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23. PALEOCLIMATIC EVOLUTION OF SANTA BARBARA BASIN DURING THE LAST 20 K.Y.:
MARINE EVIDENCE FROM HOLE 893A1

J.P. Kennett2 and B.L. Ingram3

ABSTRACT

The paleoclimatic record for the last 20 k.y. has been examined within a detailed radiocarbon age framework for Hole
893A, Santa Barbara Basin, California, using benthic and planktonic foraminiferal oxygen isotopes and assemblage changes in
planktonic foraminifers. The last deglaciation is recorded as two steps (Terminations IA and IB) separated by a warm pause,
correlative with the B0lling/Aller0d Interstadial (15.2 to 13 ka), followed by Younger Dryas cooling (13 to 11.1 ka). This, in
turn, was followed by the warmth of the Holocene. Changes in the planktonic foraminiferal assemblage suggest that average
sea-surface temperatures in the basin increased from ~7°C during the last glacial maximum to ~15°C during the late Holocene,
an estimated change larger than shown in earlier work.

Hole 893A consists of alternating laminated and nonlaminated (massive) sediment intervals. Laminated intervals were
deposited at times of low dissolved oxygen levels in the basin that precluded support of an active benthos. Massive intervals
resulted from bioturbation associated with more oxygenated waters. The basin was relatively well ventilated during the glacial
to near-glacial intervals (last glacial maximum and Younger Dryas cooling) and poorly ventilated during warm intervals
(B0lling/Aller0d Interstadial and Holocene during the last 11 k.y.). Thus, the sequence records oscillations between two funda-
mentally different states, one marked by bottom waters with low oxygen content associated with warm intervals, the other with
relatively oxygenated waters associated with cold intervals.

We interpret these oscillations in sediment facies to reflect changes in the source of intermediate waters, with a greater pro-
portion of oxygen-rich waters originating from a more proximal source during cooler intervals compared with a distal source of
oxygen-poor waters during warmer intervals, including the present day. The stratigraphic records examined here strongly indi-
cate that, as in the North Atlantic, fundamental changes occurred in North Pacific intermediate water circulation during the lat-
est Quaternary. These were closely synchronized with global climate change and with paleoceanographic events in the North
Atlantic. It is possible that changing strength of oceanic conveyor circulation, currently transporting waters from the North
Atlantic to the North Pacific, may have in part caused changes in oxygen content of upper intermediate waters near the coast of
North America, including the Santa Barbara Basin. Alternatively, the inter-ocean paleoceanographic changes were linked
directly through global climate change transmitted through the atmosphere rather than through changes in the strength of the
oceanic conveyor. In this case, severe cooling during the last glacial maximum and the Younger Dryas episode led to the pro-
duction of intermediate waters at high latitudes in the Pacific Ocean that influenced Santa Barbara Basin ventilation. Of proxi-
mal origin, these were young, well oxygenated waters. A third, more likely, hypothesis is that both factors in combination
played a role in influencing the ventilation history of the basin. This investigation indicates the existence of tight coupling
between changes in the atmosphere-ocean-cryosphere during the latest Quaternary.

INTRODUCTION

Ocean Drilling Program Hole 893A contains a 196.5-m-thick late
Quaternary (~ 160 ka to present day) sedimentary sequence from San-
ta Barbara Basin, Southern California. Paleoenvironmental history is
interpreted using changes in oxygen isotopes, planktonic foramin-
iferal assemblages, and physical characteristics of sediments. Site
893 is located at 34° 17.25'N, 120°02.2'W, in Santa Barbara Basin, 20
km south of the Santa Barbara coastline at a water depth of 576.5 m
(Fig. 1 A; Kennett, Baldauf, et al., 1994). Site 893 is the first contin-
uously cored sequence of latest Quaternary age (older than Holocene)
from the Southern California Borderland Province. The province is
made up of a number of semi-enclosed tectonic basins marked by
limited deepwater exchange with the Pacific Ocean. This partial iso-
lation contributes to a severe reduction in oxygen concentrations in
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bottom waters of Santa Barbara Basin from -500 m to 600 m (the
maximum depth of the basin), leading to the accumulation of organ-
ic carbon and anoxic muds (Emery, 1960). Sediments have also ac-
cumulated rapidly (-160 cm/1000 years) with minimal biological
disturbance. Benthic and planktonic foraminifers occur in sufficient
abundance to provide an important opportunity for high-resolution
late Quaternary paleoclimatic/paleoceanographic investigations.
Sediments cored at Site 893 offer one of the few sites in the world
ocean with such high potential for high-resolution studies. It is pos-
sible to resolve decadal paleoclimatic changes and even interannual
to annual climatic change in those parts of the sequence where annu-
al laminae are preserved.

In this contribution we present and discuss the isotopic and fau-
nal record of paleoclimatic change in Santa Barbara Basin during the
last deglaciation from the glacial maximum (20 ka) to the Holocene
interglacial within the context of global climatic and oceanographic
changes. Santa Barbara Basin is especially valuable for such an in-
vestigation because of its location close to the continental margin of
the northeast Pacific where upwelling of intermediate waters occurs.
The margins of the modern north and northeast Pacific are marked
by intense upwelling of intermediate waters, some proportion of
which appears to have originated as North Atlantic Deep Water
(NADW) at high latitudes of the North Atlantic and flowed within
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Figure I. Location of Site 893 in Santa Barbara Basin. A. Present-day (interglacial) physiography. B. Last glacial maximum (18 ka) physiography, when sea
level was 120 m lower than at present.

the so-called oceanic conveyor to the North Pacific (Broecker and
Denton, 1989). Oxygen concentrations decrease during both transit
and aging of waters within the conveyor because of biological metab-
olism and oxidation of organic matter (Broecker and Peng, 1982).
Modern intermediate waters advecting upward near the coast of Cal-
ifornia contain low concentrations of oxygen. Oxygen is further re-

duced by upward advection through the oxygen minimum zone at
upper bathyal depths. This oxygen-poor water flows over the sill into
Santa Barbara Basin (Fig. 2). The small supplies of oxygen entering
the basin are further depleted through the oxidation of abundant or-
ganic material derived from highly productive surface waters. In the
modern basin, these processes collectively result in the presence of
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Figure 2. Schematic diagram showing modern (interglacial) distribution of water masses in the region of Santa Barbara Basin and changes in dissolved oxygen
in the water column. Darker shades of water masses reflect decreased oxygen content. Note dysaerobic (suboxic) bottom waters in center of Santa Barbara
Basin. Zone of high biological productivity also extends seaward (eastward) of the 450-m sill, within the California Current.
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Figure 3. Calendar ages of planktonic foraminiferal samples plotted against corrected depth (mbsf) in the upper 32 m of Hole 893A. Calendar ages are derived
from corrected accelerator mass spectrometry radiocarbon ages. Steps used for calibration and correction of radiocarbon ages are outlined by Ingram and Ken-
nett (this volume) and in the text. Sample depths corrected for all gaps (voids) resulting from sediment displacement due to gas expansion (Rack and Merrill,
this volume).

suboxic (<O.l mL/L oxygen) bottom waters deeper than -475 m. Re-
duction in deep water oxygen concentrations is so severe that Santa
Barbara Basin is the only basin in the California Borderland Province
that exhibits persistent annual varves through most of the Holocene.

Prior to our study, the only high-resolution North Pacific record
examined near the end of deep water flow within the conveyor is that
of Keigwin and Jones (1990), who examined a drilled sediment se-
quence in Guaymas Basin, Gulf of California. Such records are criti-
cal for comparison with the paleoceanographic changes in the North
Atlantic, near the beginning of conveyor flow.

Sediments drilled at Hole 893A consist of a sequence of laminat-
ed to nonlaminated intervals. Laminations were deposited during
times marked by an absence of burrowing organisms when bottom

waters contained low oxygen concentrations, whereas fully homoge-
nized (massive or nonlaminated) intervals were deposited during
more highly oxygenated conditions in the basin. The sediment se-
quence of Hole 893A exhibits two broadly similar sedimentary se-
quences that consist in each case of a lower, intermittently laminated
interval passing upward, with decreasing abundance of laminations,
into a relatively thin homogeneous (massive) interval. This homoge-
neous interval is then succeeded abruptly by a thin interval of rela-
tively continuous, well-laminated sediment (Kennett, Baldauf, et al.,
1994). The sequence at Hole 893A represents one complete and two
partial cycles reflecting progressive dominance of oxygenated basin
waters, culminating in a period of sustained basin oxygenation. Pre-
liminary studies suggest that these sediment cycles, expressed by the
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Table 1. Radiocarbon dates and corrected calendar year ages for plank-
tonic foraminiferal samples used to construct chronological framework
(see Fig. 3) for the upper -32 m in Hole 893A, Santa Barbara Basin
(Ingram and Kennett, this volume).

Core, section,
interval (cm)

146-893A
1H-1,55-57
1H-3, 63-66
1H-4, 117-119
2H-1,55-57
2H-2, 71-73
2H-4, 105-107
2H-6, 48-50
2H-6, 55-57
3H-1, 6-8
3H-1, 87-90
3H-1, 98-102
3H-2, 11-13
3H-2, 13-16
3H-2, 113-115
3H-2, 128-130
3H-3, 112-115
3H-3, 147-149
3H-5, 9-12
3H-6, 96-99
4H-1,8-11
4H-2, 5-7
4H-3, 57-60
4H-4, 3-5
4H-4, 90-93
4H-5, 57-60
4H-5, 73-75
5H-7, 11-14

Raw depth
(mbsf)

3.63
5.67

8.71

13.97

16.87
16.99
17.58
17.60

18.75

20.44
21.94
24.17
25.58

29.61

31.55

Corrected
depth
(mbsf)

1.55
3.63
5.67
7.04
8.71

11.77
13.91
13.98
16.06
16.84
16.96
17.58
17.60
18.60
18.75
20.05
20.40
21.94
24.12
25.58
26.80
28.73
29.21
30.34
31.39
31.52
43.18

Planktonic
age
(ka)

1.85
2.52
3.55
4.80
6.20
8.23
<).05
9.18

10.16
10.28
10.17
10.72
10.63
11.18
11.07
11.83
11.83
12.35
13.13
14.63
15.21
15.72
16.26
16.82
17.41
18.38
25.47

Corrected
age (ka)

0.95
1.67
2.78
4.51
6.19
8.23
9.34
9.40

10.65
10.79
10.47
11.31
11.06
12.00
11.86
12.80
12.99
13.45
14.41
16.27
16.99
17.63
18.29
18.99
19.72
20.92
29.72

changing strength of laminations, correspond closely with glacial/in-
terglacial oscillations (Kennett, Baldauf, et al., 1994).

A number of hypotheses have been presented to account for the
changing basinal oxygenation concentrations (Kennett, Baldauf, et
al., 1994). The most popular of these suggests that changes in oxygen
concentrations of intermediate waters from the Pacific advecting into
Santa Barbara Basin during the late Quaternary were the primary
control of the oxygenation-dysaerobia cycles recorded in the basinal
sediments. Under this hypothesis, laminated intervals in the basin
were deposited when low-oxygen intermediate waters flowed into
the basin. Massive intervals, in contrast, were deposited when inter-
mediate waters with higher oxygen concentrations flowed into the
basin. A primary goal of this study was to develop detailed strati-
graphic relationships between climatic change and the degree of ox-
ygenation of Santa Barbara Basin for the last 20 k.y., in an attempt to
test hypotheses that explain the ventilation changes in Santa Barbara
Basin.

OCEANOGRAPHIC SETTING

The Santa Barbara Basin is ideally located to amplify global cli-
mate changes that occurred during the Quaternary. The dominant hy-
drographic features of Santa Barbara Basin are the southward-
flowing California Current and related countercurrents (Hickey,
1992). The character and distribution of the cold California Current
and nearshore warmer countercurrent (Davidson Current) are deter-
mined by ocean-atmosphere interactions over broad areas of the Pa-
cific Ocean (Douglas, 1981). A dominant feature of modern surface
circulation in Santa Barbara Basin is a semipermanent cyclonic gyre
that incorporates water from both the northwest and southeast. In
present-day Santa Barbara Basin, there are no important effects upon
surface water salinity by fresh water runoff from the nearby land
masses (Fig. 1). Rivers have relatively little effect on the surface
ocean environment in this semiarid region. Interpretations based on
the late Quaternary pollen record in Hole 893A suggest that there was

little difference in precipitation during glacial times compared with
the present day (Heusser, this volume).

Seasonal variations in the California Current system are primarily
controlled by changes in wind strength and direction. Northerly
winds are generally strongest between April and August (spring and
summer), causing strong flow of the cold California Current towards
the south, and weak cyclonic flow into Santa Barbara Basin. Con-
versely, from December to February, when the northerly winds
weaken, the Davidson Current is stronger and a net poleward surface
transport occurs along the coast (Pisias, 1978). Seasonal changes in
the strength and direction of the winds influence the intensity of up-
welling near Point Conception and, in turn, affect the biological pro-
ductivity in Santa Barbara Basin. Strong upwelling episodes occur
from late spring to early summer. Individual upwelling episodes, last-
ing up to three weeks, vary according to the strength of the northerly
winds (Bakun, 1975; McGowan, 1984; Eppley, 1986; Atkinson et al.,
1986). The upwelled water is cold, oxygen-poor, and nutrient-rich in
comparison with surface waters. The upwelling of cold waters during
summer and the increased northward flow of the relatively warm
Davidson Current in winter reduces the annual temperature range in
surface waters, although this is still high at 12°C (Pisias, 1979). Peri-
ods of intensification of the Davidson Current are related to El Nino
Southern Oscillation (ENSO) events that affect the entire eastern Pa-
cific and typically occur at intervals of ~5 to 7 yr (Enfield and Allen,
1980; Douglas, 1981). In the region of Santa Barbara Basin, these
warm events coincide with episodes of decreased plankton produc-
tivity and reduced southerly flow of the California Current (Lange et
al., 1987). The warmer events are often associated with anomalously
high rainfall in Southern California (Namias, 1969).

Significantly, different boundary conditions existed in Santa Bar-
bara Basin during the last glacial maximum. As a result of a drop in
sea level of 121 m (Fairbanks, 1989), the channel was transformed
into a narrow, sheltered body of water with more restricted circula-
tion with the open Pacific Ocean (Fig. IB). Strong restriction of the
Anacapa Channel to the east of the basin would have reduced flow of
any warm countercurrent (similar to the modern Davidson Current)
into the Santa Barbara Basin from the south. At the same time, previ-
ous work has shown a strengthening of the influence of the California
Current occurred in the California Borderland Province and associat-
ed major cooling of surface waters (Bandy,1968). By -12 ka during
the Younger Dryas cool interval, sea level had risen to -60 m below
present (Fairbanks, 1989) with associated widening of the Santa Bar-
bara Channel region.

PREVIOUS PALEOCLIMATIC STUDIES

The latest Quaternary (20 k.y. to present day) paleoclimatic
record of the northeast Pacific region has been examined by a number
of earlier investigators (for example, Moore, 1973; Lyle et al., 1992;
Sancetta et al., 1992; Heusser and Shackleton, 1979; Gardner et al.,
1988; Mathewes et al., 1993) although the stratigraphic resolution of
their data was lower than that presented here. We have examined, at
high stratigraphic resolution, the latest Quaternary from the last gla-
cial maximum to the present day (last 20 k.y.) in Santa Barbara Basin,
northeast Pacific. Previous Quaternary paleoclimatic studies of Santa
Barbara Basin were limited to the Holocene (-9 ka). Of these Ho-
locene studies, only two focused on paleoclimatic records on time
scales of 1000 years or greater. Pisias (1978; 1979) documented a pa-
leoclimatic-paleoceanographic record of radiolarian-based sea-sur-
face temperatures for the past 8000 years. This study suggested a
history of significant paleoclimatic/paleoceanographic changes dur-
ing the Holocene. Heusser (1978) documented Holocene terrestrial
climate changes based on pollen and spores in a core from Santa Bar-
bara Basin. This work indicates that the climate in the area from 8000
to 5400 ka was dominantly warm subtropical and humid. Warm sea-
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surface temperatures, increased rainfall, and reduced southerly flow
of the California Current indicated by these studies suggest a pro-
longed period of ENSO-like conditions. Since 5400 ka, the area has
undergone major paleoclimatic fluctuations including a strengthen-
ing of the California Current system (Pisias, 1978).

A number of other investigations of Santa Barbara Basin sediment
cores have dealt with the paleoclimatic history at high-resolution
within the last three hundred years (Soutar and Crill, 1977; Wein-
heimer et al., 1986; Schimmelmann and Tegner, 1991). Dunbar
(1983) produced a high-resolution planktonic foraminiferal (Globi-
gerina bulloides) oxygen isotopic record for the last 230 years from
a box core. This record closely correlates with the historical record of
sea-surface temperature in the region since 1870. The amplitude of
the oxygen isotopic signal is large (1.5%c) and partly reflects the large
temporal and seasonal variability of sea-surface temperatures caused
by upwelling and ENSO events. However, Dunbar (1983) noted that
the isotopic range is greater than expected from historical tempera-
ture records, being amplified by seasonal and/or annual differential
production of G. bulloides.

Earlier work of most significance to our study is that of Keigwin
and Jones (1990), who described the stable isotope stratigraphy in a
sediment core exhibiting laminated and nonlaminated intervals dur-
ing the last 20 k.y. from Guaymas Basin, Gulf of California. The se-
quence is especially important because associations between
laminated sediment intervals and climate change suggests historical
relationships between changing oxygenation of Gulf of California
bottom waters and Quaternary climate change.

CHRONOLOGY

An age model for the upper -32 m of Hole 893A has been devel-
oped using 27 accelerator mass spectrometry radiocarbon ages of
mixed planktonic foraminiferal samples from 15 stratigraphic levels
(Fig. 3; Table 1). The samples were analyzed at the Center for Accel-
erator Mass Spectrometry (CAMS), at the Lawrence Livermore Na-
tional Laboratory. Two of these samples represent duplicate analyses
from the same sample. Two different age calibration methods were
used to convert the radiocarbon ages to calendar ages. One was the
marine calibration curve based on tree-ring dendrochronology and
modeling of atmospheric I4C changes in the ocean (Stuiver and Bra-
zunias, 1993), which applies to samples with radiocarbon ages be-
tween 0 and 10,500 years. The second method used to calibrate the
radiocarbon ages was developed by Bard et al. (1990a, 1990b, 1993),
based on I4C and 23()Th age determinations in corals. (The 23()Th ages
represent actual calendar ages of samples). Two different equations
employed by Bard et al. (1990a, 1990b, 1993, and pers. comm., 1994)
yielded essentially identical corrected ages as discussed by Ingram
and Kennett (this volume). The value used for the reservoir age in
Santa Barbara Basin is 825 years (see Ingram and Kennett, this vol-
ume, for discussion). Assignments of sediment thickness in the core
were corrected for all gaps (voids) resulting from sediment displace-
ment due to gas expansion (Rack and Merrill, this volume). All data
have been plotted in calendar years. The samples range in age from
1690 to 21,950 years, forming a coherent set of ages spaced at inter-
vals of less than -2000 years. A larger data set that includes ages
based on benthic foraminiferal samples and sediments older than 22
k.y. are presented and discussed in detail by Ingram and Kennett (this
volume).

The chronological spacing of samples during the last 20 k.y. for
benthic foraminiferal oxygen isotopic data is -450 years, for plank-
tonic foraminiferal isotopic data -330 years and for planktonic fora-
miniferal assemblage data -500 years. Each sample analyzed
represents an interval spanning -20 to 30 years.

MATERIALS AND METHODS

A total of 70 samples of 10 cm3 were taken for stable isotopic and
foraminiferal investigations from the upper 32 m of Hole 893A,
which represents the last 20 k.y. of sedimentation. The samples were
taken at -50 cm intervals in the upper 25 m representing the last 16.6
k.y. and at -100 cm for the remaining interval down to -32 m. These
samples were processed for oxygen and carbon isotopic analyses of
benthic and planktonic foraminifers and for census investigations of
planktonic foraminiferal assemblages. The raw samples were oven
dried at 50°C, disaggregated using warm water, washed over a 63-µm
sieve, and oven dried at 50°C. For quantitative planktonic foramin-
iferal studies, over 300 specimens (minimum of -250) were counted
in each sample (>l 50-µm fraction) and relative percentages were cal-
culated.

The methods used to obtain oxygen and carbon isotopic values for
benthic foraminifers have already been described in detail by Kennett
(this volume). For isotopic analysis of planktonic foraminifers, 20 to
30 specimens per sample were picked for each of two species: Neo-
globoquadrina pachyderma (sinistral and dextral coiling) and Globi-
gerina bulloides. The specimens for isotopic analysis were cleaned
ultrasonically in reagent-grade methanol, dried, and roasted under
vacuum at 375°C for one hour to remove organic contaminants. The
samples were treated with orthophosphoric acid at 90°C, using an on-
line automated carbonate CO2 preparation device. The evolved CO2

was analyzed with a Finnegan/MAT 251 light stable isotope mass
spectrometer. Instrumental precision is 0.09%o or better for both 6I8O
and δ'3C. All isotopic data are expressed using standard δ notation in
per mil relative to Pee Dee Belemnite (PDB) carbonate standard. Iso-
topic analyses were related to PDB through repeated analyses of
NBS-20 with values following Craig (1957) of: δ l 8 θ = -4.14%0 and
δ'3C = -1.06%0.

RESULTS

Paleoclimatic Patterns

Quantitative planktonic foraminiferal data for Hole 893A, includ-
ing that representing the last 20 k.y., are provided in Kennett and
Venz (this volume). Benthic oxygen isotopic data are provided in
Kennett (this volume). Oxygen isotopic data from planktonic fora-
minifers for the last 20 k.y. are presented in Table 2. Carbon isotopic
data from benthic foraminifers are not discussed in this contribution
because they appear to be solely a record of microenvironmental dif-
ferences in the surface sediments in which the benthic foraminifers
lived. Patterns of oxygen isotopic change during the last 20 k.y. in
benthic and planktonic foraminiferal distributions are plotted against
depth and age in Figures 4-6. Quantitative changes in planktonic for-
aminifers are plotted against depth and age in Figures 7-10. These
records are compared with an ultra-high-resolution record of inferred
bottom water oxygenation from Behl (this volume). The sediments in
Hole 893A were classified by Behl (this volume) into a number of
categories that grade at one extreme from well-laminated intervals, to
indistinctly laminated, to trace laminations, to completely massive at
the other extreme (Figs. 4, 5, 7, and 9). These changes were, in turn,
correlated to changes in degree of oxygenation and sediment facies
of Santa Barbara Basin. In each case, the patterns of change clearly
reflect details of the transition between the last glacial maximum and
Holocene warmth. These changes are described within our chrono-
logical framework below. Although the trends exhibited by the dif-
ferent paleoclimatic proxies are very similar, small differences exist
in the timing of some of the changes.

Glacial Maximum: The glacial maximum, based on relatively
high δ 1 8 θ values, occurs between 20 and 16.8 ka, with the highest
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Table 2. Oxygen isotopic data for planktonic foraminifer samples, Neo-
globoquadrina pachyderma and Globigerina bulloides, from the upper
-32 m (-20 k.y.) of Hole 893A, Santa Barbara Basin.

Core, section,
interval (cm)

146-893A-
1H-1, 11-13
1H-1,55-57
1H-1, 105-107
1H-2, 5-7
1H-2, 55-57
1H-2, 105-107
1H-3, 5-7
1H-3, 55-57
1H-4, 5-7
1H-4, 55-57
1H-4, 105-107
2H-1,55-57
2H-1, 105-107
2H-2, 5-7
2H-2, 55-57
2H-2, 105-107
2H-3, 5-7
2H-3, 55-57
2H-3, 105-107
2H-4, 5-7
2H-4, 55-57
2H-4, 105-107
2H-5, 5-7
2H-5, 55-57
2H-6, 5-7
2H-6, 55-57
2H-6, 105-107
2H-7, 5-7
3H-1,6-8
3H-1,55-57
3H-1, 104-106
3H-2, 4-6
3H-2, 55-57
3H-2, 105-107
3H-3, 5-7
3H-3, 31-33
3H-3, 55-57
3H-3, 101-103
3H-4, 5-7
3H-4, 56-58
3H-5, 5-7
3H-5, 28-30
3H-5, 53-55
3H-5, 86-88
3H-6, 5-7
3H-6, 7-9
3H-6, 55-57
3H-6, 84-86
3H-7, 5-7
3H-7, 52-54
3H-C, 20-22
4H-1,5-7
4H-1,32-34
4H-1,86-88
4H-1, 105-107
4H-2, 55-57
4H-3, 7-9
4H-3, 106-108
4H-4, 57-59
4H-5, 9-11

Depth
(mbsf)

0.11
0.55
1.05
1.55
2.05
2.55
3.07
3.57
4.57
5.07
5.57
7.05
7.55
8.09
8.59

9.59
10.09
10.59
11.10
11.60
12.10
12.60
13.10
14.10
14.60
15.10
15.60
16.06
16.55
17.04
17.54
18.05
18.55
19.05
19.31
19.55
20.01
20.55
21.06
22.05
22.28
22.53
22.86
23.77
23.57
24.05
24.34
25.05
25.52
26.01
25.55
25.82
26.36
26.55
27.55
28.57
29.56
30.57
31.59

Corrected
depth

(mbsf)

0.11
0.55
1.05
1.53
2.03
2.53
3.04
3.54
4.55
5.05
5.55
7.04
7.54
8.05
8.55
9.01
9.49
9.97

10.47
10.91
11.35
11.77
12.27
12.70
13.53
13.98
14.47
14.97
16.06
16.52
17.01
17.51
18.02
18.52
19.01
19.26
19.51
19.93
20.96
20.97
21.90
22.13
22.36
22.58
23.43
23.29
23.71
24.00
24.70
25.18
25.66
25.55
25.82
26.13
26.32
27.25
28.23
29.16
30.12
30.91

Aye
(ka)

0.051
0.280
0.556
0.828
1.117
1.410
1.713
2.012
2.625
2.932
3.240
4.168
4.482
4.803
5.120
5.412
5.718
6.025
6.345
6.628
6.911
7.183
7.506
7.785
8.325
8.618
8.939
9.266
9.982

10.285
10.609
10.939
11.277
11.609
11.934
12.117
12.267
12.547
12.900
13.241
13.864
14.014
14.164
14.320
14.778
14.791
15.081
15.280
15.748
16.070
16.400
16.323
16.506
16.738
16.844
17.475
18.142
18.775
19.431
19.971

N. pachyderma

0.642
0.288

-0.071
0.210
0.279
0.445

-0.063
0.470
0.075
0.012

-0.015
-0.038

0.286
0.578
0.501

-0.065
0.110

-0.002
-0.005

0.141
0.205
0.154
0.444
0.518
0.352
0.325
0.716

-0.173
1.026
0.141
0.923
0.701
1.550
1.373
1.139
1.788
1.718
1.791
1.474
1.112
1.373
1.313
1.529
1.531
1.330
1.203
1.197
1.159
1.841
2.210
1.923
2.641
2.241
2.552
2.825
2.638
2.684
2.248
2.380
2.546

G. bulloides

-0.136
-0.279
-0.279

-0.071
-0.144
-0.148
-0.282
-0.412

0.076

-0.242
-0.273
-0.209
-0.141
-0.228
-0.169
-0.218
-0.332
-0.253
-0.434

0.254
0.257
0.148

-0.362
-0.192

0.239
0.117

-0.080
-0.306

0.330
0.279

0.925
0.645

0.752
0.557
0.625
0.713
0.554
0.649
0.568
0.745

0.430

2.675
3.019

2.771
2.704
2.567
2.412

δ 1 8 θ values between 18.5 and 16.8 ka (Figs. 5 and 6). Cool planktonic
foraminiferal assemblages, reflected by changes in relative domi-
nance of dextral and sinistral N. pachyderma and by coiling ratio
changes of this species, indicate the age of the glacial maximum to be
older than 16.5 ka (Fig. 9).

Termination IA: The earliest post-glacial warming trend usually
referred to as Termination IA occurred between -16.5 and 15 ka.
This warming trend is reflected in Hole 893A by a \%c decrease of
benthic foraminiferal δ 1 8 θ, a 1.75%o decrease in δ 1 8 θ of TV. pachyder-
ma, and a 2.6%o decrease in δ 1 8 θ of G. bulloides (Fig. 5). Major
changes occurred in planktonic foraminiferal assemblages as reflect-
ed by a change in dominance from sinistral (-60%) to dextral (-20%
to 70%) forms of N. pachyderma, and in the switch from dominantly
sinistral (-90%) to dextral (>98%) coiling of this species (Fig. 9). In-
ferred warming of surface waters is very rapid (between ~ 16.5 and 16

ka) during Termination IA as indicated by changes in the planktonic
foraminiferal assemblages and the δ 1 8 θ decrease in G. bulloides. This
warming is shown to be less rapid by the δ 1 8 θ decrease in N. pachy-
derma and rather gradual decease in δ'8O of benthic foraminifers.
Slight diachronism occurred in the warming trend exhibited by the
various parameters marking Termination IA. The mid-point of the
warming marking Termination IA, as expressed by the planktonic
foraminiferal assemblage changes (16.5 ka; Fig. 9) and the δ 1 8 θ de-
crease in G. bulloides (16.4 ka; Fig. 6), is earlier than the mid-point
of warming shown by the δ 1 8 θ decreases inN. pachyderma (15.7 ka)
and in benthic foraminifers (15.5 ka; Fig. 5).

B0lling/Aller0d: Between the warming that marks Termination
IA and the Younger Dryas cool interval that follows is an interval of
relatively little change in most paleoclimatic parameters (Figs. 5, 6,
and 9). This represents a pause in the warming trend during deglaci-
ation as recorded in Hole 893A. The age of the beginning of this in-
terval differs depending on the parameter measured. A stabilization
of planktonic foraminiferal assemblage changes (except for the rela-
tive abundance of dextral N. pachyderma, which exhibits high vari-
ability during this interval) begins at 16.3 ka (Fig. 9). This compares
with stabilization of the negative δ 1 8 θ trend in G. bulloides at 16.5,
in N. pachyderma at 15.2 ka, and in benthic foraminifers at 15.0 ka
(Figs. 5 and 6). Likewise, the end of this interval of relative climatic
stability ranges between 13.3 and 12.9 ka. The maximum duration of
the interval is therefore 3.6 k.y., extending between 16.5 and 12.9 ka.
This interval correlates temporally with the B0lling/Aller0d Intersta-
dial. Short-term climate instability during the B0lling/Aller0d report-
ed in sediment cores from the Norwegian Sea (Karpuz and Jansen,
1992) was not observed in our study.

Younger Dryas Cool Episode: Following the B0lling/Aller0d In-
terstadial, a distinct cooling trend is recorded by a 0.5%c increase in
δ 1 8 θ in benthic foraminifers and a 0.8‰ increase in δ 1 8 θ in N. pachy-
derma (Figs. 5 and 6). Cooler planktonic foraminiferal assemblages
during this interval are marked by an 12% decrease in dextral-coiled
N. pachyderma, a 10% increase in sinistral-coiled N. pachyderma,
and a reduction in dextral coiling in N. pachyderma from 100% to
80% (Fig. 9). The beginning of the cooling trend in Hole 893 A occurs
at -13 ka (range between 12.9 and 13.2 ka), while the end occurs at
-11.2 ka. This interval correlates with the Younger Dryas cool epi-
sode of northern Europe and in marine sequences elsewhere.

A high-resolution chronology for the Younger Dryas cooling
event in Hole 893A, established with radiocarbon dating of six plank-
tonic foraminiferal samples, indicates an age from between 11,980 to
10,630 14C years. To compare these radiocarbon ages with other ra-
diocarbon ages determined for the Younger Dryas, the reservoir age
of 825 years must be subtracted from the radiocarbon age. The "res-
ervoir-corrected 14C age" for the beginning and end of the Younger
Dryas in the Santa Barbara Basin is thus 11,155 to 9,805 years BP.
The "reservoir-corrected" I4C age for the beginning of the Younger
Dryas in Santa Barbara Basin (11,155 yr) is similar to that obtained
by Denton and Hendy (1994) for wood samples in glacial deposits
from New Zealand, which is 11,050 14C years BP. It also similar to
the reservoir-corrected I4C dates from the North Atlantic Ocean
(11,200 to 11,010 14C yr BP) from cores SU81-18 (Duplessy, 1989)
and Troll 3.1 (Lehman and Keigwin, 1992).

Corrected age (or calendar-year age) for the beginning of the
Younger Dryas cooling event in Santa Barbara Basin is 12,971 ka.
The corrected age for the end of the Younger Dryas in Santa Barbara
Basin is poorly constrained, because it occurs during a 1300-yr radio-
carbon plateau, and falls between 10,900 and 12,300 yr BP (Ingram
and Kennett, this volume). This plateau has been defined by Bard et
al. (1993), Edwards et al. (1993), and Gray et al. (1993). We have
used an interpolated age of 11,200 yr BP for the end of the Younger
Dryas.

The ages for the Younger Dryas in Santa Barbara Basin agree well
with those based on counting annual layers in Greenland ice cores,
which indicate the Younger Dryas occurred between 12,940 ± 260 yr
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Figure 4. Oxygen isotopic records of benthic foraminifers and the planktonic foraminifers Neogloboquadrina pachyderma and Globigerina bulloides compared
with changes in sediment structure in the upper 32 mbsf in Hole 893A, Santa Barbara Basin. Sediment structures grade from well laminated to massive with cat-
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(this volume). YD = Younger Dryas; B/A = B0lling/Aller0d.

BP and 11,640 ± 250 yr BP (Alley et al., 1993a; Alley et al., 1993b;
Johnson et al., 1992). The duration of the Younger Dryas in Santa
Barbara Basin is between 670 and 2070 yr (we show 1,730 yr), not
inconsistent with the 1300-yr duration counted in ice core layers.
Based on I4C dating of marine and lacustrine sediments in the North
Atlantic region, the Younger Dryas cooling event began between
11,200 and 11,000 years BP and ended between 10,200 and 10,000
I4C years BP (Karpuz and Jansen, 1992; Edwards et al., 1993). In cal-
endar years, this translates into a maximum range of 13.1 to 11.3 ka,
similar to the age of the Younger Dryas in Santa Barbara Basin.

In the early Holocene following 11 ka, further warming is shown
by decreased oxygen isotopic values (beginning at ~l 1.2 ka, follow-
ing the end of the Younger Dryas cooling; Figs. 5 and 6). At this time,
6I8O values of benthic foraminifers exhibit a rather steady decrease
of about 0.9%o until they reach a minimum at ~5 ka. In a series of os-
cillations, δ l 8 0 values of N. pachyderma also decrease an additional
1 A%c to values close to 0%e at ~6 ka while δ l 8 0 values of G. bulloides
decrease from 11 to 10 ka, after which values oscillate by ~0.75%c

during the Holocene. These decreases in δ l 8 θ values mark Termina-
tion IB. Planktonic foraminiferal assemblages also reflect higher sea-
surface temperatures after 11 ka with the consistent occurrence for
the remainder of the Holocene of distinctly warmer species including
Globigerinoides ruber, Neogloboquadrina dutertrei, Globorotalia
inflata, and Orbulina universa (Fig. 10). Following the Younger Dry-
as, the relative warmth of planktonic foraminiferal assemblages is in-
dicated also by a dominance of dextral N. pachyderma (generally
>50%), very low frequencies of sinistral TV. pachyderma, and high ra-
tios of dextral to sinistral N. pachyderma (mainly >90% dextral).

In the late Holocene, following 6 ka, variations in δ l 8 θ values of
benthic foraminifers are less than 0.25‰, while variations in δ 1 8 θ
values of planktonic foraminifers (both N. pachyderma and G. bul-
loides) are less than ~0.75‰ (Figs. 5 and 6). More detailed work is
required on oxygen isotopic oscillations during the last 11 k.y. to de-
termine if they reflect climatic changes of regional or global signifi-
cance. Nevertheless, both the planktonic foraminiferal assemblages
and oxygen isotopic data of N. pachyderma are internally consistent
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Figure 5. Oxygen isotopic records of benthic foraminifers and the planktonic foraminifers Neogloboquadrina pachyderma and Globigerina bulloides compared
with changes in sediment structure for the last 20 k.y. in Hole 893A, Santa Barbara Basin. For further details see Figure 4 caption.

in indicating a distinct cooling of surface waters during an interval
centered at 5 ka (Figs. 5, 6, and 9). However, there is no increase in
δ'xO values of G. bulloides at this time.

During much of the last 20 k.y., a distinct gradient has existed in
the δ l 8 0 values between N. pachyderma, which is inferred to live in
the thermocline, and G. bulloides, which lives near the ocean surface
(Fig. 6). This gradient was small (up to ~0.4%o) during the last glacial
maximum. Termination IA is associated with a significant increase in
this gradient (up to ~l.5‰). By 15.2 ka, at the beginning of the
B0lling/Aller0d, the gradient decreased and varied from 0.5%c to
0.8%o until the Younger Dryas. G. bulloides is relatively rare to ab-
sent during much of the Younger Dryas interval. After 11 ka, several
episodes showing a distinct gradient (0.3%o-0.8%o) between these
two species are separated at -2000 year intervals with events marked
by little to no gradient. These occurred at 9.3 ka, 7.3 ka, 5.3 ka, and
3.2 ka (Fig. 6). The most recent interval is not periodic having oc-
curred at ~ 1.7 ka.

STRATIGRAPHIC RELATIONS BETWEEN
SEDIMENT LAMINATIONS AND

CLIMATE CHANGE

The sediments of Hole 893A exhibit considerable variation be-
tween well-laminated to completely massive (nonlaminated). The
general pattern of change in lamination strength for the last 20 k.y. is
shown in Figures 4, 5, 7, and 9. The sequence is divided into four
zones marked by a dominant sediment facies: massive sediments
from 20.0 to 15.2 ka; laminated sediments from 15.2 to 12.9 ka; mas-
sive sediments from 12.9 to 11.0 ka; and laminated sediments from
11.0 ka to the present day. The laminated zones include sediments
that exhibit strong to trace laminations or even thin intervals with no
laminations. The massive zones contain minor intervals with very
weak trace laminations.

A strong correlation exists between the stratigraphic distribution
of massive and laminated intervals and climatic history during the
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last 20 k.y. in Hole 893A (Fig. 5 and 6). Sediments deposited during
the last glacial maximum and Termination 1A are massive, followed
upwards by laminated sediments of the B0lling/Aller0d Interstadial,
in turn followed upward by massive sediments deposited during the
Younger Dryas cool interval, and thence upward into laminated sed-
iments associated with Holocene warmth.

The upward change from massive to laminated sediments at 15.2
ka coincides precisely with the end of the negative shift in δ'8O val-
ues of N. pachyderma where values are —\%c and close to the end of
the negative shift in δ 1 8 θ values of benthic foraminifers at 15 ka(Fig.
5). This sedimentary facies boundary thus coincides closely with the
end of Termination IA and the beginning of the B0lling-Aller0d as
represented by changes in these parameters. The change from mas-
sive to laminated sediments is ~ 1.1 k.y. younger than the end of Ter-
mination IA warming (marked by changes in planktonic foraminifer-
al assemblages and by decreased δ 1 8 θ values of G. bulloides).

Close correspondence also occurs between the boundary that
marks the change from laminated to massive sediments at 12.9 ka and
the beginning of cooling at 13.0 ka (range 13.2 to 12.9 ka) as repre-
sented by oxygen isotopic changes in planktonic and benthic fora-
minifera, and assemblage changes in planktonic foraminifers (Figs. 5
and 9). This is considered to represent the beginning of the Younger
Dryas cool episode. Likewise, the boundary at 11.0 ka that marks the
upward change from massive to laminated sediments closely corre-
sponds with the end of cooling at 11.2 ka exhibited by the isotopic
and faunal changes marking the end of the Younger Dryas (Figs. 5
and 9). The beginning and end of the cooling trend that represents the
Younger Dryas coincides with δ l 8 0 values of N. pachyderma of
about -l.O‰.

The Holocene sequence younger than 11.0 ka at Hole 893A is
overwhelmingly dominated by laminated sediments, containing no
extensive massive intervals. Oxygen isotopic values of foraminifers
associated with the sediments of Holocene age are lower than those
of the cooler intervals during the Younger Dryas, Termination IA,
and the last glacial maximum. Planktonic foraminiferal assemblages
at all levels exhibit characteristics indicative of greater warmth than
the assemblages associated with the Younger Dryas. Furthermore, al-
though frequencies of sinistral and dextral N. pachyderma in Ho-
locene assemblages younger than 11 ka and those of the B0lling/
Aller0d Interstadial are similar, the appearance in persistent abun-
dance at 11.0 ka of additional warm water taxa (Fig. 10) heralds a fur-
ther increase in surface water temperatures relative to the B0lling/
Aller0d and is therefore consistent with the oxygen isotopic data.
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DISCUSSION

Climate Change

Climatic evolution during the last 20 ka in Hole 893A is described
at high-resolution and within a detailed Accelerator Mass Spectrom-
etry (AMS) I4C age framework, by oxygen isotopic changes in benth-
ic and planktonic foraminifers (Figs. 5 and 6). The last glacial
maximum (centered at 18 ka in Hole 893A) is followed by deglacia-
tion beginning at -16.5 ka. Deglaciation proceeded in two steps cor-
related with Termination IA and IB. The terminations are separated
by a warming pause between -15.5 and 13.3 ka, correlative with the
B0lling/Aller0d Interstadial, and a subsequent cool interval between
13.0 and 11.2, ka correlative with the Younger Dryas. Termination IB
represents further warming between -11 and 9 ka. This sequence of
climatic changes is also recorded by assemblage changes in plankton-
ic foraminifers (Fig. 9 and 10). The magnitude of surface water tem-
perature changes in Hole 893A during the last 20 k.y. has been
estimated by Kennett and Venz (this volume) by comparison with
modern distribution patterns in planktonic foraminifers in the north-
east Pacific. The Subarctic Assemblage, dominated by sinistral N.
pachyderma, is associated with the last glacial maximum. This as-
semblage is replaced during Termination IA by the Transitional As-

semblage marked by higher diversity and dominated by dextral N.
pachyderma characteristic of the Holocene. Average sea-surface
temperatures in Santa Barbara Basin are considered to have increased
from ~7°-8°C during the glacial maximum to ~15°C during the Ho-
locene warmth, or a total average increase of 7°-8°C (Kennett and
Venz, this volume). Deglacial warming in Santa Barbara Basin was
significantly greater than values determined for the California Cur-
rent further to the north (41° to 43° N; Moore, 1973). Warming of
surface waters of Santa Barbara Basin during deglaciation was asso-
ciated with an increase in the temperature gradient between the ocean
surface and the thermocline was inferred from increased oxygen iso-
topic differences between N. pachyderma and G. bulloides (Fig. 6).
This gradient was highest during the early stages of deglaciation until
~l 1 ka after which it exhibits considerable variation.

Estimates have been made about the magnitude of the cooling
during the Younger Dryas. In the northernmost Atlantic region and
northwest Europe, Younger Dryas cooling represents a return of cli-
mate to a near-glacial state (Broecker and Denton, 1989, and refer-
ences therein). In Hole 893A, Younger Dryas cooling does not reflect
a return to a full glacial state. In Santa Barbara Basin, the cooling of
surface waters during the Younger Dryas was limited to a few de-
grees. Oxygen isotopic values of planktonic foraminifers increased at
this time by 0.8%e (Figs. 5 and 6), representing a decrease of surface
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water temperatures of ~3°C. At this time, climate in Santa Barbara
Basin returned to that recorded at the mid-point of Termination IA;
equal to the mid-point of return to a full glacial episode (Fig. 5). Mod-
est changes in the planktonic foraminiferal assemblages during the
Younger Dryas also reflect limited surface water cooling. The contin-
ued presence of the Transitional Assemblage during this interval in-
dicates that average surface water temperatures in Santa Barbara
Basin remained higher than 1O°C (Kennett and Venz, this volume).
Nevertheless, assemblages of intermediate composition suggest that
the 1O°C surface water isotherm must have been near the basin at this
time. Although the effects of Younger Dryas cooling were much less
drastic in Southern California than in the North Atlantic, they never-
theless represent a significant reversal to cooler conditions.

The distinct warming trend that immediately followed the Young-
er Dryas from II ka to ~9 ka represents Termination IB (Figs. 5 and
6). This is the second rapid warming step leading to Holocene
warmth. Average sea-surface temperatures appear to have changed
little in Santa Barbara Basin after 9,000 years ago (although large
seasonal variations almost certainly occurred), other than during a
slight but distinct cooling centered at 5.0 ka. Oxygen isotopic varia-
tions in planktonic foraminifers (G. bulloides and N. pachyderma) of

no more than 0.8%o (Figs. 5 and 6) suggest that average sea-surface
temperatures varied by no more than ~3°C during this time, an inter-
pretation supported by associated relatively small changes in plank-
tonic foraminiferal assemblages (Figs. 9 and 10). These changes are
much smaller than earlier estimates of 12°C (February) during the
Holocene (last 8000 yr) in Santa Barbara Basin based on variations
in radiolarian assemblages in (Pisias, 1978, 1979). This suggested to-
tal paleotemperature amplitude is similar to the present-day seasonal
sea-surface temperature range (11°C) in Santa Barbara Basin. Thus
the extent of suggested Holocene paleotemperature variation differs
significantly between these two investigations. This earlier estimate
of the range of Holocene sea-surface temperature changes is even
larger than the average 7°-8°C estimated difference in sea-surface
temperatures we suggest occurred between full glacial maximum and
Holocene warmth.

Relations between Climatic and Basinal
Ventilation Changes

In this study, we show that a close association has existed between
major climate change and switches between dominantly laminated
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and nonlaminated (massive) sediment intervals in Hole 893A (Figs.
5 and 9). It is now well established that the laminated sediment inter-
vals in Hole 893A were deposited during times of low dissolved ox-
ygen levels of basinal waters when active benthic assemblages were
absent (Kennett, Baldauf, et al., 1994; Behl, this volume). Present-
day basinal waters are suboxic (<O. 1 mL/L oxygen) below -475 m.
In contrast, massive sediments reflect times of higher oxygen con-
centrations when an active benthos was supported. This relationship
between oxygen content and sedimentary facies is shown by present-
day lateral changes in Santa Barbara Basin (Savrda et al., 1984).
Therefore, the alternations between laminated and massive intervals
in Hole 893A reflect changes in the ventilation of the basin.

The sequence since 20 ka at Hole 893A therefore records a close
association between significant climate change of global proportions
and changes in the ventilation of Santa Barbara Basin. The basin was
relatively well-ventilated during glacial intervals and poorly ventilat-
ed during interstadial and interglacial intervals. Thus, the interval
from the last glacial maximum to the beginning of the B0lling/Al-
ler0d Interstadial and the Younger Dryas event were relatively well-
oxygenated. In contrast, the basin was poorly ventilated during the
B0lling/Aller0d Interstadial and the Holocene after 11 ka. Similar
close relations between climatic history and changes from laminated

to nonlaminated sediments in the latest Quaternary also occur in
Deep Sea Drilling Project Site 480 in the Guaymas Basin, Gulf of
California at a depth of 655 m (Keigwin and Jones, 1990). Nonlami-
nated sediments are associated with cooler climatic conditions of the
last glacial and the Younger Dryas, and laminated sediments are as-
sociated with the warming associated with the B0lling/Aller0d and
the Holocene interval following the Younger Dryas.

Reasons for the changes in oxygen concentrations in Santa Bar-
bara Basin during the latest Quaternary have been discussed by Ken-
nett, Baldauf, et al. (1994). Three processes were described that may
have contributed to increased oxygenation of bottom waters in the ba-
sin: (1) lowering of the impinging oxygen minimum zone below sill
depth during glacioeustatic fall in sea level; (2) shifting of high sur-
face productivity offshore of Santa Barbara Basin during lowered sea
level or altered wind regimes; and (3) increased oxygen content of in-
termediate waters advecting upwards into Santa Barbara Basin from
the west. The changing interplay of all three processes simultaneous-
ly was suggested to have caused the changes in oxygen levels in the
basin. However, we suggest that these various processes were not of
equal importance. For instance, it is unlikely that increased oxygen-
ation of basin waters could directly have been the result of a fall in
sea level, because the Younger Dryas cooling was associated with a
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pause in the sea-level rise, rather than a fall during the deglacial in-
terval (Fairbanks, 1989). Furthermore, similar relations between lam-
inated sediment intervals and climate change are recorded in the
Guaymas Basin, Gulf of California (Keigwin and Jones, 1990),
which is not partially isolated (silled) and could not have been affect-
ed by changes in sea level. Also, Behl (this volume) finds greater than
twelve major episodes of oxygen depletion during oxygen isotope
Stage 3 which cannot be correlated with periods of high sea level.

Similarly, the stratigraphic record does not support the hypothesis
that increased ventilation in the basin was caused mainly by the sea-
ward shift in the zone of high surface water productivity. This is be-
cause the basin was no more isolated from the zone of coastal
upwelling during the Younger Dryas than during the preceding
B0lling/Aller0d Interstadial.

We therefore suggest that the changes in oxygen concentrations in
intermediate waters from the Pacific were largely responsible for
controlling the late Quaternary cycles of oxygenation/dysaerobia in
Santa Barbara Basin (Fig. 11), in agreement with the explanation by
Keigwin and Jones (1990) for similar cycles in Guaymas Basin, Gulf
of California. If this interpretation is correct, sediments in Santa Bar-
bara Basin have recorded changes in the oxygen levels of intermedi-

ate waters advecting upwards near the coast of California during the
latest Quaternary.

The sharpness of the transitions between the massive and well-
laminated intervals suggests that the inferred switches in circulation
occurred within decades. This observation is consistent with evi-
dence from the Greenland Ice Sheet of very rapid climatic changes at
the boundary between the glacial maximum and B0lling/Aller0d, and
at the end of the Younger Dryas (Alley et al., 1993a; Alley et al.,
1993b). Threshold levels in the climate system have been implicated
to account for such rapid change.

Role of Ocean Circulation Change in Ventilation History
of Santa Barbara Basin

Our work demonstrates, therefore, that Santa Barbara Basin and
the Gulf of California (Keigwin and Jones, 1990) have recorded os-
cillations between two fundamentally different states linked with glo-
bal climate change during the last 20 k.y. The basin was relatively
well ventilated during the glacial to near-glacial intervals represented
by the last glacial maximum and the Younger Dryas, and poorly ven-
tilated during warm intervals of the B0lling/Aller0d Interstadial and
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the Holocene (last 11 k.y.). The ventilation shifts in the two basins al-
most certainly reflect changes in the source of intermediate waters
entering the basins that were, in turn, modulated by global climate
changes.

The climatically associated ventilation changes in Santa Barbara
Basin also appear to be nearly synchronous with major changes in
North Atlantic Deep Water (NADW) associated with climatic change
(Schnitker, 1979; Boyle and Keigwin, 1982; Curry and Lohmann,
1983; Duplessy et al., 1988). Santa Barbara Basin was relatively well
ventilated during the last glacial maximum and the Younger Dryas
when NADW production was reduced (Boyle and Keigwin, 1987;
Broecker et al., 1990; Birchfield and Broecker, 1990; Keigwin et al.,
1991; Lehman and Keigwin, 1992) and/or when its southward flow
through the Atlantic was at shallower depths (Rahmstorf, 1994;
Boyle and Weaver, 1994; Boyle, in press). Conversely, when the flux
of NADW was high during the Holocene and B0lling/Aller0d warm
intervals (Boyle and Keigwin, 1982) and/or when it flowed at greater
depths (Rahmstorf, 1994; Boyle and Weaver, 1994), the basin was
poorly ventilated. The view that cooling during the last glacial max-
imum and the Younger Dryas resulted in decreased production of
NADW (Boyle and Keigwin, 1987) was challenged by Fairbanks

(1989) and Jansen and Veum (1990), but later countered by Keigwin
et al. (1991).

Thermohaline processes associated with the conveyor supply
large amounts of heat to the atmosphere over the North Atlantic re-
gion (Broecker et al., 1985) with resulting climatic warmth when
conveyor circulation was more vigorous. It appears that the produc-
tion of NADW is closely linked with changes in the stability of the
water column due to salinity changes and interruption of North At-
lantic heat flux (Rooth, 1982, 1990; Broecker et al., 1988; Keigwin
et al., 1991). Deepwater formation in the northern Atlantic depends
critically on the salinity of surface waters. Salinity of surface waters
changes as a result of a number of mechanisms including changes in
the flux rates of meltwater emanating from the Laurentide and Scan-
dinavian ice sheets (Broecker, 1990). Interaction among the various
processes changed the strength of the conveyor. Oscillations in con-
veyor strength resulted from the effect of changing ocean heat flux on
the melting rate of the nearby ice sheets (Broecker et al., 1990; Birch-
field and Broecker, 1990). Thus, intervals of increased production of
NADW led to accelerated melting of the Fennoscandian ice sheet,
which in turn tended to reduce vertical circulation and NADW pro-
duction due to increased meltwater flux. The reduction in thermoha-
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intermediate waters from the Pacific, as discussed in the text.

line circulation led to cooling, which reduced melting of the ice
sheets, in turn led to an increased surface water salinity which re-
newed the production of NADW (Broecker, 1990; Lehman and Keig-
win, 1992). The brief reduction in NADW production inferred during
Younger Dryas cooling is explained within this framework (Broeck-
er, 1990). Rapid ice sheet melting during deglaciation before the
Younger Dryas reduced salinity of the Atlantic and diversion of melt-
waters from the Gulf of Mexico to the northern Atlantic (Kennett and
Shackleton, 1975; Broecker et al., 1989; Kennett, 1990; Flower and
Kennett, 1990) triggered a shutdown of NADW production at the be-
ginning of the Younger Dryas. The shutdown of NADW export and
lowered meltwater flow to the northern Atlantic due to Younger Dry-
as cooling led to increased surface water salinity at high latitudes and
renewed production of NADW at the end of the Younger Dryas (Bro-
ecker, 1990).

It appears, therefore, that the changes associated with the Younger
Dryas (and the glacial-interglacial transition) seem to be representa-
tive of a self-sustaining circulation loop that is part of the larger scale
water mass exchange between the North Atlantic and the rest of the
world oceans (Zahn, 1992). Limited evidence from the deep-sea
record outside of the North Atlantic suggests that during glaciations
the pattern of flow was different in the Pacific and Indian Oceans as

well as the Atlantic (Broecker and Denton, 1989) compared with the
present day. Studies of carbon isotopic distribution in deep-sea cores
suggests that during the last glaciation, waters at intermediate depths
in the Indian Ocean (Kallel et al., 1988) and the Pacific (Duplessy et
al., 1988) were relatively low in nutrients. Nutrient-depleted waters
are expected to be richer in dissolved oxygen (Boyle, 1988). Two
modes of oceanic circulation seem to have existed, with the Atlantic
and Pacific becoming more similar in glacial time (Broecker et al.,
1985).

The stratigraphic records indicate that the switches between the
modes were closely synchronized between the North Pacific and the
North Atlantic. Thus, a fundamental question has emerged as to the
mechanism(s) involved that caused near-synchronous paleoceano-
graphic changes between the two oceans. We consider three main hy-
potheses.

The first hypothesis is that Santa Barbara and Guaymas Basin se-
quences may record oscillations in the strength of thermohaline cir-
culation originating as NADW at high latitudes of the North
Atlantic—the so-called oceanic conveyor circulation (Broecker and
Denton, 1989; Broecker, 1990). NADW flows southward at ~3 km in
the Atlantic to be entrained in eastward-flowing Circumpolar Water.
Much of the water entering the circumpolar system leaves as north-
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ward-flowing deep waters to the North Pacific, where some fraction
advects upwards and returns via surface routes to the North Atlantic.
The flow of water within the conveyor from the North Atlantic to
North Pacific takes -1000 yr. At time of formation, NADW is nutri-
ent-poor and oxygen-rich because of its origin at the ocean surface.
During transit within the conveyor, the progressively aging waters
become nutrient-rich and oxygen poor. Systematic decrease in ΔI4C
occurs along the path of deep waters derived from the North Atlantic
(Broecker and Peng, 1982). The greater age of basinal waters during
the warmer intervals of the latest Quaternary, including the present
day (Ingram and Kennett, this volume), may indicate the influence of
the conveyor system on Pacific Intermediate Water. At the present
time, the source of the oxygen-poor bottom waters in Santa Barbara
and Guaymas Basins are derived from depths of the upper part of Pa-
cific Intermediate Water. However, Pacific Intermediate Water is be-
lieved to be depleted in Δ14C due to a large component of NADW
(Broecker and Peng, 1982). Water entering Santa Barbara Basin over
the sill has a radiocarbon age of 1200 to 1300 yr (Ostlund and Stuiver,
1980) compared with 825 yr for the surface mixed layer, which is a
mix of California Current and upwelled Pacific Intermediate Water
(Ingram and Kennett, this volume). Water as old as 1980 yr has been
reported at depths of -3000 m in the North Pacific (Broecker and
Peng, 1982).

This hypothesis suggests that weakening of the oceanic conveyor
during cooler intervals would result in the replacement of Santa Bar-
bara basinal waters by intermediate waters produced within the Pa-
cific Ocean. At these times younger, more oxygenated upper
intermediate waters from more proximal sources would enter Santa
Barbara and Guaymas basins. If this hypothesis is correct, the ab-
sence of any significant lag between the paleoceanographic changes
in the North Atlantic and North Pacific implies that changes must be
transmitted rapidly along the length of the conveyor. Since the con-
veyor flows through the circumantarctic current, potential relations
between changes in the north Pacific and Atlantic are indirect. There-
fore, the sedimentary changes we have described may be more a re-
flection of the changing strength of intermediate waters formed in the
northwest Pacific. This region is considered to be the modern source
for Pacific Intermediate Water (Reid, 1965, 1973; Talley, 1991,
1993).

The second hypothesis is that the inter-ocean paleoceanographic
changes were linked directly via global climate change transmitted
through the atmosphere rather than through changes in the strength of
the oceanic conveyor. In this case, severe cooling during the last gla-
cial maximum and the Younger Dryas episode, led to the production
of intermediate waters at high latitudes in the Pacific Ocean. Of prox-
imal origin, these were young, well-oxygenated waters. It is possible
that intense cooling in the northwest Pacific may have led to the pro-
duction of intermediate waters that influenced the northeast Pacific
coast margin (Keigwin, 1987; Keigwin et al., 1992; Ohkouchi et al.,
1994). Limited evidence for such water during glacial episodes is
summarized by Keigwin et al. (1992). The absence of any significant
lag between the paleoceanographic changes in the North Pacific and
North Atlantic and their close association with climate change may
favor this hypothesis, although it is unknown how rapidly changes in
the flux of NADW may be transmitted along the oceanic conveyor.
Although rapid propagation (<IOOO years) has been inferred from
deep-sea cores of deglacial-caused isotopic signals from the North
Atlantic to the North Pacific (Duplessy et al., 1991), these are still
slower than suggested in latest Quaternary record of Hole 893A.

A third, and more likely, hypothesis is that both factors in combi-
nation played a role in influencing the ventilation history of the ba-
sins. No matter which hypothesis is correct, the stratigraphic record
strongly indicates that fundamental changes occurred in North Pacif-
ic paleoceanographic conditions during the latest Quaternary. These
were closely synchronized with global climate change and with pa-
leoceanographic events in the North Atlantic. Our work indicates the
existence of tight coupling between changes in the atmosphere-
ocean-cryosphere during the latest Quaternary.

CONCLUSIONS

1. The paleoclimatic record since 20 ka has been examined at
high resolution for Hole 893A, Santa Barbara Basin, using the
oxygen isotopic history of benthic and planktonic foraminifers
and quantitative changes in planktonic foraminiferal assem-
blages. A series of AMS I4C dates provides a high-resolution
chronology.

2. The record from Hole 893A is an accurate representation of
latest Quaternary global climate change including the last 20
k.y. The last deglaciation is recorded as two main steps (Ter-
mination IA and IB) separated by a warm pause correlative
with the B0lling/Aller0d Interstadial (15.2 to 13 ka), followed
by Younger Dryas cooling (13 to 11.2 ka).

3. Changes in planktonic foraminiferal assemblages suggest that
average sea-surface temperatures in Santa Barbara Basin in-
creased from ~7°-8°C during the last glacial maximum to
~15°C during the late Holocene, an increase of ~7°-8°C. Ox-
ygen isotopic changes in planktonic foraminifers indicate sea-
surface temperature variations (from 20-30 yr averaged sam-
ples) of <3°C during the Holocene.

4. Hole 893A is represented by an alternation of intervals domi-
nated by laminated and nonlaminated (massive) sediments.
Laminated intervals were deposited at times of low dissolved-
oxygen levels in the basin that precluded support of an active
benthos. Massive intervals resulted from bioturbation associ-
ated with more oxygenated basinal waters. The sequence ex-
hibits a strong correlation between major climate changes
during the last 20 k.y. and the boundaries between dominantly
laminated and massive intervals.

5. The basin was relatively well oxygenated during the glacial to
near-glacial intervals represented by the last glacial maximum
and the Younger Dryas cooling, and poorly oxygenated during
warm intervals of the B0lling/Aller0d Interstadial and the Ho-
locene during the last 11 k.y. These represent oscillations be-
tween two fundamentally different ocean states, one marked
by waters with low oxygen content associated with warm in-
tervals, and the other with relatively oxygenated waters asso-
ciated with cold intervals.

6. Latest Quaternary oscillations in basinal sediment facies re-
flect changes in the source of intermediate waters, with greater
proportion originating from a more proximal source during
cooler intervals compared with a distal source during warmer
intervals, including the present day.

7. The stratigraphic records examined here strongly indicate that,
as in the North Atlantic, fundamental changes occurred in in-
termediate water circulation in the North Pacific during the lat-
est Quaternary. These were closely synchronized with global
climate change and with paleoceanographic events in the
North Atlantic associated with the changing strength of
NADW production and oceanic conveyor circulation. The ab-
sence of any significant lags between the ventilation history
and climate changes indicates a tight coupling has existed be-
tween changes in the atmosphere-ocean-cryosphere during the
latest Quaternary.

8. The climatically related major changes in oxygenation in Santa
Barbara Basin took place in less than a few decades, implying
the existence of threshold levels in the climate system.
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