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ABSTRACT

Analysis of the variation in Neogene and Quaternary sediment types in the eastern Equatorial Pacific Ocean reveals distinctive
spatial and temporal patterns. Miocene sediments are nannofossil oozes with increased diatom contents in equatorial sites. All the
major Miocene carbonate-silica variations within near equatorial sites and in the early and middle Miocene age sediments of Site
844, result from the episodic and widely correlatable sedimentation of laminated diatom mat deposits. In sites farther from the
equator, the only major middle-late Miocene carbonate/silica variation is a period of carbonate dissolution that developed over
several hundred thousand years and had a maximum intensity at 8.92 to 8.71 Ma. The complex and varied causes and expressions
of carbonate/silica (and, hence, seismic impedance contrast) variation during the early late Miocene suggest that great care will
be required in the use of seismic reflectors as agents for correlating Oceanographic events. Diatom mat deposits and their
bioturbated remnants are found in some sites north of the equator, and in some to the south, suggesting a link with the Equatorial
Current systems. Major changes occurred during the Pliocene, with (1) no preservation of diatom mat deposits after 4.37 Ma; (2)
a major carbonate dissolution episode between 3.88 and 3.18 Ma; and (3) the inclusion of foraminifers as an important sediment
component in middle Pliocene through Quaternary sediments. In contrast to the diatom mat deposits, a major Pliocene-Pleistocene
interval of elevated diatom contents and diatom-rich interbeds is best developed to the south at Site 846 and fades to the west and
north, suggesting a strong link to the Peru Current/South Equatorial Current (PC-SEC) system.

INTRODUCTION

The range of surface- and deep-water processes involved and the
steep gradients in temperature, productivity, and sediment flux in the
eastern equatorial Pacific Ocean have combined to produce diverse
pelagic sedimentary facies. Previous studies of changes in the accu-
mulation patterns of these sediments highlighted several significant
spatial and temporal changes during Neogene and Quaternary time
(e.g., van Andel et al., 1975; Leinen, 1979; Mayer, Theyer, Thomas.,
et al., 1985). The principal objective of Leg 138 was to generate a
series of continuous sediment sections (Fig. 1), both along and across
the equator that would facilitate a new definition and understanding
of these spatial and temporal variations.

The purpose of this study is to complement the profusion of
multiparameter data sets produced from Leg 138 cores (either "re-
motely sensed" or taken from homogenized samples) by synthesizing
the observational sedimentology performed during shipboard core
description and in subsequent shore-based study. These observational
data are critical for distinguishing the relative influence of surface-
and deep-water processes in producing the sedimentary record (for
example, the gamma-ray attenuation porosity evaluator [GRAPE]
signal cannot distinguish between diatom-rich interbeds and radio-
larian-rich interbeds).

There is increasing use, within the field of paleoceanography, of
multi-parameter data sets, either taken from discrete samples (stable
isotopes, quantitative micropaleontology, nutrient/proxy analysis) or
by continuously measured parameters (GRAPE; magnetic suscepti-
bility, and so forth). This has led to a reduction in the role of observa-
tional sedimentology (visual core description) to such an extent that
important features of the cores in the past have been overlooked.
Recently, however, observational sedimentology, based on detailed
visual core description and photography enhanced by electron mi-
croscopy has played a key role in identifying extensive laminated
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Figure 1. Location map for Leg 138 sites showing position with respect to
major current systems. Arrows indicate surface and subsurface currents. CAC
= California Current; NEC = North Equatorial Current; NECC = North
Equatorial Countercurrent; EUC = Equatorial Undercurrent; SEC = South
Equatorial Current; PC = Peru Current; CHC = Chile Current. Shaded areas
indicate the general latitudinal extent of the SEC and NEC.

diatom mat deposits within the eastern equatorial Pacific, both in Leg
138 cores and in DSDP Leg 85 cores (Kemp and Baldauf, 1993).

Apart from the distinctive laminated diatom mat deposits de-
scribed in detail elsewhere (Kemp and Baldauf, 1993; Pearce et al.;
Kemp et al.; King et al., this volume) several other distinctive sedi-
ment types and facies were identifiable in many of the Leg 138 cores.
Sediment characterization is based primarily on variations in color,
bedding characteristics, fabrics, distinctive minor lithology compo-
nents (e.g. sediment preserved only in burrow fills), and composition
deduced from smear-slide analysis. Almost all smear-slide analysis
during Leg 138 was conducted by three operators: M. Leinen, M.
Levitan, and A. Kemp. The combination of a small number of expe-
rienced observers and intercallibration led to a high level of consis-
tency in results. These results are the basis for the Leg 138 site
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Figure 2. Deep burrows preserve near-end-member sediment from complete
homogenization in the surface mixed layer. The top series shows the mixing
and "diluting" effects of bioturbation on a deposit of contrasting composition
to that of the enclosing sediment. The lower series shows the effect of deep
burrowers that rapidly remove some near-surface sediment below the mixed
layer, resulting in preservation of material nearer the original surface-layer
sediment composition.

summary logs produced in Figures 5 through 7. In addition, a number
of minor sediment features, such as burrow fills, and some subtle
variations in sediment color and composition were used to distinguish
important trends in deposition that are discussed below.

TIME SCALES AND CORRELATION

The time scale of Berggren et al. (1985) is used, together with a
few modifications to the age of datums resulting from refined mag-
netostratigraphic/biostratigraphic correlation. These are detailed in
the explanatory notes of Mayer, Pisias, Janecek, et al. (1992). The
tuned time scale given in Shackleton et al. (this volume) and used
by other authors is now known to be incorrect as a result of "tun-
ing" through intervals of diatom mat deposits (N. Shackleton, pers.
comm., 1993). Discussion about the timing of changes in sedimenta-
tion is based on magnetic polarity time scales and nannofossil and
diatom datums given in Mayer, Pisias, Janecek, et al., (1992). Note
that many nannofossil datums are located to within a few centimeters
in the cores. The ages quoted to one or two decimal places below are
mostly nannofossil datums. The sedimentation rates given below are
bulk sedimentation rates, based again on Berggren et al.'s (1985) time

scale and listed in full in the individual site chapters of Mayer, Pisias,
Janecek, et al. (1992). To permit intercomparison and correlation with
other studies, I have included reference to specific biostratigraphic
and paleomagnetic reference datums.

SIGNIFICANCE OF MINOR LITHOLOGIES
OCCURRING IN BURROW FILLS

Burrow fills encountered in many Leg 138 cores are not only
distinguished by different coloration, but often also by differences in
composition, from the enclosing sediment. Such burrow fills preserved
in deep-sea cores represent the last imposed burrows beneath the
surface mixed layer (8-11 cm deep, Gage and Tyler, 1990) that are
emplaced by deep burrowers (Berger et al., 1979; Ekdale et al., 1984;
Kemp, this volume). The mechanism of formation of these structures
provides a means of preserving surficial sediments, by rapid transit
through the surface mixed layer, where complete homogenization
occurred (Fig. 2). Thus, burrow fills contain near-end-member sedi-
ment compositions, more representative of any changing flux or
bottom-water conditions that led to their formation. They are particu-
larly useful in preserving a record of rapidly sedimented material, such
as diatom mat deposits (Fig. 2; PI. 3). Two distinct examples of bur-
rows that contain near-monospecific assemblages of Thalassiothrix
longissima (the mat-forming diatom) occur in the record. The most
common comprises darker olive gray (5 Y hue), T. longissima-nch bur-
row fills within paler nannofossil ooze (PI. 3, Fig. 2). Considerable var-
iation is seen in the intensity of this type. In intervals interbedded with
laminated diatom ooze, abundant dark burrows commonly contain T.
longissima mat fragments (PL 3, Fig. 2). Dark, diatom-rich burrows
also are common during mat-forming episodes within sites that do not
contain laminated diatom ooze (e.g., 4.4 Ma at Site 851). There is a
continuous spectrum from this type to burrows that contain less pure,
diatom-nannofossil ooze within nannofossil ooze sequences (such as
the early Miocene sediments at Site 844). The second, less common,
form of diatom-rich burrow fill comprises pale, near-monospecific
T. longissima burrows within brownish, low sedimentation-rate se-
quences that vary from foraminifer ooze to oxide-rich clay (PI. 3, Fig.
3). This burrow type is confined to earliest late Miocene age sequences
at Sites 845 and 852. These remnants of original layers provide impor-
tant and unique information about the depositional history.

PALE/DARK INTERBEDS: CARBONATE
SILICA CYCLICITY

Many of the sequences encountered during Leg 138 drilling are
characterized by decimeter- to meter-scale alternations between pale
(calcareous-rich) and darker (siliceous) lithologies. Even in sequences
having almost no color variation discernable with the naked eye,
the color scanner often detected a color variation that could be corre-
lated with a variation in the GRAPE signal (Mix et al., 1992, and
this volume).

In lower sedimentation-rate sequences (about 15 m/m.y. or less),
there is commonly an alternation between paler brown carbonate-
bearing sediment and darker brown, carbonate-poor, clay and/or
oxide-rich interbeds (PL 1). In some carbonate dominated sequences
having low sedimentation rates, oxide-rich interbeds occur without
any increase in the relative abundance of siliceous microfossils (e.g.,
Pleistocene through late Pliocene age section at Site 852; -12 m/m.y.;
PL 1, Fig. 1). This style of interbedding probably results from disso-
lution of carbonate and may be regarded as a "dissolution fades."

In sediments having deposition rates between 15 and 30 m/m.y.,
variations in the relative abundance of carbonate and silica may result
from two distinct variations in sediment composition: (1) an alterna-
tion between paler carbonate-rich and darker, more radiolarian-rich
interbeds, and (2) an alternation between paler carbonate-rich and
darker, more diatom-rich interbeds. At any given site or interval,
either radiolarian-rich or diatom-rich interbeds appear dominant, with

628



NEOGENE AND QUATERNARY PELAGIC SEDIMENTS

GRAPE Core Carbonate dissolution cyclicity

Sediment
composition

darker
• radiolarian/

diatom/
clay and/or
oxide - rich
interbeds

Control Periodicity

deepwater 10,000-
chemistry 100,000 yr

GRAPE Core
Diatom flux cyclicity

Sediment
composition

.darker
diatom-rich
interbeds

Control

surfacewater
processes

Periodicities

10,000-
100,000 yr

AND

ca. 500 -1000 yr

for mat deposits

Figure 3. The contrasting types and origins of high frequency variation in
carbonate content in equatorial Pacific Ocean cores produce similar GRAPE
records. Decimeter- to meter-scale interbedding is caused by dissolution (top),
resulting in beds lower in carbonate with some or all of increased radiolarians,
diatoms, clay, and/or Fe and Mn oxides. This style of variation is caused by
variations in the dissolution of carbonate related to deep-water chemistry and
has periodicities of 10,000 to 100,000 yr, within the Milankovitch band. The
lower figure shows variation resulting from increased diatom flux, which may
be at similar periodicities or, in the case of diatom mat deposits, one or two
orders of magnitude faster.

diatom-rich interbeds dominating in near-equatorial sites (PI. 2). An
informative exception to this occurs in Site 848, where pale/dark
alternations are detectably the result of both diatom and radiolarian
variations. In Core 138-848C-3H, the background (dominant) lithol-
ogy is a diatom/foraminifer nannofossil ooze. Superimposed on this
are two distinct, darker sediments: one is diatom nannofossil ooze (up
to 35% diatoms) with a distinct olive (5Y) hue; the other is a radiolar-
ian nannofossil ooze (up to 20% radiolarians, 5% clay) with a char-
acteristic greenish (5G) hue. In the same time interval (1.89-1.45 Ma)
at several sites, carbonate-silica cyclicity is dominated by the occur-
rence of (pervasively bioturbated) diatom-rich interbeds, which are
indicated in the lithologic columns (below).

In intervals having high sedimentation rates of 30 to 50 m/m.y.,
such as the Pliocene through Pleistocene at Site 846, diatom-rich
interbeds are the dominant agent of carbonate-silica cyclicity.

Within the highest sedimentation-rate intervals of diatom mat
deposition (bulk sedimentation rates of between 100 to more than 150
m/m.y.), decimeter- to meter-scale carbonate-silica variability results
from an alternation between laminated diatom ooze (mat deposits)
and diatom nannofossil ooze. The length scale of this variation is
similar to those described above (Fig. 3; PI. 2, Fig. 3), although the
time scale of formation is at least an order of magnitude less (Kemp
and Baldauf, 1993, this volume). This mat-deposit cyclicity poses
pitfalls for the production of orbitally tuned time scales based on the
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© Laminated diatom ooze ^ Near-monospecific burrow fills +/- mat fragments

Figure 4. Plate-motion backtracked diagram showing location through time
(one dot per 1 m.y.) of laminated diatom mat deposits and traces of diatom mat
deposition (burrow fills and mat fragments).

GRAPE and can lead to errors in the generation of a tuned time
scale (Shackleton, this volume). A thorough "ground-truthing" of
the GRAPE record is a prerequisite for understanding the origins
of carbonate-silica cyclicity in the equatorial Pacific Ocean on all
time scales.

SUMMARY OF FACIES VARIATION AND
DEPOSITIONAL HISTORY

The sites drilled during Leg 138 can be conveniently represented
in three separate transects: the two sites drilled northeast of the Gala-
pagos Islands (844, 845); the 110°W north-south equatorial transect
(Fig. 1) (848-854), and an east-west equatorial transect showing sites
between 110°W and the Galapagos Islands (849, 846, 847). Sites 848
through 854 are separated from 846 and 847 by the East Pacific Rise
and thus have diverged progressively during spreading (Fig. 4).
Lithofacies summary diagrams for these transects are shown in Fig-
ures 5 through 7.

Eastern Sites (844,845)

Site 844

Lower and middle Miocene sediments at Site 844 are predomi-
nantly nannofossil oozes deposited at rates of between 25 and 40
m/m.y. Early to middle Miocene deposition of foraminifer nannofos-
sil ooze was succeeded in middle Miocene (at 150 mbsf) by diatom
nannofossil ooze, which persisted into early late Miocene time. The
foraminifer nannofossil ooze is punctuated by dark, diatom-rich bur-
row fills that increase in frequency and diatom-abundance in middle
Miocene time from 200 mbsf and become abundant in the diatom
nannofossil ooze from 150 mbsf. The only major interruptions in
carbonate deposition are intervals of laminated to bioturbated diatom
mat deposits (Kemp and Baldauf, 1993, this volume). The youngest
and thickest of these intervals had ceased ~l m below B. Catinaster
coalitus (11.1 Ma). An abrupt transition (coinciding with a reduc-
tion in sedimentation rate to about 7 m/m.y.) is seen through an
earliest late Miocene age, meter-scale alternation of variably diatom-
or nannofossil-rich sediments to almost 10 m, dominated by carbon-
ate-free, clayey, radiolarian ooze that spans the time interval top of
Chron C5 to top of Chron C4A (8.92-7.9 Ma). During the remainder
of late Miocene and early Pliocene time, an alternating sequence of
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Figure 5. Lithostratigraphic summaries of Sites 844 and 845, northeast of the
Galapagos Islands.

calcareous and siliceous oozes and clays was deposited at rates of
about 5 m/m.y. Pleistocene sediments are mainly carbonate-free,
radiolarian clayey diatom ooze deposited at rates of 10 to 15 m/m.y.

At Site 845,2.5 m of spectacular, red, basal metalliferous sediment
is overlain by a sequence similar to that of Site 844. This early to
middle Miocene age foraminifer nannofossil ooze, having a variable
radiolarian content, is characterized by a meter-scale alternation from
the dominant lithology of foraminifer nannofossil ooze to thinner
(10-30 cm), slightly darker beds of radiolarian nannofossil ooze (PI. 1,
Fig. 5). Sedimentation rates during this interval varied from 20 to 30
m/m.y., except for the early Miocene record, where diatom age datums
suggest sedimentation rates of about 50 m/m.y. (although no sedimen-
tological evidence supports this). Darker, diatom-rich burrow fills

occur in sediments between 210 and 160 mbsf. The foraminifer
content declined rapidly (together with sedimentation rates) during
latest middle Miocene time. During earliest late Miocene time, a tran-
sitional sequence (150-135 mbsf, -10 m/m.y.) punctuated by Fe- and
Mn-oxide-rich beds (PI. 2, Fig. 2) recorded a more gradual change
(than that of Site 844) from carbonate-dominated deposition to sili-
ceous deposition, with the sequential upward loss of foraminifers,
coccoliths and finally, discoasters by 157 mbsf. Thus, at Site 845,
carbonate deposition had ceased about 2 m below the top of Chron C5
(8.9 Ma), penecontemporaneous with, or slightly earlier than, Site
844. There follows a 20-m sequence of almost featureless, mainly
grayish green, carbonate-free, clayey radiolarian ooze/radiolarian
clay, which was deposited at higher sedimentation rates of about 20
m/m.y. Common, pale burrow fills having near-monospecific concen-
trations of the diatom T. longissima (PI. 3, Fig. 3) occur between 144
mbsf (T. C. miopelagicus, 9.94 Ma) to 122 mbsf (C4-nl(t)-C4A-
nl(o)/7.9-8.21 Ma). Carbonate deposition resumed about 2 m above
the top of Chron C4A (7.90 Ma), coincident with a short normal
polarity feature near the base of Chron C4 (see "Paleomagnetism"
section in "Site 845" chapter (Mayer, Pisias, Janecek, et al., 1992). The
rest of the late Miocene record comprises mainly radiolarian clays,
with some paler, more calcareous horizons. Pliocene and Pleistocene
sediments comprise green radiolarian diatom clay deposited at sedi-
mentation rates of -12 m/m.y., increasing to 20 m/m.y. in Pleistocene
and up to 30 m/m.y. in late Pleistocene time. This Pliocene-Pleistocene
section also is characterized by higher concentrations of organic matter
and common-to-abundant Zoophycos burrows (Kemp, this volume).

Comparison of Sites 844 and 845

The overall facies distribution patterns of Sites 844 and 845 are
similar. A carbonate-dominated early and middle Miocene section is
succeeded by a carbonate-free interval in the early late Miocene and a
more variable late Miocene to Pliocene section. The middle Miocene
intervals of laminated diatom ooze that are confined to Site 844 repre-
sent the only major variations in carbonate/silica abundance prior to
the earliest late Miocene carbonate decline at both sites. At Site 845,
the late Miocene transition from carbonate to siliceous sedimentation
was more gradual and encompassed the interval 10.59 to 9 Ma. Be-
tween 9 and 7.9 Ma, radiolarian and clay-rich sediments were depos-
ited at both sites, but at higher rates (-20 m/m.y.) at Site 845. Between
7.9 and 2.57 Ma at Site 844 and 7.9 to 5.35 Ma at Site 845, alternating
deposition of carbonate-free and carbonate-bearing siliceous clays
occurred. At Site 844, the upper Pliocene and Pleistocene sediments
are diatom ooze, while at Site 845, lower Pliocene through Pleistocene
sedimentation comprises virtually carbonate-free siliceous ooze or
siliceous clay.

North-South Equatorial Transect

Site 848

Site 848 represents the southernmost site of the equatorial tran-
sect. The basal sediments comprise 5 m of probable latest middle
Miocene age foraminifer nannofossil ooze that is succeeded by -5.5
m of early late Miocene age nannofossil ooze that contains oxide-rich
interbeds. This interval of oxide-rich interbeds is capped by a ~50-cm
clay-rich horizon that occurs in the interval between the top of Chron
C5 to Chron C4A-n3 (8.92-8.71 Ma). This clay-rich horizon is suc-
ceeded by radiolarian nannofossil ooze, which persists up to early
Pliocene, when the proportion of diatoms increases. A zone of sili-
ceous microfossil- and clay-rich interbeds is present between 34 and
28 mbsf (ca. 4.1-2.47 Ma), and within this interval, foraminifer abun-
dances increase to become a major sediment component. The upper
Pliocene through Pleistocene sediments are foraminifer nannofossil
oozes. A few diatom-rich interbeds occur between 1.89 and 1.45 Ma
(see discussion of interbeds, above).
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Figure 6. Lithostratigraphic summaries of the north-south transect at 110°W: Sites 848 through 852.

Near-equator Sites: 849, 850, and 851

In the near-equator sites (849-851), sediments deposited between
12 and 4 Ma were almost exclusively diatom nannofossil ooze (Fig.
6). Major variations in nannofossils and diatoms within this inter-
val are dominated by the episodic occurrence of laminated to bio-
turbated diatom mat deposits. The oldest laminated diatom ooze
is a latest middle Miocene age interval present at Sites 850 and 851.
B. Catinaster coalitus (11.1 Ma) is located near the top of this inter-
val at Site 851. The latest middle Miocene to earliest late Miocene
interval is characterized at Sites 849, 850, and 851 by a minimum
abundance of diatoms and by a relative increase in radiolarians,
which become the dominant siliceous microfossil. Increases in radi-
olarians are most pronounced at Sites 849 and 850, where increased
clay also is recorded. These bioturbated diatom radiolarian nanno-
fossil oozes are succeeded in the earliest late Miocene, immedi-
ately above T. Coccolithus miopelagicus (9.94 Ma; 4 m above at Site
851 and 3 m above at Site 850), by a further interval of laminated
diatom ooze. No obvious lithological expression of the latest middle
Miocene laminated diatom ooze interval is seen at Site 849, although
GRAPE data do record a more silica-rich interval (Mayer, Pisias,
Janecek, et al, 1992; Bloomer et al., this volume). The earliest late

Miocene laminated interval (Sites 850, 851) does correspond to a
diatom-rich section at Site 849, in which diatom mat fragments are
observed in the richest diatom ooze bed (located l l m above T.
Coccolithus miopelagicus).

The earliest Miocene interval of laminated diatom ooze (LDO) at
Site 851 is not vertically extensive (see Pearce et al., this volume) and
had ceased long before the datum T. Discoaster hamatus (8.67 Ma),
as had sedimentation of diatom mat fragments at Site 849. This datum
was not identified at Site 850, but LDO deposition is considerably
more vertically extensive here than at Site 851. Following this inter-
val, the proportion of diatoms in all sites decreased and reached a
minimum at Site 849, immediately prior to the onset of the next major
episode of deposition of LDO (6.42-6.02 Ma; B. Amaurolithus pri-
mus-B. Amaurolithus amplificus). LDO also is present at this interval
at Site 850. No LDO is present within this interval at Site 851,
although there is a contemporaneous abrupt increase in the diatom
content of sediment, and abundant burrow fills contain near-mono-
specific assemblages of T. longissima. Sediments having abundant
diatoms were continuously deposited after this period of LDO depo-
sition at all sites, and a further period of intermittent LDO deposition
occurred at Site 849, while sediments deposited at Sites 850 and 851
contain abundant {T. longissima) diatom-rich burrow fills.
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Figure 7. Lithostratigraphic summaries of an east-west transect through Sites 849, 847, and 846,
between 110°W and the Galapagos Islands.

Variation in sedimentation rates in the middle Miocene through
Pliocene sediments in Sites 849 through 851 is closely related to the
presence or absence of laminated diatom mat deposits (although the
lower frequency of good datums in the older Miocene sections makes
this relationship more tenuous for the period prior to 8 Ma). Thus, at
Site 849, prior to the first occurrence of laminated diatom ooze,
sedimentation rates were between 30 and 50 m/m.y., other than for an
interval of low sedimentation rates of 12 m/m.y. between 10 and 8
Ma. However, during the interval of regular occurrence of laminated

diatom ooze (6.42^4.43 Ma), sedimentation rates ranged from 60 to
110 m/m.y. At Site 850, sedimentation rates varied between 38 and 47
m/m.y. during the interval from 11 to 8.8 Ma (within which two thin
LDO deposits occur), then decreased to values between 27 and 44
m/m.y. and between 8.8 and 6.75 Ma, but increased to values greater
than 120 m/m.y. between 6.75 and 6 Ma, during the time of the main
interval of LDO deposition. At Site 850, no clear link is seen between
the latest middle and earliest late Miocene diatom mat deposits and
increased sedimentation rates, with Miocene through early Pliocene
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rates ranging between 35 and 60 m/m.y. Late Pliocene through Pleis-
tocene sedimentation rates for Sites 849 through 851 vary between 20
and 30 m/m.y.

After ca. 4 Ma in the equatorial transect (Fig. 6), the only correla-
tion in bulk lithology observed between all sites is the increase in
foraminifers as a sediment component, so that upper Pliocene and
Pleistocene sediments are foraminifer nannofossil oozes. This in-
crease appears more gradational in the sites having higher sedimen-
tation rates near the equator (Sites 849-851). The precise degree of
synchroneity of this gradational change cannot be assessed accurately
from the available smear slide data alone. Distinctive diatom-rich
interbeds are common in the record between 1.89 and 1.45 Ma (PI. 2,
Fig. 2), and are most common at Site 849, while decreasing in fre-
quency and diatom abundance northward through Sites 850 and 851.

Site 852

Sedimentation at Site 852 commenced during the latest middle
Miocene, with radiolarian nannofossil oozes containing oxide-rich
intervals that were deposited at rates of between 5 and 10 m/m.y. At
108 mbsf, a distinctive ~2-m interval of reduced carbonate, in which
sedimentation rates decrease to 3 m/m.y., contains a 25-cm bed of
carbonate-free radiolarian clay with oxides (PI. 4). This important
horizon occurs between the top of Chron C5 and Chron C4A-n3
(8.92-8.71 Ma) and correlates with a similar horizon at Site 848 (see
above). There followed a cessation of the oxide-rich beds and deposi-
tion of pale brown radiolarian nannofossil ooze, with foraminifers at
elevated sedimentation rates of around 21 m/m.y. between 7.9 and 7.5
Ma. Sedimentation rates decreased to ~ 12 m/m.y. between 7.5 and 6.42
Ma. After this, a period of increased deposition rates (to about 20
m/m.y.) occurred together with a color change to light greenish gray,
punctuated by darker gray radiolarian-rich interbeds. During the earli-
est Pliocene (between 4.67 and 3.83 Ma), sedimentation rates fell to
rates of about 12 m/m.y., and the color of the background sediment
reverts to pale brown within a transitional sequence of brown to dark
brown, clay-rich interbeds in the Cochiti-Mammoth interval (3.88-
3.18 Ma). Thereafter, the abundance of foraminifers rapidly increases
so that upper Pliocene through Pleistocene sediments are foraminifer
nannofossil oozes or nannofossil foraminifer ooze. This sequence
contains regular interbeds of darker brown oxide-rich sediments. Inter-
estingly, no trace is seen of any interval of more diatom-rich interbeds
near the Pliocene/Pleistocene boundary, as at Sites 846 through 851.

Site 853

Sedimentation at Site 853 commenced during the late Miocene
between 9 and 8 Ma with clayey nannofossil ooze. Upper Miocene
sediments have variable clay content and include some intervals with
purer nannofossil ooze (e.g., at 49^4.5 mbsf; between B. A. ampli-
ficus and B. A. primus: 6.42-6.02 Ma). During the early Pliocene,
sedimentation rates decreased from late Miocene values of 12 to 15
m/m.y. to Pliocene through Pleistocene rates of 4 to 8 m/m.y. Sedi-
ments were more clay-rich (10%-30%), and foraminifers became an
increasing sediment component, during the early Pliocene, with late
Pliocene to Pleistocene abundances of 20% to 50%.

East-West Equatorial Transect: Sites 846 and 847

The lithological columns for Sites 846 and 847 are shown in
Figure 7, with Site 849 included for reference.

Site 846

The oldest deposits at Site 846 are poorly recovered lower Mio-
cene metalliferous sediments overlying basalt. These are overlain by
foraminifer nannofossil chalks, which pass up, in the middle Miocene
interval, into foraminifer nannofossil ooze deposited at rates of 10

m/m.y. Toward late middle Miocene time, the proportion of foramin-
ifers decreased and the abundance of radiolarians and diatoms in-
creased, so that the sediments are radiolarian diatom nannofossil
oozes, other than for a short interval that spanned the middle/late
Miocene boundary to the early late Miocene, where radiolarians
are the dominant siliceous microfossil (Sites 849-851). Interbeds of
diatom radiolarian clay, which are sometimes carbonate-free, also
occurred during this interval. From about 8.67 Ma (T. Discoaster
hamatus) to about 7.5 Ma (T. Discoaster berggreni), the sediments
are dominated by diatom ooze, which passes up into a characteristic
alternation between dark diatom ooze beds and radiolarian diatom
nannofossil ooze. Middle Miocene through late Miocene sedimenta-
tion rates are constant at values of about 15 m/m.y. but these increased
at about 7 Ma to rates of between 40 and 50 m/m.y. for the late
Miocene through Pliocene age section. Radiolarians are rapidly lost
as a significant sediment component around 10 m above T. Discoaster
berggreni, and diatoms at about 10 m below B. Amaurolithos primus
(6.42 Ma). Following this, the top upper Miocene sediments are
nannofossil ooze with diatom abundances of less than 5%. Dia-
tom abundances increase immediately prior to the Miocene/Pliocene
boundary (T. Discoaster quinqueramus, 4.98 Ma). Pliocene sedi-
ments are predominantly diatom nannofossil ooze with variable mi-
nor foraminifer content with interbeds of nannofossil diatom ooze.
The end of the late Pliocene sequence (5-10 m above T. Discoaster
surculus, 2.41 Ma, to T. Calcidiscus macintyrei, 1.45 Ma) is marked
by a thick interval of olive gray to dark olive gray nannofossil diatom
ooze and clayey diatom ooze, interbedded on a meter-scale with
paler diatom nannofossil ooze. Diatom abundances decreased during
the early Pleistocene, and the dominant sediment thereafter was a
foraminifer diatom nannofossil ooze with darker, more diatom-rich
interbeds deposited at rates of about 30 to 40 m/m.y.

Site 847

Upper Miocene sediments at Site 847 comprise diatom nannofos-
sil ooze with common diatom-rich interbeds (PI. 2, Fig. 1) and sparse
interbeds of laminated diatom ooze deposited at rates of 30 to 40
m/m.y. Diatom abundances decreased during the early Pliocene to
reach a minimum prior to a thicker, prominent interval of LDO with
sedimentation rates (4.98-4.37 Ma) in excess of 80 m/m.y. More
radiolarian-rich sediments were then deposited at rates of about 25
m/m.y. in an interval that spanned the early Pliocene/late Pliocene
boundary (4.37-3.56 Ma). Thereafter, diatom nannofossil ooze and,
following a late Pliocene increase in foraminifer content, foraminifer
diatom nannofossil ooze was deposited at rates of about 30 m/m.y.
Sedimentation rates increased to about 40 m/m.y. during deposition
of an interval of more diatom-rich interbeds between 1.89 and 1.45
Ma (see discussion below).

MIOCENE-PLIOCENE VARIATION IN
CARBONATE AND SILICA:

CARBONATE DISSOLUTION AT DEPTH VS.
SURFACE SILICA PRODUCTIVITY AND FLUX

An important and recurrent question in paleoceanography concerns
the relative importance and interaction of surface- and deep-water
processes. The record of these processes is most commonly preserved
as a variation in the relative proportions of biogenic carbonate and
silica in sediments. Small (decimeter to meter>scale, high-frequency
(10,000 yr) variations in the relative abundance of carbonate and silica
are discussed above and illustrated in Figure 3 and Plates 1 and 2.
Major, longer time period changes in carbonate and silica in the equa-
torial Pacific Ocean have been the subject of extensive discussion, both
in terms of perceived carbonate dissolution events and their implica-
tions for deep-water circulation (e.g., Mayer et al., 1985), and in
relation to major shifts in the locus of silica cycling and deposition
within the ocean basins (Leinen, 1979; Brewster, 1980). With the
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excellent new data provided by Leg 138 drilling, it is now possible to
review the origins of carbonate/silica variation in the eastern equato-
rial Pacific. The summary logs of Figures 5 through 7 show clearly
that major variations in silica abundance are dominated by the occur-
rence of laminated diatom mat deposits. Indeed, prior to the middle
Miocene/late Miocene boundary, all major carbonate/silica variations
in Leg 138 sites were the result of deposition of LDO.

Some of the largest and most widespread variations in carbonate
occurred during early late Miocene time (Fig. 8). Analysis of the
interval from 11.5 to 7 Ma shows that a complex interplay of both
surface- and deep-water processes took place during this period. The
end of one of the most widespread intervals of diatom mat deposition
coincides with a nannofossil datum (B. Catinaster coalitus) at 11.1
Ma. Little evidence exists in carbonate records in the sites having
continued episodic diatom mat deposition (850, 851) for significantly
reduced carbonate immediately following this episode. However, dia-
toms ceased to be a major sediment component and were replaced by
radiolarians at both Sites 851 and 850 (which also has an increased clay
component) prior to the next major interval of LDO deposition, which
commences shortly after 9.94 Ma. Aradiolarian-rich section is present
in Site 849 in this interval. A decline in carbonate at Site 845 is heralded
by the deposition of interbeds rich in oxides and progressively also clay
and radiolarians. Oxide-rich interbeds are present at Sites 848 and 852
in the interval 9.94 to 8.7 Ma, and clay and radiolarian rich interbeds

span the period from 9.94 to 8.67 Ma at Site 846. The total loss of
carbonate at Sites 844 and 845 coincides with thin, carbonate-free clay
horizons and minimum sedimentation rates at both Sites 848 and 852 in
the time interval from 8.92 to 8.71 Ma (paleomagnetically dated). This
interval marks the maximum intensity and extent of carbonate dissolu-
tion and corresponds to the "purple" reflector of Mayer et al. (1985),
which has been related to an increase in the intensity of North Atlantic
Deep Water production. Carbonate deposition resumed and sedimen-
tation rates increased at both Sites 848 and 852 following this, and
intermittent carbonate deposition resumed at Sites 844 and 845 shortly
after 7.9 Ma. Throughout this period (9.9-8 Ma) at Sites 850 and 851,
relatively high sedimentation rates (30-60 m/m.y.) persisted and vari-
ations in carbonate are the result of intermittent diatom mat deposition.
Although intact diatom mat deposits are not present in other sites in this
interval, exotic burrows having near-monospecific concentrations of
T. longissima at Sites 845 and 852 suggest periodic episodes of diatom
mat deposition that were insufficient to overwhelm the benthos (Kemp
and Baldauf, 1993; Kemp et al., this volume; Pearce et al., this volume).

After about 8.5 Ma, the only further Miocene through Pliocene
major reduction in carbonate in the nonequatorial sites is a dissolu-
tion event within the Cochiti-Mammoth interval (3.88-3.18 Ma) (the
"Green" reflector of Mayer et al., 1985). This is most pronounced at
Site 852, where clay-rich horizons occur, and at Site 853 to the north,
but is of smaller magnitude at Site 848. This interval coincides with a
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return to near carbonate-free deposition at Site 844. By contrast, in
the equatorial sites (847, 849, 850, 851), late Miocene through Plio-
cene carbonate-silica variation is large, but entirely dominated by
episodes of diatom mat flux up to 4.37 Ma, after which no diatom mat
deposits were recognized in Leg 138 (or DSDP Leg 85) sites. Follow-
ing the cessation of massive mat deposition, diatom-rich sediments
(including some intervals rich in T. longissima) continued to be depos-
ited in the equatorial sites, but these are present in thoroughly biotur-
bated interbeds (PI. 2).

THE PLIOCENE-PLEISTOCENE HIGH
PRODUCTIVITY PERIOD

A significant decrease in the carbonate content of the equatorial
sites in the latest Pliocene to early Pleistocene interval results from an
increase in the diatom content of the background sediment and from
the presence of diatom-rich interbeds (Figs. 6 and 7). T. longissima is
dominant within these sediments, but no diatom mats have been
preserved. This interval is thickest at Site 846, where diatom contents
increased rapidly during the late Pliocene and reached a peak between
2.41 and 1.45 Ma. At Site 847, elevated diatom contents and diatom-
rich interbeds are present in the interval from 1.89 to 1.45 Ma.
Increased silt and clay contents at these sites suggest increased wind
strengths during this period (see Hovan, this volume). Farther west,
this event is less pronounced, with the most significant increase in
diatom content occurring, together with diatom-rich interbeds, at Site
849. Some diatom-rich interbeds are present at Site 848, but the
sedimentary expression of the event decreases in intensity to the
north, and no trace exists at Site 852 (or 853). The timing of the onset
of this high productivity period suggests a link with the onset of
Northern Hemisphere glaciation (ca. 2.4 Ma; Shackleton et al., 1984).

CONCLUSIONS

The summary presented above shows that relatively few system-
atic, long-term changes in sediment composition occurred within the
eastern equatorial Pacific. Lower and middle Miocene sediments are
foraminifer or radiolarian nannofossil oozes, with significant diatom
contents only in the near-equator sites. In the near-equator sites,
intermittent deposition of laminated diatom mat deposits represents
the only major change in sediment carbonate/silica contents in this
time interval. During the late Miocene through earliest Pliocene (4.37
Ma), diatoms formed an increased proportion of the sediments in the
near-equator sites. A prominent, early late Miocene carbonate disso-
lution peak can be recognized within the off-equator Sites (848, 852,
853 and 844, 845), but not in the equatorial sites (849-851), where
mat deposits continue to represent the only major variations in car-
bonate/silica. Loss of carbonate following this dissolution maximum
at Sites 844 and 845 does not extend westward.

Several significant changes occurred during the Pliocene. No
diatom mat deposits are recognized after ca. 4.37 Ma. A further period
of carbonate dissolution had its peak between 3.88 and 3.18 Ma, and
immediately after this, foraminifers became a significant sediment
component in all sites (other than 844, 845) and a major sediment
component in Sites 848 and 852. Diatom abundances declined more
markedly in sites north of the equator (e.g., Site 851). Some of these
changes may relate to the closing of the Panama Isthmus (Keigwin,
1982). A Pliocene-Pleistocene period of increased diatom content in
sediments and diatom-rich interbeds is best developed in the south, at
Site 846, and decreases in intensity westward and northward. The
timing of this suggests a relationship with the onset of Northern
Hemisphere glaciation (Shackleton et al., 1984).

Evidence for hemispheric asymmetry is afforded by the main peri-
ods and types of diatom-rich deposition, which must relate to surface
processes. Diatom mat deposits and mat fragments can be found ex-
tensively north of the equator (e.g., in Sites 852,844, 845), and also in
sites south of the equator (848 and 846), which suggests a connection

with the Equatorial Current systems (Fig. 1; see Kemp et al., this
volume). By contrast, the Pliocene-Pleistocene diatom-rich deposition is
most intense at Site 846 and fades to the west and north, suggesting a
strong link to the Peru Current-South Equatorial Current system.

The complex and varied causes and expressions of carbonate/silica
(and, hence, seismic impedance contrast) variation during the early late
Miocene (Fig. 8) suggest that great care will be required when using
seismic reflectors as agents for correlating Oceanographic events.
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Plate 1. 1. An oxide-rich interbed within foraminifer nannofossil ooze from the late Pliocene through Pleistocene section at Site 852 (sedimentation
rates: -12 m/m.y.). There is no detectable increase in the relative abundance of siliceous microfossils within this bed (-1% radiolarians and no
diatoms in both pale and dark lithologies). The only significant difference identifiable from smear slide analysis appears to be the presence of -8%
oxides within the darker bed (Interval 138-852B-4H-1,60-90 cm). 2-5. Carbonate-silica cyclicity. Pale/dark color alternations in which the darker
beds are characterized by an increase in the relative abundances of radiolarians and commonly also clay, with a reduction and sometimes absence
of carbonate (in darker beds). This facies is characteristic of intervals with low to intermediate sedimentation rates. (2) A dark bed of nannofossil
radiolarian clay within pale nannofossil ooze (above and below). This bed is near the top of a transitional sequence with bulk sedimentation rates of
about 12 m/m.y., showing progressively upward-increasing carbonate dissolution that culminates in the total loss of carbonate (see text for discussion;
Interval 138-845B-15H-1, 17-87 cm). (3) Two darker interbeds of diatom radiolarian clay with oxides interbedded with diatom radiolarian
nannofossil ooze in an interval exhibiting considerable carbonate dissolution, with bulk sedimentation rates of-10 m/m.y (Interval 138-844C-6H-3,
77-138 cm). (4) A darker bed of clayey diatom radiolarian ooze (smear slide: diatoms: 30%; radiolarians: 30%; clay: 27%; nannofossils: 10%;
foraminifers: 13%) within paler foraminifer nannofossil ooze in an interval with bulk sedimentation rates of ~7 m/m.y (Interval 138-848D-4H-3,
100-143 cm). (5) A darker interbed of radiolarian nannofossil ooze within nannofossil ooze in a sequence with bulk sedimentation rates between
18 and 24 m/m.y. (Interval 138-845B-17H-5, 87-117 cm). Scale: all figures show entire core diameter of 6 cm.
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Plate 2. 1-4. Carbonate-silica cyclicity (ctd). Pale/dark color alternations in which the darker beds are
characterized by an increase in the relative abundance of diatoms and greatly reduced carbonate (although a
small number of well preserved calcareous microfossils is generally present throughout such beds). (1) A dark
bed of radiolarian clayey diatom ooze within pale radiolarian diatom nannofossil ooze (above and below) in an
interval with sedimentation rates of-27 m/m.y. (Interval 138-847C-12H-3, 50-105 cm). (2) A darker interbed
of foraminifer diatom ooze interbedded with foraminifer nannofossil ooze with diatoms in an interval with bulk
sedimentation rates of ca. 30 m/m.y. (Interval 138-849B-6H-3,0-35 cm). (3) A darker bed of laminated diatom
ooze within paler diatom nannofossil ooze in an interval with bulk sedimentation rates of ca. 122 m/m.y. (the
laminae are not discernible on rough, wire-cut surfaces: see PI. 3, Fig. 1; Interval 138-850B-20X-7, 6^-0 cm).
(4) Two interbeds of roughened, wire cut laminated diatom ooze within paler sequence with bulk sedimentation
rates between 108 m/m.y. (Interval 138-849D-19X-2, 23-83 cm). Scale: all figures show entire core diameter
of 6 cm.
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1 2 3
Plate 3. 1-3. Laminated diatom mat deposits and bioturbated remnants of laminated diatom
mat deposits. (1) Laminated diatom mat deposits clearly visible on a rare saw-cut core surface
(Interval 138-851B-29X-5, 85-110 cm). (2) Darker burrow fills of diatom ooze with mat
fragments within paler nannofossil-rich sediment in an interval adjacent to laminated diatom
ooze (Interval 138-850B-10H-2, 65-125 cm). (3) Exotic, isolated pale burrow fills containing
near-monospecific T. longissima (arrow) within dark diatom radiolarian clay (Interval 138-
845B-14H-7, 20-57 cm). Scale: all figures show entire core diameter of 6 cm.
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Plate 4. The early late Miocene sequence at Site 852 (Core 138-852C-12H). This shows an interval of oxide-rich beds passing up into a paler
sequence of radiolarian nannofossil ooze with foraminifers, containing slightly darker radiolarian-rich interbeds.
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