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FIG. 4 The coral reef off the H. Steinitz Marine Biology Laboratory in
Eilat at ~6 m depth. a, Under normal conditions (15 December 1994);
b, at the peak of the algal bloom in spring 1992 (6 April 1992). The
filamentous green alga is Enteromorpha sp. Corals growing on elevated
substrates (seen in b) were not covered by algae and were therefore
not damaged.

(A. Miroz, personal communication), but its effect on corals was
unfortunately not examined. We note, however, that events of
El Nino,/Southern Oscillation (ENSO) occurred in both 1983
and 1992 (ref. 19). Although several studies''* singled out vol-
canic eruptions as the dominant cause for these two cold winter
anomalies in the Middle East, and indeed, in Eilat eight of the
15 ENSO events® during the past 45 years coincided with warm-
er-than-average winters, it is possible that the co-occurring
ENSO events affected the magnitude of the anomalies®'.

The large algal bloom in spring 1992 was an ecological ampli-
fication of a rather short-term air-temperature anomaly. To the
best of our knowledge, the weak vertical stratification that makes
such amplification possible is unique to deep marginal seas with
shallow sills.

Large volumes of water exchange heat with the atmosphere
during the relatively short period of deep mixing. Therefore, sea
surface temperatures in Eilat do not decrease much below 21 °C
(average lowest daily sea surface temperature from 1988 to 1995
was 20.7 °C with a range of 0.7 °C, compared with 11.2 °C with a
range of 4 °C for the minimum air temperatures). Palaeoclimate
techniques using stable isotopes in marine sediments and
corals®™* would therefore be insensitive to such small interannual
variations in local water temperatures. On the other hand, our
findings indicate that records of massive eutrophication and
spring blooms in the Gulf of Eilat, which are likely to be found
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in fossil corals™, may become useful indicators of interannual
variations in air temperature. O
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MucH of the evidence for climate-driven fluctuations in ocean cir-
culation during the past 20,000 years has come from studies of the
North Atlantic region'™. The extent to which such interactions
have occurred in other ocean basins, and any associated teleconnec-
tions between basins, is poorly understood. Here we present high-
resolution palaeoclimate and palaeoceanographic records from a
20,000-year sedimentary sequence from the Santa Barbara basin,
on the eastern margin of the North Pacific Ocean. The sequence
shows oscillations of the benthic environment between low-oxygen
conditions (laminated sediments) during periods of warm climate,
and higher-oxygen conditions (non-laminated, bioturbated sedi-
ments) during cool intervals. Age differences between coexisting
benthic and planktonic foraminifers indicate climate-related
changes in the age and source—and, hence, oxygen content—of
basin bottom waters. Relatively young bottom waters are associ-
ated with the cooler intervals and are considered to reflect high
proportions of intermediate waters derived from proximal sources.
Conversely, older bottom waters are associated with the warmer
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FIG. 1 Relations between inferred age of basinal waters (a), sediment
structures (b, f) and palaeoclimate proxies (c, d, e) for the past 20 kyr
(upper 32 m of Ocean Drilling Program Hole 893A, Santa Barbara basin,
southern California. a, Benthic—planktonic (b—p) age differences (*“C)
are considered to represent changes in age of basinal bottom waters™>.
Reservoir-age correction used throughout is 825 yr (ref. 12); insufficient
information exists to adjust for probable changes in reservoir ages with
time. Chronology after refs 12 and 16. b, Presence (shaded) or absence
(unshaded) of sediment laminations. f, Visual description of sediment
structures at one-cm resolution for the entire sequence?®, grading from
well-laminated to massive (1, well-laminated; 2, indistinctly laminated;
3, trace laminations; 4, massive or non-laminated). The curve in f was
smoothed using a 99-cm running average to reduce variability and
exhibit more clearly the major events addressed here. Smoothing has
little effect on age of sediment facies transitions. These changes have
been correlated to changes in degree of oxygenation and sediment

intervals and were derived from more distal sources. These climate-
driven variations in ocean circulation appear to be synchronous
with the main ocean—climate fluctuations in the North Atlantic
region'™®, suggesting that a tight coupling mechanism operates
between the two basins.

The study site was continuously cored at 34° 17.25' N, 120°
2.2" W, 20 km south of the Santa Barbara coastline in a water
depth of 588 m. We recovered a ~160-kyr, 196.5-m sequence of
alternating laminated and homogenous (non-laminated)
sediments®. This sequence is especially valuable for palaeocli-
mate analyses because of persistently high sedimentation rates
(>120 cm kyr™') and near-continuous foraminifer assemblages
abundant enough to generate high-quality stable-isotope, faunal
census and radiocarbon age data. Santa Barbara basin is par-
tially isolated within the California Borderland Province’. The
present-day western sill (475 m) is at a depth of low oxygen
concentrations (<0.8 ml 17') in the upper part of the oxygen-
minimum zone’. Organic material derived from highly produc-
tive surface waters further reduces basin oxygen levels, and
waters below ~500 m depth are anaerobic (<0.1 ml 1" oxygen),
inhibiting bioturbation and preserving annual sediment
laminations®’. In contrast, recent and Holocene sediments lack
laminations at similar depths on the California Margin outside
the Borderland Province'”''. The past 20 kyr was dated using
32 accelerator mass spectrometry (AMS) radiocarbon ages of
mixed planktonic foraminifera from 27 stratigraphic levels'*. We
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facies of Santa Barbara basin®®. Palaeoclimate proxies shown are: ¢,
680 records of the deeper-dwelling planktonic foraminifer Neo-
globoquadrina pachyderma, the shallower-dwelling form Globigerina
bulloides and benthic foraminifers’®?®; d, e, percentage frequency
changes in planktonic foraminifer assemblages (>150 um) of the cool-
water planktonic foraminifer, sinistral N. pachyderma (d) and the warm
subtropical form, Globigerinoides ruber*” (e). No single benthic species
occurs throughout the sequence due to large palaeoenvironmental
changes'®. We isotopically analysed Bolivina argentea, B. spissa, B.
tumida; Uvigerina peregrina curticosta and Bulliminella tenuata. We
made interspecific oxygen-isotope comparisons and corrected B. tumida
and B. tenuata by +0.25%o relative to the other species®®. Changes in
palaeoclimate proxies®® reveal the palaeoclimate episodes: Last Glacial
Maximum, Bglling/Allergd interstadial, Younger Dryas cooling and Holo-
cene warming.

calibrated radiocarbon ages to calendar years using two different
methods'* ', assuming a reservoir age of 825 yr (ref. 12). The
samples range in age from 1,025 to 17,555 yr BP (reservoir-
corrected) at intervals of < 1,000 yr, yielding'” a near-linear sedi-
mentation rate of 160 cm kyr ™'

A total of 70 samples were taken for stable-isotope and faunal
analyses at ~50-cm intervals in the upper 25 m (the last 16.6 kyr)
and at ~100-cm intervals for the remaining core down to 32 m.
Variations in §'"O values of both planktonic and benthic
foraminifers'® and planktonic foraminiferal census data'’ exhibit
climate oscillations characteristic of the Last Glacial Maximum
and throughout the Holocene (Fig. 1) Four distinct climate epi-
sodes correlate with the well-known climate succession in nor-
thern Europe ranging from the Last Glacial Maximum (20-
16 kyr) to the Bglling/Allergd interstadial (~15-13 kyr), to the
Younger Dryas cooling (13-11.2kyr), to the Holocene
(<11.2 kyr). High §'%O values mark the Last Glacial Maximum.
Warming associated with termination 1A, the most recent de-
glacial episode, is diachronous between several proxies from 16.5
to 15 kyr. Initial warming is shown by a rapid switch at 16.5 kyr
in planktonic foraminiferal faunas dominated by sinistral-coiled
Neogloboquadrina pachyderma to warmer faunas with a high
proportion of dextral-coiled N. pachyderma'’ (Fig. 1). The coi-
ling ratio of N. pachyderma also switched from >90% sinistral
to <10% sinistral. This was immediately followed by a 1.75%o
decrease in 5'%0 in the deeper-dwelling planktonic foraminifer
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of sediment laminations between ODP Hole 893A 6

(Santa Barbara basin) and DSDP Site 480 (Guaymas
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is indicated by reversal towards increased §'%0 values 8
in both sequences. Data plotted in calendar years.
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N. pachyderma. These changes indicate climate warming associ-
ated with northward migration of surface waters warmer than
~10 °C across the site during termination 1A.

Relatively low &'®O values between 15 and ~13 kyr record
warmth correlated with the Bglling/Allergd interstadial. Further
increases in warm-water planktonic foraminifers such as Globi-
gerinoides ruber (Fig. 1), reflect increasing influence of the warm-
subtropical countercurrent from the south. The Bglling/Allergd
interstadial was succeeded by moderate cooling between 13 and
11.2 kyr that correlates closely with the Younger Dryas cooling
episode of northern Europe'®. In Hole 893A, Younger Dryas
cooling is indicated by increases of §'*O values in benthic foram-
inifers (0.5%0) and N. pachyderma (0.75%o), and increased rela-
tive abundances of cool-water planktonic foraminifers. Sinistral
N. pachyderma exhibits a tenfold increase, and the coiling ratio
of this species changed from ~98 to 80% dextral'’. Full glacial
conditions did not return during the Younger Dryas but are
similar to those that mark the mid-point of termination 1A.
Average sea surface temperatures remained above, but close to,
10 °C.

We compare our ages of the Younger Dryas with those else-
where using either a “‘reservoir-corrected” age (*C age, 825 yr)
and a calendar age (a calibrated "*C age). In Hole 893A, the
reservoir-corrected '*C age for the beginning of the Younger
Dryas is'? 11,155 yr BP which is within 45-150 yr of radiocarbon
ages for this event in North Atlantic sediment cores'**° and New
Zealand glacial deposits™'. The calendar-year (calibrated) age of
12,970 Bp at Santa Barbara basin'? is remarkably close to an age
of 12,940+260 Bp based on annual layer counts in the Greenland
ice sheet™?’. The reservoir-corrected (uncalibrated) age for the
end of the Younger Dryas in Hole 893A is'? 9,805 yr BP com-
pared with the commonly accepted age™ of ~10,000 radiocarbon
years. The calibrated age is poorly constrained because of its
occurrence during a 1,300-yr plateau on the calibration curve'’
which occurred'? between 10,900 and 12,300 yr Bp. The calendar
age for the end of the Younger Dryas in the Greenland ice sheet
is*>?* 11,640+250 yr Bp. For Hole 893A, we use a calendar age of
11,200 yr BP based on interpolation between dated samples'>?’.

The end of Younger Dryas cooling is marked by decreased
5'80 values in benthic and planktonic foraminifers. Oxygen-
isotope values in benthic foraminifers and N. pachyderma
decreased during the early Holocene until ~6 kyr (Fig. 1) in
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contrast to Globigerina bulloides which exhibits similar, although
fluctuating Holocene §'®0 values after 10.3 kyr. The reappear-
ance of warm-water planktonic foraminifers marks the end of
the Younger Dryas (Fig. 1). Warm subtropical forms persisted
during the remainder of the Holocene'”, and indicating continu-
ous influence of a poleward-flowing, warm countercurrent’.
Throughout the Holocene (Fig. 1), climate fluctuated but was
always warmer than the Younger Dryas'’?’. Basinal sediment
facies is closely associated with climate change (Fig. 1), and the
presence, absence and degree of biological disruption of lamina-
tions is controlled by changes in oxygen concentration of bottom
waters®®. Laminations remain preserved when oxygen concen-
trations fall below 0.1-0.2 ml 17" (ref. 27). The degree of preserv-
ation of laminations is inferred to be related to small changes
in bottom-water oxygen concentrations and different degrees
(millimetre-scale) of meiofaunal bioturbation®, with non-lamin-
ated (massive) sediments indicating complete bioturbation be-
neath oxygenated waters. Benthic foraminiferal assemblages in
laminated sediments are dominated by taxa typical of low-
oxygen environments (Bolivina <90%; Suggrunda present).
Non-laminated sediments contain a more diverse assemblage
associated with well-oxygenated bottom waters®. Assemblages
from the massive Last Glacial Maximum sediments are usually
dominated by Epistominella with Nonionellina, Nonionella and
Cassidulina. During the Younger Dryas (non-laminated), the
diversity of benthic foraminifers is intermediate between assem-
blages of the glacial maximum and the Holocene. Faunas are
dominated by Epistominella, and Uvigerina is a consistent and
sometimes dominant element. During non-laminated intervals,
the low-oxygen-tolerant forms Bolivina and Suggrunda are ab-
sent-to-rare and echinoid spines (spatangids) are present. These
spines are absent in laminated sediments. In the modern basin,
echinoid spines are only present beneath waters with oxygen
concentrations of >0.3ml ™' (interpreted from ref. 27).

Hole 893A records four major oscillations between laminated
and non-laminated sediments during the past 20 kyr that have
been semi-quantitatively described at one-cm resolution®® (Fig.
1). The switch to laminated sediments at 15.2 kyr is closely asso-
ciated with the beginning of the Bglling/Allergd interstadial
(Fig. 1). Likewise, the climate changes at the beginning and end
of the Younger Dryas are almost synchronous with the switches
between laminated and non-laminated sediments (Fig. 1). The
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stratigraphic resolution of our data is such that if any lag exists
between climate and ventilation change, it would be <200 yr
(Fig. 1). The Bglling/Allergd interstadial is marked by consist-
ently strong laminations; in contrast, the Holocene sediments
oscillate between weak and strong laminations™ (Fig. 1). Our
data is thus consistent with the hypothesis of synchronous to
near-synchronous changes between global climate and ventila-
tion in Santa Barbara basin.

The Santa Barbara basin sequence is not merely a record of
local climate and oceanographic change, neither was it primarily
controlled by local bathymetric configuration. Changes in basin
ventilation are unlikely to have resulted directly from sea-level
change because Younger Dryas cooling was associated with a
pause rather than a fall in sea level®®. Furthermore, ventilation
changes in Santa Barbara basin do not primarily record varying
geographical or bathymetric isolation from the productive Cali-
fornia Current because the facies changes during the Younger
Dryas occurred without significant eustatic sea-level-controlled
changes in basin configuration. Similar oxygenation-related fac-
ies changes are also recorded in DSDP Site 480 in Guaymas
basin, Gulf of California® (Fig. 2) suggesting widespread
changes in more isolated northeastern Pacific margin basins dur-
ing the past 20 kyr. DSDP Site 480 (655 m water depth), on the
slope of Guaymas basin, is not isolated by a sill at shallow
depths and hence was not affected by changes in sea level*®. Poor
ventilation in Santa Barbara basin seems to result from a delicate
balance between warm deep waters, sufficiently high plankton
productivity and relatively low oxygen concentrations of upper
intermediate waters spilling into the basin from the Pacific. No
consistent evidence exists from micropalaeontological'’** and
organic-carbon accumulation rate®'*? data for higher produc-
tivity during deposition of laminated versus non-laminated inter-
vals. Furthermore, the benthic §'®0 record (Fig. 1) indicates the
absence of any simple relations between changes in bottom-
water temperatures and oxygenation in the basin. We believe
that the cycles of oxygenation/dysaerobia in the basin were
largely controlled by changes in oxygen concentrations of upper
intermediate waters entering the basin, as has been suggested
for the Gulf of California®. Any restriction in circulation
enhances small palaeco-oxygen changes to a greater degree than
at locations on open continental margin slopes'®'". Thus we
suggest that relatively small changes in dissolved oxygen content
in upper intermediate waters in the northeastern Pacific during
the late Quaternary are amplified in Santa Barbara basin. Oxy-
gen-poor intermediate water presently flowing into Santa Bar-
bara basin over the western sill has* a radiocarbon age of 1,200
1,300 yr compared with 825 yr for the surface mixed layer, which
is a mix of California Current and upwelled Pacific Intermediate
Water'2. Water as old as 1,980 yr has been reported at depths
of ~3,000 m in the North Pacific**.

If the sediment cycles in Santa Barbara and Guaymas basins
were closely linked with changes in ocean circulation during the
past 20 kyr (Fig. 1), relations should exist between climate
change and age of basin bottom waters. Changes in relative ages
of bottom waters are inferred from intrasample differences in
radiocarbon ages (uncorrected) between planktonic and benthic
foraminifers (Fig. 1). The radiocarbon age differences vary
between 40 and 740 radiocarbon years, with the smallest average
"“C age differences (~100 yr) associated with the Last Glacial
Maximum (19.6 kyr) and the Younger Dryas (13-11.2 kyr). In
contrast, the average age difference for sample pairs from the
Bglling/Allergd interstadial (16.5-13 kyr) is 493 yr. Likewise,
during Holocene warmth, radiocarbon age differences, although
variable, are relatively high (average 453 yr). Changes in sedi-
ment facies are generally correlated to the radiocarbon age
differences of basin bottom waters during the past 20 kyr,
especially at the beginning and end of the Younger Dryas. In
contrast, an increase in radiocarbon age difference (to ~550 yr)
of bottom waters at the end of the last glacial episode preceded
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by ~3 kyr the preservation of laminations during the Bglling/
Allergd interstadial (Fig. 1).

We believe that the close relations between changes in climate
and age of basin bottom waters indicate that the sediment cycles
were largely caused by changes in source and age of intermediate
waters in the North Pacific. Also, the changes in oxygenation in
Santa Barbara basin appear to be nearly synchronous with major
changes in North Atlantic Deep Water (NADW) circulation’ °.
The Santa Barbara basin was relatively well oxygenated during
the Last Glacial Maximum and the Younger Dryas when
NADW production was reduced' ® and/or when its southward
flow through the Atlantic was at shallower depths****. Con-
versely, when the flux of NADW in the Atlantic was high during
the Holocene and Bglling/Allergd warm intervals' ® and/or
when it flowed at greater depths®**®, the basin was poorly oxy-
genated. The stratigraphic records indicate that the switches
between the modes were closely synchronized between the North
Pacific and North Atlantic.

We suggest two possible mechanism(s) to explain the near-
synchronism of changes between the two oceans. The most likely
hypothesis is that the inter-ocean palaeoceanographic changes
were linked directly through global climate change transmitted
through the atmosphere. In this case, cooling during the Last
Glacial Maximum and the Younger Dryas increased ventilation
of North Pacific Intermediate Waters®” *°, This provided a
greater contribution of proximal young, well-oxygenated waters
to the northeastern Pacific coast margin. The second hypothesis
indirectly implicates changes in the strength of thermohaline
circulation originating as NADW in the North Atlantic—the so-
called oceanic conveyor circulation*'. Although the flow of water
within the conveyor from the North Atlantic to North Pacific
takes ~1,000 yr, changes in flux would be propagated rapidly to
the North Pacific (J. McWilliams, personal communication). In
this model, reduced contributions to the North Pacific of rela-
tively old* waters originally derived from the North Atlantic
led to greater proportions of younger, more oxygenated waters
entering Santa Barbara basin. Variations in the age of basin
waters (Fig. 1) would result from mixing of the two sources.
Irrespective of the process(es) involved, our data indicate the
existence of a tight coupling (of circumpolar extent in the Nor-
thern Hemisphere) between changes in the atmosphere-ocean—
cryosphere during the latest Quaternary. O
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Glacial-interglacial changes
in nutrient utilization in the
equatorial Pacific Ocean

J. W. Farrell*, T. F. Pedersen, S. E. Calvert
& B. Nielsen

Department of Oceanography, University of British Columbia,
Vancouver, British Columbia V6T 1Z4, Canada

THE eastern equatorial Pacific Ocean (EEP) today sustains up to
30% of global marine productivity', and the region is one of the
largest and most variable marine sources of CO, to the
atmosphere’. This variability is largely controlled by the balance
between the physical input of nutrients to the surface ocean and
their removal by biological assimilation—the relative nutrient utili-
zation—but the spatial and temporal variability of this balance
are poorly understood. Here we use the '>N/'*N ratio in sedimen-
tary marine organic matter to show strong spatial gradients in
relative nitrate utilization throughout the modern EEP. We inter-
pret down-core decline in this ratio through the Last Glacial Maxi-
mum (12-24 kyr ago) as a decrease in relative nitrate utilization;
the increase in nitrate supply to surface waters due to upwelling
during this period was greater than the apparent increase in
nitrogen removal by organic matter export out of surface waters.
This interpretation is consistent with cooler sea surface
temperatures® and a higher CO, flux to the atmosphere** during
the Last Glacial Maximum, indicating that the EEP surface wat-
ers have remained enriched in nutrients, and have not acted as a
net sink for CQO,, for at least the past 30,000 years.

A promising method for tracking past changes in relative
NO5 utilization is to determine variations in the ratios of the
stable isotopes of nitrogen in sedimentary organic matter®’. The
efficiency with which phytoplankton assimilate NO; from near-
surface waters is reflected in the §'°N values (in %o relative to
atmospheric N,: see Fig. 1) of particulate organic matter
(POM)*? some fraction of which is ultimately preserved in deep-
sea sediments. This isotope proxy is based on the observation
that POM §'°N depends on the §'°N of the nitrogenous sub-
strate and on isotope fractionation that occurs during nitrogen
uptake by phytoplankton'®. Deep-water NO; is the principal
source of new nitrogen in the surface ocean. It is the dominant
nitrogenous species for new production in the EEP'' where equa-
torial divergence and strong coastal upwelling commonly result
in concentrations in excess of 5 uM (refs 12, 13). In much of
this region, upwelled NO3 has'* an initial §'°N of ~5 to 6%.
But in certain low-oxygen regions within the northern and

* Present address: Joint Oceanographic Institutions Inc., 1755 Massachusetts Avenue NW,
Suite 800, Washington DC 20036-2102, USA.
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southern tropical eastern Pacific, the §'°N values can exceed
18%o because denitrification enriches the remaining NO5 in '°N
(refs 14, 15).

After NOj is delivered to the photic zone, there is preferential
uptake of "*“NO; by phytoplankton, giving rise to a photosynth-
ate enriched in the light isotope, and to a residual dissolved
NO; pool that is correspondingly and progressively enriched in
""N. This has led to the observation of an inverse relationship
between the near-surface [NO3] and the 6'°N of POM in the
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a —0— TT199-5-GC26: 2.7°N, 86.0°W
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FIG. 1 a, b, Spatial distribution of surface (Holocene) sediment 5*°N
values (a) compared with surface ocean [NO3] (b; ref. 13) in the eastern
tropical Pacific Ocean. §*°N values are from this study (available via e-
mail from J.W.F. at jfarrelliw brook.edu) and ref. 7. Bulk sediment
samples were prepared for 3*°N analysis by freeze-drying and homo-
genizing by grinding. Sediments were combusted in an online Fisons
NA 1500 element analyser and the evolved N, was passed to a VG
PRISM isotope-ratio mass spectrometer in a continuous flow of He.
Results are reported in the & notation, 5*°N=[("*N/"*N)sampie/(*°N/
"N)ganaara — 1] per mil, relative to atmospheric N, and the measurement
precision is better than +0.3%.. We have assumed that the isotopic
composition of the total nitrogen primarily reflects that of marine organic
matter, rather than inorganic nitrogen (ammonium) within clay minerals
and adsorbed atmospheric N,. Initial results from Panama basin sedi-
ments indicate that inorganic nitrogen constitutes a minor proportion
of the total. As drawn, the 3'°N isopleths violate 5% of samples by
>0.3%o.
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