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AbstractÐDuring the late Neogene, North Paci®c diatom sedimentation underwent major changes
in response to high-latitude cooling and changes in surface and deep water circulation. At 9 Ma
diatom mass accumulation rates (MARs) increased in the NW Paci®c and o� northeast Japan,
possibly due to shoaling of the Isthmus of Panama, which lead to an enrichment of nutrients in
North Paci®c deep waters. During the latest Miocene, diatom MARs increased progressively o�
southem California (6.5 Ma), at high latitudes of the North Paci®c (6.2 Ma), and o� northeastern
Japan (5.5 Ma), presumably in response to high latitude cooling. At about 4.5 Ma diatom sedi-
mentation abruptly increased in the NW Paci®c but declined o� Japan and California, coincident
with the onset of a prolonged period of high-latitude warmth. Enhanced upwelling of nutrient-
rich deep waters in the NW Paci®c probably stimulated diatom production there. A major step in
high latitude cooling at 2.7 Ma caused a reversal of these mid Pliocene diatom sedimentation pat-
terns. Upwelling of deep, nutrient-rich waters waned at higher latitudes, leading to a decline in
diatom productivity; while wind-driven, coastal upwelling increased o� southern California and
stimulated diatom growth. # 1998 Elsevier Science Ltd. All rights reserved

Introduction

Biogenic sediments in the modern Paci®c Ocean are
silica-rich in comparison with the carbonate-rich sedi-
ments that typify the Atlantic. This is largely because
deep waters in the Paci®c are relatively old, depleted in
oxygen, and rich in the nutrients including phos-
phorus, nitrate, and silica that are necessary for dia-
tom growth (Berger 1970). Increased concentrations of
carbon dioxide in the ``old'' Paci®c deep waters also
mean that the calcium carbonate compensation depth
(CCD) occurs at relatively shallower depths in the
Paci®c than it does in the Atlantic, resulting in greater
widespread dissolution of carbonate on the sea¯oor.
These Atlantic±Paci®c di�erences are due to the pre-
sent day isolation of the two ocean basins and to the
fact that bottom waters are created in the North
Atlantic (North Atlantic deep waterÐNADW), but
not in the North Paci®c (Broecker and Peng 1982).
Prior to the middle Miocene, however, deep water

interchange occurred between the Caribbean and east-
ern equatorial Paci®c across the Central American
Seaway, so that bottom waters of the Paci®c and
Atlantic were more similar in character and there was
less of a di�erence in the nature of biogenic sediments
being deposited on the sea¯oor of the two ocean
basins (Keller and Barron 1983; Woodru� and Savin
1989). Ocean general circulation modeling suggests
that an open isthmus would have caused lower-salinity
waters from the Paci®c to dilute North Atlantic sur-
face waters by >1- , restricting the potentiality for
thermohaline overturn in the North Atlantic and redu-
cing the production of any deep waters in the North
Atlantic to near zero (Maier-Reimer et al. 1990).
Reduced production of deep waters in the North

Atlantic would have hindered the global ``conveyor
belt'' of deep-water circulation and lead to decreased
nutrient levels in North Paci®c deep waters (Broecker
and Peng 1982; Maier-Reimer et al. 1990). Because
upward di�usion of deep waters is presently respon-
sible for renewing nutrients in near-surface waters
north of 408N by [see Fig. 3 of GEOSECS data in
Craig et al. (1981)], it is therefore likely that the nutri-
ent concentrations in surface waters and diatom pro-
duction in the North Paci®c may have been
signi®cantly lower than at present prior to the middle
Miocene (Woodru� and Savin 1989; Maier-Reimer et
al. 1990).

It therefore appears likely that the late Neogene his-
tory of diatom sedimentation in the North Paci®c was
strongly in¯uenced by the strength of the deep-water
``conveyor belt'', and ultimately by the closing of the
Central American Seaway.

Materials and methods

In 1992 Ocean Drilling Program (ODP) Leg 145
drilled 25 holes at seven sites in a west to east transect
of the subarctic North Paci®c (Fig. 1), providing excel-
lent material for the study of the late Neogene history
of diatom sedimentation in the North Paci®c. Three of
the Leg 145 sites (882, 883 and 887) were drilled atop
seamounts, where thick sections of biogenic sediments,
relatively free of terrigenous debris, were recovered.
Thick Neogene sections were also recovered at Site
884, on the east ¯ank of the Detroit Seamount, and at
Site 881 on the ocean basin ¯oor east of the Kuril
Islands (Rea et al. 1993). Sites 885 and 886 in the low
biologic productivity region of the central North
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Paci®c cored only a thin section (50 m) of Neogene
biosiliceous sediment. Leg 145 provided the ®rst tem-
porally lengthy Miocene magnetostratigraphic records
in the North Paci®c, extending back through magnetic
polarity Subchron C5En (18.817±18.317 Ma) from
sediments recovered at ODP Sites 884 (51827'N,
1 68820.2'E; water depth, 3836 m) and 887 (54821.9'N,
1 48826.8'W, water depth, 3645 m). Correlation of dia-
tom biostratigraphy to these magnetostratigraphic
records allows for the ®rst time the accurate construc-
tion of age models for the last 18 million years (Barron
et al. 1995).
Diatom mass accumulation rates (MARs) (g/

cm2 k.y.) for the Leg 145 sites were calculated by mul-
tiplying the percentage diatoms in the sediment by the
dry bulk density of the sediment (g/cm3) and then by
the sedimentation rate (cm/k.y.). Percentage estimates
of diatoms, as determined by shipboard scientists
through the examination of smear slides (Rea et al.
1993), are not a weight percent measurement as is nor-
mally required in estimating mass accumulation rates.
At best, such estimates represent a percent of volume
that should be proportional to a weight percent esti-
mate. Nevertheless, it can be argued [see Table 3 in
Shipboard Scienti®c Party (1990)] that visual estimates
of the abundance of biosilica generally fall within a
factor of 2 of estimates of biosilica that are made by
chemical means. Certainly, weight percent opal data
would be preferable to use for MARs; however, such
opal data has presently only been completed at Site
887 (Rea and Snoeckx 1995) and on the past 3.2 m.y.
of Site 882 (Haug et al. 1995).
Due to the subjective nature of the smear slide data,

it was decided to average data and the resulting MAR
estimates for each core (09.5 m length); meaning that
about 2 to 7 smear slide percent estimates were aver-
aged per core. Dry bulk densities were estimated by
the Gamma Ray Attenuation Porosity Evaluator
(GRAPE) by shipboard scientists (Rea et al. 1993) and
were also averaged per core. The sedimentation rate
was taken from the magnetostratigraphic and biostrati-
graphic compilations of Barron et al. (1995), and the

geomagnetic time scale of Cande and Kent (1992) has
been applied throughout this report.

Results

Figure 2 shows diatom mass accumulation rates
(MARs) for the Oligocene to Holocene at North
Paci®c ODP Sites 883, 884 and 887. Although poorly
preserved diatoms are recorded in the lowermost
Oligocene of Site 884, diverse and moderately well pre-
served diatoms ®rst occur in the upper part of the
lower Oligocene (ca. 30 Ma) (Gladenkov and Barron
1995). Nevertheless, Fig. 2 shows that diatom MARs
were quite low (<<1 g/cm2 k.y.) at Site 884 during the
late Oligocene and early Miocene until about 18.5 Ma.
Unfortunately, the upper Oligocene and most of the
lower Miocene are removed at an unconformity at Site
883 (Barron et al. 1995), but relatively common dia-
toms are present immediately above this unconformity
in lower Miocene sediments that are estimated to be
about 21 Ma in age. At northeast Paci®c Site 887 on
the Patton-Murray Seamount, diatoms ®rst appear at
about 18 Ma, an age that approximates the age of
base of the diatom-rich Monterey Formation of
California and the onset of a widespread expansion of
diatomaceous sediments in the North Paci®c (Barron
and Baldauf 1990). Western North Paci®c Sites 883
and 884 generally have higher diatom MARs than
northeast Paci®c Site 887, except for the last 1 m.y.
Site 883 on the top of Detroit Seamount (2407 m
water depth) typically has higher MARs than Site 884
(3838 m water depth) on the ¯ank of the seamount, es-
pecially for the past 10 m.y. Presumably this di�erence
re¯ects winnowing of smaller, more delicate diatoms
o� the ¯ank of the seamount.

It is apparent from Fig. 2 that the main changes in
diatom MAR's occurred after 10 Ma. A major increase
in diatom sedimentation is recorded at about 9 Ma
(event A) at Sites 883 and 884 and is followed by a
second increase between about 6.5 and 6.0 Ma (event
B). The 6 Ma increase is also clearly present at Site

Fig. 1. Location of Deep Sea Drilling Project and Ocean Drilling Program sites studied in the North Paci®c and the

Santa Barbara coastal area o� southern California.
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887, while the earlier 9 Ma increase is not evident
there.
Let us examine in more detail the late Neogene his-

tory of diatom sedimentation in the North Paci®c
region cored by Leg 145. On Fig. 3 diatom MARs for
the past 10 m.y. are compared between Detroit
Seamount Sites 883 and 882 (water depth of 3255 m,
about 90 km to the south of Site 883), Patton-Murray
Seamount Site 887, and sea¯oor Site 881. The Site 884
record has been omitted, because diatoms there are
much more poorly preserved and fragmented than
they are at nearby Sites 882 and 883. Similarly, the
records for Sites 885 and 886 in the low biologic pro-
ductivity region of the central North Paci®c are not
included, because only a thin section (50 m) of
Neogene biosiliceous sediment was recovered there.
Sedimentation rates are also shown on Fig. 3 for com-
parison with the MARs.
Increased diatom accumulation rates are recorded at

Site 883 between 6.2 and 2.7 Ma. At 6.2 Ma (event B),
diatom MARs increase abruptly from <2 g/cm2 k.y.
to >3 g/cm2 k.y.; they mostly remain between 2.5 g/
cm2 k.y. and 4 g/cm2 k.y. until 2.7 Ma, where they
sharply decline to values <1 g/cm2 wk.y. (event D). In
general diatom MARs parallel sedimentation rates,
although an increase in sedimentation rate at 4.4 Ma
(event C) from ca. 80 m/m.y. to 130 m/m.y. does not
appear to be accompanied by a major increase in dia-
tom MAR at Site 883. At nearby Site 882, however,
diatom MARs increase signi®cantly (from ca. 2 to 4±
6 g/cm2 k.y.) at 4.4 Ma, corresponding to an increase
in the sedimentation rate from 66 m/m.y. to 140 m/

m.y. The di�erences in diatom MARs between Sites
882 and 883 may re¯ect inaccuracies of estimating dia-
toms by smear slides.

The records at both Sites 882 and 883 show a major
decline in diatom MARs and sedimentation rate at
about 2.7 Ma. Detailed laboratory determinations by
Haug et al. (1995) of opal for the past 3.2 m.y. at Site
882 reveal that a sharp decrease in opal MAR from
>3 g/cm2 k.y. to <1 g/cm2 k.y. at 2.73 Ma coincided
with a major increase in ice rafted detritus, signaling
the onset of extensive Northern Hemisphere glaciation.

Site 887 has lower diatom MARs (generally 01 g/
cm2 k.y.) than Sites 882 and 883, although comparable
or higher diatom MARs characterize the last 0.5 m.y.
As at Site 883, diatom MAR's increase at about
6.2 Ma (event B), but the increase is more gradual at
Site 887. The abrupt increase in sedimentation rate
from ca. 10 to >40 m/m.y. at 6.2 Ma, however,
suggests that the gradual nature of this MAR increase
may be due to the practice of averaging MAR values
per coreÐone core (or about 9.5 m) is equivalent to
about 1 m.y. duration prior to 6.2 Ma.
Correspondingly, MAR's decline from about 1 g/
cm2 k.y. to <0.5 g/cm2 k.y. between about 3.1 and
2.6 Ma, coincident with a decrease in sedimentation
rate from 30 m/m.y. to 15 m/m.y. that is recorded at
2.7 Ma (event D).

Site 881, on the ¯oor of the ocean basin, also shows
increased diatom MARs (to >2 g/cm2 k.y.) at 4.4 Ma
(event C). Poor recovery of sediments older than 5 Ma
limits interpretation of the diatom MAR. In contrast
to the Detroit Seamount sites, diatom MARs increase
abruptly (to >4 g/cm2 k.y.) at about 2.6 Ma (event D),
coinciding with an increase in sedimentation rate from
33 to 100 m/m.y. and a major increase in ice rafted
detritus (Shipboard Scienti®c Party 1993). After
2.0 Ma, the sedimentation rate drops to about 66 m/
m.y., and diatom MAR shows considerable ¯uctuation
but is generally <2 g/cm2 k.y. Seismic stratigraphy
(Hamilton 1995) reveals that the section deposited
between 2.6 and 2.0 Ma (165 and 113 m below sea-
¯oor) at Site 881 represents localized channel ®ll and is
not regionally representative. The abundant presence
of fragmented, robust diatoms in these sediments also
argues for redeposition by bottom currents.

Comparison with other parts of the North
Paci®c

It would be instructive to make some preliminary
comparisons of the Leg 145 diatom accumulation rates
with those from middle latitude regions of the North
Paci®c.

Site 438 o� northeast Japan

Deep Sea Drilling Project Site 438 (40837.79' N,
143814.15' E, water depth 1558 m) (Fig. 1) is a key
reference section on the continental slope o� northeast
Japan that contains a thick sequence of Pliocene and
Miocene diatomaceous sediments (Shipboard Scienti®c
Party 1980). Detailed diatom biostratigraphic data
compiled by Barron (1980) and Akiba (1986) allow the
construction of an age model for Site 438 using the

Fig. 2. Diatom mass accumulation rates for North Paci®c Sites 883,

884 and 887 for the past 35 million years.
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updated diatom datum level ages of Barron and
Gladenkov (1995); additional microfossil data for Site
438 (Lazarus et al. 1995) provide further age control.
Application of this age model to shipboard data on

percent diatoms and sediment density allows the calcu-
lation of the sedimentation rate and diatom MARs for
the past 10 m.y. at Site 438 (Fig. 4). Smear slide esti-
mates of the percent diatoms and GRAPE measure-
ments of the wet bulk density have been taken from
Shipboard Scienti®c Party (1980). Dry bulk density
was estimated from GRAPE wet bulk density by using
the formula of Haug et al. (1995).
Diatom MARs at Site 438 are generally low

(<1.5 g/cm2 k.y.) with the exception of two intervals
of markedly increased values. Between about 5.7 and
4.5 Ma (event C), MAR roughly doubles to ca. 3 g/
cm2 k.y., whereas MARs of between 3 and 4 g/cm2 k
y. are suggested between 3.1 and 2.6 Ma (event D).
Both of these MAR increases are associated with
major increases in the sedimentation rate. The inter-
vening 4.5±3.1 Ma interval of decreased diatom MAR
approximates the interval of greatest diatom MARs
and fastest sedimentation rates at Detroit Seamount
Site 882 (Fig. 3). Minor increases in sedimentation rate
are observable at 9.0 Ma (event A) and 6.2 Ma (event
B), but diatom MAR does not change signi®cantly at
these times.
The sedimentation rate at Site 438 declines sharply

at 2.7 Ma from over 200 m/m.y. to about 20 m/m.y.,
resulting in a greater than three-fold decrease in dia-
tom MAR (from ca. 3 to <1 g/cm2 k.y.) (Fig. 4).
Although it is tempting to correlate this major MAR
decrease with 2.7 Ma (event D) decreases at Sites 882,
883 and 887 (Fig. 3), Arthur et al. (1980) argue that

regional uplift at Site 438 during the latest Pliocene
and Pleistocene shifted the main locus of hemipelagic
deposition seaward and was responsible for this sedi-
mentation change.

California

On the bottom part of Fig. 4, estimates of biogenic
silica MAR for the Monterey and Sisquoc Formations
of the Santa Barbara coastal area of southern
California as determined by Isaacs (1983, 1985) have
been plotted for comparison with the Site 438 record
(the ages and biochronology on the Monterey and
Sisquoc Formations have been updated). Various stu-
dies including the author's observations show that
practically all of the biogenic silica in Monterey rocks
was contributed by diatoms, so biogenic silica MAR is
essentially equivalent to diatom MAR. Note the MAR
scale has been doubled over that shown in the top half
of Fig. 4.

The MAR of biosilica in the upper Monterey
Formation undergoes stepwise increases at about 8.5
and 7.6 Ma, corresponding, respectively, to the bases
of Isaacs' upper calcareous±siliceous and clayey±silic-
eous members (Isaacs 1983). The precise timing of
these increases is rather uncertain, because Isaacs
(1983) averaged her MAR data for the stratigraphic
units as a whole. Maximum biosilica MARs in the
upper Monterey Formation (ca. 6 g/cm2 k.y.) are com-
parable with the maximum diatom MARs that occur
later in the middle part of the Pliocene between 4.4
and 2.7 Ma at Detroit Seamount Site 882 (Fig. 3).
However, the overlying Sisquoc Formation, which
ranges in age from 6.5 Ma at its base to about 4.0 Ma

Fig. 3. Diatom mass accumulation rates for the past 10 million years compared with the sedimention rates (diagonally

striped line) at Sites 881, 882, 883 and 887.
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at its top (Dumont and Barron 1995), has an average
biosilica MAR that is considerably higher (ca. 13 g/
cm2 k.y.) than those of the Monterey. Above the
Sisquoc Formation, biosilica is almost totally masked
by clastic debris in coastal California rocks and was
not measured by Isaacs (Isaacs, 1983, 1985).
Examination by the author of numerous smear slides
of these post-Sisquoc sediments during the past
25 years has shown them to be very poor in diatoms.
The onset of the Sisquoc maximum in biosilica

MAR slightly precedes a major increase in diatom
MAR (event B) at Detroit Seamount Site 883 and
Patton-Murray Seamount Site 887 (Fig. 3). The top of
the Sisquoc Formation at about 4.0 Ma approximates
an increase in diatom MAR at Site 887, but it post-
dates the major increase in diatom MAR that occurred
at Site 882 at 4.4 Ma (event C) (Fig. 3). It should be
pointed out, however, that the Sisquoc Formation is
quite variable in thickness and its top may be locally
as old as 5.0 Ma (Barron 1992). At o�shore DSDP
Sites 467 (33850.97'N, 120845.47'W, water depth
2128 m) and 469 (32837.00'N, 120832.90'W, water
depth 3790 m)(Fig. 1), which are more isolated from
the in¯ux of clastic material, sediments deposited
between ca. 4.5 Ma (event C) and 2.7 Ma (event D)
contain rare, poorly preserved diatoms, suggesting a

major decline in diatom productivity occurred during
the middle part of the Pliocene (Barron, 1981 1992)
(Fig. 4).

Discussion

It may be tempting to follow Barron and Baldauf
(1990) and attribute late Neogene changes in diatom
sedimentation in the North Paci®c to high latitude
cooling or warming and its e�ect on upwelling and
diatom productivity. It is worth noting, however, that
during the late Miocene and Pliocene, intermediate
and surface water ¯ow across the Central American
Seaway were progressively cut o� (Keller et al. 1989;
Farrell et al. 1995), most likely leading to enhanced
basin±basin fractionation between the North Paci®c
and the North Atlantic and increased nutrient avail-
ability in the North Paci®c. It is therefore appropriate
to discuss each of the four late Neogene events (A±D)
that signal major change in North Paci®c diatom sedi-
mentation (Figs 2±4) both in terms of long-term
changes in paleoclimatology and basin±basin fraction-
ation. Because the closure of the Central American
Seaway would result in enhanced basin±basin fraction-
ation (Broecker and Peng 1982; Maier-Reimer et al.
1990), it would also be worthwhile to review important
paleoceanographic changes that have been linked to
the shoaling of the sill across the Isthmus of Panama.
Figure 5 compares the late Neogene changes in diatom
sedimentation (events A±D on Figs 2±4) with a spliced
record of high latitude cooling as revealed by benthic
foraminiferal oxygen isotope data from DSDP Sites
588 and 590 (Kennett 1986) and to paleoceanographic
events that are tabulated by Farrell et al. (1995) which
signal the progressive closing of the Central American
Seaway. This isotope curve was used, because it is
directly tied to paleomagnetic stratigraphy back
through the entire late Miocene (Barton and
Bloemendal 1986).

Event A

Was the 9 Ma (event A) increase in diatom MAR
that is observed at Sites 883, 884 and 438 caused by
high latitude cooling or in part by the uplift of Central
America and intensi®cation of basin±basin fraction-
ation between the North Paci®c and the North
Atlantic? According to the benthic foraminiferal oxy-
gen isotope curve of Sites 588±590, this event coincides
with a negative shift or high latitude warming, rather
than a positive shift (Fig. 5). The event postdates the
Mi7 cooling event of Wright et al. (1992), which is cor-
related with the lowermost part of magnetic polarity
Chron C4A, by about 0.5 m.y. In terms of diatom
zones, event A falls at the boundary between the
Denticulopsis dimorpha Range Zone and the overlying
D. katayamae Partial Range Zone, an interval charac-
terized by a warming trend in diatom and planktonic
foraminiferal assemblages according to Barron and
Keller (1983). Thus, it is not entirely clear that the
event A increase was due to high latitude cooling.

On the other hand, beginning at about 8.8 Ma (age
updated) the d13C of North Atlantic and Paci®c deep
waters began a steady divergence which Wright et al.

Fig. 4. Diatom mass accumulation rates at Site 438 o� northeast

Japan (upper part) compared with Isaacs' (Isaacs, 1983, 1985) esti-

mates biosilica accumulation rates in the Monterey and Sisquoc for-

mations in the Santa Barbara area of southern California for the

past 10 million years. Sedimentation rate at Site 438 is shown by the

diagonally striped line.
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(1991) attributed to an increase in the production of
Northern Component Water (the ancestor to NADW).
This would have lead to increased basin±basin frac-
tionation and enhanced nutrient levels in North Paci®c
deep waters, which may have, in turn, lead to
increased diatom productivity in surface waters of the
North Paci®c. Between 10 and 9 Ma a widespread car-
bonate dissolution event occurred throughout the
equatorial Paci®c (the ``carbonate crash''), which Lyle
et al. (1995) attributed to the cessation of the ¯ow of
less corrosive Caribbean intermediate and deep water
into the Paci®c, caused by the shoaling of the sill
across the Central American Seaway. Some inter-
change of North and South American mammals began
between 9.9 and 8.7 Ma, suggesting the presence of a
chain of closely spaced islands in the Central America
region according to Marshall (1988). It would thus
seem possible that the increased diatom productivity in
the North Paci®c and the equatorial Paci®c at 9 Ma
(event A) was triggered by partial closure of the
Central American Seaway.

Event B

Event B at 6.2 Ma marks a major increase in diatom
MARs at the higher latitudes of the North Paci®c
(Figs 3 and 4), but it appears to postdate by 300 k.y. a
major high latitude cooling event at about 6.5 Ma
according to the Site 588±590 benthic foraminiferal
oxygen isotope curve (Fig. 5). Increases in diatom
MARs in southern California (6.5 Ma) and at Site 438

o� northeast Japan (5.5 Ma) (Fig. 4) appear to be
more closely tied to positive shifts in the Site 588±590
isotope curve (Fig. 5), suggesting that high latitude
cooling may have stimulated upwelling and diatom
productivity at these middle latitude locations. Hodell
et al. (1994) recently compiled a high resolution
benthic foraminiferal oxygen isotope curve for the
uppermost and lowermost Miocene of Morocco which
displays the same trend as the Site 588±590 curve.
Event B (6.2 Ma) again lies in an interval of ¯uctuat-
ing (at 40 k.y. intervals) isotope values, falling between
major oxygen isotope increases that are dated at 6.8
(stage C3Ar.180.12) and 5.63 Ma (stage TG22).

Event B slightly postdates the 6.7 Ma onset of ``lat-
est Miocene±earliest Pliocene biogenic bloom'' of
Farrell et al. (1995), which is characterized by signi®-
cant increases in both CaCO3 and opal MARs in the
eastern equatorial Paci®c. Farrell et al. (1995) point
out the widespread nature of this ``latest Miocene±ear-
liest Pliocene biogenic bloom'' in the low-latitude
Indo-Paci®c region. Biogenic carbonate sedimentation
in the western equatorial Paci®c peaks at about 6.6 Ma
and declines steadily after 5 Ma according to (Berger
et al. 1993). Sharp maxima in carbonate MARs are
recorded by Peterson et al. (1992) between about 6
and 4 Ma along the Arabian margin and at ODP Site
707 in the low-latitude Indian Ocean. Berger et al.
(1993) suggest that this latest Miocene-earliest Pliocene
biogenic bloom was caused by greater nutrient concen-
trations in Paci®c waters due to increased production
of NADW (increased basin±basin fractionation), but

Fig. 5. Comparison of major late Neogene changes in North Paci®c diatom mass accumulation rates (MAR) with the

spliced oxygen isotope record from Sites 588 and 590 and with major events in the emergence of the Isthmus of Panama.

The diatom zonation is that of Akiba (1986) and Barron and Gladenkov (1995) and the geomagnetic polarity time scale

is that of Cande and Kent (1992).
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Farrell et al. (1995) argue for regional fractionation of
nutrients, rather than a global increase in the supply
of nutrients to the ocean, because of their observation
of sharp intra-basinal di�erences of opal and CaCO3

in the eastern equatorial Paci®c.
Keigwin (1982a) noted increased contrast between

Paci®c and Caribbean benthic foraminifer d13C begin-
ning at 6.8±6.6 Ma (equivalent to the end of the late
Miocene carbon shift), which he interpreted to be evi-
dence of termination of deep-to-intermediate-water
exchange across the Central American Seaway caused
by shoaling of the sill. Wright et al. (1991), however,
did not record increased contrast between North
Atlantic and Paci®c benthic foraminifer d13C at this
time, so it is unclear whether there was an overall
increase in basin±basin fractionation. Yet, Keller et al.
(1989) argued that intermediate water ¯ow from the
Paci®c into the Caribbean became restricted at 6.8±
6.6 Ma (ages updated) based on a planktonic forami-
niferal assemblage change that they related to the
onset of major upwelling in the western Caribbean.
The latest Miocene is characterized by highly ¯uctu-

ating oxygen isotope values and rapidly changing
paleoceanographic conditions (Hodell et al. 1994). A
combination of high-latitude cooling and gradual reor-
ganization of North Paci®c water masses, possibly in
response to partial closure of the Central American
Seaway, may have been responsible for the seemingly
progressive nature of latest Miocene increases in dia-
tom sedimentation in di�erent regions of the North
Paci®c (Fig. 5).

Event C

At about 4.5 Ma (event C), diatom MARs increased
at higher latitudes of the northwest Paci®c, while they
declined at Site 438 o� northeast Japan and were
apparently waning o� southern California (Figs 3 and
4). The Site 588±590 oxygen isotope curve (Fig. 5)
suggests that 4.5 Ma marked the onset of a period of
sustained high latitude warming that lasted at least
1 m.y. In terms of high resolution Pliocene isotope
curves, Shackleton et al. (1995) note that the interval
from 4.5 to 3.5 Ma was characterized by d18O values
that are almost entirely lower than present-day values.
Other evidence for climatic warming in the North
Paci®c at this time comes from the study by Lagoe et
al. (1993) of the Yakataga Formation in the Gulf of
Alaska, which revealed that glaciomarine sedimen-
tation was terminated at 4.4 Ma and did not resume
until about 3 Ma (ages updated).
Haug et al. (1995) showed that intervals of increased

opal and carbonate ¯ux at Detroit Seamount Site 882
during the middle part of the Pliocene coincided with
global interglacial periods. They argued that enhanced
circulation of North Atlantic Deep Water during these
interglacial intervals supplied higher levels of nutrients
to the surface waters of the high latitude Paci®c and
fueled diatom and coccolith productivity. There
appears, however, to be little evidence of a major
increase in the d13C contrast between benthic forami-
niferal records of the Atlantic and Paci®c at this time
(Whitman and Berger 1993), so it is not clear that
basin±basin fractionation was enhanced signi®cantly.
Rather, during this climatically warm period, large

quantities of relatively warm, saline surface waters
penetrated further to the north (Barron 1995).
Sancetta and Silvestri (1986) argue that the modern
subarctic water mass did not exist in the western
Paci®c, but a broad transition zone between warmer
and cooler waters was present in the North Paci®c,
with a northern margin north of 488N and a southern
margin south of 418N. Such a broad transition zone
would have resulted in a northward spread of rela-
tively warm, salty surface waters, which would lead to
enhanced evaporation at the surface and an increased
upward di�usion of nutrient-rich deep waters and
fueled diatom productivity (Haug et al. 1995). The
apparent decline in diatom productivity in middle lati-
tude regions, such as Site 438 o� Japan and southern
California and increase in higher latitude regions of
the northwest Paci®c at about 4.5 Ma, is further indi-
cation of a circulation change at this time.

Additional evidence of changing paleoceanography
in the Paci®c at about 4.4 Ma comes from the eastern
equatorial Paci®c, where Farrell et al. (1995) document
a permanent eastward shift in the locus of maximum
opal MAR from the eastern equatorial Paci®c Basin
(near 08N, 1078W) to the Galapagos region (near 38S,
928W). At this time there was also a marked decline in
the level of CaCO3 MAR throughout the eastern equa-
torial Paci®c, signaling an end of the latest Miocene-
earliest Pliocene ``biogenic bloom'' (Farrell et al.
1995). Farrell et al. (1995) suggest that shoaling of the
Isthmus of Panama at 4.4 Ma caused the cessation of
the out¯ow of nutrient rich waters of the North
Equatorial Countercurrent into the Caribbean, result-
ing in a backup of nutrients in the Galapagos region
and leading to increased diatom sedimentation there.
Cessation of the minor westward ¯ow of nutrient-
depleted Caribbean waters into the eastern equatorial
Paci®c region east of the Galapagos at this time might
also have aided increased diatom production in that
region. On the other hand, Hovan's (Hovan 1995)
eolian sediment data show that trade-wind strength
decreased in the eastern equatorial Paci®c between 5.0
and 4.0 a, resulting in a southward shift in the position
of the intertropical convergence zone which may have
led to a narrowing of the zone of maximum upwelling
along the equator.

Keller et al. (1989) argued for increasingly restricted
surface current ¯ow across the Central American
Seaway beginning at 4.4 Ma (age updated) based on
comparison of planktonic foraminiferal assemblages at
DSDP Sites 502 and 503, on either side of the Isthmus
of Panama. Similarly, Keigwin (1982a,b) reported that
planktonic foraminiferal d18O values at Caribbean Site
502 became signi®cantly heavier than those of eastern
equatorial Paci®c Site 503 beginning at 4.4 Ma (age
updated), implying that surface waters in the
Caribbean suddenly became much more saltier than
those in the eastern equatorial Paci®c due to the
restriction of ¯ow of less saline Paci®c surface waters
into the Caribbean. Thus, it would appear that the
onset of a period of climatically warmer high-latitude
paleotemperatures and paleoceanographic changes
linked with a shoaling of the Isthmus of Panama may
have combined to cause major changes in diatom sedi-
mentation in the Paci®c at about 4.5 Ma.
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Event D

After 2.7 Ma (event D), diatom accumulation rates
abruptly decline at the higher latitudes of the North
Paci®c (Fig. 3) (Sites 882, 883, and 887), coincident
with a major increase in ice rafted detritus (Haug et al.
1995) (Fig. 5) and the onset of Northern Hemisphere
glaciation. Cooling and freshening of surface waters
would have increased vertical strati®cation in the high
latitude North Paci®c and would have hindered the
upward di�usion of nutrient-rich deep waters, leading
to decreased opal sedimentation. At the same time,
Raymo et al. (1992) show that after 2.75 Ma, NADW
production was gradually suppressed by global cool-
ing, implying at least a temporary decrease in basin±
basin fractionation.
As stated earlier, the MAR and sedimentation rate

increase at 2.7 Ma at Site 881 (Fig. 3) appears to be
due to localized channel ®ll and is not representative
of regional trends in diatom accumulation. A true
increase in diatom accumulation o� California at
about 2.7 Ma, on the other hand, is implied by the
replacement of dissolved diatoms by well-preserved
diatom assemblages at this time at DSDP Sites 467
and 469 o� southern California (Fig. 4). Presumably,
this preservational change re¯ects enhanced diatom
productivity due to an increase in wind driven upwel-
ling o� southern California (Barron 1981, Barron
1992).
The Isthmus of Panama apparently had completely

emerged by 2.7 Ma (age updated) according to most
workers (Keigwin, 1982a; Lundelius 1987; Coates et al.
1992), so it is unlikely that the 2.7 Ma decline in dia-
tom sedimentation (event D) in the high-latitude
North Paci®c was directly related to the closure of the
Central American Seaway. Rather, major reorganiza-
tion of surface (Sancetta and Silvestri 1986) and inter-
mediate (Haug et al. 1995) water masses at about
2.7 Ma are the likely causes of contemporaneous
changes in diatom sedimentation patterns that are
documented in the North Paci®c.

Comparison with laboratory data

In Section 2, it was argued that the smear slide esti-
mates of the percentage diatoms that were used to cal-
culate diatom MAR are proportional to laboratory
measurements of the weight percent opal, with the
di�erences generally being within a factor of 2. In
Fig. 6 estimates of diatom MAR at Sites 887 and 882
are compared directly with the respective laboratory
measurements of opal MAR made at these sites by
Rea and Snoeckx (1995) and Haug et al. (1995). In the
two intervals that are compared, 1±10 Ma at Site 887
and 2.4±3.2 Ma at Site 882, diatom MAR appears to
approximate the opal MAR within a factor of 2 or
less, considering that the diatom MAR values are aver-
aged for each core. The high resolution nature of the
opal MAR data allows for a more accurate estimation
of the MAR events. The event B MAR increase event
occurs at 6.1 Ma at Site 887, whereas the event D
MAR decrease is dated at 2.73 Ma at Site 882. The D
event is not so evident in the opal MAR record of Rea
and Snoeckx (1995) at Site 887. Clearly, laboratory de-
terminations of opal weight percent are preferable to

visual estimates of percent diatoms, but the latter esti-
mates are routinely completed by shipboard scientists
on all sediment collected by the Ocean Drilling
Program (and its predecessor, the Deep Sea Drilling
Project) and o�er a means for making low resolution,
regional comparisons.

Conclusions

Diatom mass accumulation (MARs) rates for North
Paci®c sections collected by Ocean Drilling Program
Leg 145 were estimated based on shipboard smear
slide and density data using age models that bene®ted
from improved magnetostratigraphic calibration of
Miocene diatom biostratigraphy. These records show
that diatom productivity in the high latitude North
Paci®c was relatively weak until the later part of the
early Miocene (ca. 18±19 Ma), when modest increases
in diatom MAR (to <0.5 g/cm2 k.y.) occurred at Sites
884 and 887, coincident with an expansion of biosilic-
eous sedimentation throughout the North Paci®c
(Fig. 2) (Barron 1992). These increases are part of the
low latitude Atlantic-to-North Paci®c ``silica shift'' of
Keller and Barron (1983), and they appear to signal an
enhancement of North Atlantic±Paci®c basin±basin
fractionation (Barron and Baldauf 1990) as measured
by increasing contrast between the benthic foraminif-
eral d13C of the two ocean basins (Wright et al. 1992).

The greatest changes in biosiliceous sedimentation in
the North Paci®c, however, took place during the late
Neogene. Detailed comparison of the diatom MAR
records at North Paci®c Sites 881, 882, 883 and 887
with records at DSDP Site 438 o� northeast Japan
and in coastal outcrops of the Monterey and Sisquoc
formations of southern California reveals that at least
four major changes in diatom sedimentation patterns
occurred in the North Paci®c during the last 10 m.y.

At 9 Ma (event A), diatom accumulation rates
increased in the northwest Paci®c (Sites 883 and 884)

Fig. 6. Comparison of diatom MAR estimates (empty squares) with

published opal MAR data (solid squares) in selected intervals of

Sites 882 and 887. Diatom MAR is based on visual estimates of per-

cent diatoms and is averaged for each core.
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and o� northeast Japan (Site 438). A slightly younger
(8.5 Ma) biogenic silica MAR increase is suggested for
the Monterey Formation in southern California by
Isaacs (Isaacs, 1983, 1985), but it is poorly constrained
by biostratigraphy. Event A appears to fall within an
interval of global warming or relatively stable paleo-
temperatures, so it does not seem likely that the dia-
tom MAR increase was due to enhanced upwelling
caused by high latitude cooling. A major divergence of
benthic foraminiferal d13C data that began at about
8.8 Ma (Wright et al. 1991) is taken as evidence of
enhanced North Atlantic±Paci®c, basin±basin fraction-
ation which would have increased nutrient levels in the
North Paci®c and fueled increased diatom pro-
ductivity. Because there is both paleoceanographic
(Lyle et al. 1995) and faunal (Marshall 1988) evidence
for shoaling of the Isthmus of Panama immediately
prior to 9 Ma, it is possible that reduced ¯ow of inter-
mediate waters from the Caribbean to the Paci®c may
have caused an enhancement of nutrient levels in
North Paci®c deep waters that ultimately led to
increased diatom productivity.
A second expansion of diatom sedimentation in the

North Paci®c occurred progressively during the latest
Miocene, seemingly beginning at 6.5 Ma in coastal
California, spreading to the high latitudes at 6.2 Ma
(event B), and ®nally a�ecting Site 438 o� northeast
Japan at 5.5 Ma (Figs 3 and 4). This stepwise increase
follows slightly the 6.7 Ma onset of a latest Miocene-
earliest Pliocene biogenic bloom that is documented in
the eastern equatorial Paci®c and it mostly falls
between major high latitude cooling steps that are
identi®ed by oxygen isotope studies (Fig. 5). Although
it does not seem to coincide with an increase in basin±
basin fractionation according to d13C benthic forami-
niferal records of Wright et al. (1991), it does immedi-
ately follow a time (6.8±6.6 Ma) when both planktonic
foraminiferal and isotope data both suggest that inter-
mediate water ¯ow was further restricted across the
Isthmus of Panama (Keigwin, 1982a; Keller et al.
1989). Progressive high latitude cooling, coupled with
a gradual reorganization of North Paci®c water
masses, appear to be responsible for these latest
Miocene changes in diatom sedimentation in the
North Paci®c.
At about 4.5 Ma (event C) diatom accumulation

rates appear to have declined at middle latitudes of the
North Paci®c (Site 438 and o�shore southern
California) while they increased at higher latitudes of
the northwest Paci®c (Sites 882 and 883) (Figs 3 and
4). No change is observable at northeast Paci®c Site
887. This event appears to coincide with the onset of
generally warmer high latitude paleotemperatures that
persisted for at least another million years (Fig. 5)
(Shackleton et al. 1995). It is reasoned that transport
of warmer, more saline waters to higher latitudes of
the North Paci®c may have lead to a decrease in the
vertical strati®cation of the water mass and permitted
increased upwelling of nutrient rich deep waters that
fueled diatom production (Haug et al. 1995). At the
same time, a reduced pole-to-equator thermal gradient
may caused a slackening of o�shore winds and
reduced upwelling along the coasts of Japan and
southern California at this time, leading to a decline in
diatom productivity there.

In the eastern equatorial Paci®c, the locus of maxi-
mum opal accumulation permanently shifted eastward
to the region east of the Galapagos Islands at 4.4 Ma,
possibly as a result of the shoaling of the Isthmus of
Panama and a cessation of major surface water ¯ow
from the Paci®c into the Caribbean (Farrell et al.
1995). Published comparisons of North Atlantic±
Paci®c d13C isotope records do not suggest increased
basin±basin fractionation at this time, so it would be
premature to suggest that shoaling of the Isthmus lead
to enhanced nutrient levels in North Paci®c deep
waters at this time. Nevertheless, Haug et al. (1995)
convincingly argue that increased opal and carbonate
production at northwest Paci®c Site 882 during inter-
glacial periods of the middle Pliocene are due to
strengthening of the NADW-driven, ``conveyor belt''
of deep water circulation.

At 2.7 Ma (event A) major cooling of surface waters
and the southward spread of icebergs caused increased
vertical strati®cation of water masses in the North
Paci®c, resulting in a slackening in the upwelling of
nutrient-rich deep waters in the northwest Paci®c
(Haug et al. 1995). Diatom MARs at high latitude
Sites 882, 883 and 887 sharply declined, and high dia-
tom productivity probably shifted more toward the
coasts of Asia and North America under the in¯uence
of increased zonal winds. Increased o�shore winds
appear to have enhanced upwelling and renewed dia-
tom productivity o� the coast of southern California
at about the same time (Barron 1981 Barron 1992).
Modern patterns of diatom sedimentation were largely
established over broad regions of the North Paci®c at
this time, although diatom productivity increased
markedly during the 0.8 m.y. at northeast Site 887,
where it likely re¯ects a greater focusing of the sub-
polar upwelling system associated with the Alaskan
gyre (Rea and Snoeckx 1995).
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