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ABSTRACT

Late Quaternary oxygen (δ18O) and carbon (δ13C) isotopic records for the benthic foraminifer Uvigerina and the planktonic
foraminifer Globigerina bulloides are presented for the upper 20 meters composite depth sediment sequence of Ocean Drilling
Program Site 1014, Tanner Basin, in the outer California Borderland province. The benthic oxygen isotopic record documents a
continuous >160-k.y. sequence from marine isotope Stage (MIS) 6 to the present day. The record closely resembles other late
Quaternary North Pacific benthic isotope records, as well as the well-dated deep-sea sequence (SPECMAP), and thus provides
a detailed chronologic framework. 

Site 1014 provides a useful record of the California response to climate change as it enters the southern California Border-
land. Sedimentation rates are relatively constant and high (~11.5 cm k.y.–1). The planktonic foraminiferal record is well pre-
served except during marine isotope Substages 5b and 5d, when normally high G. bulloides abundance is strongly diminished
as a result of dissolution. The planktonic oxygen isotopic shift of ~3‰ between the last glacial maximum and the Holocene
suggests a surface water temperature shift of <7°C, similar to estimates from Hole 893A (Leg 146) to the north. Unlike Santa
Barbara Basin, G. bulloides δ18O values during the last interglacial (MIS 5) at Site 1014 were significantly higher than during
the Holocene. In particular, marine isotope Substage 5e (Eemian) was ~0.8‰ higher. This is unlikely to reflect a cooler Eemian
but is instead the result of preferential dissolution of thin-shelled (low δ18O) specimens during this interval. In this mid-depth
basin, a large benthic δ18O shift during Termination I suggests dramatic temperature and salinity changes in response to
switches in the source of North Pacific Intermediate Water.

Although δ13C values of the planktonic foraminifer G. bulloides are in disequilibria with seawater and hence interpretations
are limited, the G. bulloides record exhibits several negative δ13C excursions found at other sites in the region (Sites 1017 and
893). This indicates a response of G. bulloides δ13C to regional surface water processes along the southern California margin. A
general increase in benthic carbon isotopic values (–1.75‰ to –0.75‰) in Tanner Basin during the last 200 k.y. is overprinted
with smaller fluctuations correlated with climate change. The coolest intervals during the last glacial maximum (MISs 2 and 4)
exhibit lower benthic δ13C values, which correlate with global δ13C shifts. The opposite relationship is exhibited during the last
interglacial before 85 ka, when lower benthic δ13C values are associated with warmer intervals (marine isotope Substages 5c
and 5e) of the last interglacial. These time intervals were also marked by decreased intermediate water ventilation. Increased
dissolution and organic accumulation during Substages 5b and 5d are anticorrelated with the benthic δ13C record. These results
suggest that a delicate balance in intermediate water δ13C has existed between the relative influences of global δ13C and
regional ventilation changes at the 1165-m water depth of Site 1014.
INTRODUCTION

Information on the late Neogene paleoclimatic evolution of the
California Borderland is well expressed in the sedimentary record be-
cause of the region’s high sensitivity to climate change and its known
high biological productivity (Emery, 1960; Kennett and Ingram,
1995; Behl and Kennett, 1996; Mortyn and Thunell, 1997). Tanner
Basin is located ~150 km west of San Diego (south of Santa Barbara
Basin) within the outer band of the California Borderland basins (Fig.
1). This contribution describes the late Quaternary oxygen and car-
bon isotope stratigraphy and paleoceanography of Tanner Basin, Site
1014 (32°50.046′N; 119°58.879′W) from a depth of 1177 m. The
site, being relatively close to the North American continent, experi-
ences high sedimentation rates, which enhance the stratigraphic res-
olution of paleoclimatic reconstructions. Thus, the site was drilled
with the express purpose of examining the late Neogene paleoceano-
graphic evolution of the California Current system in the outer Bor-
derland province. 

1Lyle, M., Koizumi, I., Richter, C., and Moore, T.C., Jr. (Eds.), 2000. Proc. ODP,
Sci. Results, 167: College Station TX (Ocean Drilling Program).
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Tanner Basin is primarily influenced by the southerly flowing Cal-
ifornia Current (Fig. 1) (Reid et al., 1958). The inner edge of the Cal-
ifornia Current flows along the outer periphery of the Borderland (ex-
cept during spring) and turns toward the coast near San Diego. The av-
erage surface flow in the central portion of the Borderland is the
northerly flowing southern California Countercurrent (Fig. 1). The
northern Channel Islands substantially block this flow, and much of
the current is diverted to the west, where it merges with the California
Current (Lynn and Simpson, 1987). This results in the formation of a
counterclockwise-flowing gyre in the southern California bight (ex-
cept during spring). The net flow beneath these two currents is the
northward-flowing California Undercurrent (Lynn and Simpson,
1987; Reid et al., 1958). 

The strength and location of these currents are determined by
ocean-atmosphere interactions over a broad area of the North Pacific
Ocean. Predominant northerly winds associated with the seasonal mi-
gration of the North Pacific high pressure cell in spring and summer
cause strong flow of the California Current to the south; when the
northerly winds weaken in winter, the undercurrent strengthens
(Pisias, 1978). This creates two other circulation forces within the
southern California margin: wind stress or Ekman transport, which is
strongest near Point Conception, and geostrophic flow (pressure gra-
dient) produced by a higher sea level resulting from nearshore warm
water in the San Diego region. During spring and summer, the two
forces oppose each other, resulting in cyclonic circulation in the re-
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gion (Winant and Dorman, 1997). Thus, regional sensitivity of sea-
surface temperatures (SSTs) to climate change is produced by tight
coupling between the atmospheric and surface ocean over the North
Pacific. 

The southern California margin is composed of the California
Borderland and continental slope, viewed as an extension of highly
irregular shelf morphology ranging seaward of the true continental
slope (Gorsline and Teng, 1989). At depth, the North Pacific Interme-
diate Water, with sources in the deep Pacific, flows across sills into
the basins of the southern California Borderland. Therefore, bottom
waters within these basins reflect intermediate water at the depth of
these sills and are further altered by internal processes within the ba-
sins (Emery, 1954). Recent studies have suggested that intermediate
waters in the North Pacific underwent large changes during the late
Quaternary and appear to play a role in climate change (Kennett and
Ingram, 1995; Behl and Kennett, 1996; van Geen et al., 1996). As a
result, it is important to evaluate and understand changes that oc-
curred in intermediate waters in the context of climate change. Ocean
Drilling Program (ODP) Leg 167 has provided deep-sea cores from a
number of southern California basins. Benthic records from these
sites should broaden our understanding of the role of mid-ocean
depths in climate change. Because Site 1014 lies near the limit of the
Pacific Intermediate Water, it is possible to investigate depths of ven-
tilation switches in the North Pacific during the Quaternary.

METHODS AND MATERIALS

Sampling of Site 1014 for stable isotopic investigations was con-
ducted at moderately high stratigraphic resolution to allow the devel-
opment of a useful chronological framework for investigators study-
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Figure 1. Location of Site 1014, Tanner Basin, on the southern California
margin overlain by the major surface currents of the region. Hole 893A
(Santa Barbara Basin) is also indicated. Bathymetry is in meters.
130
ing the uppermost sections of this site. Four holes were drilled from
1164 to 1167 m, with sequences ranging from 19.5 to 404.4 m recov-
ered from the site. Core recovery was excellent and exceeded 100%
because of gas expansion as the sediments contained biogenic meth-
ane. Detailed comparisons between magnetic susceptibility, gamma-
ray attenuation porosity evaluator density, and high-resolution color
reflectance allowed splicing between cores from the four holes and
demonstrated complete recovery of the sequence down to 160 meters
below seafloor (Lyle, Koizumi, Richter, et al., 1997). 

Two-centimeter samples of 10 cm3 volume were taken from Site
1014 at 5-cm intervals for the upper 20 meters composite depth
(mcd). The raw samples were disaggregated in warm water, washed
over a 63-µm sieve, and oven dried at 50°C. The remaining coarse
fraction was split, with one-half to be used for stable isotope analysis
and the other half kept intact for archival purposes. Benthic foramin-
iferal stable isotope analyses were conducted on 194 samples. Ap-
proximately eight to 10 clean, entire Uvigerina spp. specimens were
picked for benthic isotope analysis at 10-cm intervals in the upper 20
mcd of the site (Table 1). Uvigerina is a benthic foraminiferal taxon
frequently utilized for isotopic stratigraphic studies of marine sedi-
ments. It precipitates its test close to oxygen isotopic equilibrium
(Shackleton, 1974) and thus provides reliable δ18O records. Isotope
analysis of the planktonic foraminiferal species Globigerina bul-
loides was undertaken at 5-cm intervals in the upper 14.5 mcd inter-
val and at 10-cm intervals from 14.5 to 20.0 mcd on 284 samples (Ta-
ble 1). The δ18O of G. bulloides represents surface water conditions
since this species lives in the near-surface (0–20 m) (Pak and Ken-
nett, 1997) and tolerates a wide temperature range (6°–26°C)
(Thunell and Sautter, 1992). 

Specimens picked for isotopic analysis were cleaned ultrasonical-
ly in reagent-grade methanol then dried and roasted under vacuum at
350°C for 1 hr to remove organic contaminants. The samples were re-
acted in orthophosphoric acid at 90°C with an on-line automated car-
bonate CO2 preparation device, and evolved CO2 was analyzed using
a Finningan/MAT 251 light stable isotope mass spectrometer. Instru-
ment precision is 0.09‰ or better for δ18O and δ13C. All isotopic data
are expressed using standard δ=notation in per mil (‰) relative to
Peedee belemnite (PDB) carbonate standard. Isotopic analysis is re-
lated to PDB through repeated analysis of NBS-19, with values fol-
lowing Coplen (1996) of –2.2 for δ18O=and 1.95 for δ13C.

STRATIGRAPHY AND CHRONOLOGY

The recovered sequence at Site 1014 provides a continuous
Pliocene to Quaternary record of hemipelagic sedimentation under-
lain by a poorly dated upper Miocene sequence. The upper Quater-
nary sequence at Site 1014 consists of hemipelagic clay interbedded
(every 30 to 120 cm) with nannofossil ooze, with foraminifers
throughout (Lyle, Koizumi, Richter, et al., 1997). Bedding contacts
are gradational, and the sediments are slightly bioturbated. An initial
well-constrained biostratigraphy and chronology are provided by a
combination of calcareous nannofossil, planktonic foraminifer, and
radiolarian datums for the upper Pliocene and Quaternary (Lyle, Koi-
zumi, Richter, et al., 1997). Further chronology is also provided by
the paleomagnetic record through the identification of the Brunhes/
Matuyama boundary and the Jaramillo Subchronozone (Lyle, Koi-
zumi, Richter, et al., 1997).

A more detailed chronology is given using the well-established
global changes in the relative abundance of stable oxygen isotopes
(SPECMAP) (Martinson et al., 1987). The benthic oxygen isotope
record mainly represents the global removal and storage of the light
oxygen isotope (16O) from seawater during cool intervals through ma-
jor ice-sheet accumulation (and thus sea-level change). A δ18O record
obtained from the benthic foraminiferal species Uvigerina for the up-
per 20 mcd of Site 1014 exhibits the familiar sawtooth pattern of the
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Table 1. Benthic and planktonic foraminiferal oxygen and carbon isotopic data from Site 1014.

Core, section, 
interval (cm)

Depth 
(mcd)

Age
(ka)

G. bulloides 
(δ18O)

G. bulloides 
(δ13C)

Uvigerina 
(δ18O)

Uvigerina 
(δ13C)

167-1014D-
1H-1, 0-2 0.00 0.00 –0.113 –1.235
1H-1, 5-7 0.05 0.33 0.440 –0.175
1H-1, 10-12 0.10 0.65 0.633 –0.379
1H-1, 15-17 0.15 0.98 0.535 –0.415 3.025 –0.798
1H-1, 20-22 0.20 1.30 0.451 –0.673
1H-1, 25-27 0.25 1.63 0.859 –0.711 2.807 –0.810
1H-1, 30-32 0.30 1.95 0.195 –0.647
1H-1, 35-37 0.35 2.28 0.266 –0.885 2.572 –1.017
1H-1, 40-42 0.40 2.61 –0.265 –0.639
1H-1, 45-47 0.45 2.93 –0.387 –0.596 2.708 –0.885
1H-1, 50-52 0.50 3.26 –0.200 –1.016
1H-1, 55-57 0.55 3.58 –0.364 –0.530 2.693 –0.938
1H-1, 60-62 0.60 3.91 –0.486 –0.844
1H-1, 65-67 0.65 4.23 –0.463 –0.638 2.879 –0.875
1H-1, 70-72 0.70 4.56 0.015 –0.832
1H-1, 75-77 0.75 4.89 0.321 –0.621 3.040 –1.067
1H-2, 0-2 0.85 5.54 –0.320 –0.905
1H-2, 5-7 0.90 5.86 –0.145 –0.511 3.053 –1.012
1H-2, 10-12 0.95 6.19 0.120 –0.723
1H-2, 15-17 1.00 6.51 0.250 –0.693 3.354 –0.955
1H-2, 20-22 1.05 6.84 0.168 –0.776
1H-2, 25-27 1.10 7.16 –0.100 –0.656 3.414 –1.158
1H-2, 30-32 1.15 7.49 0.174 –0.789
1H-2, 35-37 1.20 7.82 0.326 –0.589 3.358 –0.991
1H-2, 40-42 1.25 8.14 0.244 –0.925
1H-2, 45-47 1.30 8.47 0.242 –0.782 3.265 –1.026
1H-2, 50-52 1.35 8.79 0.341 –0.813
1H-2, 55-57 1.40 9.12 0.299 –0.759 3.566 –1.193
1H-2, 60-62 1.45 9.44 0.367 –0.870
1H-2, 65-67 1.50 9.77 0.701 –0.873 3.415 –1.183
1H-2, 70-72 1.55 10.10 0.422 –1.000
1H-2, 75-77 1.60 10.42 0.657 –1.020 3.703 –1.233
1H-3, 0-2 1.70 11.07 0.783 –1.104
1H-3, 5-7 1.75 11.40 0.656 –0.978 3.753 –1.194
1H-3, 10-12 1.80 11.72 0.710 –1.190
1H-3, 15-17 1.85 12.05 0.608 –1.218 3.701 –1.202
1H-3, 20-22 1.90 12.88 1.753 –0.578
1H-3, 25-27 1.95 13.71 2.167 –0.564 3.858 –1.287
1H-3, 30-32 2.00 14.54 2.074 –0.569 3.632 –1.062
1H-3, 35-37 2.05 15.36 2.383 –0.545 4.084 –1.411
1H-3, 40-42 2.10 16.19 2.530 –0.388 4.277 –1.203
1H-3, 45-47 2.15 17.02 2.623 –0.520 4.260 –1.331
1H-3, 50-52 2.20 17.85 2.601 –0.486
1H-3, 55-57 2.25 18.24 2.467 –0.413 4.439 –1.201
1H-3, 60-62 2.30 18.63 2.391 –0.395
1H-3, 65-67 2.35 19.02 2.341 –0.561 4.249 –1.459
1H-3, 70-72 2.40 19.42 2.204 –0.463
1H-3, 75-77 2.45 19.81 2.308 –0.461 4.325 –1.433
1H-3, 80-82 2.50 20.20 2.063 –0.403
1H-3, 85-87 2.55 20.59 2.201 –0.344 4.474 –1.453
1H-3, 90-92 2.60 20.98 2.427 –0.427
1H-3, 95-97 2.65 21.37 2.120 –0.701 4.277 –1.420
1H-3, 100-102 2.70 21.76 2.162 –0.434
1H-3, 105-107 2.75 22.15 2.361 –0.301 4.386 –1.321
1H-3, 110-112 2.80 22.55 2.167 –0.563
1H-3, 115-117 2.85 22.94 2.256 –0.444 4.454 –1.348
1H-3, 120-122 2.90 23.33 2.028 –0.551
1H-3, 125-127 2.95 23.72 2.263 –0.571 4.343 –1.198
1H-3, 130-132 3.00 24.11 2.257 –0.446
1H-3, 135-137 3.05 24.42 2.243 –0.646 4.26 –1.379
1H-4, 0-2 3.15 25.04 2.341 –0.421
1H-4, 5-7 3.20 25.35 1.959 –0.640 4.324 –1.201
1H-4, 10-12 3.25 25.65 2.264 –0.334
1H-4, 15-17 3.30 25.96 2.049 –0.587 4.234 –1.164
1H-4, 20-22 3.35 26.27 2.194 –0.884
1H-4, 25-27 3.40 26.58 2.173 –0.696 4.253 –1.131
1H-4, 30-32 3.45 26.89 2.229 –0.374
1H-4, 35-37 3.50 27.20 2.054 –0.595 4.316 –1.136
1H-4, 40-42 3.55 27.51 2.218 –0.763
1H-4, 45-47 3.60 27.82 2.037 –0.737 4.268 –1.138
1H-4, 50-52 3.65 28.13 2.124 –0.624
1H-4, 55-57 3.70 28.43 1.996 –0.738 4.328 –1.242
1H-4, 60-62 3.75 28.74 2.075 –0.790
1H-4, 65-67 3.80 29.05 1.834 –0.661 4.237 –1.184
1H-4, 70-72 3.85 29.36 1.848 –0.647
1H-4, 75-77 3.90 29.67 1.744 –0.686 4.261 –1.223
1H-4, 80-82 3.95 29.98 2.023 –0.440
1H-4, 85-87 4.00 30.29 2.085 –0.550 4.160 –1.313
1H-4, 90-92 4.05 30.60 2.155 –0.578
1H-4, 95-97 4.10 30.91 2.278 –0.363 4.194 –1.021
1H-4, 100-102 4.15 31.21 2.164 –0.264
1H-4, 105-107 4.20 31.52 1.981 –0.407 4.316 –0.934
1H-4, 110-112 4.25 31.83 2.076 –0.320
1H-4, 115-117 4.30 32.14 2.176 –0.275 4.095 –1.096
1H-4, 120-122 4.35 32.45 1.910 –0.384
1H-4, 125-127 4.40 32.76 2.100 –0.322 4.105 –1.104
1H-4, 130-132 4.45 33.07 2.006 –0.302
1H-4, 135-137 4.50 33.38 2.127 –0.187 4.32 –1.098
131
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1H-4, 140-142 4.55 33.69 1.911 –0.253
1H-4, 145-147 4.60 34.00 1.729 –0.388
1H-5, 0-2 4.60 34.00 1.735 –0.533 4.055 –1.286
1H-5, 5-7 4.65 34.30 2.073 –0.268 4.053 –1.194
1H-5, 10-12 4.70 34.61 1.918 –0.238
1H-5, 15-17 4.75 34.92 1.747 –0.257 4.138 –1.220
1H-5, 20-22 4.80 35.23 1.548 –0.463
1H-5, 25-27 4.85 35.54 1.773 –0.457 3.938 –1.132
1H-5, 30-32 4.90 35.85 2.027 –0.312
1H-5, 35-37 4.95 36.16 2.146 –0.382 4.039 –1.209
1H-5, 40-42 5.00 36.47 1.966 –0.333

167-1014B-
2H-2, 14-16 5.11 37.15 2.036 –0.115 4.086 –0.981
2H-2, 20-22 5.17 37.52 1.528 –0.232
2H-2, 25-27 5.22 37.83 1.419 –0.396 4.054 –1.091
2H-2, 30-32 5.27 38.13 1.426 –0.134
2H-2, 35-37 5.32 38.44 1.878 0.238 4.109 –0.971
2H-2, 40-42 5.37 38.75 1.935 0.093
2H-2, 45-47 5.42 39.06 1.674 –0.056 4.068 –1.019
2H-2, 50-52 5.47 39.37 2.116 –0.334
2H-2, 55-57 5.52 39.68 1.607 –0.504 4.046 –0.955
2H-2, 60-62 5.57 39.99 2.061 –0.371
2H-2, 65-67 5.62 40.30 1.813 –0.482 4.044 –0.979
2H-2, 70-72 5.67 40.61 2.019 –0.230
2H-2, 75-77 5.72 40.91 1.472 –0.571 4.105 –0.990
2H-2, 80-82 5.77 41.22 1.830 –0.451
2H-2, 85-87 5.82 41.53 1.262 –0.589 4.036 –0.901
2H-2, 90-92 5.87 41.84 1.460 –0.595
2H-2, 95-97 5.92 42.15 1.666 –0.424 4.020 –0.976
2H-2, 100-102 5.97 42.46 2.040 –0.321
2H-2, 105-107 6.02 42.77 1.784 –0.584 3.920 –0.880
2H-2, 110-112 6.07 43.08 1.572 –0.493
2H-2, 115-117 6.12 43.39 1.500 –0.688 4.057 –0.882
2H-2, 120-122 6.17 43.69 1.721 –0.302
2H-2, 125-127 6.22 44.16 1.567 –0.415 3.839 –1.096
2H-2, 130-132 6.27 44.86 1.867 –0.251
2H-2, 135-137 6.32 45.57 1.528 –0.336 4.076 –0.971
2H-2, 140-142 6.37 46.27 1.914 –0.421
2H-2, 145-147 6.42 46.97 1.566 –0.355 3.966 –1.106
2H-3, 0-2 6.47 47.68 1.838 –0.357
2H-3, 5-7 6.52 48.38 1.651 –0.466 4.197 –1.161
2H-3 10-12 6.57 49.08 1.689 –0.530
2H-3, 15-17 6.62 49.79 1.738 –0.377 3.932 –0.905
2H-3, 20-22 6.67 50.40 1.999 –0.364
2H-3, 25-27 6.72 50.88 2.198 –0.230 3.869 –1.070
2H-3, 30-32 6.77 51.35 1.992 –0.254
2H-3, 35-37 6.82 51.83 1.827 –0.464 4.003 –1.023
2H-3, 40-42 6.87 52.31 1.934 –0.332
2H-3, 45-47 6.92 52.78 1.540 –0.376 4.031 –1.277
2H-3, 50-52 6.97 53.26 1.825 –0.494
2H-3, 55-57 7.02 53.74 1.468 –0.605 4.026 –1.215
2H-3, 60-62 7.07 54.21 1.723 –0.539
2H-3, 65-67 7.12 54.69 1.559 –0.705 3.993 –1.229
2H-3, 70-72 7.17 55.16 1.829 –0.567
2H-3, 75-77 7.22 55.73 1.811 –0.452 3.806 –1.491
2H-3, 80-82 7.27 56.43 2.271 –0.395
2H-3, 85-87 7.32 57.13 2.315 –0.399 3.91 –1.185
2H-3, 90-92 7.37 57.84 2.166 –0.495
2H-3, 95-97 7.42 58.54 2.023 –0.597 3.973 –1.353
2H-3, 100-102 7.47 59.15 2.278 –0.317
2H-3, 105-107 7.52 59.61 2.096 –0.223 4.037 –1.274
2H-3, 110-112 7.57 60.08 2.402 –0.356
2H-3, 115-117 7.62 60.55 2.455 –0.382 4.106 –1.102
2H-3, 120-122 7.67 61.01 2.506 –0.263
2H-3, 125-127 7.72 61.48 2.095 –0.511 4.106 –1.198
2H-3, 130-132 7.77 61.94 2.172 –0.477
2H-3, 135-137 7.82 62.41 2.098 –0.380 4.132 –1.117
2H-3, 140-142 7.87 62.88 2.090 –0.535
2H-3, 145-147 7.92 63.34 2.229 –0.295 4.133 –1.178
2H-4, 0-2 7.97 63.81 2.175 –0.372
2H-4, 5-7 8.02 64.37 1.922 –0.514
2H-4, 5-7 8.02 64.37 2.252 –0.402 4.078 –1.328
2H-4, 10-12 8.07 65.07 2.242 –0.243
2H-4, 15-17 8.12 65.77 2.268 –0.276 4.142 –1.254
2H-4, 20-22 8.17 66.47 2.081 –0.472
2H-4, 25-27 8.22 67.18 2.181 –0.539 4.000 –1.259
2H-4, 30-32 8.27 67.88 2.134 –0.422
2H-4, 35-37 8.32 68.58 2.271 –0.310 4.053 –1.309
2H-4, 40-42 8.37 69.28 2.338 –0.138
2H-4, 45-47 8.42 69.98 1.862 –0.595 3.927 –1.284
2H-4, 50-52 8.47 70.68 1.958 –0.321
2H-4, 55-57 8.52 71.38 1.637 –0.466 3.962 –1.270
2H-4, 65-67 8.62 72.79 1.552 –0.389 3.918 –1.254
2H-4, 75-77 8.72 74.01 3.745 –1.111
2H-4, 85-87 8.82 74.49 3.730 –1.264
2H-4, 90-92 8.87 74.74 1.927 –0.634
2H-4, 95-97 8.92 74.98 1.815 –0.299 3.737 –1.251
2H-4, 100-102 8.97 75.22 1.649 –0.286

Core, section, 
interval (cm)

Depth 
(mcd)

Age
(ka)

G. bulloides 
(δ18O)

G. bulloides 
(δ13C)

Uvigerina 
(δ18O)

Uvigerina 
(δ13C)

Table 1 (continued).
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2H-4, 105-107 9.02 75.46 1.949 –0.429 3.737 –1.036
2H-4, 110-112 9.07 75.71 1.430 0.047
2H-4, 115-117 9.12 75.95 1.504 –0.054 3.625 –1.005
2H-4, 120-122 9.17 76.19 2.108 –0.072
2H-4, 125-127 9.22 76.43 1.804 –0.405 3.696 –0.975
2H-4, 130-132 9.27 76.68 1.730 0.097 3.692 –0.907
2H-4, 140-142 9.37 77.16 1.734 0.076 3.630 –0.989
2H-5, 0-2 9.47 77.65 1.534 –0.528 3.458 –0.983
2H-5, 10-12 9.57 78.13 1.847 –0.592
2H-5, 15-17 9.62 78.38 1.990 –0.442 3.439 –1.091
2H-5, 20-22 9.67 78.62 1.878 –0.622 3.394 –1.065
2H-5, 30-32 9.77 79.10 1.666 –0.366
2H-5, 35-37 9.82 79.56 3.238 –1.084
2H-5, 45-47 9.92 81.12 3.311 –1.047
2H-5, 55-57 10.02 82.68 3.332 –0.951
2H-5, 60-62 10.07 83.46 1.861 –0.494
2H-5, 65-67 10.12 84.24 2.059 –0.426 3.382 –1.144
2H-5, 75-77 10.22 85.80 2.201 –0.638 3.691 –1.155
2H-5, 85-87 10.32 87.36 2.291 –0.418 3.675 –1.029
2H-5, 95-97 10.42 88.92 3.703 –0.949
2H-5, 105-107 10.52 90.48 3.666 –1.136
2H-5, 115-117 10.62 91.56 3.670 –0.947
2H-5, 120-122 10.67 92.00 1.580 –0.617
2H-5, 125-127 10.72 92.44 1.749 –0.377 3.601 –1.101
2H-5, 130-132 10.77 92.88 1.635 0.280
2H-5, 135-137 10.82 93.32 1.548 –0.362 3.625 –0.902
2H-5, 140-142 10.87 93.76 1.762 –0.320
2H-5, 145-147 10.92 94.19 1.467 –0.136 3.612 –1.012
2H-6, 0-2 10.97 94.63 1.589 0.132
2H-6, 5-7 11.02 95.07 1.706 0.070 3.546 –1.138
2H-6, 10-12 11.07 95.51 1.490 –0.278
2H-6, 15-17 11.12 95.95 1.592 –0.102 3.493 –1.178
2H-6, 20-22 11.17 96.43 1.246 –0.292
2H, 6, 24-26 11.22 96.97 1.502 –0.153 3.407 –1.122
2H-6, 30-32 11.27 97.52 1.451 –0.201 3.424 –1.216
2H-6, 40-42 11.37 98.61 1.561 –0.374 3.361 –1.433
2H-6, 50-52 11.47 99.70 1.126 –0.419
2H-6, 55-57 11.52 100.24 1.188 –0.246 3.380 –1.370
2H-6, 60-62 11.57 100.78 1.154 –0.489
2H-6, 65-67 11.62 101.33 1.785 –0.637 3.328 –1.476
2H-6, 69-71 11.66 101.77 1.390 –0.253
2H-6, 75-77 11.72 102.42 1.187 –0.316 3.360 –1.294

167-1014D
2H-4, 85-87 11.88 104.09 1.560 –0.723 3.339 –1.210
2H-4, 85-87 11.88 105.09 3.343 –1.141
2H-4, 105-107 12.08 106.09 1.967 –0.417 3.597 –1.173
2H-4, 110-112 12.13 106.59 1.925 –0.427
2H-4, 115-117 12.18 107.09 3.494 –1.095
2H-4, 120-122 12.23 107.59 1.333 –0.264
2H-4, 125-127 12.28 108.09 3.456 –1.009
2H-4, 135-137 12.38 109.09 3.476 –1.200
2H-4, 145-147 12.48 110.09 3.691 –1.119
2H-5, 5-7 12.58 111.18 3.674 –1.192
2H-5, 15-17 12.68 112.49 3.616 –1.161
2H-5, 25-27 12.78 113.80 3.664 –1.076
2H-5, 35-37 12.88 115.11 3.621 –1.046
2H-5, 45-47 12.98 116.41 3.529 –1.082
2H-5, 55-57 13.08 117.72 3.466 –1.120
2H-5, 65-67 13.18 119.03 3.142 –1.244
2H-5, 75-77 13.28 120.34 2.841 –1.140
2H-5, 80-82 13.33 120.99 1.495 –0.657
2H-5, 85-87 13.38 121.64 1.582 –0.809 2.898 –1.241
2H-5, 90-92 13.43 122.30 1.597 –0.909
2H-5, 95-97 13.48 122.69 0.529 –1.015 2.785 –1.310
2H-5, 100-102 13.53 122.90 1.523 –0.898
2H-5, 105-107 13.58 123.11 1.283 –0.977 2.780 –1.403
2H-5, 110-112 13.63 123.32 0.770 –1.088
2H-5, 115-117 13.68 123.53 0.786 –1.133 2.761 –1.421
2H-5, 120-122 13.73 123.74 1.078 –1.070
2H-5, 125-127 13.78 123.96 0.280 –1.258 2.822 –1.409
2H-5, 130-132 13.83 124.19 0.512 –1.203
2H-5, 135-137 13.88 124.41 0.497 –1.102 2.983 –1.561
2H-5, 140-142 13.93 124.64 0.288 –1.241
2H-5, 145-147 13.98 124.87 0.817 –0.963 3.052 –1.369
2H-6, 0-2 14.03 125.10 0.970 –0.796
2H-6, 5-7 14.08 125.54 0.671 –0.993 2.896 –1.386
2H-6, 10-12 14.13 126.12 0.938 –0.952
2H-6, 15-17 14.18 126.70 0.997 –0.894 3.184 –1.461
2H-6, 20-22 14.23 127.28 0.822 –0.992 3.204 –1.472
3H-1, 85-87 14.46 129.89 1.265 –0.984 3.632 –1.399
3H-1, 90-92 14.51 130.16 1.995 –0.720 3.930 –1.555
3H-1, 100-102 14.61 130.71 1.777 –0.908 4.030 –1.218
3H-1, 110-112 14.71 131.25 2.404 –0.806 4.177 –1.302
3H-1, 120-122 14.81 131.79 2.506 –0.581 4.285 –1.283
3H-1, 130-132 14.91 132.33 2.417 –0.707 4.280 –1.274
3H-1, 140-142 15.01 132.87 1.993 –0.628 4.330 –1.368
3H-2, 0-2 15.11 133.41 2.033 –0.929 4.263 –1.360
3H-2, 10-12 15.21 133.95 1.680 –0.866 4.353 –1.212

Core, section, 
interval (cm)

Depth 
(mcd)

Age
(ka)

G. bulloides 
(δ18O)

G. bulloides 
(δ13C)

Uvigerina 
(δ18O)

Uvigerina 
(δ13C)

Table 1 (continued).
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late Quaternary δ18O deep-sea records from marine isotope Stage
(MIS) 6 to the present (Fig. 2). Clearly expressed are the glacial max-
ima (MISs 6 and 2) represented by the highest δ18O values (~4.3‰),
interglacial MISs 5 and 1 by low δ18O values (2.6‰ to 3.6‰), and the
climate amelioration of MIS 3 and the glacial MIS 4. The last full in-
terglacial marine isotope Substage 5e (Eemian) is clearly recorded as
the warmest interval during the last interglacial. The warm Substages
5a and 5c are well pronounced and are separated by the intervening
cooler intervals of marine isotope Substages 5b and 5d (Fig. 3). A de-
tailed chronology with at least 20 datums for the last 160 k.y. has been
established (Fig. 2) by comparison with a globally averaged record
whose fluctuations have been well described (Imbrie et al., 1984;
Pisias et al., 1984; Prell et al., 1986) and dated with an average error
of ±5 k.y. (Martinson et al., 1987). 

Paleoclimatic events at Site 1014 correlated with standard deep-
sea oxygen isotope chronology are described in Table 2 (Imbrie et al.,
1984). Ages were calculated using linear interpolation between each
datum. All stable isotopic values are plotted against kilo years (k.y.)
using this standard age model (in standard units of Martinson et al.,
1987). Depths of isotopic events identified in this study (Table 2) are
graphically correlated (Fig. 3) with the standard deep-sea oxygen iso-
topic reference section dated by Martinson et al. (1987). In this age
vs. depth plot, datums deviate only slightly from a straight line, thus
supporting the oxygen isotope stratigraphy for Site 1014. Changes in
slope between line segments are interpreted to represent changes in
sedimentation rate in the core relative to the reference section. Be-
cause these changes in slope are slight, it can be assumed that sedi-
mentation rates were relatively constant. This plot also suggests that
134
3H-2, 20-22 15.31 134.49 1.816 –0.825 4.350 –1.256
3H-2, 30-32 15.41 135.03 2.464 –0.589 4.316 –1.319
3H-2, 40-42 15.51 135.57 2.189 –0.546 4.345 –1.414
3H-2, 50-52 15.61 136.11 2.585 –0.348 4.281 –1.214
3H-2, 60-62 15.71 136.65 1.963 –0.808 4.277 –1.190
3H-2, 70-72 15.81 137.20 2.201 –0.628 4.218 –1.516
3H-2, 80-82 15.91 137.74 2.422 –0.586 4.382 –1.217
3H-2, 90-92 16.01 138.28 2.383 –0.542 4.233 –1.250
3H-2, 100-102 16.11 138.82 2.382 –0.598 4.188 –1.525
3H-2, 110-112 16.21 139.36 2.387 –0.542 4.214 –1.435
3H-2, 120-122 16.31 139.90 2.083 –0.750 4.151 –1.580
3H-2, 130-132 16.41 140.44 2.517 –0.513 4.151 –1.524
3H-2, 140-142 16.51 140.98 2.670 –0.608 4.113 –1.493
3H-3, 0-2 16.61 141.52 2.443 –0.580 3.995 –1.451
3H-3, 10-12 16.71 142.06 2.879 –0.572 3.918 –1.650
3H-3, 20-22 16.81 143.10 3.006 –0.449 4.187 –1.500
3H-3, 30-32 16.91 144.48 2.773 –0.471 4.164 –1.700
3H-3, 40-42 17.01 145.85 2.757 –0.670 4.145 –1.647
3H-3, 50-52 17.11 147.22 2.292 –0.740 4.054 –1.407
3H-3, 60-62 17.21 148.60 2.804 –0.541 4.203 –1.235
3H-3, 70-72 17.31 149.97 2.437 –0.572 4.267 –1.610
3H-3, 80-82 17.41 151.34 2.428 –0.380 4.155 –1.587
3H-3, 90-92 17.51 143.03 2.058 –0.809 3.934 –1.551
3H-3, 100-102 17.61 144.88 1.891 –0.776 4.028 –1.447
3H-3, 110-112 17.71 146.73 1.915 –0.887 4.028 –1.545
3H-3, 120-122 17.81 148.58 2.472 –0.552 4.057 –1.420
3H-3, 130-132 17.91 150.43 2.434 –0.364 4.078 –1.581
3H-3, 140-142 18.01 152.28 2.011 –0.650 3.304 –1.572
3H-4, 0-2 18.11 154.13 2.223 –0.517 4.100 –1.355
3H-4, 10-12 18.21 155.98 2.188 –0.457 4.090 –1.325
3H-4, 20-22 18.31 157.83 1.907 –0.455 4.134 –1.391
3H-4, 30-32 18.41 159.68 2.050 –0.234 4.065 –1.486
3H-4, 40-42 18.51 161.53 1.937 –0.396 4.056 –1.401
3H-4, 50-52 18.61 163.38 1.930 –0.537 3.891 –1.457
3H-4, 60-62 18.71 165.23 1.797 –0.705 3.821 –1.599
3H-4, 70-72 18.81 167.08 2.266 –0.148 3.864 –1.338
3H-4, 80-82 18.91 168.93 2.407 –0.375 3.807 –1.450
3H-4, 90-92 19.01 170.78 2.173 –0.433 3.878 –1.343
3H-4, 100-102 19.11 172.63 1.743 –0.523 3.825 –1.531
3H-4, 110-112 19.21 174.48 2.125 –0.540 3.760 –1.468
3H-4, 120-122 19.31 176.33 2.080 –0.453 3.840 –1.468
3H-4, 130-132 19.41 178.18 2.392 –0.398 3.891 –1.424
3H-4, 140-142 19.51 187.24 2.210 –0.486 3.862 –1.560

Core, section, 
interval (cm)

Depth 
(mcd)

Age
(ka)

G. bulloides 
(δ18O)

G. bulloides 
(δ13C)

Uvigerina 
(δ18O)

Uvigerina 
(δ13C)

Table 1 (continued).
there are no significant hiatuses or drilling gaps in the upper 20 mcd
at Site 1014. These are predictable results since splicing between the
four holes drilled was expected to produce the most complete record
at the site. Thus, it is demonstrated that sedimentation rates experi-
enced little change in Tanner Basin during the late Quaternary.

LATE QUATERNARY STABLE OXYGEN ISOTOPE 
RECORD OF TANNER BASIN

The Site 1014 oxygen isotope record of G. bulloides exhibits the
familiar climate-related curve for the interval since the penultimate
glacial episode (<179 ka) (Fig. 4). Minimum Holocene δ18O values
of ~–0.5‰ are similar to G. bulloides δ18O records in Santa Barbara
Basin (Kennett, 1995). After these minimum values, the surface wa-
ters of the basin appear to cool as δ18O values increase (~0.5‰). The
maximum δ18O values of the last glacial maximum recorded in the
surface waters of Tanner Basin were ~2.5‰, which were lower than
those recorded in Santa Barbara Basin (~3‰). If we assume no
change in salinity, the 3‰ shift in δ18O (–0.5‰–2.5‰) would sug-
gest a ~7°C shift in the temperature of surface waters in Tanner Basin
(assuming 1°C is equivalent to 0.23‰ δ18O [Epstein et al., 1953]).
The familiar apparent climate amelioration of MIS 3 can clearly be
seen at Site 1014 as well as a concomitant increase in δ18O variability.

Several differences can be observed between the present intergla-
cial (Holocene) and the last interglacial (MIS 5). The planktonic δ18O
record is incomplete during the last interglacial because of several ep-
isodes of dissolution, which resulted in insufficient material for anal-
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ysis (Fig. 5). The δ18O values of this interval are also significantly
higher than expected; in particular, the warmest interval of the last in-
terglacial (the Eemian) was 0.8‰ more positive than the Holocene
(Fig. 4). Such values, if correct, would indicate that after correcting
for ice volume, last interglacial δ18O values were similar to the gla-
cial, suggesting no change in surface water temperature. It is clear,
however, that the Eemian was at least as warm as, if not warmer than,
the Holocene (CLIMAP members, 1984; Kennett, 1995). Hence, the
Tanner Basin record during this interval was affected by other pro-
cesses. Our preferred explanation involves the preferential dissolu-
tion of thin-shelled specimens, which generally grow at shallower
depths and warmer temperatures, biasing the remaining specimens
toward higher δ18O (and thus cooler temperatures). This conjecture is
supported by independent methods of estimating SST such as Uk

37,
which suggest that temperatures during marine isotope Substages 5a
and 5c were at least as warm as the Holocene and that the Eemian was
3° warmer (Yamamoto et al., 1998). Another explanation involves
the increased abundance of the small morphotype of Gephyrocapsa
species, dominant in upwelling regions during warm interglacial ep-
isodes. This suggests that upwelling was more intense during these
intervals (Yamamoto et al., 1998). Increased upwelling causing cool-
er SSTs may not be reflected in the Uk

37 temperatures since it has
been shown that Uk

37 values also vary with nutrient availability (Ep-
stein et al., 1998). The strongest evidence against the lowering of sea-
surface temperatures by upwelling is the lack of evidence for cool
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Figure 2. Oxygen isotopic stratigraphy of the benthic foraminifer Uvigerina
for Site 1014 against depth (in meters composite depth). Oxygen isotopic
datums (horizontal lines) are numbered at right, as correlated with the deep-
sea oxygen isotopic reference section (Martinson et al., 1987).
sea-surface temperatures at other sites in the region during this time
interval.

Changes in planktonic foraminiferal δ18O at Site 1014 indicate
large SST shifts (~7°C) between the last glacial maximum (MIS 2)
and the Holocene (MIS 1). Such large shifts are suggested by earlier
δ18O investigations of the late Quaternary in Tanner Basin, although
they were of much lower resolution. Mortyn et al. (1996) found Ho-
locene δ18O values of ~0.5‰ to –0.5‰ and glacial maximum δ18O
values close to 2.5‰ of G. bulloides. Based on these differences and
planktonic foraminiferal assemblages (modern analog technique-
derived temperatures), it was theorized that SSTs in Southern Cali-
fornia were 7° to 8°C cooler during the last glacial maximum (MIS
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Figure 3. Correlation plot of oxygen isotopic events (datums) recorded at Site
1014 with age in standard units (SU) of the deep-sea oxygen isotopic refer-
ence section (Martinson et al., 1987).

Table 2. Depths of oxygen isotopic events (datums) at Site 1014 and their
ages in deep-sea standard reference sequence. 

Notes: SU = standard unit (Martinson et al., 1987). Age data are from Martinson et al.
(1987).

Marine isotope 
substage datum

Depth 
(mcd)

Age in SU 
(k.y.)

2 12.05 1.85
2.2 17.85 2.20
3 24.11 3.00
3.13 43.88 6.20
3.3 50.21 6.65
3.31 55.45 7.20
4 58.96 7.45
4.22 64.09 8.00
5 73.91 8.70
5.1 79.25 9.80
5.2 90.95 10.55
5.31 96.21 11.15
5.33 103.29 11.80
5.4 110.79 12.55
5.51 122.56 13.45
5.5 123.82 13.75
5.53 125.19 14.05
6 129.84 14.45
6.3 142.28 16.75
6.4 152.58 17.50
6.41 161.34 18.50
135
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2). In contrast, Kahn et al. (1981) suggested slightly less glacial–
interglacial SST change of ~5°C based on a δ18O shift from Holocene
values of ~0.5‰ and last glacial maximum values of ~2.0‰ in the
planktonic foraminifer Globigerina quinqueloba. Temperature esti-
mates based on organic geochemical signals (Uk

37) produced from
Site 1014 also suggest an ~5° temperature change between MIS 3 and
the Holocene (Yamamoto et al., 1998). 

Although changes in the benthic δ18O record are similar to those
of the glacial deep-sea average (Martinson et al., 1987), the differenc-
es appear important. During Termination I, the total shift in δ18O be-
tween the glacial maximum and the Holocene is ~2‰ (Fig. 6). It is
now well established that changes in oceanic δ18O composition dur-
ing this interval were ~1.1‰ because of deglaciation of the Earth’s
cyrosphere (Shackleton and Opdyke, 1976). Thus, 0.9‰ of the shift
in benthic δ18O must have resulted from temperature and salinity
change. Assuming no salinity change and that 1°C is equivalent to
0.23‰ (Epstein et al., 1953), a temperature change of ~4°C would be
indicated. Such a large temperature variation would imply a signifi-
cant shift in the source of intermediate waters in the North Pacific as
previously suggested (Kennett and Ingram, 1995; Behl and Kennett,
1996). However, this intermediate water temperature change in the
Tanner Basin (~1165 m in depth) appears to be too large since mod-
ern bottom temperatures are already at ~3.8°C (Emery, 1954). Near-
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Figure 4. Oxygen and carbon isotopic record for the planktonic foraminifer
Globigerina bulloides at Site 1014 plotted against age. Oxygen isotopic
stages and substages are numbered in the middle; warm intervals are shaded
gray.
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freezing waters would have resulted, which is unlikely in a shallow
water mass at middle latitudes. Clearly, a salinity change must also
have contributed to the benthic δ18O shift at Site 1014. As a 1‰ sa-
linity shift is equivalent to 0.5‰ δ18O (Craig and Gordon, 1965), it is
possible that a significant salinity increase accompanied a cooler in-
termediate water source. Bottom temperatures could have been ~2°C
because glacial North Pacific Intermediate Water may have had a
higher component of Pacific Arctic water during the last glacial max-
imum (Keigwin, 1998). A more reasonable 2°C decrease in tempera-
ture would leave 0.45‰ of the δ18O to be accounted for by a salinity
increase of ~0.9‰.

The benthic oxygen isotope record also suggests that there are
some differences in the response of benthic δ18O to global warming
during the Eemian and the Holocene. In particular, the early Ho-
locene δ18O values are ~0.2‰ lower than Eemian values (Fig. 6), im-
plying that bottom waters were warmer or less saline during the early
Holocene than during the last interglacial. Furthermore, the duration
of the benthic δ18O decrease at Termination I was much longer (~10
k.y.) than during Termination II (~5 k.y.) (Fig. 6). 

LATE QUATERNARY CARBON ISOTOPE RECORD 
OF TANNER BASIN

A number of trends are shown in the planktonic δ13C record at Site
1014 (Fig. 4). The most negative values (~1.2‰) recorded in the ba-
sin occur during the warmest intervals of the interglacials (marine iso-
tope Substage 5e and the Holocene). During much of the last glacial,
the planktonic δ13C record ranges from ~–0.5‰ to ~–0.25‰ but was
interrupted by several positive events (~0.1‰). A number of observa-
tions can be made about the Site 1014 G. bulloides record compared
to other sites on the southern California margin. In Tanner Basin, Ho-
locene δ13C values (~–0.7‰) and those of the last glacial (~–0.5‰;
Fig. 4) are similar to those for Santa Barbara Basin but slightly higher
than values from Site 1017. A sharp δ13C (~0.5‰) decrease occurred
during Termination I (Fig. 4), similar to Santa Barbara Basin and
Hole 1017E records over the same interval. Another negative δ13C
event lasting ~5 k.y. occurs between 30 and 25 ka and is also found at
all three sites (Holes 893A and 1017E; Site 1014). 

Thus, it would appear that several regional δ13C excursions oc-
curred on the southern California margin. Because these events are
not reflected in records of N. pachyderma δ13C from Sites 1017 and
893, G. bulloides apparently responded to a species-specific forcing,
which may be related to changes in nutrient supply of surface waters
or surface-water hydrology. Studies have shown that G. bulloides
calcifies in disequilibria with δ13C by –2‰ to –4‰, suggesting sig-
nificant incorporation of metabolic CO2 into the test during calcifica-
tion (Sautter and Thunell, 1991). Thus, environmental information
retrieved from the G. bulloides δ13C record is limited. However, some
evidence shows δ13C becomes enriched in response to upwelling,
possibly as a result of rapid growth and high metabolic activities in-
fluenced by nutrient supply, temperature, and PCO2 (Sautter and
Thunell, 1991; Berger and Vincent, 1986).

The Tanner Basin benthic δ13C record exhibits a general increase
(~–1.75‰ to ~–0.75‰) in δ13C values during the last 200 k.y. (Fig.
6). On a smaller scale, a strong correlation between the benthic δ13C
record and global climate change is exhibited (Fig. 5) at Site 1014.
During the last 85 k.y., benthic δ13C values were higher by ~0.5‰
during warm intervals (MISs 1 and 3; marine isotope Substage 5a)
than cool intervals (MISs 2 and 4) (Fig. 6). The opposite relationship
is shown during the last interglacial (MIS 5; 130 to 85 ka). Benthic
δ13C increases to ~–1‰ during the cool intervals (marine isotope
Substages 5b and 5d) of the interglacial and decreases to ~–1.5‰
during the warmest episodes (marine isotope Substages 5c and 5e)
(Fig. 5). Further evidence for changes in the bottom-water chemistry
of the basin during the last interglacial is provided by indications of
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increased corrosivity of the bottom water during the cool episodes
(Substages 5b and 5d). Although Uvigerina spp. are not considered
reliable foraminiferal recorders of deep-water δ13C because of infau-
nal habitat, these results suggest that several processes controlled the
relative concentrations of 12C.

Benthic δ13C can be affected by several mechanisms. Globally,
the δ13C reservoir was affected between glacial and interglacial peri-
ods by shifts in carbon reservoirs that released more light δ13C into
the ocean, shifts in the δ13C gradient between oceans, and the effect
of lower CO2 concentration on the carbonate ion (Shackleton and Pi-
sias, 1985). Regionally, the δ13C value of North Pacific Intermediate
Water would have been affected by changes in ventilation, which al-
lowed increased exchange with atmospheric CO2 during glacial and
stadial times (Behl and Kennett, 1996; van Geen et al., 1996). In-
creased surface ocean CO2 exchange with the atmosphere would
have the effect of enriching δ13C through processes of both cool-
water isotopic equilibrium effects and lower nutrient content as a re-
sult of the “newness” of the intermediate water. The length of time a
water mass remains isolated from the atmosphere within the deep
ocean is related to the quantity of organic material degradation within
it, which consumes oxygen and decreases δ13C. Finally, locally with-
in Tanner Basin, interstitial waters were possibly low in δ13C relative
to bottom waters as a result of decay of 12C-enriched organic matter
(Berger and Vincent, 1986). Thus, higher organic carbon flux should
result in higher ∆δ13C between bottom waters and the sediment depth
in which Uvigerina lived.

Another explanation for the unusual aspects of both the δ18Ο=and
δ13C records of Tanner Basin might be diagenesis. Diagenesis can
play an important role in changing the isotopic composition of bio-
genic calcium carbonate after burial by encrustation of tests by sec-
ondarily precipitated calcite. This can bias isotopic paleotempera-
tures to cooler values (Douglas and Savin, 1978). The unusually cool
last interglacial sea-surface temperatures could perhaps be explained
by this process as well as the change in the relationship between
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benthic δ13C and climate. However, diagenesis would affect both
planktonic and benthic tests so that both records would show similar
trends in isotopic behavior and would mask regional similarities be-
tween Tanner Basin and other sites along the southern California
margin. This is not the case: the δ13C record during marine isotope
Substage 5e in Site 1014 is more similar to that of Holes 893A and
1017E than to the Tanner Basin benthic δ13C record. Site 1014 benth-
ic δ18Ο=does not show the unusual cooling suggested by the plankton-
ic record. Finally, such diagenesis is uncommon in the shallow-
buried sediments as young as those investigated in this contribution.

LATE QUATERNARY PALEOCEANOGRAPHIC 
IMPLICATIONS OF THE SITE 1014 RECORD

Late Quaternary Sea-Surface Temperatures
in the Southern California Margin

Major changes in the surface waters occurred in the southern Cal-
ifornia margin in response to late Quaternary climate change (Thunell
and Mortyn, 1995; Kennett and Ingram, 1995; Sabin and Pisias, 1996;
Prahl et al., 1995), and these changes are reflected at Site 1014 by
large δ18Ο=shifts (Figs. 4, 5). Earlier work has also suggested that low
SSTs off the west coast of North America during the last glacial max-
imum were associated with the increased influence of subarctic wa-
ters in the region, resulting in the southward displacement of currents
and related atmospheric systems (Thunell and Mortyn, 1995; Sabin
and Pisias, 1996; Prahl et al., 1995). Ocean-atmosphere interactions
over the North Pacific Ocean determine the strength and location of
currents along the California margin (Reid et al., 1958). It is reason-
able to conclude that with the atmospheric reorganization accompa-
nying the formation of large ice sheets (COHMAP members, 1988)
and cooler high-latitude SSTs, the relationship would have changed
between the California Current and countercurrent. Thus, large in-
ferred temperature shifts between glacial and interglacial in surface
137
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waters in Tanner Basin probably resulted from changing dominance
of a cooler, intensified California Current relative to the warm coun-
tercurrent. As well, countercurrent influence at Site 1014 would be
negligible, and SSTs would be much reduced if geostrophic flow cre-
ated by the surface ocean pressure difference between San Diego and
Point Conception was not established during glacial times.

Late Quaternary Productivity

Site 1014 lies in the outermost basins of the California Border-
land; consequently, lithogenic input is minor from the nearby conti-
nent, whereas biogenic deposition makes the largest contribution to
the sediment budget of the basin (Gorsline and Teng, 1989). Because
changes in biogenic sedimentation can be used to estimate changes in
productivity, an almost constant sedimentation rate suggests that the
deposition of biogenic material did not significantly differ between
glacial and interglacial episodes. However, this simple relationship is
complicated by several factors. First, the sedimentation rate reflects
averaged biogenic deposition as rates are interpolated between da-
tums, so that short-term events are not discernible. Second, carbonate
dissolution reduces sedimentation rates by removing deposited bio-
genic sediment so that increased productivity may be masked. This
particularly complicated the record during the last interglacial when
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deposition of organic material increased (Yamamoto et al., 1998)
during marine isotope Substages 5b and 5d as did the severity of dis-
solution. Yet sedimentation rates remained generally constant.

The benthic δ13C record may provide evidence of changes in sur-
face water productivity because the interstitial waters inhabited by
the foraminifers are affected by degradation of organic matter. Dur-
ing the cooler substages (5b and 5d) of the last interglacial, organic
carbon accumulation increased when benthic δ13C values were high-
er. This result is confirmed by the increased accumulation rates of
alkenones (Haptophytes), dinosterol (dinoflagellates) and bishomo-
hopanol (bacteria), and higher plant biomarkers that show similar
variations to organic carbon (Yamamoto et al., 1998). The relation-
ship is opposite to the one expected if benthic δ13C were responding
to organic material deposition. It appears that there is not a simple re-
lationship between the production of organic material in the surface
waters and benthic δ13C. The record during marine isotope Substages
5b and 5d is further complicated by an anticorrelation between or-
ganic accumulation rate and upwelling indicators. This suggests that
episodes of intensified upwelling are not accompanied by increased
organic carbon deposition (Yamamoto et al., 1998).

Attempts at estimating productivity changes on the California
Borderland have been published by several authors. Mortyn and
Thunell (1997) suggested productivity increases during the last gla-
cial maximum that are 1.5 to 2.0 times greater than the Holocene;
they attribute this increase to intensification of the California Current
and enhanced upwelling south of 40°N. On the other hand, Berger et
al. (1997) observed a significant reduction in opaline deposits in the
Santa Barbara Basin, which they attributed to a decrease in estuarine
conditions of the North Pacific. It is possible that during glacial epi-
sodes, upwelling intensified in the California Current. However, be-
cause of the increased contribution of North Pacific sourced Interme-
diate Water, water being upwelled was nutrient poor, and productiv-
ity did not significantly rise. Nevertheless, during interglacials the
northern component of Pacific glacial Intermediate Water diminished
in relation to old, deep Pacific water. Hence, although upwelling was
reduced, surface waters had a higher nutrient content (Behl and Ken-
nett, 1996; van Geen et al., 1996). Thus, complicating factors of both
the North Pacific and Tanner Basin prevent support of significant cli-
mate-induced changes in productivity during cool intervals. 

Late Quaternary Ventilation of Tanner Basin

The relationship between the benthic δ13C record and ventilation
of the North Pacific at Site 1014 is complicated. The record (Fig. 6)
does not appear to represent changes in ventilation of the basin during
the last 85 k.y. but instead follows the global δ13C record (Shackleton
and Pisias, 1985) with lower values during cool intervals. During the
last interglacial (MIS 5), the response of benthic δ13C changed, no
longer conforming to the global pattern. Consequently, changes in
δ13C appear to represent a delicate balance between the dominance of
the flux of organic carbon at the site, ventilation of the water mass en-
tering the basin, and global carbon isotope production.

Benthic δ13C might be responding to the age of the deep water
mass and the resulting ventilation as mentioned above, where old,
poorly ventilated water typically has lower δ13C values than newer,
well-ventilated water masses. The current paradigm involving North
Pacific Intermediate Water suggests that during warmer climates, the
water mass becomes increasingly poorly ventilated (Behl and Ken-
nett, 1996; van Geen et al., 1996); thus, δ13C should be lower. This
corresponds to the δ13C benthic record of Tanner Basin (Fig. 5),
where δ13C decreased during the warm intervals of the last intergla-
cial (marine isotope Substages 5c and 5e). High PCO2 content—ei-
ther from old, poorly ventilated water resulting from considerable de-
composition of organic material or cool water saturated in CO2—en-
hanced corrosivity of a water mass. However, intervals of corrosion,



STABLE ISOTOPE STRATIGRAPHY AND PALEOCEANOGRAPHY
which punctuate carbonate sedimentation in Tanner Basin during the
cool Substages 5b and 5c, are anticorrelated with the ventilation and
δ13C relationship. Therefore, during cool intervals (marine isotope
Substages 5b and 5d) of the last interglacial, PCO2 levels of interme-
diate waters were not connected to the ventilation history of the wa-
ter. Consequently, the Tanner Basin record agrees with others from
the California margin (Kennett and Ingram, 1995; Behl and Kennett,
1996; van Geen et al., 1996), indicating that ventilation of North Pa-
cific Intermediate Water changed in response to climate change.

CONCLUSIONS

•Stable oxygen isotope records from Site 1014 exhibit the familiar
sawtooth pattern of late Quaternary climate change.

•A detailed chronology for the last 175 k.y. has been developed
based on 20 stable isotope datums (SPECMAP) for Site 1014.

•There are no major hiatuses in the late Quaternary at Site 1014,
and sedimentation rates in the basin were almost constant,
with average rates of 11.5 cm k.y.–1 

•The planktonic foraminiferal δ18O record shows that the magni-
tude of the glacial–interglacial temperature change was ~7°C,
similar to results from other lower resolution cores from Tan-
ner Basin, and agrees with other southern California margin
cores.

•During the last interglacial, the planktonic δ18O record was af-
fected by several episodes of dissolution that coincided with
cooler marine isotope Substages 5b and 5d.

•Last interglacial planktonic δ18O values were higher than Ho-
locene values by more than 0.8‰, apparently not because of
cooler temperatures but as a result of the effects of preferential
dissolution of thin-shelled specimens.

•The glacial–interglacial change in benthic δ18O was unusually
large for a water depth of 1165 m, suggesting that both temper-
ature and salinity changed dramatically over this interval in re-
sponse to switches in the source of the intermediate water
mass bathing the site.

•Planktonic δ13C values are similar to other southern California
sequences and display similar negative excursions during Ter-
mination I and late MIS 3. This suggests that these events were
regional.

•The benthic δ13C record correlated well with the global δ13C
record during the last 85 k.y., suggesting that ventilation and
productivity effects at this location and depth were minor over
this interval.

•Between 135 and 85 ka, the benthic δ13C record was controlled
by ventilation of the intermediate water and was linked to
changes in upwelling, organic material deposition, and corro-
sivity of the bottom water. 

•The benthic δ18O Holocene record differs from the Eemian by
exhibiting a slow decrease in δ18O during Termination I, lead-
ing to lighter values than the previous interglacial.
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