0 42.9
430.0 49.4
0 9
0 9
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Core: 0C205-2 33GGC

bulk sediment G. sacculifer (300-350 microns)
depth aragonite depth 0-18 Cc-13
(cm) (wt %) (cm) (PDB) (PDB)
8.0 64.1 8.0 -1.57 1.02
13.0 65.4 8.0 -1.45 1.20
20.0 67.0 10.0 -1.53 1.11
30.0 67.8 13.0 -1.42 1.34
40.0 66.3 20.0 -1.55 1.30
50.0 62.5 30.0 ~-1.74 1.22
60.0 61.0 40.0 -1.78 .88
70.0 44.7 50.0 -1.56 1.34
80.0 34.7 60.0 -1.73 1.20
90.0 30.9 70.0 -.88 1.32
100.0 31.5 80.0 -.26 1.17
110.0 33.9 83.0 .03 1.26
120.0 34.1 83.0 ~-.48 1.11
130.0 35.8 87.0 .25 1.61
147.0 35.0 87.0 .24 1.53
160.0 41.0 90.0 .25 1.54
170.0 43.5 93.0 .33 1.37
180.0 45.9 93.0 -.20 1.61
190.0 47.5 97.0 .07 1.61
200.0 50.4 97.0 -.04 1.81
210.0 51.0 100.0 -.08 1.36
220.0 55.4 103.0 -.02 1.26
107.0 .08 1.59
110.0 -.14 1.49
120.0 -.23 1.36
130.0 -.26 1.10
140.0 .12 1.39
147.0 -.11 .55
160.0 -.49 1.31
170.0 -.07 1.54
180.0 -.46 1.65
190.0 -.73 1.17
200.0 -.82 1.62
210.0 ~-.43 1.21
220.0 -.79 1.13
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Core: 0C205-2 97JPC

bulk sediment G. sacculifer (300-350 microns)
depth aragonite depth 0-18 c-13
(cm) (wt %) {cm) (PDB) (PDB)
6.0 73.3 6.0 -1.54 1.48
10.0 74.3 8.0 -1.49 1.35
20.0 76.6 60.0 .09 1.56
30.0 76.5 63.0 .19 1.55
40.0 70.1 67.0 .55 1.47
50.0 46.4 70.0 .23 1.62
60.0 31.0 73.0 .22 1.71
70.0 29.6 77.0 .14 1.76
80.0 27.4 80.0 .02 1.77
90.0 29.1 83.0 -.08 1.87
100.0 45.9 87.0 -.25 1.56
110.0 42.3 90.0 -.08 1.27
115.0 58.5
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Core: 0C205-2 100GGC

bulk sediment G. sacculifer (300-350 microns)
depth aragonite depth 0-18 c-13
(cm) (wt %) (cm) (PDB) (PDB)
7.0 71.8 7.0 -1.68 1.11
13.0 74.2 10.0 -1.75 1.16
20.0 75.0 110.0 -.75 1.48
40.0 73.3 113.0 -.61 1.07
60.0 75.6 117.0 -.56 1.43
80.0 74.2 120.0 -.60 1.08
100.0 56.8 123.0 -.43 1.08
110.0 34.7 127.0 -.11 1.32
120.0 25.0 130.0 .09 1.30
130.0 29.4 133.0 .08 1.43
140.0 26.6 137.0 .08 1.39
150.0 30.9 140.0 .16 1.54
160.0 25.3 150.0 .21 1.68
170.0 28.2 150.0 .44 1.33
180.0 25.2 150.0 .21 1.71
190.0 26.6 153.0 .37 1.35
200.0 27.0 157.0 .47 1.52
210.0 28.0 160.0 .44 1.53
220.0 26.4 160.0 .33 1.87
230.0 28.7 163.0 .34 1.47
240.0 22.1 170.0 .42 1.86
250.0 25.5 177.0 .08 1.72
260.0 27.6 180.0 .27 1.79
280.0 41.3 180.0 -.06 1.24
183.0 .12 1.50
187.0 .07 1.38
190.0 .20 1.63
200.0 .24 1.26
210.0 .20 1.76
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Core: 0C205-2 103GGC

bulk sediment G. sacculifer (300-350 microns)
depth aragonite depth 0-18 c-13
{cm) (wt %) (cm) (PDB) (PDB)
10.0 72.5 8.0 -1.78 1.19
30.0 74.6 10.0 -1.70 .96
50.0 74.4 110.0 -.97 1.31
70.0 72.5 113.0 -1.03 .93
90.0 67.5 117.0 -.86 1.06
100.0 53.4 117.0 -1.07 1.15
110.0 33.9 120.0 -1.05 1.02
120.0 25.9 120.0 -1.01 1.02
130.0 25.8 123.0 -.98 1.46
140.0 28.1 123.0 -.39 1.33
150.0 24.9 127.0 .12 1.56
160.0 28.2 - 127.0 .09 1.32
170.0 23.9 130.0 .10 1.41
180.0 25.4 130.0 -.14 1.23
190.0 27.9 130.0 -.03 1.38
200.0 26.8 133.0 .29 1.58
210.0 24.8 133.0 .32 1.48
220.0 26.1 137.0 -.41 1.53
230.0 27.0 137.0 -.13 1.35
240.0 27.0 140.0 .51 1.71
250.0 29.3 140.0 .33 1.44
260.0 28.6 147.0 .34 1.50
270.0 26.0 147.0 .32 1.49
280.0 26.8 150.0 .18 1.46
150.0 -.01 1.55
153.0 .41 1.57
153.0 .21 1.62
157.0 .30 1.57
157.0 .14 1.65
160.0 .57 1.73
160.0 .44 1.92
170.0 .82 2.13
170.0 .07 1.77
180.0 -.11 1.49
190.0 -.11 1.45
200.0 -.19 1.53
210.0 .11 1.47
220.0 .12 1.32
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Core: 0C205-2 106GGC

bulk sediment G. sacculifer (300-350 microns)

depth aragonite depth 0-18 C-13
{cm) (wt %) {cm) (PDB) (PDB)
7.0 72.8 7.0 -1.49 1.36
10.0 74.3 10.0 -1.76 .85
20.0 74.3 90.0 -.73 1.24
30.0 74.3 93.0 -.36 1.26
40.0 15.2 97.0 -.18 1.44
50.0 74.5 100.0 -.37 1.42
60.0 75.6 103.0 -.39 1.25
70.0 64.0 110.0 .13 1.62
80.0 41.2 113.0 .03 1.26
90.0 35.1 117.0 .14 1.37

100.0 27.5 120.0 -.62 1.38

110.0 29.4

120.0 32.7

130.0 31.8

140.0 31.7

150.0 37.3

160.0 50.4

170.0 55.0

180.0 58.3

190.0 52.7

200.0 47.4

207.0 49.5
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Core: 0C205-2 108GGC

bulk sediment G. sacculifer (300-350 microns)
depth  aragonite depth 0-18 c-13
(cm) (wt %) (cm) (PDB) (PDB)
6.0 73.0 6.0 -1.97 .85
10.0 75.1 10.0 -1.77 .36
20.0 76.4 100.0 -1.48 .66
30.0 75.2 113.0 -.07 1.00
40.0 75.1 113.0 -.96 1.13
50.0 75.2 120.0 .19 1.38
60.0 75.6 120.0 -.82 1.06
70.0 77.8 127.0 -.40 .96
80.0 75.3 127.0 -.67 1.08
90.0 67.6 137.0 -.43 1.24
100.0 54.4 137.0 -.29 1.24
110.0 32.5 143.0 -.17 1.27
120.0 28.4 143.0 .01 1.36
127.0 28.7 150.0 .62 1.30
140.0 25.3 150.0 .16 1.38
150.0 28.5 157.0 .43 1.62
160.0 27.17 157.0 .15 1.80
170.0 27.3 160.0 .26 1.29
180.0 29.9 160.0 .20 1.39
190.0 28.7 170.0 .46 1.59
200.0 33.1 180.0 .22 1.43
210.0 34.9 190.0 .10 1.43
220.0 34.4 200.0 .02 1.42
230.0 32.2 210.0 -.01 1.51
240.0 30.2 230.0 .03 1.26
250.0 30.3 257.0 .25 1.50
257.0 39.0
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Core: 0C205-2 117JPC

bulk sediment G. sacculifer (300-350 microns)

depth aragonite depth 0-18 c-13
(cm) (wt %) (cm) (PDB) (PDB)
4.0 65.6 4.0 -1.22 1.14
10.0 73.0 7.0 -1.27 .85
20.0 73.9 50.0 -2.02 -2.04
30.0 72.2 53.0 -1.04 .07
40.0 63.2 57.0 -.17 .86
50.0 39.1 60.0 .22 1.05
60.0 27.2. 63.0 .30 1.43
70.0 26.8 67.0 .31 1.46
80.0 32.1 70.0 .40 1.59
90.0 27.4 73.0 .36 1.74

110.0 28.0 77.0 .31 1.54

120.0 31.9 80.0 .29 1.52

130.0 31.3 83.0 .15 1.64

140.0 32.3 87.0 .01 1.71

150.0 32.2 90.0 .18 1.51

160.0 34.1

170.0 34.2

180.0 38.8

190.0 48.4

200.0 50.0

210.0 48.1

220.0 53.0

230.0 54.7

240.0 58.2

247.0 58.1
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Core: 0C205-2 120TC

bulk sediment G. sacculifer (300-350 microns)
depth aragonite depth 0-18 Cc-13

(cm) (wt %) (cm) (PDB) (PDB)

3.0 68.5 3.0 -1.51 1.31

7.0 68.3 7.0 -1.39 1.76

10.0 67.6

20.0 70.2

30.0 70.4

40.0 71.7

50.0 69.7

60.0 61.3

70.0 42.3
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Core: 0C205-2 120JPC

bulk sediment G. sacculifer (300-350 microns)

depth aragonite depth 0-18 Cc-13
(cm) (wt %) (cm) (PDB) (PDB)
1.0 59.8 10.0 -1.15 1.45
10.0 69.6 13.0 -1.29 1.06
20.0 31.2 17.0 -.97 1.22
30.0 28.8 20.0 -.48 1.60
40.0 32.2 23.0 .09 1.76
50.0 30.8 27.0 .08 1.57
60.0 35.5 30.0 .07 1.59
70.0 43.4 33.0 .18 1.61
80.0 46.6 37.0 .03 1.56
90.0 51.1 40.0 .38 1.61

100.0 52.8 43.0 -.12 1.86

110.0 42.4 46.0 -.06 1.57

120.0 44.6 50.0 .14 1.28

130.0 49.1

140.0 52.2

150.0 53.3

160.0 51.7

170.0 51.2

180.0 55.5

190.0 53.5

200.0 55.0

210.0 59.2

220.0 66.5

230.0 71.3

240.0 73.3

250.0 75.6

260.0 79.4

270.0 81.5

280.0 82.4

290.0 77.3

300.0 64.0

310.0 28.7

320.0 28.0

330.0 30.2
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Core: 0C205-2 149JPC

bulk sediment G. sacculifer (300-350 microns)

depth aragonite depth 0-18 Cc-13
(cm) (wt %) (cm) (PDB) (PDB)
3.0 66.6 1.0 -1.55 1.54
10.0 61.2 3.0 -2.07 .65
20.0 72.6 210.0 -1.38 .65
30.0 72.5 210.0 -1.47 1.15
40.0 73.4 220.0 -.94 .99
50.0 73.6 223.0 -.04 1.35
60.0 72.2 227.0 .01 1.62
70.0 71.9 230.0 -.32 1.37
80.0 72.7 230.0 .07 1.44
90.0 73.5 233.0 -.27 1.60

100.0 73.7 237.0 -.54 1.46

120.0 73.2 240.0 -.27 1.26

130.0 73.7 243.0 .32 1.48

140.0 73.0 247.0 -.18 1.21

150.0 72.7

160.0 71.7

170.0 70.5

180.0 70.9

190.0 70.4

200.0 66.2

210.0 60.2

220.0 40.4

230.0 31.6

240.0 19.7

247.0 21.0
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Core:

G. ruber (212-250 microns)

CHO01-82 42PC

0-18
(PDB)
-1.81
-1.91
-2.02
-1.83
-1.65
-1.89
-1.93
-1.88
-1.88
-1.87
-1.73
-1.84
-1.83
-1.75
-1.91
-2.16
-1.85
-1.93
-2.04
-2.15
-1.69
-1.79
-2.07
-1.79
-1.79
-2.14
-1.86
-1.61
-1.79
-1.81

Cc-13
(PDB)
.48
.49
-.06
.34
.26
.10
-.18
-.55
.20
-.20
.54
.30
.13
.22
-.17
-.12
.21
-.11
-.18
-.74
-.02
-.02
-.12
.11
.01
-.23
-.16
.06
-.11
.01
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depth

(cm)

85.0

85.0

89.0

93.0

97.0

99.0
101.0
103.0
105.0
107.0
107.0
109.0
109.0
111.0
111.0
113.0
113.0
115.0
115.0
119.0
123.0
127.0
131.0
135.0
139.0
139.0
143.0
147.0
151.0

O-

18

(PDB)

-1.
-1.
-1.
.89
.53

39
41
17

-.11

.14
.65
.54
.01
.40
.37
.19
.03
.02
.05
.05
.07
.04
.23
.16
.01
.20
.40

-.20

.14
.52
.39
.51

c-13
(PDB)
.17
.00
.16
.07
.10
.53
.31
.27
.17
.38
.33
.33
.03
.71
.35
.39
.34
.50
.46
.40
.45
.35
.50
.37
.58
.28
.21
.27
.10



CORE PLANULINA

CORE DEPTH SPECIES 0-18 c-13
(cm)

0C205-2 74BC 0-1.0 foveolata .719 1.446
0C205-2 74BC 0-1.0 foveolata .687 1.430
0C205-2 50BC 0-1.0 ariminensis 1.396 1.283
0C205-2 53BC 0-1.0 ariminensis 1.934 1.393
0C205-2 53BC 0-1.0 ariminensis 1.906 1.368
0C205-2 55BC 0-1.0 ariminensis 1.879 1.379
0C205-2 69BC 0-1.0 ariminensis 1.003 1.284
0C205-2 70BC 0-1.0 ariminensis 1.420 1.330
0C205-2 50BC 0-1.0 wuellerstorfi 1.195 .834*
0C205-2 53BC 0-1.0 wuellerstorfi 1.842 1.216
0C205-2 53BC 0-1.0 wuellerstorfi 1.724 1.162
0C205-2 55BC 0-1.0 wuellerstorfi 2.020 1.307
0C205-2 59BC 0-1.0 wuellerstorfi 2.252 1.374
0C205-2 59BC 0-1.0 wuellerstorfi 2.206 1.352
0C205-2 67BC 0-1.0 wuellerstorfi 2.080 1.354
0C205-2 70BC 0-1.0 wuellerstorfi 1.415 .993
0C205-2 72BC 0-1.0 wuellerstorfi 1.219 .997

*small sample analyzed when mass spectrometer
not optimized for small samples
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CORE

0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0Cc205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0Cc205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0Cc205-2
0C205-2
0C205-2
0C205-2

1490
1490
1490
1493
1497
1490
149g
149J
1490
106G
106G
106G
106G
108G
108G
108G
336
33G
33G
33G6
336
14940
1497
106G
106G
106G
106G
106G
108G
108G
108G
108G
103G
100G
100G
13

NN
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el ol
ALWWOUWHJWIWWH

[
o

« e 0 s e
OCOO0OO0OO0OO0OOOOOOOOOO

[
w
o
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w

13.0
87.0
90.0
90.0
243.0
247.0
110.0
110.0
113.0
117.0
117.0
147.0
150.0
153.0
157.0
10.0
7.0
10.0
1.0

PLANULINA
SPECIES

foveolata
foveolata
foveolata
foveolata
foveolata
foveolata
foveolata
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
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CORE

0C205-2
0Cc205-2
0C205-2
0Cc205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0Cc205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2

73
13
1179
1173
1173
120T
108G
108G
108G
108G
33G
103G
103G
CH42
CH42
CH42
CH42
100G
100G
100G
977
973
973
873
973
13
13
13
1200
1200
1200
1200
1179
117g
117g
1179

PLANULINA
SPECIES

wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
wuellerstrofi
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CORE

0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2
0C205-2

core-top=CT, glacial=G

50BC
72BC
67BC
59BC
70BC
55BC
53BC
50BC
55BC
53BC
70BC
69BC
74BC

PLANULINA
SPECIES
wuellerstorfi
wuellerstorfi
wuellerstorfi
wuellerstorfi
wuellerstorfi
wuellerstorfi
wuellerstorfi
ariminensis
ariminensis
ariminensis
ariminensis
ariminensis

foveolata

average includes replicates
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AVERAGE

0-18
.195
.219
.080
.229
-415
.020
.783
.396
.878
.920
.420
.003
.703

O el el S =Y S S Sy

Cc-13
.834
.997
.354
.363
.993
.307
.189
.283
.379
.381
.330
.284
.438

STANDARD ERROR

0-18

.016

.042

.010

.011

Cc-13

.008

.019

.009

.006



CORE PLANULINA AVERAGE STANDARD ERROR

CORE DEPTH SPECIES 0-18 c-13 0-18 c-13
0C205~-2 149J CT foveolata 0.138 1.661 .032 .040
0C205-2 1490 G foveolata 0.660 1.759 .006 .016
0C205-2 149J CT ariminensis -.065 1.623 .062 .028
0C205-2 106G CT ariminensis 1.013 1.388 .022 .009
0C205-2 108G CT ariminensis 1.295 1.291 .014 .014
0C205-2 336G CT ariminensis 1.397 1.322 .072 .025
0C205-2 33G G ariminensis 2.480 1.633 .103 .037
0C205-2 149J G ariminensis 0.948 1.959 .024 .018
0C205-2 106G G ariminensis 2.165 1.667 .056 .007
0C2U5-2 108G G ariminensis 2.492 1.629 .052 .010
0C205-2 103G CT wuellerstorfi 1.750 1.124
0C205-2 100G CT wuellerstorfi 1.854 1.265 .035 .000
0Cc205-2 7J CT wuellerstorfi 2.978 1.470 .123 .016
0C205-2 117J CT wuellerstorfi 2.385 1.316 .206 .012
0C205-2 120T CT wuellerstorfi 1.936 1.480
0C205-2 108G G wuellerstorfi 2.743 1.495 .032 .023
0C205-2 33G G wuellerstorfi 2.604 1.666
0C205~-2 103G G wuellerstorfi 3.788 1.519 .026 .039
0C205-2 CH42 G wuellerstorfi 3.289 1.519 .074 .026
0C205-2 100G G wuellerstorfi 3.521 1.539 .038 .033
0C205-2 970 G wuellerstorfi 3.793 1.542 .063 .011
0c205-2 77 G wuellerstorfi 3.213 1.409 .071 .036
0C205-2 1200 G wuellerstorfi 3.352 1.489 .029 .006
0C205-2 117J G wuellerstorfi 3.684 1.415 .077 .012

core-top=CT, glacial=G
average includes replicates
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3.13 Appendix A. Determining the carbonate mineralogy of sediments

The ratio of aragonite to total aragonite and calcite in bulk sediments was determined using
x-ray diffraction. The procedure utilized in this study is adapted after that described by
Neumann (1965). See Neumann (1965) and Milliman (1974) for further discussion of the
methods of sample preparation and data analysis.

Samples were prepared in the following manner: Dry sediments were ground (~1 minute)
into a fine powder using an agate mortar and pestle. The powder was packed into a standard
dry powder x-ray diffraction slide by pressing on it with a small block of aluminum. This
approach is a compromise between (1) loosely packing powder by hand and smoothing
its surface with a glass slide (J. Milliman, personal communication), and (2) pressing /the
powder into the slide against a flat piece of metal at a consistent pressure with a hydraulic
press to obtain a very smooth surface (G. Jones, personal communication). The approach
was choosen because it was quick, consistent and held the powder in the slide well. All
approaches to packing yielded similar results (Table Al).

Analysis was carried out at the Woods Hole Oceanographic Institution using a Philips
Electronic Instruments model XRG-3000 x-ray diffraction unit. Cu K a radiation was
employed (generated at 40 kilovolts and 20 milliampres). The intensity of diffracted energy
was typically measured over the range of 25-32° 26 by counting for 1 second at intervals
of 0.01° 20 (Figure Al). There was no advantage to using a longer counting time of 2 or 3
seconds (Table A2).

The high and low Mg calcite that occur in marine sediments have the same weight
percent-peak area relationship (Milliman, 1974). Known mixtures of coral aragonite and
oyster calcite were analyzed (3 second count time) to construct a standard curve. A com-
puter program (Table A3) calculated the areas under the aragonite and calcite peaks (less
background) and checked their ratios against those of the standard curve to determine the
weight percent of aragonite relative to total aragonite and calcite. No distiction is made
between high and low Mg calcite.

Note that the position of a peak for quartz is directly between those of the two primary
aragonite peaks. The computer program cannot differentiate the area of quartz peaks from

aragonite, so the ratio of aragonite to total aragonite and calcite would be over estimated
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in sample containing quartz. Fortunately, the Bahamian sediments considered in this study
are typically about 93 percent calcium carbonate and little of the non-carbonate material is
quartz. This deficiency could be reduced by changing the 26 range over which the aragonite
peak area is determined from 25.75-26.74° to 25.75-26.4°.

3.13.1 References

Neumann, A. C., 1977, Processes of recent carbonate sedimentation in Harrington Sound,
Bermuda: Bulletin of Marine Science, v. 15, p. 987-1035.

Milliman, J. D., 1974, Marine Carbonates, Springer- Verlag, New York, 375 pp.
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3.13.2 Tables, Figure and Computer Program
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Figure 1A. Examples of x-ray diffraction traces for samples with (a) high ratio of arag-

onite to calcite and (b) low ratio of aragonite to calcite.
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Table Al. Effect of packing method on weight percent aragonite.

weight % aragonite

hand pressed hydraulically
depth (cm) with glass slide pressed at 2 tons
20 70.1 68.3
30 70.6 68.2
70 35.5 35.1
80 38.5 36.0

notes:
1) Samples are from 7 JPC.

2) A separate portion of sediment from each depth was used for each
packing approach. Therefore, some some variability may reflect actual
differences in the mineralogy of the sediment.

3) The standard deviations of these measurements are about 1 % or
less--a nice precision for the x-ray method.

4) According to Milliman (1974, p. 26), 'high’ pressure causes calcite
to convert to aragonite. Since the hydraulically pressed samples have
less aragonite than those pressed by hand, the pressure during hydraulic
pressing does not appear great noticably affect the aragonite content of
the samples.
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Table A2. Effect of counting time on weight percent aragonite

depth counting weight % standard

(cm) time (sec) aragonite mean deviation
3 84.9

120 2 85.3 85.0 0.2
1 84.9
3 86.7

130 2 86.7 86.6 0.1
1 86.4
3 87.5

140 2 87.6 87.5 0.1
1 87.4
3 32.8

180 2 32.7 32.7 0.1
1 32.7
3 32.5

200 2 32.5 32.8 0.5
1 33.5
3 36.3

220 2 37.7 36.9 0.6
1 36.7

notes:

1) Samples are from 144 JPC.

2) Visual inspection of the x-ray traces suggests that the signal to
noise ratio is directly related to counting time. As a consequence, the
difference between the 3 and 2 second count traces (33% decrease in
time) appears less thatn the difference between the 2 and 1 second count
traces (50% decrease in time).

3) It is not certain from this comparison that the smallest counting

times would be adaquate for resolving the overlapping peaks of high and
low Mg calcite.
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QO0000N0O000

program: answer.for

purpose: calculate the areas of calcite and aragonite peaks
(method modified after Neumann 1965) produced during
x-ray difraction run of 25-31 degrees with 0.01 degree
steps and determine weight percent of aragonite relative
to total aragonite and calcite using a standard curve
generated with known mixtures of aragonite and calcite.

language: Microsoft Fortran 3.31 for IBM PC

DIMENSION DEG(800),COUN (800)
CHARACTER*64 INFILE,XINFILE
OPEN (UNIT=11,FILE='DIR’,STATUS='OLD’)
enter xrd data
10 READ(11,100,END=77) INFILE
file with names of ascii data files
do not include extension to filename--it is assumed to be ‘.as9’
100 FORMAT (A)
XINFILE=INFILE
L = 1 + KLEN(INFILE)
LL = L+4
INFILE (L:LL) = ’.AS9’
OPEN (UNIT=10, FILE=INFILE, STATUS=‘OLD’)
I=1
DO 20 I=1,800
data: degree 2 theta and intensity
20 READ (10, 200,END=30,ERR=70)DEG(I),COUN(I)
200 FORMAT (F10.2,F10.0)
GO TO 30
70 write(*,*)’ ERROR READING FILE, PROGRAM STOPPED
GO TO 80
30 CONTINUE
determine average background/step starting at 25.35 degrees for 25 steps
X=25.35
CALL FIND(X, I,DEG)
J=25
CALL INTEG(I,J,COUN,BACK1)
determine aragonite peak starting at 25.75 degrees for 100 steps (to 26.74 degrees)
X=25.75
CALL FIND(X, I, DEG)
J=100
CALL INTEG(I,J,COUN,ARAG)
determine average backgound/step starting at 28.1 degrees for 25 steps
X=28.1
CALL FIND(X, I,DEG)
J=25
CALL INTEG(I,J,COUN,BACK2)
determine calcite peak starting at 28.75 degrees for 175 steps (to 30.49 degrees)
X=28.175
CALL FIND(X, I,DEG)
J=175
CALL INTEG(I,J,COUN,CAL)
determine average background/step starting at 30.7 degrees for 25 steps
X=30.7
CALL FIND(X,I,DEG) )
J=25
CALL INTEG(I,J,COUN,BACK3)
calculate ratio: aragonite/(aragonite + total calcite)
ARAG=ARAG- (BACK1+BACK2) *2.0
IF (ARAG.LT. (0.0) )ARAG=0.0
CAL=CAL- (BACK2+BACK3) *3.5
IF (CAL.LT. (0.0) ) CAL=0.0
RATIO=ARAG/ (ARAG+CAL)
CALL STD(RATIO,X1,Y1,X2,Y2)
CALL INTERP (X1,Y1,X2,Y2,RATIO, PERCENT)
write(*,150) XINFILE, PERCENT
150 FORMAT (1X,A,F10.1)
15 FORMAT (1X, 20A,F10.1)
80 CONTINUE
CLOSE (10)
GO TO 10
77 CONTINUE
CLOSE (10)
CLOSE (11)
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STOP
END

SUBROUTINE INTEG(I,J,COUN,SUM)
DIMENSION COUN(800)
SUM=0.0
DO 42 K=I,I+J-1
42 SUM=SUM+COUN (K)
RETURN
END

SUBROUTINE FIND (X, I, DEG)
DIMENSION DEG(800)
DO 10 I=1,800
10 IF(X.EQ.DE5(I))GO TO 20
write(*,100)’DID NOT FIND ‘,X
100 FORMAT (F10.4)
20 CONTINUE
RETURN
END

SUBROUTINE STD (X,X1,Y1,X2,Y2)

peak area ratios for known mixtures of aragonite and calcite (standards from STD.DAT)

REAL RATIO(11),PERCENT(11)
DATA RATIO/0.0026,0.0210,0.0445,0.0735,0.1095,0.1597,0.2337,
& 0.3076,0.4389,0.6536,1.0000/
DATA PERCENT/0.0,10.1,20.1,30.1,40.1,50.0,60.1,70.1,80.0,
& 90.0,100.0/
DO 10 I=2,11
10 IF (RATIO(I).GE.X)GO TO 20
20 CONTINUE
X1=RATIO(I-1)
Y1=PERCENT (I-1)
X2=RATIO(I)
Y2=PERCENT (I)
RETURN
END

SUBROUTINE INTERP (X1,Y1,X2,Y2,X,Y) .

given two (x,y) pairs of data, determine the line that goes through
them and then given the x values for points on that line, find the
corresponding y values

declare variables

find slope of line
S=(Y2-Y1)/ (X2-X1)
find y-intercept of line
B=Y1-S*X1
find corresponding y value that corresponds to given x value
Y=S*X+B
RETURN
END

INTEGER FUNCTION KLEN(S)
CHARACTER*64 S
J = 65
13 =J-1
IF(J.LE.0) GO TO 2
IF(5(J:J).EQ.’ ') GO TO 1
2 KLEN = J
RETURN
END
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Chapter 4

Using 2Th or »'Pa in marine sediments to
reconstruct the late Quaternary history of sea

level

4.1 Abstract

We propose a method to determine past sea levels based on the record of 23°Th or 23! Pa ac-
cumulating in seafloor sediments. The decay of uranium in seawater produces these nuclides,
which then adsorb rapidly onto particles settling to the seafloor. Since the concentration of
uranium is similar at all depths in the water column, the fluxes of 2°Th and ?*!Pa to the
seafloor at any location are proportional to water column height. Consequently changes in
sea level must cause changes in these fluxes. At shallow depths (<1000 m), fluctuations
of sea level cause changes in the expected 2*Th and %*!Pa fluxes that are large enough to
produce measurable changes in the 2**Th and ?*!'Pa content of the sediment.

We have developed two approaches to determine past sea levels from the content of 2°Th
or 21Pa in sediments: (1) in a single core, the ratio of the past and present fluxes of 23°Th
or ! Pa to a site on the seafloor is a measure of the ratio of the past and present depths
of the site below sea level, and (2) in two or more cores from a region where the vertical
input of sediment is similar at all depths in the water column, the concentrations of 23°Th
or 31Pa in synchronous sediment samples are linearly related to depth and indicate past
sea level as the depth where the concentrations extrapolate to zero. The latter approach

requires fewer assumptions and allows sea level to be estimated at discrete points in time.
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We have applied approach (1) to a core recovered from the margin of Little Bahama
Bank, and our preliminary results suggest that this methodology holds promise for sea level

reconstruction.

4.2 Introduction

The history of sea-level changes has been partially reconstructed using radiometrically dated
coral and mollusc fossils on emergent coastlines. Sea-level history has also been inferred
from the continuous 6§20 records of deep-sea foraminifera. For various reasons neither of
these two methods is entirely satisfactory, leaving our present understanding of the history
of late Quaternary sea-level fluctuations incomplete. In this paper we present an alterna-
tive method to determine past sea levels based on the record of 2**Th and 23!Pa preserved
in seafloor sediments. Qur method has advantages over some previous approaches: it can
reconstruct a continuous record of sea level (not just high or low stands) and it does not
require assumptions of constant temperature or uplift rate. Its weakness is that sedimen-
tary processes (down-slope or advective reworking) can alter the record and bias our sea
level estimates. Our preliminary results suggest that this method has great potential for
providing independent estimates of Quaternary sea-level history.

Ages and elevations of past high stands of sea level have been estimated from radiomet-
rically dated fossils recovered from coral reef terraces and other sea-level indicating features
along emergent coastlines (see review by Moore, 1982). It is supposed that reef terraces re-
flect the combined effects of fluctuating eustatic sea level and the tectonic uplift. Sea levels
at the times of reef deposition are derived after assuming sea level at one past point in time
and constant uplift rates. A number of difficulties and potential sources of error exist with
this method. First, though active uplift serves to separate and preserve the geologic features
associated with high stands, the need to assume constant uplift introduces uncertainty into
the sea-level estimates. The impact of such uncertainty is less for areas of little or no uplift,
but, in these cases, it is more difficult to establish facies relationships and locate datable
fossils. Second, diagenesis associated with subaerial exposure upon emergence may alter the
isotopic compositions and radiometric ages of the fossils. Finally, fossils deposited during

low stands are typically destroyed or buried during subsequent rises of sea level. Lack of
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much evidence for low stands is particularly troublesome because without it the sea-level
history is incomplete.

By drilling submerged coral reefs offshore from Barbados, Fairbanks (1989) has mini-
mized these difficulties while constructing the best sea-level curve yet for the last deglacia-
tion. A near continuous sequence of corals was recovered—including fossils representative
of the low stand during the last glacial maximum (~18 kyrs). During this time, the locality
apparently experienced only minimal uplift and the fossils were not subaerially exposed.
Unfortunately, older corals cannot be used to extend this sea level reconstruction without
encountering the difficulties typically associated with emergent coastlines.

In another approach, the §!80 of foraminiferal calcite has been used to infer changes
in sea level. Since these values reflect both the temperature and §30 of the seawater
where the calcite precipitated (Epstein et al., 1953), changes in §'%0 indicate some com-
bination of changes in temperature, the mean §'80 of seawater due to fluctuations in the
volume of glacial ice or the local ratio of evaporation to precipitation. Assuming the re-
lationship between the 6’30 and volume of the ice, and assuming constant temperature
or using temperature estimates based on' faunal assemblages, various authors have inferred
sea-level history directly from foraminifera §'80 records (e.g. Emiliani, 1955; Shackleton,
1967; Shackleton and Opdyke, 1973; Laberyie et al., 1987). However, several uncertainties
limit this method. The temperature history of seawater must be determined more precisely
to properly account for temperature’s influence on both the §80 of foraminifera and the
empirically determined relationship between changes in the 6180 of seawater and sea level
(Fairbanks and Matthews, 1978; Dodge et al., 1983). Moreover, there are few determi-
nations of the §180-sea level relationship (Fairbanks and Matthews, 1978; Chappell and
Shackleton, 1986), and the relationship is made complex by the heterogeneous distribution
of §180 in glacial ice (e.g. Mix and Ruddiman, 1984) and the uncertain mass of glacial ice
stored in marine ice shelves (Broecker, 1975; Williams et al., 1981).

Here we propose a method to reconstruct late Quaternary sea level history using the
230Th or #'Pa content of seafloor sediments. The decay of uranium in seawater produces
230Th and #'Pa which adsorb rapidly onto particles settling to the seafloor. Since the

concentration of uranium is virtually constant throughout the water column, the flux of
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these nuclides to a site on the seafloor is proportional to the height of the water column above
the site. This relationship underlies two approaches to estimate past sea level. First, the
depth of a site, and hence sea level, at some past time can be inferred from the corresponding
rate of 22°Th or 231Pa accumulation at that site. Second, when the flux of sediment is the
same to several sites spanning a range of depths, the concentration of 2°Th or **'Pa in the
sediment at any site is proportional to its depth. The relationship between 20T} or #1Pa
concentrations and the present-day depths can be extrapolated to sea level at the time of
sediment deposition. We describe the assumptions, advantages and disadvantages inherent
in this method, illustrating some of them with preliminary estimates of B0Th and ®'Pa
fluxes for the last glacial maximum and the Holocene in a core from the margin of Little

Bahama Bank, Bahamas.

4.3 2°Th and #'Pa in the Ocean

The decay of uranium in seawater produces most of the 230Th and 2°'Pa found in marine
sediments (see review of U- and Th- series by Cochran, 1982). Occurring principally in the
form of uranyl carbonate ions, dissolved uranium behaves conservatively and its concentra-
tion varies only with salinity. Today, the average concentration of uranium in seawater of
35 ppt is ~3.3ug/l with a U/salinity ratio of ~9.3x10~3g/g (Turekian and Chan, 1971; Ku
et al., 1977; Chen et al., 1986). This ratio is very uniform throughout the oceans because
the mixing time of the oceans (~1000 yrs) is very short with respect to the residence time
of uranium in seawater (Turekian and Chan, 1971; Ku et al., 1977; Cochran, 1982). The
mass of uranium in the oceans probably has not undergone large changes during recent
glacial-interglacial cycles because the residence time of uranium in sea water (~200-400
kyrs) (Turekian and Chan, 1971; Ku et al., 1977; Cochran, 1982) is several times longer
than the climatic cycles (e.g. Shackleton and Opdyke, 1973).

Uranium in seawater consists of the isotopes 28U, 235U and 2**U, which decay as fol-
lows: 2387234 —230Th206P} and 235U—231Pa—204Pb. The production rate of 2*Th
and 21Pa in a column of water is a function of the intergrated concentration of uranium
(Cochran and Osmond, 1976). Since the concentration varies little with depth, the relations

are essentially linear:
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z
P = K; / U(z)dz ~ K;UZ (4.1)
0

where i denotes **Th or 23'Pa; P is production rate; U is average uranium concentration;
z is depth in meters; Z is seafloor depth; and K is the product of the decay constant for i,
the activity ratio of the uranium parent of 7 and 2387, the mass-activity conversion factor
for 28U and the conversion factor for units of length.

Both 239Th and #!Pa are rapidly adsorbed or scavenged onto the surfaces of particles
in the water column so that their residence times in the water column are on the scale
of decades (Moore and Sackett, 1964; Brewer et al., 1980; Anderson et al., 1983a, 1983b;
Nozaki and Nakanishi, 1985). However, a significant difference between these two nuclides
is that 230Th is more reactive than 22'Pa. As a result, there is less time for 23°Th to be
advected laterally within the ocean basins before it is scavenged, so there is less spatial
variability in the intensity with which it is scavenged (see reviews by Cochran, 1982, and
Bacon, 1988). For any area of the seafloor, the average rate of 20Th accumulation is
typically within ~30 percent of the rate at which 23°Th is produced in the overlying water
column. In contrast, only about one third of the ?*'Pa produced in the ocean’s interior
accumulates on the underlying seafloor; the remainder is resident in the water column long
enough to be advected to the ocean’s margins where it is removed.

The flux of 2*°Th or 2*'Pa on particles to the seafloor depends directly on its rate of

production in the column and the intensity of scavenging;:

F=SP (4.2)

where F is flux and S is scavenging intensity. The initial concentration of the isotope in
sediment at the seafloor is proportional to its flux and inversely proportional to the flux of

sediment through the water column:

Ci = Fi/Feea (4.3)

where C is concentration. Cochran and Osmond (1976) discussed the ratio (R) between the

isotope’s flux to the seafloor and its accumulation (A) at a given location on the seafloor:
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R = A/F (4.4)

When sediment accumulates on the seafloor directly beneath the water through which it
settled, R equals 1. However, processes such as topographic focusing, bioturbation, win-
nowing and gravity-driven processes may redistribute sediment at the seafloor so that at

any given location R may be more or less than 1.

4.4 Effect of Sea-level Change on *°Th and #'Pa Flux

Above a given location on the seafloor, how does Fjy, or Fp, respond to glacial-interglacial
climatic fluctuations? The mass of oceanic uranium is relatively insensitive to these fluctu-
ations. Yet, as the volume of glacial ice increases, for example, the volume of water in the
oceans decreases with the following effects: 1) U increases, which increases Fyy, and 2) Z
decreases, which decreases Frp.

Consider the effects of a glacial sea-level fall of about 120 meters (Figure 1). At locations
where Zis great (for example at typical seafloor depths of 4000 or more meters) the increase
in U is about 3 percent and the decrease in Zis about 3 percent. These two effects essentially
balance so Fry is nearly constant through time. In such cases, the initial Cry provides a
scale against which to compare the relative accumulation rates of other sediment components
(Bacon, 1984). At shallow sites, however, the proportional change in water column height
is significantly greater than that of U, resulting in a measurable decrease in Frrn because
of sea-level change. For example, where the seafloor is initially at about 500 meters depth,
a sea level fall of 120 meters will increase U still only about 3 percent, while the decrease
in sea level is 24 percent of Z, resulting in a 21 percent net decrease in Frp. It is at these

shallow depths where our approach can best be used to reconstruct sea level.

4.5 Reconstructing Sea-level History

In this section we describe two approaches for reconstructing sea-level history based on the
2307} and %! Pa found in shallow sediment cores. Though this description focuses on 23°Th,

in theory, the approaches also apply to 23!Pa and sea level estimates for both nuclides will
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be presented. In practice, 23°Th is potentially more useful than 23!Pa because it is more
readily scavenged (less spatial and temporal variability of S), it has a longer half life (72,500

versus 34,800 yrs) and it is more easily measured.

4.5.1 Approach 1: one core

One approach to determine past sea level is to compare the past flux of 2°Th to the seafloor
with the flux today. After accounting for the effects of changing U, the difference between
past and present fluxes is proportional to the difference between past and present sea levels.
The average Fry for past intervals of time can be inferred from the corresponding Aty in
a sediment core. For a given time interval, Ay, is the product of the sedimentation rate,
the bulk density and Cty, at the time of sediment deposition. Cry, is calculated from the
measured average concentration of 2°Th in the corresponding sediments by correcting for
the decay of 22°Th since deposition, the 22 °Th supported by sedimentary uranium, and
detrital 23°Th. Preliminary data and sea level estimates from core CH0182-36 illustrate
some processes that affect 2°Th accumulation at the seafloor.

Core 36 was recovered from 651 meters depth along the southern margin of Little
Bahama Bank, Bahamas (Burns and Neumann, 1987). The sediments are a mixture of
pelagic and bank-top carbonate material termed “peri-platform ooze” by Schlager and
James (1978), deposition of which occurred primarily by settling through the water column
(Burns and Neumann, 1987). Figure 2a displays the 6’0 composition of the planktonic
foraminifera Globogerinoides ruber (white variety, 212-250 um) versus depth in core 36
(Slowey and Curry, 1987). The negative values at the top of the core correspond to the
recent Holocene and the positive values in the lower portion of the record identify sediments
from the last glacial maximum. Figure 2b is a plot of the bulk density of dry sediment ver-
sus depth. Values were obtained by drying and weighing a known volume of sediment that
had been extracted from the core with a calibrated syringe. (These density measurements
may be biased because of partial drying between the times of core recovery and density
sampling.) The concentration of 22*Th was measured in two samples each from the recent
Holocene and the last glacial maximum (Figure 2c, Table 1). Stipples in Figures 2a and

2b indicate the §'20 and bulk density measurements which correspond to these 22°Th mea-
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surements. The concentrations of 238U, 235U, 234U, 21Pa and 2*2Th were also determined
so that the concentrations of 22°Th and 2*'Pa at the time of sediment deposition could be
estimated (Table 1). Radio-isotope measurements were made in the laboratory of Michael
Bacon at the Woods Hole Oceanographic Institution using standard techniques (Andérson
and Fleer, 1982).

Estimating past accumulations of 2°Th requires accurate estimates of the sedimentation
rate. For core 36, sedimentation rates are based on three age—depth models (Figure 3). One
is based on the bulk sediment 4C ages of Burns and Neumann (1987), except the core-top
age is assumed to be zero kyrs rather than 1.3 kyrs as indicated by *C because bioturbation
caused the old *C age (e.g. Nozaki et al., 1977; Peng, et al., 1977). The other two age-
depth models are based on correlating the §180 record of core 36 to that of core V19-30
(Shackleton et al., 1983) and using the chronologies of Imbrie et al. (1984) and Shackleton
and Pisias (1985) for oxygen-isotope stage boundaries 1-2 and 2-3. Since there are no
14C ages to constrain stage two, we do not use the *C age model to calculate the glacial
accumulation of 239Th.

Using ages derived from these models (via linear interpolation), the measured concen-
trations of 238U, 234U and 232Th, and assuming the sediments have remained a closed
system with respect to uranium and thorium, the radio-active decay equations are solved
(Bateman, 1910) to yield the concentrations of *°Th and ?**Th at the time of sediment
deposition (Table 2). The portion of thorium produced by uranium dissolved in seawater
is that which remains after accounting for thorium produced by uranium incorporated in
detrital sediment.

Assuming that only detrital sediment contains 22T}, detrital 20Th is accounted for by
indexing it to 232Th. Since our purpose is simply to illustrate the potential of the *Th
method, no attempt was made to experimentally determine this ratio in core 36. Rather, it
was assumed to be 1 based on the approximate abundances of Th and U in continental crust
(Taylor and McLennan, 1985) and assuming secular equilibrium among detrital 3877, 4y
and 22Th. To account for detrital 2! Pa, a 233U /238U activity ratio of 0.046 and secular
equilibrium between 233U and ?*'Pa were assumed for detrital sediments. It is possible

that the actual ratios are different and, as discussed below, this would affect the calculated
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values of Aty and sea-level change.

Average values of Ageq, ATh and Ap, for stages 1 and 2 based on the preliminary data
for core 36 are shown in Table 3. Notice that Ay, for stage 1 (~3.3 dpm/cm?/kyr) is nearly
twice the Pry of the overlying waters today (1.73 dpm/cm?/kyr). Whether or not more
data would continue to support this difference, it is instructive to assume that it would and
to consider the processes involved. One way to account for this would be for the activity
ratio of detrital 229Th and 232Th to be 4.6 rather than 1 as we assumed. We suspect that
this is not the case since such a ratio would be outside the range of values other workers
have reported. According to Ku and Liang (1984), the ratio commonly lies between 1 and
3, and in the specific case of marine sediments, Anderson et al. (1990) estimated the ratio
to be 0.840.2. It is also not likely that the difference between Aty and Py results from
sea level being appreciably higher during the recent Holocene than it is today. This would
require—unrealistically—that the average recent Holocene sea level be ~300 meters higher
than modern sea level.

It does not seem likely that the excess 23°Th reflects a high intensity of #*°Th scavenging
in the overlying waters (i.e. § > 1). The Holocene ratio of 2*°Th to ?*'Pa from the water
in core 36 is 17.8, within the range of values typically found under pelagic conditions
(Cochran, 1982; Bacon, 1988). Also, the Ageq for the Holocene in core 36 is about 5
g/cm?/kyr. For the same value of sediment flux through the water in pelagic conditions,
the corresponding flux of 23°Th to the seafloor about equals the rate of production (Bacon,
personal communication). The sediment flux would have to be significantly greater for
intense scavenging to account for much of the difference between 0Th production and
accumulation at the site of core 36.

Much of the excess 22°Th could result from a large difference between the general flux
of 20Th to the seafloor and its accumulation locally at the site of core 36 (i.e. R > 1).
Among the reasons that we selected core 36 to illustrate this approach to using 230Th
to reconstruct past sea levels is that the core displayed no obvious evidence of sediment
redistribution by turbidity or debris flows. Nevertheless, it is easy to envision processes
along the steep margin of Little Bahama Bank that could cause local variations of sediment

(and 2®Th) accumulation such as topographic focusing, bioturbation, winnowing and fine
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scale down-slope transport. One way to evaluate this possibility would be to compare the
sediment accumulations measured in one core with the regional average.

Having considered some of the processes that affect the accumulation of *°Th at the
seafloor, how are these accumulations used to estimate past sea levels? Combining equations
(1), (2) and (4) yields the general relationship among the depth and accumulation of 20Th

or 231Pa on the seafloor today and the depth and accumulation during the past:

Zpast = APGSt/(KSpaatRpast Upast) Ztod
pa Atoday/ (K StodathodayUtoday) sy

We assume that the activity ratios among the uranium isotopes in seawater remain constant

(4.5)

so K also remains constant. We assume that R has not varied between stages 1 and 2. High
resolution 3.5 kHz profiles of the site of core 36 suggest that the spatial pattern of sediment
deposition has not varied significantly during the last several hundred thousand years (Burns
and Neumann, 1987). Therefore, the effect of sediment focusing on R probably did not
vary much either. Nevertheless, we recognize that “random” effects such as bioturbation or
sediment ripples on R cannot be evaluated with data from just one core. We assume that
scavenging efficiency (§) has also remained constant over this period of time. Importantly,
such constancy is generally more likely for 30Th than for ?*'Pa. There is little change in
the ratio of 230Th to 23! Pa between stages 1 and 2 in core 36, consistent with little change
in the processes and intensity of scavenging. Further, the difference between the sediment
accumulation rates of stages 1 and 2 is only about 1 g/cm?/kyr and there is probably
little change of scavenging intensity with such a small change of flux (Bacon, personal
communication). If such a flux change for peri-platform sediments does noticeably affect
scavenging intensity, then assuming that S is a constant will result in an over estimate of
sea-level change from stages 2 to 1.
Assuming that U is also constant through time, the relationship can be simplified to:
A

past
Zpast = —5 " Ztoday (46)
today

Actually, as noted above, U varies during the late Quaternary because the volume of the
oceans changes as glaciers advance and retreat while the mass of uranium in the ocean does

not. In the absence of large floating marine ice sheets, the effect of assuming U constant is
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that estimated changes of sea level (difference between present and estimated past seafloor
depths) are minimum values.

Changes of U with time can be accounted for by assuming that changes in sea level and

mean ocean uranium concentration are linearly related with a slope of m:

Upaat = m(Zpast - Ztoday) + Utoday (4'7)

Based on several different lines of reasoning, Broecker and Peng (1982, p. 448) concluded
that mean ocean salinity increases by about 3.5 percent if sea level falls 150 meters. Since
U is proportional to salinity, this suggests 3.5 percent of today’s mean ocean uranium
concentration divided by 150 meters as a reasonable value for m. If S and R are constant

through time, equations (5) and (7) combine into the following equation:

Utoday - mZtoda.y _ ApastUtodathoday =0 (4 8)
mAtoday

Zpast + Zpast

This approach has been applied to our preliminary data for core 36 to estimate the rise
in sea level from 680 stage 2 to stage 1 (Table 3). Depending on the age-depth model and
nuclide used, these estimates range from about 170 to 235 m. If only the uncertainties in
measuring sediment density (~ 5%) and counting decays of 23°Th (~ 2%) or %!Pa (~ 5%)
are considered, then the uncertainty in the estimates of sea-level rise is about +70 m or £95
m when they are based upon the accumulation of 2°Th or 23! Pa, respectively. Within this
uncertainty, our results are consistent with the determination by Fairbanks (1989) that this
rise was 12145 m. This favorable comparison supports the reasoning which underlies our
approach and is particularly encouraging considering the preliminary nature of the data for
core 36.

Estimates of sea-level change based upon the accumulation of 2°Th or *!Pa in core 36
can be improved by reducing several sources of uncertainty. First, the age—depth models
are quite coarse and could be developed in greater detail. Second, the sediment density
and nuclide concentrations in 6§80 stages 1 and 2 are characterized by only two measure-
ments each. Since sediment properties fluctuate with depth in the core due to variation of
environmental conditions in the ocean with time (e.g. difference between nuclide concen-

trations within each stage is greater than counting uncertainty), the average density and
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nuclide concentrations could be better characterized with more measurements. More mea-
surements would also reduce the effect of random error. Third, detrital 2**Th and 2% Pa are
accounted for by assuming the detrital 2°Th/23?Th and ?35U/?®U activity ratios—instead,
these ratios might be measured directly. As illustrated in Figure 4, estimates of the rise in
sea level based on 23°Th accumulations in core 36 are sensitive to this ratio. Fourth, the
analytical uncertainty involved in measuring sediment density and nuclide concentrations
can be reduced by calculating bulk density from water content and grain density, and mea-
suring nuclides by mass spectrometry instead of a-spectrometry (Edwards et al., 1986) or

at least increasing counting time in the case of a-spectrometry.

Approach 2: two or more cores

Another approach to determine past sea level is based on the relationship between depth and
the flux of 23°Th (or 31 Pa) to the seafloor. This relationship indicates sea level as the depth
where the flux of 2°Th equals zero. If the flux of sediment to several sites on the seafloor
is the same, sea level can be inferred from the relationship between the depths and the
concentrations of 22°Th in synchronous sediments from these sites. These concentrations are
calculated by correcting the measured ?°Th concentrations in the corresponding sediments
for 20Th supported by sedimentary uranium and detrital 2*°Th.

The following are the theoretical bases and the underlying assumptions of the approach.

Combining equations (1), (2) and (3) yields the following linear relationship:

KUS

¢= Fsed

z. (4.9)

Given synchronous sediment samples from cores recovered from a range of depths, the slope
of this relationship is the change of C' divided by the change depth. Sea level at the time
of sediment deposition can be determined by simply fitting a line to a plot of C versus core
depth and extrapolating it to the depth where C equals zero (Figure 5). We assume that at
any particular time, K, U, § and F,q are the same in the waters overlying each core site.

F,.q varies from region to region in the oceans because the processes governing biologic
activity in overlying waters and the physical input of sediment from other sources vary

geographically. Since spatial variability of Feeq Within a region is generally continuous, if
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core sites are spaced closely enough, the values of F,.q at all sites will be essentially the
same. The same reasoning applies to both § and U. In addition, U and K will be essentially
the same since uranium in seawater behaves conservatively and has a long residence time
relative to the mixing time of the oceans.

This second approach to reconstructing sea level using 23°Th and 23!Pa has several ad-
vantages relative to the first approach. In the first approach, changes of sea level through
time are inferred from changes in the accumulation rates of these isotopes through time.
One difficulty is that accumulation rates are sensitive to the precision of bulk density mea-
surements and, as the preliminary sea level estimates from core CH0182-36 showed, the
age—depth model employed. Other difficulties are that accumulation rates are affected by
temporal variations in U and may be affected by temporal variations in local sedimentary
processes (R) and the intensity of scavenging (5). The second approach avoids these diffi-
culties. First, it does not require rates of **Th and 23!Pa accumulation at the seafloor to
be measured. Second, it is independent of temporal variations of Fyq, S, U and K because
. only synchronous sediment samples are utilized. Finally, the length of the intervals of time
for which the first approach yields estimates of average sea level is constrained by our ability
to develop the resolution of the age—depth model for a given sediment core. In contrast,
following the second approach past sea levels can be estimated at discrete points in time

including sea-level maxima, minima and the transitions between these extremes.

4.6 Summary

230Th and ?’'Pa in marine sediments have unique properties that make them useful for
reconstructing the late Quaternary history of sea level. The production of these isotopes
in the column of water overlying a site on the seafloor is a direct function of the water
column’s height. Since both 2*°Th and 23! Pa are rapidly scavenged by particles settling to
the seafloor, the content of these isotopes in marine sediments preserves continuous records
of water column height or sea level. The half-lives of 22°Th and ?*'Pa are long enough
(72,500 and 34,800 yrs, respectively) so that these records span significant sea-level events
during the last few hundred-thousand years.

We have presented two approaches for reconstructing sea-level history using this 2°Th
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and #'Pa. First, changes in sea level are inferred from changes in the accumulation rates
of these isotopes in sediment. Application of this approach to preliminary data to core
CHO0182-36 from Little Bahama Bank illustrates some of its advantages and disadvantages,
and yields reasonable estimates for sea level during the last glacial maximum. Second, the
relationship between concentrations of *Th or *!Pa from synchronous sediment samples
coliected from limited geographic and wide bathymetric ranges indicates sea level at the
time of sediment deposition, circumventing many disadvantages associated with the first
approach. This second approach will be applied to a suite of sediment cores that we collected

from the margin of Little Bahama Bank during December of 1988.
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TABLE 1. CH0182-36 Nuclide Concentrations (dpm/g)

Depth (cm)  2°Th BITh BTp, 3\y B[Py
50 0.717+.013 0.0675+.0029 0.0384+.0022 2.213+.020 1.137+.009
85  0.864+.017 0.0782+.0036 0.0501+.0014 2.533+.021 1.141+.021
58.5  0.797+.014 0.1382+.0044 0.0528+.0019 0.736+.009 1.082+.017
640  0.700£.013 0.1232+.0042 0.0225+.0015 0.659+.011 1.1124.023

TABLE 2. CH0182-36 Nuclide Concentrations (dpm/g) at Time of Sediment Deposition

Age-depth Depth Age Total Water

Model]‘ (cm) (yr) 238U 234y 2307 235U 231p, 2327h 230, 21p,
a 50 1133 2.213 2,517 0.698 0.102 0.0370 0.0675 0.631 0.0338
8.5 1927 2.533 2.892 0.828 0.117 0.0475 0.0782 0.750  0.0439

58.5 — — — — — — — — —

64.0 — — — — — — — — —
b 5.0 1370 2213 2517 0.694 0.102 0.0366 0.0675 0.627 0.0335
8.5 2328 2.533 2.893 0.820 0.116 0.0469 0.0782 0.742  0.0434
58.5 17952 0.736 0.800 0.797 0.034 0.0609 0.1382 0.659 0.0546
64.0 20306 0.659 0.737 0.693 0.030 0.0186 0.1232 0.569 0.0129
c 50 1304 2213 2517 0.695 0.102 0.0367 0.0675 0.628 0.0336
85 2217 2.533 2.892 0.822 0.116 0.0471 0.0782 0.744 0.0435
58.5 16688 0.736 0.799 0.797 0.034 0.0603 0.1382 0.659 0.0539
64.0 18750 0.659 0.737 0.693 0.030 0.0190 0.1232 0.570 0.0133

tAge—depth model bases: (a) bulk sediment *C ages of Burns and Neumann (1987), (b)
correlation to §'8Q chronology of Imbrie et al. (1984), and (c) correlation to §'80 chronol-
ogy of Shackleton and Pisias (1985).



TABLE 3. CH0182-36 Accumulation Rates of Sediment (g/cm?/kyr)
and Nuclides (dpm/cm?/kyr) with Estimated Change of Sea level (m)

Age—depth Accumulation Rate Sea-level Change
Modelt stage2 stagel U =const U = f(sea level)
sediment a — 5.42
b 3.39 4.49
c 3.87 4.72
1230Th a — 3.74 — —
b 2.38 3.24 172 193
c 2.08 3.08 210 234
21p, a — 0.21 — —
b 0.15 0.16 170 190
c 0.13 0.18 186 207

tAge-depth models same as for Table 2.
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4.10 Figure captions

Figure 1. The response of 29Th flux to shallow and deep sites on the seafloor to a hypo-
thetical glacial fall in sea level. At the deep site, resulting percentage decrease of the site’s
depth and increase of the uranium concentration in seawater balance so that the 2°Th flux
does not change. At the shallow site, the percentage decrease in site depth is much greater
than the increase of uranium concentration so that the glacial 2°Th flux decreases.

Figure 2. Measurements of (a) the 130 of G. ruber, (b) dry bulk density and (c) the con-
centration of 22°Th versus depth in core CH0182-36. Stippling indicates ¥0 and density
data corresponding to 2°Th measurements.

Figure 3. The 6'80 of G. ruber versus depth and three age-depth models for core CH0182-
36. Boundaries of oxygen-isotope stages 1 and 2 are recognizable from the shape of the §'80
record. Triangles indicate bulk sediment *C dates of Burns and Neumann (1987), except
that we have assumed that the core-top age is zero rather than use their date of 1.27 kyrs.
Circles indicate ages obtained by correlating the §180 record of core CH0182-36 to core
V19-30 (Shackleton et al., 1983) and using the ages of Imbrie et al. (1984) and Shackleton
and Pisias (1985) for the boudaries of stages 1 and 2.

Figure 4. Estimated sea-level change between stages 1 and 2 based on the accumulation of
230Th in CHO0182-36 versus the ratio of detrital 20Th and 232Th activities. The sea-level
change increases as the ratio increases. Increasing the ratio decreases 23Th accumulations
more during stage 2 than stage 1 because the 2Th concentration in stage 2 is about twice
that in stage 1.

Figure 5. If at any given time the flux of sediment through the water is constant to sites on
the seafloor at several depths, then the concentrations of this 23°Th in the sediments will
be linearly related to the depths. A line fitted through a plot of the 2*°Th concentrations
of synchronous samples versus depth indicates sea level at the time of sediment deposition
as the depth where the concentration extrapolates to zero.
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