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ABSTRACT

Rapidly deposited Miocene and younger siliceous and calcareous sediments at Sites 504 and 505 in the central
Panama Basin near the eastern end of the equatorial high productivity belt exhibit marked lithologic variation with in-
creasing depth. At both sites, the sediments are particularly calcareous just above the basaltic basement and were
deposited at the highest accumulation rates. Sediments distinctly lower in carbonate and richer in clayey and siliceous
components were deposited in the late Pliocene, a period characterized by lower accumulation rates. The sediments
became somewhat more calcareous again in the Pleistocene, when accumulation rates rose again. Accumulation rates at
Site 505, which is 77 km north of Site 504, have been enhanced by redeposition from surrounding basement highs, but
the patterns of the accumulation rates at the two sites are similar.

The lithologic variations reflect the sensitive interplay of crustal subsidence, fluctuations in the calcite compensation
depth, and changes in the geographic location or the quantity of surface-water productivity. Computations using the
bulk sediment composition of samples from Site 504 show that the rate of accumulation of biogenic silica increased
nearly fourfold during the upper Pliocene, despite the drop in carbonate and overall accumulation rates. This could be
explained by the shoaling of the calcite compensation depth beneath a zone of very high surface productivity, which
would increase the carbonate dissolution in the water column but leave biogenic opal comparatively unaffected.
Chemical data for the sediments also show a slight enrichment in Mn, Fe, Cu, Zn, and other trace metals at about this
time, reflecting increases in both hydrogenous and metalliferous ("hydrothermal") components. The biological fixa-
tion of seawater sulfate as pyrite, in combination with the high sediment accumulation rates, probably contributed to
the enrichment of some of the trace metals.

Chemical data also show that several of the Pleistocene and one of the lower Pliocene ash beds are rhyolitic in com-
position and represent material derived from the South American eruption of ignimbrites. In all beds except these, how-
ever, bioturbation has dispersed ash to uniform and low abundances in the sediments.

Sites 504 and 505 are in contrasting locations of high and low heat flow, respectively. Temperatures near 50°C just
above basalts at Site 504 have promoted the formation of chert bands intercalated with limestone in the 30 meters above
the basalts and have accelerated the induration of nearly 90 meters of sediments above the cherts to chalk. The thickness
of the sediments at Site 505 is similar, but the sediments remain oozes nearly down to basement, where temperatures are
only about 9°C.

INTRODUCTION

During DSDP Legs 68 and 69 a group of holes was
drilled at Sites 504 and 505 on the southern flank of the
Costa Rica Rift in the Panama Basin. The two sites are
77 km apart on a nearly north-south line between lati-
tudes 1°N and 2°N at a longitude of 83°40'W (Fig. 1).
Sites 504 and 505 differ considerably from one another
with regard to seafloor topography, heat flow, and
basement age as determined by the magnetic anomaly
pattern for this area (Langseth et al., this volume). Site
504, which has a basement age of approximately 5.9
m.y., lies in an area of high heat flow (200-240 mW/ra2)
and smooth topography. The basement at the site is
completely covered with sediments about 260 meters
thick. Site 505 is in an area of lower heat flow (15-100
mW/m2) and rough topography, with many basement
outcrops piercing the sediment cover. The basement at
this site was formed approximately 3.9 Ma.

Cann, J. R., Langseth, M. C , Honnorez, J., Von Herzen, R. P., White, S. M., et al.,
Init. Repts. DSDP, 69: Washington (U.S. Govt. Printing Office).

The heat flow at Site 504 is close to that predicted for
the conductive cooling of the lithosphere (Langseth et
al., this volume). In contrast, the lower heat flow at Site
505, together with the cropping out of basement near-
by, suggests that the open convection of cold seawater
through the basement is causing a more rapid cooling of
the uppermost lithosphere. Because of these contrasting
heat flow regimes, we expected to find a greater degree
of diagenetic alteration in the warm area (where the
sediments covered the basement) than in the cold area.
Therefore, one goal of the drilling was to study the in-
fluence of the different temperature regimes on the dia-
genetic processes within the sediments.

Although DSDP Legs 9 and 16 (Hays et al., 1972 and
van Andel, Heath et al., 1973) were partially devoted to
studying the geological history of the Panama Basin,
neither leg drilled in the central part of the basin on
ocean crust generated at the Galapagos Spreading Cen-
ter. Therefore, the other goal of drilling the sediments at
Sites 504 and 505 was to provide information on the pa-
leoenvironmental development of this area. The Pan-
ama Basin is of particular interest because it underlies a
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Figure 1. Location of Sites 504 and 505 in the Panama Basin south of the Costa Rica Rift. Bathymetry from Lonsdale and Klitgord (1978). Contour
interval is 250 m. Also shown are Sites 157 and 425. .

zone of high biological productivity in the seawater
associated with the Peru Current and the equatorial
divergence (Moore et al., 1973). The water depths of the
area (3400-3600 m) are greater than the calcite compen-
sation depth, and calcareous microfossils, though poor-
ly preserved, can still be used (together with siliceous
microfossils) for biostratigraphic, paleoenvironmental,
and diagenetic studies.

To attain these goals we studied sediments from the
following holes: Hole 501 (which was spot cored to base-
ment by the rotary coring technique), Hole 504 (which
was continuously hydraulic piston cored until cherts
were reached), and Holes 504A, 504B, and 505 (all of
which were rotary piston cored). Holes 501 and 504A
were continuously cored from the top of cherts into
basement. Hole 505 has two uncored intervals where
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heat flow measurements were undertaken (85-95 m and
143-153 m sub-bottom), but basaltic basement was
reached without encountering cherts.

METHODS
This study is based on structural and textural descriptions, deter-

minations of the components of the sediments, and CaCO3 content
carried out on board ship, shore-based coarse fraction analyses, and
major-oxide and trace-element analyses undertaken during and after
the cruise. Sedimentary structures were analyzed visually when the
cores were split. The texture and bulk composition of unconsolidated
sediments were determined from smear slides that were prepared at a
sampling rate of one per section (or more when necessary). We studied
the texture and composition of consolidated sediments by using thin
sections of selected intervals. The "Karbonat-Bombe" (Muller and
Gastner, 1971) was used to measure CaCO3.

The coarse fraction analyses are based on 257 samples from Holes
504 and 505. Most of the sections that contained unconsolidated sedi-
ment were sampled. The samples were separated by wet sieving into
the grain-size fractions < 32 µm, 32 to 63 µm, and >63 µm. The frac-
tions were then dried in an oven and weighed, and the proportion each
made up of the sediment was calculated. Strewn slides from split sam-
ples of the coarse fraction (>63 µm) were prepared, and the per-
centages of individual components were calculated from the results of
a grain-by-grain line count (300-500 grains per slide).

The weight percentages of the fractions 32 to 63 µm and > 63 µm
as well as the "grain percentages" of components relevant to dia-
genesis and sedimentation history were averaged for each core for
Hole 504 and for the upper and lower three sections of each core for
Hole 505 and plotted versus depth. To permit the graphic presentation
of the grain-size distribution, weight percentages of the fractions 32 to
63 µm and > 63 µm are combined in the figures with visual estimates
from the smear slides of the size of the clay-sized fraction.

Shipboard and shore-based chemical analyses were performed by
X-ray fluorescence spectroscopy (XRF) for both major oxides and
trace elements.

All stratigraphic correlations within the sedimentary sequences are
based on the diatom biostratigraphy (Sancetta, this volume). The ages
of the sediment basalt contacts at both sites were derived from the
ages of the magnetic anomalies: 5.9 Ma at Site 504 and 3.9 Ma at Site
505 (Langseth et al., this volume).

Descriptions of the lithostratigraphy of the sediments recovered at
Sites 504 and 505 are given in the site chapters. This chapter provides
graphic synopses of the general lithostratigraphic descriptions and ad-
ditional information (Tables 1-10 and Figs. 2-12) and interpretation
that are based on all shipboard and shore-based observations and
measurements.

SEDIMENTOLOGY OF SITE 504

Lithologic Units

The sediments cored at Site 504 consist of three litho-
logic units (Fig. 2). Unit I, at 0 to 143.50 meters sub-bot-
tom, is made up of upper Pleistocene to lower Pliocene
siliceous nannofossil and nannofossil radiolarian oozes
and is variably clay bearing. Unit II, at 143.50 to 227.20
meters sub-bottom, is lower Pliocene to upper Miocene
siliceous nannofossil chalk. Unit III, at 227.20 to 271 me-
ters sub-bottom, consists of upper Miocene interbedded
nannofossil chalk, limestone, and chert. This division is
based on sharp diagenetic boundaries (ooze-chalk-lime-
stone). Lithologic Unit I is divided into three subunits
because a zone with dark to very dark grayish brown
layers appears at depths between 65 and 99 meters sub-
bottom. The subunits are as follows. Subunit la, at 0 to
65 meters sub-bottom, is upper to lower Pleistocene nan-
nofossil radiolarian ooze, sometimes clay bearing. Sub-
unit Ib, at 65 to 99 meters sub-bottom, is lower Pleisto-
cene to upper Pliocene clay-bearing nannofossil radio-

larian ooze. Subunit Ic, at 99 to 143.50 meters sub-bot-
tom, is upper to lower Pliocene clay-bearing siliceous
nannofossil ooze.

Sedimentary Structures

In the ooze and chalk units, simple beds with sharp
boundaries (i.e., primary structures as defined by Bouma,
1975) occur only as ash layers. Ash layers appear at
12.25, 14.95, 28.75, 173, 183.40, and 187.36 meters sub-
bottom (Fig. 2). The thickness of the ash beds ranges
from 2 to 13 cm. In the remaining sediments of Litho-
logic Units I and II, changes in color, CaCO3 content,
bulk composition, and grain-size distribution are grad-
ual and probably reflect gradational changes in deposi-
tion. Intense bioturbation, in evidence as numerous bur-
rows (secondary structures), has probably destroyed most
sharp boundaries between layers. The sharp boundaries
of the ash layers suggest that sudden input of volcanic
material prevented mixing by benthic organisms.

The frequency of color changes in Lithologic Units I
and II decreases with depth (Fig. 2). The most frequent
color layering occurs between 10 and 30 meters sub-bot-
tom, where there are 12 layers, and between 50 and 90
meters sub-bottom, where there are 24 layers.

The low frequency of the color changes in the lower
part of Lithologic Unit I and throughout Lithologic
Unit II may be a consequence of weaker fluctuations in
the supply of detrital and ashy materials as well as of the
difficulty of distinguishing slight color changes in the in-
tensely mottled light gray, light green, and pale green
shades that characterize sediments with high carbonate
content.

Zoophycos burrows, among others, are prominent in
Lithologic Unit I but are less common in its clay-rich in-
tervals (Fig. 2). They cannot be seen in Lithologic Unit
II, probably because the lack of strong color contrasts
prevents their recognition. Zoophycos burrows occur
again in the limestones of Lithologic Unit III, where
they are vertically compressed and were possible to use
to determine the degree of vertical compaction (Plate 1).
Since the sediments of Lithologic Unit III originated
from the same types of materials as the sediments of
Lithologic Unit II, it is logical to expect Zoophycos bur-
rows to be there as well.

Another prominent feature of the bioturbation is the
appearance of large vertical burrows. These burrows oc-
cur in Subunits la and Ib, as well as in the upper part of
Lithologic Unit II, in intervals where color changes are
frequent (Fig. 2).

Large, light-colored burrow halos with purple mar-
gins are abundant in the lowermost part of Lithologic
Unit I and throughout Lithologic Unit II (Fig. 2). The
halos may indicate an early diagenetic mobilization,
probably of manganese, which, under reducing condi-
tions, migrates from the inner microenvironment of
burrows toward their outer zones (Hartmann, 1979).

The sedimentary rocks in Lithologic Unit III (cherts,
limestones, and silicified limestones) are finely lami-
nated or bedded (mm to cm scale) and thus show abrupt
changes in composition (Plate 1). Occasionally, the lam-
inae or thin beds terminate at one side (are wedge-
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Figure 2. Lithologic summary of Site 504. Given are age, lithology, color, and sedimentary features versus
depth and core number. Intervals with cherts in Holes 501, 504A, and 504B are expanded on the right
to show the sequence of rock types cored in each hole.
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shaped) or at two sides (are lenticular). The wedge-
shaped beds may represent only one side of a bisected
lenticular structure. Some of the smaller lenticular shapes
may be cross sections of burrows. The compressed Zoo-
phycos burrows sometimes cross cut or penetrate each
other or bedding planes. The beds also contain micro-
fossils and pyrite, often in concentrations that run par-
allel to the laminae. The origin of the fossil inclusions is
syn-sedimentary, and that of the pyrite is postsedimen-
tary and authigenic.

Other structural features in Lithologic Unit III are
irregular bodies and nodules of chert or Porcellanite
(Plate 2, Figs. 1 and 2). They are a result of SiO2 mobili-
zation and migration within the sediments; thin sections
show that opal-CT lepispheres and quartz have been
deposited within foraminifer chambers (Plate 2, Figs. 3
and 4; see also Hein et al., this volume).

Grain-size Distribution

Grain-size data for the unconsolidated sediments at
Site 504 are listed in Table 1 and shown in Figure 3. The
size of the clay-sized fraction (<2 µm) is a visual esti-
mate from smear slides and is therefore less accurate
than the size of the coarse silt (32-63 µm) and sand-sized
(>63 µm) fractions, which were measurements of weight.
Settling-tube tests on some samples show that the size of
the clay-sized fraction is consistently underestimated
optically and that the actual clay content of a sample is
approximately 50% higher than the estimate.

The clay-sized fraction consists of clay minerals (main-
ly smectite) and other very fine minerals, such as quartz
and feldspar, as well as of very fine, mostly siliceous
fossil debris. Intervals occur at depths from 65 to 80 and
from 100 to 120 meters sub-bottom (in Subunits Ib and
Ic) that are rich in clay-sized material, with values up to
35 and 48%, respectively. All other parts of the uncon-
solidated sediment sequence have clay-sized percentages
of 10% or less.

The proportion of the sediment that is fine to medi-
um-sized silt (2-32 µm) depends to a great extent on the
size of the clay-sized fraction, since the fraction larger
than 32 µm is generally small and shows little variation.
Accordingly, the proportion of fine to medium-sized silt
decreases to 45% in the clay-rich intervals. In the rest of
the sequence it varies between 70 and 90%.

The percentage of the coarse silt fraction generally
decreases with depth from about 10% within the top 20
meters sub-bottom to less than 5% below 215 meters
sub-bottom. There is an exception between 170 and 180
meters sub-bottom, where values again reach 10%.

The percentage of the sand-sized fraction rarely ex-
ceeds 10% and also decreases with depth. The random-
ly distributed measurements of higher percentages are
caused by layers rich in foraminifers, volcanic glass, or
sediment pellets (it is unclear whether the pellets were
artificially produced by the sieving process or are natu-
ral, produced by burrowing animals). Very low percent-
ages (1% or less) occur below 150 meters sub-bottom.

The silt- and sand-sized fractions are composed main-
ly of calcareous and siliceous microfossils, such as nan-
nofossils, foraminifers, radiolarians, diatoms, and frag-
ments of these components. Minor but significant corn-

Table 1. Grain-size distribution for sediments at Hole 501
(Core 1) and Hole 504.

Hole/Core
Clay (<2µm)

a

Coarse Silt
(32-63 µm)

(wt.%)
Sand (>63 µm)

(wt.%)

501

504

12 9.6 7.5

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

a Visual estimate.

12
8
15
8.5
9
9.5
7.5
12
15
10
13
11.5
14
23
15
35
10
2
4
1
24
43
40
48
32
7
14
10
10
15
13
11
11
12
11
10
11
5
5
8
8
5
8
13
10
15
15
13
12
12
12
12
5

10.9
3.9
4.8
4.4
3.3
5.3
6.2
6.5
3.9
4.8
5.5
3.3
4.1
4.4
3.7
5.2
6.4
4
3.5
4
3.5
2.7
5
3
4.4
5.1
4.6
3.5
4.3
4.7
4
4.1
4.4
6.3
4.7
5.7
4.7
9.9
3.8
4.3
5.1
3.5
3.9
4.3
4.2
3
3.6
3.8
3.9
2.6
3.4
3.7
4.4

7.4
2.8
6.3
4.6
3.7
5.3
4.2
7.6
4.3
10.5
5.5
5.2
4.6
3.4

20.8
4
5.3
3
3.1
3.6
2.6
2.3
2
2
5.1
3
2
2.8
2.2
3
2.4
2.2
1.4
3.2
4.9
7.9
2.4
6.1
1.4
3.2
2.1
1.9
1.9
2.8
4.2
1.5
6.1
1.9
2.3
1.8
1.5
1.8
5.1

ponents are sponge spicules, silicoflagellates, silicic vol-
canic glass, pyrite, and sediment pellets.

The grain-size distribution within the nannofossil
chalk beds of Lithologic Unit III is approximately the
same as in the lowermost part of Lithologic Unit IL The
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limestones of Lithologic Unit III have a matrix that con-
sists of about 80% clay-sized grains of unspecified car-
bonate, 15% silt-sized material, and 5% sand-sized mate-
rial. The silt- and sand-sized material is made up mainly
of foraminifers, their fragments, and pyrite.

Smear Slide Summary

Smear slide data for Site 504 sediments are presented
in Table 2 and Figure 3. The siliceous biogenic fraction
in Figure 3 is not subdivided because diatoms were often
covered by siliceous fossils of optically higher relief, sug-
gesting that they are underrepresented compared with ra-
diolarians, and because silicoflagellates and sponge spic-
ules occur in minor amounts only (Table 2). Miscellane-
ous fossil groups and minerals were counted collectively
and entered under "other components" in Figure 3 and
Table 2. Among these components are echinoderm spic-
ules, ostracodes, lamellibranchs, fish remains, pellets,
volcanic glass, quartz, feldspar, and pyrite. Volcanic
ash layers are excluded from this summary.

Within the calcareous biogenic fraction, nannofossils
are the dominant constituent; they always exceed the
proportions of foraminifers and unspecified carbonate
(mainly foraminifer fragments). Relatively low percent-
ages of less than 30% are only found at the top of Litho-
logic Unit I and in the clay-rich intervals of Subunits Ib
and Ic. The highest nannofossil proportions occur at the
base of Lithologic Unit II, where they sometimes exceed
70%. However, the distinction between fragmented nan-
nofossils and unspecified carbonate grains is often diffi-
cult to make. Therefore, some of the nannofossil frac-
tion may be unspecified carbonate. Between the extremes
of 30 and 70%, the nannofossil percentages range main-
ly between 40 and 60%.

Foraminifers occur in various stages of preservation.
Benthic foraminifers rarely exceed 2% of the total fora-
minifer assemblages, except in the lowermost part of
Lithologic Unit II, where they may be as much as 25%
of all foraminifers. From the top of the sediment se-
quence toward the base of Subunit la the foraminifer
abundance decreases from 20% to trace abundances.
Below 60 meters sub-bottom, the percentages rarely ex-
ceed 5%. At the boundary between Subunits Ib and Ic
foraminifers make up 10% of the sediment composi-
tion. Coarse fraction analysis also shows that samples
from this part of the sequence have significantly higher
foraminifer percentages (Fig. 4) and therefore seem to
reflect a short-term change in the depositional regime
(see discussion below of changes in accumulation rates
between 2.5 and 2.0 Ma). Between the top of the sedi-
ment sequence and the base of Subunit Ib the percent-
ages of unspecified carbonate fluctuate between 3 and
15%. From the top to the middle of Subunit Ic they are
less than 3%. Below this interval to a depth of 180 me-
ters sub-bottom, there is a general increase up to 35%.
Below this depth the unspecified-carbonate percentages
decrease again, but they are never lower than 5%.

Within the siliceous fossil fraction the percentages of
diatoms exceed those of radiolarians (Table 2), but each
of these fossil groups forms a significantly larger por-
tion than sponge spicules and silicoflagellates, which to-

gether form a fraction that is rarely greater than 10%.
Sponge spicules are generally more common than silico-
flagellates. In Lithologic Unit I the percentages of sili-
ceous fossils mainly range between 20 and 40% without
any significant trend. They are always lower than 30%
in Lithologic Unit II, except at the base of Lithologic
Unit II (226.5-337 m sub-bottom), where diatom abun-
dance in individual samples is sometimes as much as
40%.

The distribution of clay percentages is almost identi-
cal to that of the clay-sized fraction, which is discussed
in the section on grain-size distribution.

Silicic volcanic glass, mainly rhyolitic, and authigenic
pyrite, which dominate the percentages of the fraction
"other components" in Table 2, are consistently present
to a depth of 210 meters sub-bottom. Below this depth
they are randomly distributed. The volcanic glass is
more common in Lithologic Unit I than in Lithologic
Unit II, where the glass content of the sediments is en-
hanced only in the vicinity of the ash layers.

Pyrite is most common in Subunits Ib and Ic. The
high percentage of the fraction "other components" at
87.20 meters sub-bottom (Fig. 2) is caused by a layer
sampled in Core 18 that consists of 30% pyrite. Most of
the pyrite found occurs as small spheroids or framboids,
which are often concentrated around burrows, or as fos-
sil coatings (Plate 3, Figs. 1-3). One solid layer of large
(> 100 µm) pyrite crystals occurs at 231.30 meters sub-
bottom (Plate 3, Figs. 4-9).

Chitinous copepod fragments (Plate 3, Fig. 10) are
restricted to the uppermost sediments. All other minor
components are randomly distributed.

Overall, fluctuations in composition between samples
are particularly strong between 10 and 30 meters sub-
bottom and between 50 and 90 meters sub-bottom (Sub-
units la and Ib). Color changes are also frequent in
these intervals.

Calcium Carbonate Content

Calcium carbonate (CaCO3) percentages from the
"Karbonat Bombe" are presented in Table 3 and Figure
3. The CaCO3 curve shows the same general trend as the
curve in Figure 3 for the calcareous biogenic fraction es-
timated from the smear slides (foraminifers + unspeci-
fied carbonate + calcareous nannofossils). However,
differences in the absolute percentages can be consider-
able if the curves are compared on a core-by-core basis.
The differences are probably caused by uncertainty in
the percentages of the calcareous components, which
were estimated from smear slides, and by differences
between sampling points.

The major declines in CaCO3 content (down to 10%)
occur in Subunits Ib and Ic and correspond to clay-rich
intervals. A relatively substantial increase in CaCO3
content occurs within the ooze-chalk transition zone.
Below this zone the proportion of calcium carbonate
continues to increase moderately, and at the base of
Lithologic Unit II it represents 70 to 80% of the sedi-
ment. In Subunit la the CaCO3 curve deviates more
from the smear slide estimates of calcareous biogenic
material than in other parts of the sequence. This seems
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Table 2. Smear slide abundances in sediments from Hole 501 (Core 1) and Hole 504.

Hole/Core
Foramin-

ifers

501

504

Unspecified
Carbonate

Calcareous
Nannofossils

18.5

Radio- Silico- Sponge
larians Diatoms flagellates Spicules

Total
Siliceous
Fossils

Other
Components

Average Abundance per Core

23.5 8.2 5.3 1.5 27

Clay

12

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

5.2
8.2
4.6
5.8
1.5
2.3
2.7
2
4
Tr
3.7
Tr
1.4
0.6
1.7
—
—
—
—
—
8.7
2
—
1
1.7
Tr
Tr
2.5
Tr
Tr
—
—
—
—
—
—
1.7
—
—
—
1
1
1.3
1.7
—
1
3
—
—
—
—
—
—

8.6
3.2
3
5.3
8
6.7
5
4.3
8.3
10
10
11
10.4
7.4
5.7
6
3.7
4
8.3
8.3
2
3
3
3
3.3
10.6
9.5
12.5
16.7
22.5
23.3
16.7
16
26.7
20.3
23.3
28.3
21.7
35
12.5
15
15
12.7
10
15
20
10
10
10
10
10
5
10

44.8
48.8
41.4
51.3
62.5
55.7
48.3
59.3
50.3
56.3
46
45
42.4
42.4
44.7
31
57.7
45
48.3
50
41
20
25
12
29.3
41.7
40.8
47.5
48.3
34.7
35.7
48.3
60.2
43.3
42.3
50
45
53.3
48
60
57.2
55
56.7
5.5
57.5
50
45
62
65
70
65
70
70

11
8
11
11.8
7.3
10
12.3
6
6.7
6.3
10
9.2
9.6
7.2
8
6.7
8.3
10
10
10.7
7.7
10
10
11
11
13.3
9.5
8
7.7
8.8
9
7
5.8
5
10
6
4.7
5.7
5
6.5
6.6
7.5
7.3
7.3
4.5
4
8
5.5
5
2
3
5
4

11
17.5
11.4
13
7.8
10
13.3
6.5
7.7
6.3
10
12.8
13.8
9
12
7
11.6
13.8
13.3
11.7
11.7
12.5
10
11
15
15
12.5
8.5
9
8.8
9.3
7.7
4.2
6.3
10
8.3
5.7
7
5
9
8.6
9
8.3
9.3
8.5
5
10
8
8
2
6
7
8

3.2
1
4
2.5
1.8
2.3
5
3
3.7
2
4.7
3.2
2.4
2.6
3.7
3
8.3
6.3
6.3
10
4.3
3
6
7
4.7
3.7
4.5
2.5
3
3.3
2
3.3
1.1
2
1.7
1.3
2
2
1
1
2
5
3
3.3
2
3
4
1
1
1
1
1
1

1.4
3
6.2
2.3
1
2.7
3.3
2.5
3.7
4.7
5
4
3
2.8
5.3
5.3
1.7
3.8
1.7
3.3
3
3
5
2
2.7
8.3
6.5
5
4.7
6.8
6.7
6.7
2.6
3.3
4
2.3
1.7
2
1
3.5
2.5
2.5
3.5
1
4.5
2
5
1.5
1
5
5
2
2

26.6
29.5
32.6
29.6
17.9
25
33.9
18
21.8
19.3
19.7
29.2
28.8
21.6
29.
22
29.9
33.9
31.3
35.7
26.7
28.5
31
31
33.4
40.3
28.5
24
24.4
27.7
27
24.7
13.7
16.6
25.7
17.9
14.1
16.7
12
20
19.7
24
22.1
20.9
17.5
14
27
16
15
10
15
15
15

5.8
5.1
9.2
6.3
3.8
3.3
4.4
8.9
4.3
9.1
2.3
6.8
4
8.2
3.9
6
Tr
17.1
7.1
6
3.6
5.5
1
7
5
9.7
9
8.5
7
6.9
7.4
7
2.7
3.4
4
1.1
4.3
3.6
1
3.5
2.6
3.5
3.7
1.4
4.5
3
8
1
1
5
5
2
2

10.4
8.2
15.4
9.3
7.3
9.7
9
10
15
10
13.3
12
16
22.6
15
35
8.3
—
5
—
20
44
40
48
30
6
14.2
10
8.3
15
13.3
10
10
13.3
11.7
10
10
6.7
5
7.5
8
5
8.3
13.3
10
15
15
12.5
10
10
10
10
5

to be a consequence of the rapidity of the fluctuations in
composition in the intervals from 10 to 30 meters sub-
bottom and from 50 to 90 meters sub-bottom, which ex-
aggerates the discrepancies due to differences in sam-
pling points.

Coarse Fraction Analysis

Table 4 and Figure 4 present the results of the anal-
ysis of the coarse fractions (> 63 µm) separated from the
unconsolidated sediments of Site 504 (Holes 501 and
504). The presence of coarse fraction components that
occur in concentrations too low to permit distribution
curves to be drawn is indicated by symbols only. In ad-
dition to the distribution curves of significant compo-
nents, the ratios of foraminifer fragments to whole for-

aminifer tests were plotted versus depth to give some im-
pression of the degree of fragmentation.

Over most of the section, foraminifers and their frag-
ments together with radiolarians form more than 60%
of the coarse fraction. The percentages of benthic fora-
minifers rarely exceed 5% and never reach 15% of the
coarse fraction. Within these limits they are somewhat
more common between 200 and 230 meters sub-bottom
than in other parts of the sequence.

The ratio of fragmentary to whole foraminifer tests
shows that the number of whole foraminifers exceeds
that of foraminifer fragments only between 120 and 140
meters sub-bottom.

In Subunit la the average percentage of total fora-
miniferal material is about 50% and therefore higher
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Table 3. CaCθ3 contenta of the unconsolidated
sediments of Hole 504. Table 3. (Continued).

Core/Section
(interval in cm)

1-1, 46-47b

1-2, 26-27
1-3, 46-47
2-1, 46-47
2-2, 46-47
2-3, 46-47
3-1,46-47
3-2, 96-97
3-3, 76-77
4-1, 96-97
4-2, 96-97
4-3, 96-97
5-1,96-97
5-2, 96-97
5-3, 34-35
6-1, 96-97
6-2, 96-97
6-3, 96-97
7-1, 96-97
7-2, 105-106
7-3, 96-97
8-1, 96-97
8-2, 96-97
8-3, 96-97
9-1, 122-123
9-2, 96-97
9-3, 96-97
10-1, 136-137
10-2, 96-97
10-3, 46-47
11-1,46-47
11-2,46-47
11-3,46-47
12-1, 26-27
12-2, 46-47
12-3, 46-47
13-1, 46-47
13-2, 46-47
13-3, 46-47
14-1, 66-67
14-2, 46-47
14-3, 46-47
15-1, 116-117
15-2, 46-47
15-3, 46-47
16-1, 46-47
16-2, 46-47
16-3, 46-47
17-1,46-47
17-2, 46-47
17-3, 46-47
18-1, 46-47
18-2, 46-47
18-3, 46-47
19-1, 139-140
19-2, 46-47
20-1, 46-47
20-2, 46-47
20-3, 46-47
21-1, 47-48
21-2, 47-48
21-3, 47-48
22-1, 47-48
22-2, 47-48

CaCC>3
Content
(wt.%)

0
26
41
30
38
39
42
49
47
14
15
51
41
30
13
30
51
48
33
51
45
37
46
43
39
54
25
52
34
35
46
61
63
57
43
44
50
40
49

8
18
30

9
6

22
28
27
21
39
37
30
11
8

48
32
34
43
53
46
59
39
50
31
34

j

)

I)
J
)

J
\
j
\

J
\

I
I
J
I
j

I
)
\
)]

I

)

J
)
J
)
j
I
/
)

j
)

J
I
/

Average CaCθ3
Content per Core

(wt.%)

33.5

36.3

46

27

28

43

43

42

39

40

57

48

46

19

12

25

35

22

33

47

49

i i

Core/Section
(interval in cm)

CaCO3

Content
(wt.%)

Average CaCθ3
Content per Core

(wt.%)

23-1, 47-48
24-1, 47-48
24-2, 47-48
25-1, 47-48
25-2, 47-48
25-3, 47-48
26-1, 47-48
26-2, 47-48
26-3, 47-48
27-1, 47-48
27-2, 47-48
27-3, 47-48
28-1, 46-47
28-2, 46-47
29-1, 46-47
29-2, 106-107
29-3, 46-47
30-1,46-47
30-2, 46-47
30-3, 46-47
31-1, 46-47
31-2, 46-47
32-1, 46-47
32-2, 46-47
32-3, 46-47
33-1, 46-47
34-1, 86-87
34-2, 46-47
35-1, 46-47
35-2, 46-47
35-3, 46-47
36-1, 47-48
36-2, 47-48
37-1, 47-48
37-2, 47-48
38-1, 47-48
38-2, 47-48
38-3, 47-48
40-1, 47-48
40-2, 47-48
41-1, 47-48
41-2, 44-45
41-3, 47-48
42-1, 47-48
42-2, 47-48
43-1, 47-48
43-2, 47-48
43-3, 47-48
44-1, 47-48
44-2, 47-48
45-1, 47-48
45-2, 47-48
46-1, 47-48
47-1, 47-48
48-1, 47-48
49-1, 47-48
50-1, 46-47
51-1, 46-47
52-1, 46-47
53-1, 32-33

14
55
46
54
31
53
49
44
45
33
36
39
38
50
47
50
46
52
49
52
67
55
68
64
75
66
50
69
55
54
62
76
68
66
71
79
69
76
73
69
78
67
84
88
80
74
79
78
65
83
80
75
80
80
74
78
77
71
82
71

14

51

46

46

36

44

48

51

61

69

66

60

57

72

69

75

71

76

84

77

74

78

80

80

74

78

77

71

82

71

a "Karbonat Bombe" determinations.
b Ash.
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Table 4. Composition of coarse fraction samples from Holes 501 and 504.

Hole/
Core

501

1
3
4
5
6

504

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Fora-
minifers
(whole
tests)

2.8
11.2
6.4
8.7

12.5

22.1
10
17.2
21.7
13.8
8.3
7.5

10
18.1
13.3
16.1
7.5
9.6
6.7

13.3
6.4
7.6

10.3
7.8

11.3
17
10.8
6.9
4.3
8.1

11.6
7.4

11.9
15.1
9.5
6.8
7.1
7.3
4.4
3.9
8

13.9
3.8
9.4
4.7
5.9
8.3
7.7
7.5
4.7
7.2
7.9
4.9

14.1
2

15.7
3.6

Fora-
minifer
Frag-
ments

42.6
35.4
18.3
45
28.1

35.2
37.1
35.9
30.3
31.1
44.9
40.2
42.1
36.3
43.0
38.8
38.8
34.8
36.7
31
23.7
24.5
23.3
18.9
24.4
25.7
22.2
16
13.7
17.5
10.1
14.2
10.5
25.7
19.5
38.1
25.4
41.3
34
20.2
39.8
32.9
24.7
33.8
12.1
26.4
36.2
26.4
21.6
21.2
17.5
33.4
19.8
28.6
15.3
26.8
36.6

Total
Fora-

miniferal
Material

45.4
46.6
24.7
53.7
40.6

57.3
47.1
53.1
52
44.9
53.2
47.7
52.1
54.4
56.3
54.9
46.3
44.4
43.4
44.3
29.5
32.1
33.6
26.7
35.7
42.7
33
22.9
18
25.6
21.7
21.6
21.6
22.4
29
44.9
32.5
48.6
38.4
24.1
47.8
46.8
28.5
42.3
16.8
32.3
44.5
34.1
29.1
25.9
24.7
41.3
24.7
42.7
17.3
42.5
40.2

Foraminifer
Fragments

Whole Tests

14
3.2
2.9
5.2
2.3

1.6
3.7
2.1
1.4
2.3
5.4
5.4
4.2
2
3.2
2.4
5.2
3.6
5.5
2.3
3.7
3.2
2.3
2.4
2.2
1.5
2.1
2.3
3.2
2.2
0.9
1.9
0.9
1.7
2.1
5.6
3.6
5.7
7.7
5.2
5
2.4
6.5
3.6
2.6
4.5
6.1
3.4
2.9
4.5
2.4
4.2
4
2
7.7
1.7

10.2

Radio-
larians

49.4
43.6
57.9
38.1
50

29.5
42.4
37.5
41.4
49.1
40.3
38.8
44.8
44.1
37.4
40.7
46.7
42.5
43.1
45.5
56.8
57.2
53.6
59.4
56.9
46.6
47.9
58.6
61.0
56.3
59.7
56.6
61.3
48.0
56.4
45
61.2
47.6
45.6
54.8
44.9
44.7
29.3
47.6
56.4
52.9
42.6
47.3
48.7
35.6
58.6
50
65.1
47.6
75.6
49.9
40.7

Diatoms
Fish

Debris Pellets

Echino-
derm

Spicules
Sponge
Spicules

Proportion of Coarse Fraction8 Samples (grain <Vo)

0.3
4.6
3.6
0.9
0.5

0.5
0.2
0.6
0.9
1.8
2.2
2.8
0.4
0.6
2
1
0.1
1.6
5.6
0.9
4.3
5
2.1
0.2
1.2
1.5
2.6
6.9
3.9
3.5

10.7
5.3
4.8
2.4
8.6
2.8
0.5
1.2
8.1

17.2
2.7
0.9
0.5
0.6

11.1
3.6
9.9

13.4
18
7
1.2
5.1
4.3
4.5
2
0.9

10.3

0.3
0.5
3.2
3.0
2.1

0.6
0.5
1.4
0.8
0.5
0.3
0.2
0.7
0.3
0.7
0.7
1.1
1.1
1.4
1.0
1.5
0.7
2
0.8
1.2
0.6
1
0.9
2.2
2.1
1.7
2.7
1.5
2.8
1.7
1.5
0.6
0.4
0.5
0.2
1.2
2.1
1.2
3.1
0.3
1.7
0.9
1.2
0.8
1.2
4.0
1
1
2.3
1
1.8
1.5

2.2
1.9
0.4
1.3
0.5

2.5
2.2
1.5
1.2
1.5
1.2
1.0
_
0.1
1.2
0.2
1.2
1.4
3.8
1.5
1.9
2.9
2.8
8.8
2
0.9
3
3.2
2.0
4.3
3.5
5.1
6.5
0.8
0.1
0.2
2
0
1.2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
Tr
Tr
0
2.1

0
0
0
0
0
0
0
Tr
0
Tr
0
Tr
0
0
Tr
0
0
Tr
0
0
Tr
0.2
0
0
Tr
0
Tr
0
0
0
0
Tr
0
0
0
0
0
0
0
0
0
Tr
0
0
0
Tr
0
2
1
1
0
3

0
Tr
0
0
0

0
0
0
0
0
0
0
0
0
Tr
Tr
Tr
Tr
Tr
Tr
1.0
Tr
Tr
Tr
Tr
Tr
Tr
Tr
1.4
Tr
0
0
0
0
1
Tr
Tr
0
0
Tr
Tr
Tr
0
0
0
Tr
Tr
Tr
Tr
Tr
1.9
0
1
1
1
0
0

Volcanic
Glass

Tr
Tr
5
1.3
1.0

5.7
5.1
3.7
1.3
0.8
1.2
8.3
Tr
Tr
1.9
1
2.3
5.6
Tr
Tr
Tr
0
1.3
1.0
0
3.1
6.5
1.8

10.4
1.3
1.3
4.4
1.7
Tr
Tr
Tr
1.2
0
2.9
0
1.6
2.7

38.9
1.8

13.8
6.1
Tr
Tr
Tr

27
2.8
Tr
0
0
0
0
0

Quartz

0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
Tr
Tr
Tr
0
0
0
0

0
0
0
0
0
0
0
Tr
0
0
0
0
0
Tr
0
0
Tr
Tr
Tr
1.2
Tr
Tr
Tr
0
Tr
2

Feldspar

Tr
0
0
0
0

0
Tr
0

Tr
Tr
0
0
0
0
0

Tr
Tr
0
0
0
0
0

Tr
0
0
Tr
Tr
0
0
0
0
0
0
0
0
0

Tr
0
0
0
0
0
0
0
0
0

Tr
0
0
0
0
0
0
0
0
0
0

Mica

0
0
0

Tr
0

0
0

Tr
Tr
Tr
0

Tr
Tr
0

Tr
Tr
0
0
0
0

Tr
0
0
0

Tr
Tr
0
0
0
0

Tr
0

Tr
0
0

Tr
0
0
0
0
0
0

Tr
0

Tr
0
0
0
0
0
0
0
0
0
0
0
0

Pyrite

Tr
1.4
4.3
Tr
2.1

1.3
Tr
1.6
Tr
Tr
1.2
Tr
Tr
Tr
Tr
1.0
1.2
2.3
1.2
5.1
2.4
Tr
2.7
1
1.2
2.4
4.1
3.7
1.1
4.7
Tr
3.4
Tr
4.1
1.5
3.4
Tr
1.5
Tr
1.9
1.3
1.7
Tr
3.1
Tr
1.1
Tr
Tr
1.4
1.1
2.4
0
0
0
0
1.8
1

Miscel-
laneous

Components

1.1
Tr
Tr
Tr
1.1

2.4
1.8
Tr
1.2
Tr
Tr
Tr
Tr
0
0
Tr
Tr
Tr
Tr
Tr
1.1
Tr
1.2
1.6
1
1.1
1.3
1.2
0
1.5
1.9
Tr
1
Tr
1.2
1
1.3
Tr
2.6
1.2
Tr
1
Tr
Tr
Tr
2.2
Tr
1.5
1.3
2
2
2
1.6
Tr
2.1
2.2
1.3

a >63 µm.

than that of radiolarians (40%). For most parts of the
Subunits Ib and Ic it is considerably lower than that of
radiolarians. Only at the top of Subunit Ib and at the
boundary between Subunits Ib and Ic is it close to the
radiolarian percentages. In Lithologic Unit II the radio-
larian percentages continue to exceed the total foramini-
fer percentages, but generally by a smaller amount than
in Subunits Ib and Ic.

Diatoms occur between trace amounts and 18%.
Fluctuations in the diatom percentages are considerable,
and they become more frequent below Subunit la. Phos-
phatic fragments of fish teeth, here called fish debris,
never exceed 4%. Pellets range between trace abun-

dances and 9% and are most abundant in Subunits Ib
and Ic. Other biogenic components occur in very small
amounts (below 2%). Within this fraction sponge spic-
ules are more common than echinoderm spicules (Fig.
4). Chitinous copepod fragments occur only in the up-
permost sediments of Hole 501. Ostracods were found
at 23.50 meters and between 180 and 200 meters.

Colorless silicic volcanic glass is the only significant
land-derived component in the coarse fraction. It occurs
from the top of the unconsolidated sequence to a depth
of 215 meters sub-bottom. The glass particles are angu-
lar and fresh. Fibrous glass particles as well as particles
with (fluid-filled?) bubbles are common. Sometimes the
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glass particles are speckled with an opaque mineral,
probably authigenic pyrite.

Quartz, Plagioclase, and biotite (which is listed as
mica) occur in trace amounts within the terrigenous min-
eral association of the coarse fraction. In Lithologic Unit
I feldspar is more common than quartz; in Lithologic
Unit II the reverse is true.

Authigenic pyrite also occurs in the coarse fraction.
It occurs as spheroids and framboids, mainly in the
form of burrow or microfossil coatings or as single
spheroids composed of octahedra and cubes. Within the
coarse fraction the pyrite percentages range between
trace amounts and 5%. The mineral is more common in
Subunits Ib and Ic.

In summary, the composition of the coarse fraction
varies considerably, as does the bulk composition. Fluc-
tuations are more pronounced between the top of the
sediment sequence and 90 meters sub-bottom than in the
sediments below that depth.

SEDIMENT CHEMISTRY AND ASH
COMPOSITION OF SITES 504 AND 505

The major oxide composition of 4 ash beds and 34
sediment samples from Holes 504 and 505 are presented
in Table 5. All except one sediment sample and one of
the ash beds are from Hole 504. We also obtained the
trace element content of 27 of the Hole 504 sediment
samples (Table 6). We studied Hole 504 in particular de-
tail to determine the variation through time in sediment
bulk composition and to see whether hydrothermal ac-
tivity at the Galapagos Spreading Center had contribut-
ed a metalliferous component to the sediments. Most of
the samples were from relatively dark, clay-rich beds
within the lithologic units and were therefore somewhat
less calcareous than the lighter-colored beds nearby.

The ash beds and the six sediment samples for which
we do not have trace element data were analyzed for
major oxides on board the Glomar Challenger during
Leg 69 by J. Etoubleau. Na2O was not determined.

Sites 501, 504, and 505 are near three potential sources
of airborne volcanic ash. The two most important of
these are the highly active magmatic arc volcanoes of the
northern Andes and southern Central America, which
have episodically produced large volumes of andesitic
to rhyolitic tephra (McBirney and Williams, 1964; Zeil,
1979). The nearness of the Andean volcanoes, which
are almost directly to the east, makes them more likely
sources for ash than the Central American volcanoes.
Silicic volcanism has also occurred on several of the Ga-
lapagos Islands (McBirney and Williams, 1969), but it
has been in the form of lava flows rather than of ash
or ignimbrites. This and the unfavorable southwesterly
wind direction make the Galapagos Islands unlikely to
be the source of ash found near the Costa Rica Rift.

Ash deposits near the surface of sediments in the
Panama Basin have been both recovered by coring and
dredging and traced acoustically for long distances (Wor-
zel, 1959). One prominent near-surface reflection has
been ascribed to the "Worzel Ash", a layer about 10 cm
thick that lies off Central and South America. The geo-
graphic extent of the bed was originally thought to be

the result of an "exceptional catastrophe" (Menard,
1964, paraphrasing Ewing et al., 1959), but the layer is
now thought to be a composite of ash from both Central
and South America. More recent coring has uncovered
evidence that more than one ash layer contributes to the
"Worzel Ash". The most widespread of these is the "L"
ash layer of Ninkovich and Shackleton (1975), which
occurs within the upper 15 meters of the sediment col-
umn in the northern Panama Basin and has its source in
South America.

In Hole 504, where the hydraulic piston corer was
used, we expected to recover numerous volcanic ash lay-
ers in the cores, allowing us to document silicic volcan-
ism on nearby magmatic arcs from the late Miocene to
the present. However, despite the high recovery of un-
disturbed core material and the ubiquitous occurrence
of dispersed volcanic glass in the sediments, few ash
layers undisturbed by burrowing organisms were en-
countered. Our analyses of four of these layers are listed
in the first four rows of Table 5. The sample from Hole
505 is from an unusually thick ash bed that lies about
16.5 meters below the seafloor and required circulation
to punch through with the drill string. It could well be
Ninkovich and Shackleton's "L" ash layer.

Smear slide observations of the ash samples analyzed
indicate very little glass alteration and up to 20% com-
bined quartz, feldspars, and heavy minerals, mainly
hornblende and biotite. Such concentrations of miner-
als can result from the aerodynamic sorting within the
stratosphere of particles of ash of different density
(Carey and Sigurdsson, 1980). These minerals are also
present in dispersed amounts throughout the sediments.

The ash analyses show high loss on ignition, reflect-
ing mostly combined water (H2O

 + ), possibly CO2, and
slight alteration and oxidation. The high content of
Fe2O3 in the Pliocene sample from Hole 504 (Sample
504-41-1 (136-137 cm)) is the result of pyritization.

The analyses of all the ash samples are similar and
highly silicic. Estimates of normative composition, based
on the assumption that Na2O abundance equals the dif-
ference between the total of the analysis and 100%, in-
dicate that all four would plot near the ternary minimum
in the system Qz-Or-Ab, within or near the field for an-
alyzed granites (Tuttle and Bowen, 1958). Details of the
petrology of the samples await more complete study.

Several characteristics of the ash are of importance to
the interpretation of sediment pore-fluid composition,
however. They include the low CaO content of the ash,
the generally small fraction of ash in the sediments other
than the ash beds, and the apparent weak reactivity of
the glass in the ash to the action of pore fluids. The lack
of reactivity is evidenced by the fresh appearance of
glass in smear slides throughout the sediment column of
Hole 504 right to the top of the cherts. Evidently no ex-
tensive exchange of Ca2+ in the glass with Mg2+ in the
sediment pore fluids has occurred, and the strong gradi-
ents of these cations in the pore fluids at Site 504 reflect
reactions in the underlying basalts (Mottl, Lawrence, et
al., this volume).

The chemical composition of the sediment in Holes
504 and 505 (the remainder of Table 5) was evaluated by
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Table 5. Chemical composition of ashes and sediments in Holes 504 and 505.

Lithologic
Unit

Ash

la

Ib

Ic

II

III
I

Sample
(interval in cm)

504-1-2, 74-75
2-1, 58-59
41-1, 136-137

505-3-5, 57-60
504-1-1, 5-8

2-2, 100-102
4-2, 51-54
6-2, 52-55
8-2, 43-47
10-2, 52-55
10-3, 52-53

504-14-1, 50-53
15-1, 68-69
15-1, 85-86
16-1, 105-106
16-2, 34-37
17-2, 122-124
17-3, 34-35
17-3, 64-67
19-1,61-65
19-1, 50-53

504-21-3, 115-120
23-1, 36-39
25-2, 95-97
27-2, 15-18
30-1, 7-10
31-2, 20-23

504-34-1, 75-78
35-3, 6-9
37-2, 17-20
39-1,22-25
41-2, 34-37
43-2, 51-54
45-1,33-36
47-1, 133-136
50-1,31-34

504-53-1, 64-67
505-1-1, 0-3

Sub-bottom
Depth (m)

13.24
14.98

187.86
16.5
10.05
16.42
25.21
34.02
42.73
51.62
53.12
67.70
72.28
72.45
77.05
77.84
82.92
83.74
84.04
89.81
89.70

102.15
107.16
117.85
126.05
137.67
143.70
155.95
162.66
170.07
177.44
187.84
196.01
202.33
211.33
222.31
235.64

0.01

SiO2

73.18
73.39
73.08
71.88
39.14
29.21
35.92
34.14
32.21
40.80
41.24
47.19
68.91
70.10
60.17
44.16
59.23
65.82
43.06
70.50
52.07
38.74
50.13
41.67
61.14
41.51
40.27
47.54
41.52
25.11
17.31
21.22
13.65
21.39
36.25
15.56
41.82
54.85

TiO 2

0.30
0.26
0.25
0.30
0.30
0.22
0.26
0.20
0.20
0.33
0.30
0.30
0.30
0.36
0.30
0.20
0.34
0.19
0.27
0.20
0.19
0.18
0.20
0.12
0.27
0.21
0.22
0.31
0.22
0.19
0.08
0.13
0.05
0.08
0.10
0.04
0.02
0.41

A12O3

14.36
14.02
13.22
14.27
7.96
5.86
6.35
5.32
5.05
8.19
7.53
7.66
7.61
9.17
8.07
5.25
9.24
5.19
6.97
5.10
4.45
4.76
5.25
3.64
6.78
5.46
6.12
8.40
5.90
4.91
2.40
2.59
1.32
2.67
2.78
1.15
0.86

11.32

Fe 2 O 3

1.88
1.62
4.01
1.96
3.50
2.97
3.37
2.73
2.33
3.53
3.31
4.66
4.87
6.55
3.95
2.80
4.98
2.70
3.90
2.47
2.46
3.17
2.51
1.61
3.25
2.76
2.45
3.68
2.68
2.23
1.21
1.20
0.96
1.36
1.59
0.74
0.55
5.84

MnO

0.06
0.08
0.12
0.08
0.33
0.23
0.38
0.39
0.33
0.20
0.22
0.33
0.33
0.38
0.64
0.36
1.15
0.48
0.33
0.21
0.15
0.17
0.14
0.26
0.09
0.17
0.18
0.13
0.17
0.24
0.24
0.13
0.17
0.16
0.11
0.15
0.08
1.89

Major Oxides (wt.%)a

MgO

0.53
0.50
0.47
0.80
2.33
1.75
2.30
1.77
1.53
2.13
1.87
2.32
2.90
3.35
2.44
1.64
2.37
1.66
1.65
1.46
1.04
1.14
1.28
0.80
1.53
1.35
1.34
2.10
1.59
1.26
0.71
0.75
0.42
0.48
1.01
0.48
0.37
2.89

CaO

1.67
1.29
1.31
2.20

17.56
25.70
19.00
25.61
26.19
15.67
18.36
8.03

10.11
7.13

20.47
16.16
18.14
21.05
11.08
18.10
12.20
22.11
16.02
23.78

7.34
20.92
21.70
13.83
20.99
32.14
41.24
38.41
44.68
38.55
27.92
43.77
27.18
17.53

Na2O

_

2.49
3.08
3.19
1.01
1.54
3.44
1.64
2.75

2.20

2.34

2.05
1.07
1.16
1.25
1.24
1.23
1.31
1.22
0.93
0.64
0.20
0.30
0.09
0.57
0.69
0.11
0.46

—

K 2 O

4.09
4.33
4.18
4.41
1.02
0.82
0.97
0.63
0.44
1.26
1.01
1.31
1.11
1.26
0.99
0.93
0.60
0.56
1.16
0.65
0.87
0.66
0.72
0.61
0.87
0.71
0.86
1.06
0.72
0.45
0.23
0.21
0.13
0.48
0.37
0.11
0.17
1.25

P2O5

0.09
0.04
0.08
0.06
0.11
0.13
0.13
0.13
0.11
0.12
0.13
0.16
0.20
0.21
0.26
0.14
0.23
0.24
0.16
0.18
0.12
0.09
0.11
0.13
0.14
0.17
0.16
0.20
0.16
0.15
0.12
0.10
0.13
0.09
0.16
0.10
0.07
0.25

S O 3

0.79
1.07
1.31
1.03
0.98
1.61
1.37
3.72

—
—
—

1.88
—
—

4.27
—

2.71
2.64
1.21
0.99
1.47
1.67
0.91
1.34
0.87
0.63
0.48
0.59
0.84
1.40
0.78
0.52
0.51

—

L.O.I.

5.68b

8.24b

7.8Ob

9.04b

24.10
27.90
25.10
26.60
28.10
22.30
22.50
20.80
17.49b

20.54b

28.30b

23.40
3O.31b

32.05
23.60
25.18b

21.30
24.40
20.70
24.80
14.80
23.10
23.70
19.20
23.40
30.60
35.10
33.40
36.70
31.90
26.80
36.60
26.90
22.18°

Sum

96.16
95.53
96.72
95.96
99.63
98.94
98.78
99.56
99.01
99.58
99.48
99.22
96.34b

98.51b

97.29b

99.11
96.28b

97.89b

98.80
98.87b

99.59
99.13
99.44
99.66
98.92
99.27
99.22
99.03
99.13
98.55
99.34
99.04
99.16
99.11
98.55
99.34
98.99
96.23b

Pelagic
Clay

53.29
40.31
47.66
35.12
34.14
55.55
49.37
55.47
42.34
50.14
41.48
36.18
47.27
27.11
51.78
28.65
31.63
32.34
34.86
24.23
44.45
36.21
40.09
54.34
38.59
32.55
15.70
17.26
8.85

17.63
18.75
7.73
5.88

56.74

Principal Components

Biogenic
CaCθ3

Biogenic
SiO2

Hydrog-
enous

Proportion of Sediment (%)

31.23
46.97
35.12
44.91
47.06
28.24
31.98
15.45
14.94
10.36
27.95
30.10
24.66
29.22
21.87
24.80
29.03
39.30
28.25
42.05
12.79
36.85
37.77
23.78
36.47
56.61
72.15
67.99
79.55
67.63
50.02
78.12
49.29
23.34

14.21
11.20
15.29
18.06
17.34
15.41
17.73
26.18
40.20
35.94
28.44
31.05
24.26
41.97
24.59
45.68
43.84
25.81
35.93
32.58
41.95
25.70
21.70
21.16
23.80

9.75
10.20
13.93
10.27
13.71
30.13
13.05
43.99
14.47

1.14
0.82
1.37
1.33
1.15
0.72
0.75
1.23
0.95
1.07
1.70
1.30
3.03
1.29
0.59
0.56
0.62
0.49
0.48
0.89
0.29
0.61
0.44
0.57
0.81
0.81
0.86
0.45
0.59
0.54
0.38
0.52
0.28
5.90

Metal-
liferous

0.11
0.65
0.54
0.58
0.30
0.09
0.16
1.67
1.58
2.49
0.44
0.75
0.78
0.40
1.17
0.31
0.87
1.46
0.47
0.25
0.51
0.62
0.00
0.16
0.31
0.28
0.45
0.37
0.74
0.49
0.72
0.59
0.55
0.71

a All analyses by XRF. Samples analyzed by V. Marchig, H. Rascha, and J. Lodziak except those indicated by Note b. Precision is 2-3% of the amount present. Samples were sieved through 63µ mesh before analysis
to remove any rust contaminants from the drill pipe. This may have affected SiO2 and CaCθ3 abundances slightly.

b J. Etoubleau, analyst. Sums do not include L.O.I, (loss on ignition). All other analyses include L.O.I, in sum.

Table 6. Trace element abundances (ppm) in Hole 504 sediments.a

Lithologic

Unit

la

Ib

Ic

II

III

Core/Section

(interval in cm)

1-1, 5-8

2-2, 100-102
4-2, 51-54
6-2, 52-55
8-2, 43-47
10-2, 52-55
10-3, 52-53
14-1, 50-53
16-2, 34-37
17-3, 64-67
19-1, 50-53
21-3, 105-110
23-1, 36-39
25-2, 95-97
27-2, 15-18
30-1, 7-10
31-2, 20-23
34-1, 75-78
35-3, 6-9
37-2, 17-20
39-1, 22-25
41-2, 34-37
43-2, 51-54
45-1, 33-36
47-1, 133-136
50-1, 31-34

53-1, 64-67

Bi

<6
6

< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6
< 6

Cu

132
122
133
318
155
170
207
353

205
455
200

213
176
97

193
174

195
323
263
171

131
107

66
101
221

58
66

Co

23
18
25
17

15
28
25
25
21
36
19

23
19

9
23
21
26
35
22
20
10
16

6
9

12

5
5

Mo

4
4
6

< 3
< 3
< 3
<3
31
15

65
13
4

< 3
< 3

3
6

< 3
< 3
< 3
< 3
< 3
< 3
< 3
< 3
< 3
< 3
< 3

Nb

4
5

< 3
< 3
< 3

<3
< 3
< 3
< 3
< 3
< 3

4
< 3
< 3
< 3

3
4

< 3
< 3
< 3
< 3
< 3
< 3
< 3
< 3
< 3
< 3

Ni

137
127
191
151
124
162
160
303
124
327

138
194
100

85
133
128
119
208
154
125

82
92
52
50

101
39
47

Pb

< 5
< 5
< 5

5
< 5
< 5

6
8

< 5
< 5
< 5
< 5

10
< 5

17
11
12

16
11
7

< 5
< 5
< 5
< 5
< 5
< 5
< 5

Rb

27
17

23
19
12
29
29
37

25
33
24

21
21
19
28
22

25
36
23
16

8
7
5

15
11

3
4

Sn

40
33
23
32
29

< 2 0
21
26

122
114

< 2 0
< 2 0

48
< 2 0

44
27

29

29
< 2 0
< 2 0

48
25

< 2 0
< 2 0

52

< 2 0
< 2 0

Sr

768
1114

863
1073
1011

770
839

601
836
792
710
967
781

1061
568
989
971
737

948
1216
1313
1340
1241

1179
1137
1274

857

Ta

< 5
< 5

6
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5

5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5

Th

< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5

7
< 5
< 5
< 5

U

10
9
6
6
7
5
8

13
18
20
12

5
4
5

10
4
3
8
3

< 3
< 3
< 3
< 3
< 3
< 3
< 3

4

W

< 5
< 5

8
< 5
< 5
< 5

7
< 5
< 5
< 5
< 5
<5
< 5
< 5
< 5

5
< 5

6
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5
< 5

Y

17
16
18
16
11

22
24
31
22
32
20

20
19
16
20
29
23

31
28
23
17

18
10

8
23
12
11

Zn

248
208
305
261
204
204

312
303
206
432
209

281
241
171

283
235
207

353
258
155
106
140

50
54

179
67

39

Zr

63
54
54
41
39
61

63
82

49
91
53
55
50
36
57
55
53
73
49
47
24
28
16
38
31
15
14

Ba

2744
2845
3088
2945
2391
3269
3554

5958
4892
6889
4009
3628
4066
3212
4519
4815
3242

5135
4478
3354
2142
2576
1819
1510
4635
1836
1890

Ce

6
1
0
2
6
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

11

6
0
7

0

Cr

52
43
41
38
42
47

50
61
50
63
40

43
40
24
46
38
37

49
39
35
24

20
20
18
26
11
12

La

55
9

16
22
22

19
23
28
18
34
17

18
17

16
16
26
26
29
23
26
19
26
19
32
35
24

16

Se

17
7

12
6
9

17

16
19
13
20
11

7
15

8
16
11
14

19
15

6
0
0
0
0
8
0
2

V

137
107
164

128
104
144
148
252

133
277
164

133
116
82

144
112
105
206
117

77
48
69
25
28
78
32

23

a Determined by XRF. Analysts were V. Marchig, H. Rascha, and J. Lodziak. Precision is 25% at detection limits.

using the procedure of Bischoff, Heath, et al. (1979).
The sediments can be considered to be a combination of
several simple components: (1) a "detrital" component
with the composition of pelagic clay; (2) biogenic cal-
careous material; (3) biogenic siliceous material; (4) hy-
drogenous (mainly Mn) metals; and (5) metalliferous

sediment (the hydrothermal component). The calcula-
tion is performed like that of a norm. The pelagic clay
is taken to be the average Pacific pelagic clay listed in
Bischoff, Heath et al. (1979, table 2). All A12O3 in an
analysis is assumed to reside in the pelagic clay compo-
nent. The calcareous component is assumed to be pure
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CaCO3, and the siliceous biogenic component is as-
sumed to be pure SiO2. MnO occurs in both the hydrog-
enous and metalliferous fractions, but the ratio of Ni
(ppm) to MnO (%) is assumed to be 360:1 in the hydrog-
enous fraction, its nominal value in eastern Pacific man-
ganese nodules (Bischoff, Piper, et al., 1979). In the
case of our samples, only four have MnO in very slight
excess (0.01-0.02%) of that calculated to be hydroge-
nous on this basis, so we have calculated all MnO to be
hydrogenous, even for those four samples.

Fe2O3 resides in the pelagic clay, hydrogenous, and
metalliferous fractions. Figure 5 plots Fe2O3 versus A12O3

and shows that most of the samples plot near the ratio
for Pacific pelagic clay (Bischoff, Heath, et al., 1979).
The iron in those samples that plot above the line is con-
sidered to be combined metalliferous and hydrogenous
in the calculation. Since a few samples plot below the
line, however, resulting in negative metalliferous + hy-
drogenous Fe2O3 abundances, it is clear that pelagic clay
must be somewhat variable in composition. For purpos-
es of calculation we have assumed that the ratio Fe2O3/
A12O3 in Panama Basin pelagic clay is 0.40, rather than
the 0.46 of Pacific pelagic clay. This corresponds to the
ratio given by plotting a line through the least iron-rich
sample in Figure 5. These reduced iron values cannot be
the result of the addition of ash to the samples; as indi-
cated by the line giving the Fe2O3/Al2O3 ratio for average
Leg 69 ash and the arrow, a considerable quantity of ash
(about 20%) would be required to shift the ratio for a
typical sample toward that of assumed Panama Basin
pelagic clay. The higher A12O3 of the latter may reflect
the larger amount of illite and kaolinite in proportion to

the amount of montmorillonite in airborne dust, the
source of which is quite near (the volcanoes of Central
and South America; see Griffin and Goldberg, 1963,
and Prospero, 1981), or in waterborne materials (Heath
et al., 1974; Donnelly, 1982). However, by using a lower
ratio, there is at least some metalliferous component
calculated to be in every sample except the one used to
establish the ratio; this guarantees that no sample has a
negative calculated metalliferous component. In Figure
5, we have also plotted the line corresponding to the
Fe2O3/Al2O3 ratio for average Deep Ocean Mining
Environmental Study (DOMES) pelagic clay (Bischoff,
Heath, et al., 1979). This ratio is even higher than that
of Pacific pelagic clay. In all likelihood, the range be-
tween the assumed composition of Panama Basin pelag-
ic clay and that of the DOMES pelagic clay reflects real
variations in both time and space, and it is impossible to
conclude that there is any metalliferous component in
samples that range through 6 m.y. of geologic history
and plot between these two extremes. In Hole 504, the
only possible exceptions are a few samples from Subunit
Ib, which consistently have higher Fe2O3/Al2O3 than
other samples.

The actual amount of "excess" Fe2O3 is calculated
by subtracting from total Fe2O3 the amount that be-
longs to the pelagic clay component, assuming that
Fe2O3/Al2O3 equals 0.4. An additional small amount of
Fe2O3 is then assigned to the hydrogenous component,
assuming that Fe2O3/MnO equals 0.32, the value in the
manganese nodules (Bischoff, Heath, et al., 1979). In
the Hole 504 sediments, this is no more than 0.13%
Fe2O3. The resulting quantity, "metalliferous" Fe2O3

LU 3

(T) Averages DOMES pelagic clay
(2) Average Pacific pelagic clay
(3) Estimated Panama Basin pelagic clay
(4) Average Leg 69 ash
• Subunit la] Lith. 1
• Subunit Ibl• Unit
O Subunit IcJ I
A Lithologic Unit II
•¥- Lithologic Unit I I I .

Hole 504

20% To average Leg 69 ash

5

A I 2 O 3

10

Figure 5. Fe 2O 3 versus A12O3 for the Hole 504 sediment samples in Table 5. Lines give Fe2θ3/Al2θ3 ratios
for DOMES and Pacific pelagic clay (Bischoff, Heath, et al., 1979), proposed Panama Basin pelagic
clay (see text), and average Leg 69 ash (Table 5).
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(excess Fe2O3 - 0.32MnO), is plotted against "excess"
SiO2 in Figure 6. The latter is total SiO2 - 3.3A12O3,
where 3.3 is the ratio of SiO2/Al2O3 in average Pacific
pelagic clay (Bischoff, Heath, et al., 1979). The slightly
higher "metalliferous" Fe2O3 contents of some Subunit
Ib samples are still apparent, but a truer idea of their
significance can be seen in the Figure 6 inset, where the
abscissa is not nearly so expanded and on which fields
for two other DSDP sites are shown. The ratios of SiO2/
Fe2O3 for the metalliferous sediments from eastern Pa-
cific DOMES Site C (Bischoff, Heath, et al., 1979), the
Bauer Deep, and the Galapagos mounds hydrothermal
field (e.g., Hekinian et al., 1980) are indicated in the fig-

ure. Excess SiO2 at Sites 425 (north of the Galapagos
Rift in the Panama Basin; Fig. 1) and 504 is clearly
dominated by biogenic silica, and compared with Site
420 (at 9°N, near the crest of the East Pacific Rise),
there is hardly any metalliferous component at all, even
in samples from Subunit Ib.

Bischoff, Heath, et al. (1979) assigned a certain amount
of SiO2 to the metalliferous component in the DOMES
area on the basis of analyses of particularly metallifer-
ous sediments from DOMES Site C, which plot close to
the trend line of the Figure 6 inset. However, because a
number of samples from Site 420 plot below this trend
line, Hekinian et al. (1980) inferred that the metallifer-

50

40

30

20

10 -

green
nontronitic
mud at
Site 424

Ratio for Bauer Deep
and DOMES Site C
metalliferous sediment

8 10 12 14 16 18
Excess Fe2O3 • 0.32MnO (%)

0.0 0.5 1.0 1.5 2.0
Excess Fe2O3 - 0.32MnO (%)

2.5 3.0 3.5

Figure 6. Excess SiO2 versus "metalliferous" Fe 2O 3 (excess Fβj<>, - 0.32MnO) for Hole 504 sediment
samples in Table 5. Symbols are as in Figure 5.
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ous component in those sediments was equivalent to the
East Pacific Rise iron-hydroxide facies of Boström and
Peterson (1966) and Boström et al. (1969), which is
notably poor in both A12O3 and SiO2. Sediments from
DOMES Site C and the Bauer Deep were interpreted by
Hekinian et al. (1980) to be equivalent to the Galapagos
mounds iron-nontronite facies, which has nearly fixed
ratios of SiO2/Fe2O3 and MgO/Fe2O3. This facies, if it
is like the mounds occurrence, is a local off-axis geo-
thermal precipitate that formed at comparatively low
temperatures, unlike the one produced in the high-tem-
perature East Pacific Rise or Costa Rica Rift geother-
mal regimes (Hekinian et al., 1980). The Site 420 metal-
liferous component, by contrast, probably precipitated
from plumes that were produced at axial hot springs and
that originally were highly charged with metalliferous
components. These plumes can be traced for thousands
of kilometers away from the spreading centers by means
of dispersed helium, manganese, and methane (e.g., Lup-
ton et al., 1977, and 1979).

At any rate, the low potential for a metalliferous
component in the Site 504 Pediment samples makes it
impossible to determine from the chemical analyses
which facies might have been involved. For simplicity,
and because it seems more likely, we have assumed that
the small calculated Site 504 metalliferous component is
equivalent to the iron-hydroxide facies rather than the
iron-nontronite facies. The slight increase in the metal-
liferous component in the upper Pliocene sediments
(Subunit Ib) may have occurred because Site 504 was
then closer to the Ecuador Rift (see Fig. 1) than at any
other time. If it is assumed that the component is an
iron hydroxide, all excess SiO2 (that not in pelagic clay)
is biogenic SiO2. Even if the alternative assumption
were made, however, the maximum metalliferous SiO2
that would be calculated for any sample would be 4.18%,
with most samples having between 1 and 2%.

With this simplification, we calculated the propor-
tions of the principal components of the Hole 504, sedi-
ments from their chemical analyses (Table 5). Biogenic
SiO2 is all excess SiO2. CaCO3 is CaO × 1.61 (adjusting
for stoichiometric CO2), pelagic clay is A12O3 × 6.06,
and hydrogenous metals are MnO × 3.12 (values of fac-
tors for A12O3 and MnO are from Bischoff, Heath, et
al., 1979, table 4). Metalliferous sediment is excess
Fe2O3 - 0.32 MnO (we have not used the factor of 3.13
of Bischoff, Heath, et al., 1979, because we assume that
this component is an iron hydroxide). These propor-
tions are plotted versus depth in Figure 7, after being
normalized to 100%. The hydrogenous and metallifer-
ous components have been added for the purposes of
the figure, and apart from the small fluctuation in Sub-
unit Ib, they are clearly only a minor portion of the
Hole 504 sediments, even when combined.

The proportions of biogenic SiO2, calcium carbon-
ate, and pelagic clay dominate the composition of the
sediment, and the fluctuations in these components cor-
respond well to the variations observed in sediment li-
thology and the results of smear slide and coarse frac-
tion analysis. The low CaCO3 abundances in the Sub-
unit Ib sediments and the rapidity and extent of fluctua-

tions in the biogenic silica and pelagic clay components
are clearly manifest in the sharp color fluctuations of
that subunit. The higher carbonate content of the Sub-
unit la and Lithologic Unit II sediments detected by sev-
eral procedures show up well here. The most valuable
information provided by Figure 7, however, is a quanti-
tative estimate of the size of the biogenic SiO2 and clay
fractions. The clay fraction has increased overall since
the Miocene, although excursions of 10 to 15% from
sample to sample are common and a decline occurred in
the late Pliocene. There are similar excursions in the
biogenic SiO2 fraction, but there is no mistaking the
broad peak centered on the upper Pliocene in this frac-
tion. In Figure 7, this corresponds to a drop in the pro-
portion of both carbonate and pelagic clay. In the Mio-
cene and lower Pliocene, however, carbonate is clearly
dominant, and both the pelagic clay and biogenic SiO2
fractions are reduced in size. We shall return to the con-
sideration of these fluctuations when we discuss carbon-
ate, noncarbonate, and bulk accumulation rates.

Among the minor elements (Table 6), Sr shows a
strong positive correlation with CaCO3 in the Hole 504
samples, with the exception of the sample from Litho-
logic Unit III. Sr therefore appears to be low in abun-
dance in the pelagic clay and hydrogenous components,
although it may have been mobilized in the basal sedi-
ments, which have been subjected to high temperatures
and extensive diagenesis. Cu and Zn are present in
abundances in excess of those that would be predicted
by the size of the pelagic clay component in the samples
if the predictions were based on the abundances of these
metals in average pelagic clay (see Cronan, 1969, for Cu
and Turekian and Wedepohl, 1961, for Zn; cited in
Bischoff, Heath, et al., 1979, table 2). However, the
high SO3 content of the sediment and the abundance of
pyrite observed in the smear slides and coarse fraction
samples suggest that through biogenic reduction the sul-
fate in the seawater has become fixed as pyrite in the
sediments, a factor that also dominates the alkalinity of
the sediment pore fluids at Site 505 (Mottl, Lawrence et
al., this volume). Cu, Zn, and other trace metals could
therefore well have been scavenged from seawater dur-
ing this process (e.g., Goldberg, 1957).

Ba does not correlate particularly well with either
CaCO3 or A12O3 (the measure of the pelagic clay com-
ponent); hence, it appears to have been contributed by
more than one fraction. Bischoff, Heath, et al. (1979)
attributed it mainly, and about equally, to the hydroge-
nous and biogenic components, with a small but signifi-
cant portion to the "detrital" component. X-ray dif-
fraction data (Beiersdorf and Rösch, this volume) indi-
cate that marine barite is a pervasive minor component
of the sediments in Holes 504 and 505. Mo, U, and Sn
have their highest abundances in Subunit Ib, and in fact
one sample in this interval (that from Core 17, Section
3) has the highest abundances of Cu, Mo, Ni, Co, Cr,
U, Se, and V of all the samples analyzed. Most of these
metals clearly belong to the metalliferous and hydroge-
nous fractions. There is no correlation between the abun-
dance of Mo and that of Pb, as there is in the DOMES
sediments, where both elements have been included in
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Figure 7. Proportions of principal sediment components in Hole 504 calculated from the compositions of Table 5.

the hydrogenous fraction (Bischoff, Piper, et al., 1979).
At Site 504, again, biological factors may have selective-
ly affected Pb abundances.

Finally, there are strong correlations between A12O3
and TiO2, V, and (to a lesser extent) Se, indicating that
the abundances of these oxides and trace elements are
controlled largely by the size of the pelagic clay fraction
in the sediments.

The sample from Site 505 is a mudline sample (i.e.,
from the very top of the sediments). The sediments are
very dark grayish brown. The principal sediment com-
ponents (normalized to 100%) are given in Table 5. The
high MnO content may reflect near-surface diagenetic
mobilization (e.g., Bonatti and Joensuu, 1966).

SEDIMENTOLOGY OF SITE 505

Lithologic Units

The sequence of sediments at Site 505 consists of
three lithologic units (Fig. 8). Unit I, at 0 to 14.50
meters sub-bottom, is made up of upper Pleistocene cal-
careous marl. Unit II, at 14.50 to 133.50 meters sub-
bottom, is upper Pleistocene to upper Pliocene variably
clay-bearing nannofossil siliceous ooze. Unit III, at
133.50 to 232 meters sub-bottom, is upper to lower Plio-
cene siliceous nannofossil ooze.

Sedimentary Structures

Drilling disturbance due to rotary coring appears in
the sediment as diapiric and flow structures. It is intense
and has destroyed most of the original sedimentary
structures. However, a few of the structural features
were left intact. These features and the intense bioturba-
tion visible in the piston-cored sediments of nearby Site
504 make it obvious that the sediments at Site 505 are
bioturbated throughout.

Volcanic ash layers at 3.66, 16.45, 16.75, and 26.40
meters sub-bottom are the only examples of simple bed-
ding. Zoophycos burrows occur mainly between 10 and
143 meters sub-bottom (Fig. 8). In addition, a few bur-
row halos similar to those at Site 504 occur in Lithologic
Unit III; they become more frequent with increasing
depth. Color changes, changes in CaCO3 content, and
changes in the bulk composition of the sediments are
gradational. Judging from the characteristics of the sed-
iments at Site 504 this is not a mechanical effect of drill-
ing.

Color changes are frequent in Lithologic Units I and
II, particularly at depths between 20 and 40 meters sub-
bottom (17 layers). Toward the base of the sediments
the frequency of the color changes decreases to about
two changes per 10-meter interval. As at Site 504, color
changes are most frequent where fluctuations in bulk
composition are most rapid.

Grain-Size Distribution

Table 7 and Figure 8 present the grain-size distribu-
tion of the sediments at Site 505. For visual estimates of
the clay-size fraction (<2 µm) the same low accuracy
can be expected as at Site 504.

The proportion of the <2µm fraction is largest in
Lithologic Unit I, where it averages 39% of the sedi-
ment (Fig. 8). In Lithologic Unit II, it is always less than
25% (and averages 10%) down to a depth of 72 meters
sub-bottom. Between 72 and 119 meters sub-bottom the
percentages of the clay-sized fraction increase again,
reaching another maximum of 40%. The average for
this interval is 24%. These high percentages contain
some uncertainty because of the uncored intervals. In
the remaining part of Lithologic Unit II the clay-sized
percentage averages 13% and is always less than 25%.
The average for Lithologic Unit III is 8%. In this unit
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the percentages decrease generally with depth from about
20% to 5%.

The proportion of the sediment that is fine to medi-
um-sized silt (2-32 µm) ranges between 35 and 85% and
is almost exactly inversely correlated with the size of the
clay-sized fraction, because the fraction > 32 µm shows
only a slight variation (2-12%). Only in Lithologic Unit
I is the clay-sized fraction greater than the fine to medi-
um silt-sized fraction. In the remaining sediments the
fine to medium silt-sized fraction is always the largest
grain-size fraction.

The size of the coarse silt (32-64 µm) fraction is
usually somewhat greater than that of the sand-sized
(>63 µm) fraction, but it is never greater than 10%. A
higher percentage of coarse silt-sized material occurs
within the upper 56 meters (average: 4%). Below this
depth the average is 3.5%. The highest percentage of
sand-sized material occurs within the upper 16 meters,
where the average is 7%, and at the base of the sedi-
ments, where the average is 8%. Between these extremes
the percentage is always less than 5%.

All of the grain-size fractions have their greatest fluc-
tuations within Lithologic Units I and II. The greatest
variations in the size of the coarse silt and sand-sized
fractions occur between 20 and 56 meters sub-bottom
(the upper part of Lithologic Unit II). The clay-size
fraction has its greatest fluctuation between 95 and 120
meters sub-bottom (the lower part of Lithologic Unit
H).

Smear Slide Summary

Since the sediments at Site 505 are similar to those of
Site 504, the Site 505 smear slide data are presented in
the same way (Table 8 and Fig. 9).

Planktonic and benthic foraminifers occur through-
out the sediment sequence. As at Hole 504, benthic for-
aminifers rarely reach 2% of the total foraminifer as-
semblages. Foraminifers are most abundant in Litho-
logic Unit I, except in its uppermost part. A maximum
abundance of 18% occurs at the base of this unit. In
Lithologic Units II and III foraminifers occur in vari-
able amounts from trace abundances to 10%.

In Lithologic Unit I, unspecified carbonate is usually
less than 3% of the sediment composition. In the upper
part of Lithologic Unit II, to a depth of about 70 meters
sub-bottom, there are rather high percentages of un-
specified carbonate (average: 10%). In the remaining
part of the unit it is significantly lower. In the upper
part of Lithologic Unit III, to a depth of about 170 me-
ters sub-bottom, the unspecified carbonate percentages
are approximately as high as in the upper part of Litho-
logic Unit II. From 170 to 220 meters sub-bottom the
percentages range between 5 and 10%. Below this, there
is a drastic increase in unspecified carbonate, an in-
crease that correlates with the increasing firmness of the
sediment. The highest abundance (40%) is at the basalt/
sediment contact.

In Lithologic Unit I, calcareous nannofossils form
from 10 to 40% of the sediment. Only within the clay-
rich interval of Unit II do such low values occur again.
In the remaining sediments, nannofossils are always

more abundant than 50%, with maximum percentages
between 70 and 80%.

The siliceous biogenic fraction varies between 8 and
30%; in most cases it is about 20%.

The distribution of clay is the same as for the clay-
size fraction, with the same uncertainty regarding its
abundance as discussed for Site 504. "Other compo-
nents," as described for Site 504, form generally less
than 7% of the total sediment. Siliceous volcanic glass
and authigenic pyrite are present throughout the se-
quence. The highest concentrations of volcanic glass are
within the upper 30 meters, where it can form 2 to 3%
of the total composition. Chitinous copepod fragments
are restricted to the uppermost sediments. Toward the
base of Lithologic Unit III there is an increase in ba-
saltic volcanic glass. Other components occur as traces
and are randomly distributed.

Calcium Carbonate Content

Table 9 presents the calcium carbonate (CaCO3) con-
tent determined by the "Karbonat Bombe" method.
The data show the same general trend as the optically
determined curve for total carbonate (foraminifers +
unspecified carbonate + calcareous nannofossils) in Fig-
ure 8 (the smear slide summary). Differences are very
likely caused by the same factors as at Site 504 (diffi-
culty of estimating percentages optically and sample-to-
sample variations). Values of calcium carbonate content
of less than 20% can be found within the upper 40 me-
ters and between 100 and 120 meters sub-bottom, depths
that correspond to the clay-rich interval. From 120
meters downward there is a general increase in CaCO3
percentages to values between 60 and 70%. The strong-
est fluctuations in percentages occur within the upper 50
meters of the sequence.

Coarse Fraction Analysis

The composition of the coarse fraction (>63 µm) of
the Site 505 sediments (Table 10 and Fig. 9) is similar to
that of Site 504. Both the constituents and their relative
frequencies are approximately the same, as well as the
degree of fluctuation in the individual components.

Foraminifers, foraminifer fragments, and radiolar-
ians are dominant constituents of the coarse fraction
and always total more than 70%. The percentages of
unbroken foraminifers vary for the most part between 5
and 15%. Percentages at the low end of this range (5 to
10%) characterize depths between 100 and 130 meters
sub-bottom.

The highest percentage of foraminifer fragments
(66%) is found in Lithologic Unit I. From this maxi-
mum, percentages decrease considerably to approx-
imately 24% at the top of Lithologic Unit II. From there
they increase again and vary only little around an aver-
age of 35%. Between 80 and 180 meters sub-bottom,
they rarely exceed 30%. Between the latter depth and
the base of the sediments the percentages of foraminifer
fragments are generally greater than 30%.

Since the size of the unbroken foraminifer test pro-
portion is consistently low, the curve for total foramini-
feral material is very similar to that for the foraminifer
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Table 7
505.

Core

1
2
2
3
3
4
4
5
5
6
6
7
7
8
9

10
10
11
11
12
12
13
13
14
14
15
15
17
17
18
18
19
19
20
20
21
21
22
22
23
23
24

, Grain-size

(
Section

1
1-3
4-5
1-3
5

2-3
4-7
1-3
4-6
1-3
4-7
1-3
4-6

1
1-3
1-3
4-5
1-3
4-6
1-3
4

1-3
4-6
1-3
4-5
2-3
4-6
1-3
4-8
1-3
4-6
1-3
4-7
1-3
4-7
1-3
4-8
1-3
4-6
1-3
4-6
1-2

a Visual estimate.

distribution for sediments at Hole

Clay
<2/un)
(%)a

52
40
38
26

6
13
16
8

11
8
9
9

11
7

12
15
18
34
24
22
24
21
13
12
12
11
18
12
8
9
9
9
8
9
7
9
8
6
6
6
7
6

Coarse Silt
(32-63 µm)

(wt.%)

2.1
4
5.8
2.2
4.6
5.4
4.6
4.0
3.3
2.8
4.4
5.6
0
3.9
3.2
3.4
3
3.5
3
3.9
3.4
2.9
3.7
2.8
3.2
3.1
3.6
2.7
2.8
2.3
2.3
3.5
3.5
3.7
3.1
3.2
4
4.2
4.3
3.7
5.6

Sand
(>63 µm)

(wt.%)

9.4
4.9
3.1
3.4
3.2
3.2
3.6
2.6
2.0
2.4
4.5
5.9
0
2.9
2.4
2.7
1.4
1.3
1.5
3.8
2.6
1.9
2.2
2.8
3.2
1.8
2
1.6
2.1
2.1
2.9
2.1
2.2
2.8
2.2
1.9
2.4
3.2
2.8
2.5
6.2

fragments. The curve for radiolarian percentages varies
roughly inversely to these.

Diatom percentages are highest between 50 and 75
meters sub-bottom (5-10%). Elsewhere they form less
than 5% of the coarse fraction. Fish debris shows no
particular trend and is always less than 2%. Pellets rare-
ly exceed trace amounts. However, their percentages
were plotted because of their significance in determining
the degree of diagenesis. Other biogenic components oc-
cur as traces only. Within this fraction the proportion of
sponge spicules exceeds that of echinoderm spicules.
Ostracods occur in two samples only. An unusually high
proportion of chitin, up to 15%, occurs in Core 1. Most
of it is fragments, but it consists in part of chaetognath
worm jaws and copepod limb segments (written commu-
nication, C. Sancetta, 1981) (Plate 3, Fig. 10).

The proportion of silicic volcanic glass is below 5°Io
for most of the coarse fraction samples. Higher abun-
dances occur only in the immediate vicinity of the ash
layers and at sub-bottom depths between 96 and 98 me-
ters, at 121 meters, and between 175 and 178 meters.
The increased proportion of volcanic glass at the base of
the sediment sequence is due to a high proportion of
brown basaltic glass, as mentioned in the smear slide
summary. Biotite is more abundant where the silicic
glass content of the coarse fraction is high. Plagioclase
is more abundant in Lithologic Unit III than elsewhere.
Quartz occurs only between 70 and 185 meters sub-bot-
tom. Pyrite occurs in the same form as in the coarse
fractions of Lithologic Units I and II of Site 504. It var-
ies between trace abundances and 6% and is higher in
the upper part of Lithologic Unit II than elsewhere.

DISCUSSION

Provenance of Sediment Components

The sediments at Sites 504 and 505 are mainly cal-
careous, with high proportions of calcareous nannofos-
sils, foraminifers, and foraminifer fragments. Opaline
silica in the form of radiolarians, diatoms, silicoflagel-
lates, and sponge spicules, as well as fine inorganic de-
tritus, make up the remainder. The biogenic compo-
nents stem mainly from planktonic organisms living in a
highly productive marine environment. Only a very
small fraction of the foraminifers is benthic.

Thin layers of silicic volcanic ash occur in upper Pleis-
tocene sediments at both sites and in lower Pliocene sed-
iments at Site 504, where older sediments were reached
than at Site 505. However, the occurrence of silicic glass
and volcanic minerals throughout the sediments as far
down as the upper Miocene suggests a more or less regu-
lar input of airborne ash. As discussed earlier, the most
important sources of airborne ash are the highly active
volcanoes of the Central and (more particularly) the
South American magmatic arcs rather than the volca-
noes of the Galapagos Islands, some of which produce
silicic lava flows. The presence of compact ash beds in
the upper Pleistocene and lower Pliocene sediments but
not elsewhere suggests that these periods represent times
of increased explosive volcanism in the Central and
South American arcs.

The basaltic glass that is common near the base of the
sediments at Site 505 was probably derived from the
chilled glassy margins of the nearby basalt outcrops or
from glassy submarine breccias.

Smectite, the dominant clay mineral at both sites
(Beiersdorf and Rösch, this volume), is very likely of
continental origin or is authigenic after an originally
mixed assemblage of clays of continental origin. In that
case it would have been transported to the sites by either
water or wind. The smectite may also be partially an al-
teration product of volcanic debris, but the presence of
only fresh volcanic glass and the lack of shard pseudo-
morphs makes this doubtful.

The pyrite found throughout the sediment columns
of both sites is clearly an authigenic product. The green
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Table 8. Smear slide abundances in sediments from Hole 505.

Core

1
2
2
3
3
4
4
5
5
6
6
7
7
8
9

10
10
11
11
12
12
13
13
14
14
15
15
17
17
18
18
19
19
20
20
21
21
22
22
23
23
24

Sections

1
1-3
4-6
1-3
4-CCa

1-3
4-7
1-3
4-CC
1-3
4-7
1-3
4-6
1-CC
1-4
1-3
4-CC
1-3
4-CC
1-3
4-5
1-3
4-CC
1-3
4-CC
1-3
4-CC
1-3
4-CC
1-3
4-CC
1-3
4-CC
1-3
4-CC
1-3
4-CC
1-3
4-CC
1-3
4-CC
1-3

Fora-
minifers

2
6.3
8

16.7
0.7
9.3
5
4.5
5
2.7
6.3
4.3
3.7
3
3
5.3
5.5
3.3
2.5
3.3
2.5
2.3

(

.2

.7

.7
5.3
J.7
.7

.3
2.7
2.7
3.7
2.7
6.6
3
3.2
5.3
7
6.3
2.5
1.7

Unspecified
Carbonate

3
1.5
0.2
0.3
8.3
8.8
9.6

13.8
10.5
11.7
9.5

13.3
10.7
10
8
2.3
2.5
6.3
7
9
6
9.3
9.4
5

11.7
11.7
12.3
15
7.8
6.7
7.3
5
7

10
7
9.3
8.6
7

11.3
16.7
17.5
31.7

Calcareous
Nanno-
fossils

10
12.5
23.3
32
67
61.3
50.4
53.3
52.5
63.3
54
51.7
53.7
68
59
53.5
55
35.8
45.5
44.5
46.5
47.7
55.4
57
54
55
49
50
61.8
62.3
58
68.3
63.2
56.3
54.2
58.7
57.6
65.3
61.4
53.3
61.2
52.3

Radio-
larians Diatoms

Silico-
flagellates

Sponge
Spicules

Average Abundance per Half Core (%)

10
8.5
9.3
7.8
5.3
6.3
5
7.3
6
4.7
7
7.3
7.7
5
6.3
7.8
6.5
6.3
7
7.8
5.5
7.3
6.4
7.7
6
5.7
3.7
6.7
5
7
6.7
5.3
5.4
7.7
8.4
7
7.6
5.7
5
5
3.8
3

10
9

13.3
7.8
6.7
5.3
5.4
8.5
6
5.7
7
9
8
5
7
8
7.5
7.5
8
7.3
7
8

10.2
11.7
10.7
8
6.3
9.3
9.8
6.7
6.7
4.7
6.4
9

10
7.3
8.8
6
5.5
9.3
4.5
2.7

1
1.5
2

.5

.3

.5

.6

.5
1.5
1.7
2.5
2
1.7
1
1.5
4
3
1.8
1.8
1.8
1.5
2.7
0.8
2.3
1.7
2.7
1.7
2
2.3
2
3.3
1.7
1.4
1.7
2
2
2.2
1.3
1
0.7
1
1

Tr
1.3
3
3.3
3.3
2.8
3
3.5
3.5
3
4.5
4
3.7
3
3
3.3
2.5
4.5
4.8
4
8
1.7
3.2
2.7
1.7
3.3
2
2
3
4.3
5
3.3
4.6
4.3
4.8
4.3
4.6
4.3
3.3
3.7
3
2.3

Total
Siliceous
Fossils

21
20.3
27.6
20.4
16.6
15.9
15
20.8
17
16.1
21
22.3
21.1
14
17.8
23.1
19.5
20.1
21.6
20.9
22
19.7
20.6
24.4
20.1
19.7
13.7
20
20.1
20
21.7
15
17.8
22.7
25.2
20.6
23.2
17.3
14.8
18.7
12.3
9

Other
Components

4
6.9
2.6
5.6
0.7
0.3
4
1.3
5
0.6
0.9
0.9
0.8
0
0.9
0.8
0
2
0.9
1
1
1
0.4
0.2
0.8
0.3
0
1.6
2.5
0.7
1.3
0
0.7
0
0.4
0.1
0
0.1
0
0
0
0

Clay

60
52.5
38.3
25

6.7
5

16
6.3

10
5.6
8.3
8.3

10
5

11.3
15
17.5
32.5
22.5
21.3
22.5
20
13
11.7
11.7
10
18.3
11.7
6.8
9
9
9
7.6
8.3
6.6
8.3
7.4
5
5.5
5
6.5
5.3

a Core catcher.

color of the sediment and the strong H2S smell at Site
505 suggest that pyrite formed under reducing condi-
tions by anaerobic bacteria. The pyrite is mostly sphe-
roidal and framboidal, and it fills in fossils and burrows
(it is second-order pyrite in the sense of Hein and Griggs,
1972). The only solid layer of cubic pyrite crystals, which
was found at Site 504 (at 231.30 m sub-bottom), is very
likely a product of the diagenetic transformation of
second-order into third-order pyrite (Hein and Griggs,
1972).

Since X-ray diffraction data (Beiersdorf and Rösch,
this volume) show only weak signs of laterally reworked
sediments (clinoptilolite at Site 505, magnetite and mag-
hemite at both sites), the sediments of both sites are al-
most entirely autochthonous, although the thickened se-
quence at Site 505 suggests redeposition from nearby
outcrops. Sediment deposition also must have been con-
tinuous, since there are no hiatuses. However, deposi-
tion was not uniform, as shown by small- and large-
scale fluctuations in composition and differences in ac-
cumulation rates at the two sites.

Accumulation Rates and Depositional History

We drew accumulation rate curves for both sites by
using 11 time slices for Site 504 and 9 time slices for Site

505 (Fig. 10). The boundary horizons for the time slices
are diatom levels (Sancetta, this volume), the zero age
for the sediment/water interface, and the basement ages
for the basalt/sediment contacts inferred from magnetic
anomalies (Langseth et al., this volume). The age and
thickness of the time slices are given in Tables 11 and 12,
as well as average bulk densities and porosities. Sedi-
mentation rates were corrected for water content and
compaction as explained in Table 11 to give accumula-
tion rates. The CaCO3 data given in Tables 3 and 9 were
averaged per time slice.

For the Site 505 curves, difficulties arose from the
uncertainty of the time of the last R. praebergonii and
N. jouseae occurrences (see Sancetta, this volume),
which define the time slices on either side of 1.5 and 2.6
Ma. Both diatom levels occur within the two intervals
that were not cored because the heat flow tool sank
through the sediments. Therefore, two versions of the
curves were constructed. For the first, the tops of the
respective diatom occurrences were assumed to be in the
middle of each uncored interval; for the second, they
were taken to coincide with the base of these intervals.

Van Andel et al. (1975) show decreasing equatorial
bulk accumulation rates from about 2.5 g/cm2/1000 yr.
at 6 Ma to about 1 g/cm2/1000 yr. today. At any given
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Table 9. CaCC>3 content of the unconsolidated
sediments of Hole 505. Table 9. (Continued).

Core/Section
(interval in cm)

2-2, 73-75
2-3, 73-75
2-4, 86-88
3-2, 14-16
3-3, 73-75
3-5, 130-132
4-2, 101-103
4-3, 95-97
4-4, 71-73
4-5, 84-86
4-7, 73-75
5-1, 73-75
5-2, 73-75
5-3, 73-75
5-4, 73-75
5-5, 73-75
5-6, 73-75
6-1, 53-55
6-2, 73-75
6-3, 73-75
6-4, 73-75
6-5, 73-75
6-6, 73-75
6-7, 73-75
7-1, 73-75
7-2, 73-75
7-3, 73-75
7-4, 73-75
7-5, 73-75
7-6, 73-75
9-1, 100-102
9-2, 73-75
9-3, 73-75
10-1, 73-75
10-2, 73-75
10-3, 73-75
10-4, 73-75
10-5, 73-75
11-1, 100-102
11-2,73-75
11-3, 73-75
11-4, 73-75
11-5, 73-75
11-6, 73-75
12-2, 37-39
12-3, 73-75
12-4, 73-75
13-1, 73-75
13-3, 73-75
13-4, 73-75
13-5, 73-75
13-6, 73-75
14-2, 73-75
14-3, 73-75
14-4, 73-75
14-5, 73-75
15-2, 123-125
15-3, 73-75
15-4, 73-75
15-5, 73-75
15-6, 26-28
17-2, 73-75
17-3, 73-75
17-4, 73-75
17-5, 73-75
17-7, 73-75

CaCO ?
Content
(wt.%)

38 |
16
27 J
19 \
17
21 J
47 1
50
37
16 1
53 J
39 ]
24
37 J
41 )

25
19 J
2 5 )

3 4 124 t
38
50
32
22
31 )
33
43 J
41 |
50
45 )
44 \
49
27 1
38 )

55 )
52 \
34 /
31 \
25
12 J
13 |
10
19 >
13 )
23
19 J
14 )

15
13 >
53 |
46 1
44 1
37 )
39 j

48 )
54 )
44 J
60 )
48 .
32 J
40 1
52 1
42 )
46
53 I

a

\

\

•

\

>

•

•

Average CaCθ3
Content per Core

(wt.%)

27

19

44.6

1A 5

33.3

28.3

27.6

35.5

35.7

45.3

40

39.3

43

22.7

14

18.3

14

AC\ S
I•U.J

46.9

46

50

Core/Section
(interval in cm)

CaCθ3 Average CaCC<3
Content Content per Core
(wt.%)a (vft.o/o)

18-1, 133-135
18-3, 73-75
18-4, 73-75
18-5, 73-75
18-6, 73-75
19-1, 73-75
19-2, 73-75
19-3, 73-75
19-4, 73-75
19-5, 73-75
19-6, 73-75
19-7, 73-75
20-1, 73-75
20-2, 73-75
20-3, 73-75
20-4, 73-75
20-5, 73-75
20-6, 73-75
20-7, 73-75
21-1, 73-75
21-2, 73-75
21-3, 73-75
21-4, 73-75
21-5, 73-75
21-6, 73-75
21-7, 73-75
21-8, 63-65
22-1, 73-75
22-2, 73-75
22-3, 73-75
22-4, 73-75
22-5, 73-75
22-6, 73-75
23-1, 73-75
23-2, 73-75
23-3, 73-75
23-4, 73-75
23-5, 73-75
23-6, 73-75
24-1, 73-75
24-2, 73-75

43
42
46
42
47
44
41
52
46
52
57
50
54
45
54
43
40
50
52
56
57
55
52
54
59
59
64
72
72
74
68
68
58
62
63
65
61
61
65
65
68

52.7

45.5

45.7

51.3

51

46.3

56

57.6

72.7

64.7

63.3

62.3

66.5

a "Karbonat Bombe" determinations.

time within this time interval, the bulk accumulation
rates of Sites 504 and 505 were higher than the mean
equatorial bulk accumulation rates, indicating that there
has been a higher primary contribution of remains of
planktonic organisms at the east end of the equatorial
high-productivity belt than at the west.

Moore et al. (1973) showed that in the greater
Panama Basin, a latitudinal band of high biological
productivity lying between 4°S and 2°N and associated
with the Peru Current and the equatorial divergence has
existed for at least several hundred thousand years. Based
on the generally high accumulation rates of Sites 504
and 505, this band must have existed for the past 5.9
m.y. Since plate tectonics show that the two sites could
only have migrated from west to east with respect to a
fixed Galapagos melting anomaly (Fig. 11), the sites
should have remained within the zone of high primary
productivity near the equator throughout their histories.
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Table 10. Composition of coarse fraction samples from Hole 505.

Core

2
2
3
3
4
4
5
5
6
6
7
7
9

10
10
11
11
12
12
13
13
14
14
15
15
17
17
18
18
19
19
20
20
21
21
22
22
23
23
24

Sections

1-3
4-5
1-3
0-5
2-3
4-7
1-5
4-6
1-3
4-7
1-3
4-6
1-3
1-3
4-5
1-3
4-6
1-3
0-4
1-3
4-6
1-3
4-5
2-3
4-6
1-3
4-8
1-3
4-6
1-3
4-7
1-3
4-7
1-3
4-7
1-3
4-6
1-3
4-6
1-2

Fora-
minifers
(whole
tests)

7.8
11.6
10.9
7.3
7.2
8.4
7.7
7.5
8.2

14
3.6
7.9
7.7

13.7
6.1
4.6
5
4.6

15.5
5.8
6.7
6.6
4.6

15.3
10.1
8.2

13
10.4
6.6

10.2
11.1
10.9
6.4

11.9
9.9

10
6.7
9.2
5.2
5.4

Fora-
minifer
Frag-
ments

50.1
66
36.7
24.2
34.7
47.2
52
39.6
45.8
40.7
43.6
35.7
38.2
30.8
49.7
17.4
16.1
26.4
34.3
15.2
21.9
29.3
19.5
27.7
17
17.6
23.7
15.5
21.6
20.3
19
32.2
30.3
28.9
30.3
26.6
30.7
35
39.6
40.3

Total
Fora-

miniferal
Material

57.9
77.6
47.6
31.5
41.9
55.6
59.7
47.1
54
54.7
47.2
43.6
54.9
44.5
55.8
22.1
21.1
31
39.8
21
28.6
35.9
24.1
43
27.1
25.8
36.7
27.9
28.2
30.5
30.1
43.1
36.7
40.8
40.2
56.6
37.4
44.2
44.8
45.7

Foraminifer
Fragments

Whole Tests

6.4
5.7
3.4
3.3
4.8
5.6
6.8
5.3
5.6
2.9

12.1
4.5
5
2.2
8.1
3.8
3.2
5.7
6.2
2.6
3.3
4.4
4.2
1.8
1.7
2.1
1.8
1.7
3.3
2
1.7
3
4.7
2.4
3.1
4.7
4.6
3.8
7.6
7.5

Radiolarians

31.3
18.6
31.6
58
47.1
23.3
35.1
45.1
35.2
36.1
45.9
38.3
39
48.9
36.7
61.8
68.2
61.3
50
69.6
59.2
58.8
71.8
52.5
62.2
66.3
52.9
59.3
52
60.2
63.2
47
53
53
52.5
36.4
52.2
46
42.5
35.6

Diatoms
Fish

Debris Pellets
Echinoderm

Spicules
Sponge
Spicules

Proportion of Coarse Fractiona Samples (grain <7o)

2.4
1.2
1.5
1.7
1.9
Tr
Tr
Tr
Tr
1.1
3.9
9.8
8.5
Tr
Tr
Tr
Tr
1.0
5.8
1.1
1
Tr
Tr
1
3.8
2.4
1
Tr
1.4
Tr
Tr
2.6
4.4
1.8
2.2
Tr
1.8
Tr
3.3
Tr

0.8
0.4
0.7
0.6
0.4
1.3
1.1
0.7
0.7
0.9
0.4
0.6
0.6
0.4
0.5
0.7
1.3
1.1
1.2
1.4
0.8
0.9
0.9
0.8
0.7
1.3
1.1
1.4
0.6
0.7
0.9
0.8
0.7
0.6
0.7
1.4
1.3
1.1
1.7
0.8

2.6
0
0
0.7
0.2
0
0.1
0
0.6
0.2
0.1
3.1
0
0
0
0
0
0.2
0.4
0.4
0.2
0.1
0.3
0
0.1
0.1
0.6
0
0.5
0
0
0
0
0
0
0
0.4
0.1
0
0

0
0
0
0

Tr
0

Tr
Tr
0
0
0

Tr
0

Tr
Tr
Tr
0

Tr
0
0

Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr

Tr
Tr
Tr
0

Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
0
0

Tr
Tr
0

Tr
Tr
Tr
Tr
Tr
Tr
Tr
0

Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
Tr
0

Tr
Tr
Tr

Ostracods

0
0
0

Tr
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Tr
0
0
0
0
0
0
0
0
0
0

Volcanic
Glass

2.4
Tr

15
6.7
4

16.5
2
2.4
4.7
Tr
Tr
1
Tr
Tr
1.9

11.5
1.5

Tr
Tr
Tr
5.6
1.5
Tr
Tr
1.4
Tr
2.8
7.1

13.4
2.5
2.2
2.2
2.5
1.9
2.0
2.6
3
4.1
3.8
9.5

Quartz

0
0
0
0
0
0
0
0
0
0
0
0
0
0

Tr
Tr
0
0

Tr
Tr
Tr
Tr
0
0

Tr
Tr
Tr
Tr
0

Tr
0
0
0
0
0
0
0
0
0
0

Feldspar

0
0
0
0
0
0
0
0
0

Tr
Tr
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Tr
0
0

Tr
Tr
Tr
0
0
0

1.2
1.2
2
1.3
2.8

Mica

0
0
0
0

Tr
Tr
Tr
Tr
Tr
Tr
Tr
0
0
0
0

Tr
Tr
Tr
0

Tr
Tr
Tr
0
0
0

Tr
Tr
0
0

Tr
Tr
Tr
Tr
Tr
Tr
Tr
0
0
0
0

Pyrite

1.5
1.2
2.2
0.6
3.2
2.1
Tr
2.4
4.6
5.8
1.5
2.9
4.1
4.9
3.4
2.1
3
1.9
Tr
1.8
2.1
1.3
0.9
1.7
4.1
2.7
3.5
3.2
3.1
4.4
1.4
1.9
1.5
1.3
1.5
Tr
2.2
1.1
1.3
4.4

Miscel-
laneous

Components

Tr
Tr
0
Tr
2.5
0
0
1.0
7.4
0
0
Tr
1.8
Tr
Tr
0
4.4
Tr
0
3.3
Tr
Tr
Tr
0
0
Tr
Tr
0
Tr
0
0
1.6
Tr
0
Tr
0
Tr
Tr
Tr
Tr
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Figure 9. Coarse fraction data for the sediments of Hole 505.
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Figure 9. (Continued).

SEDIMENTARY AND DIAGENETIC PROCESSES
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Figure 10. Variation with time of Site 504 and 505 accumulation rates, subsidence curves, and
distances between sediment and basement surfaces and CCD levels. CCDpac = Pacific CCD;
CCDeq equatorial CCD, from van Andel et al. (1975).
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SEDIMENTARY AND DIAGENETIC PROCESSES

Table 11. Accumulation rates for Hole 504.

Time
Interval ΔT
(m.y.) (m.y.)

Sediment
Thickness

(m)

Wet Bulk
Density
(g/cm3) Porosity

Dry Bulk
Density
(g/cm3)

Bulk
Accumulation

Ratea

(g/cm2/103 yr.)

Mean
CaCO3

CaCO3

Accumulation
Rate

(g/cm2/103 yr.)

0-0.9
0.9-1.1
1.1-1.5
1.5-1.8
1.8-2.2
2.2-2.6
2.6-3.0
3.0-3.5
3.5-4.5
4.5-5.0
5.0-5.9

0.9
0.2
0.4
0.3
0.4
0.4
0.4
0.5
1.0
0.5
0.9

40
8

20
8

25
14
14
27
42
17
55

0.8
0.79
0.76
0.84
0.8
0.8
0.8
0.75
0.66
0.68

0.73
0.74
0.77
0.67
0.71
0.71
0.73
0.76
0.89
0.86

3.24
2.96
3.85
1.79
4.44
2.48
2.55
4.10
3.74
2.92

36.7
40.5
48
15.5
35.2
32.7
42.7
56.5
71.2
78

1.19
1.21
1.84
0.28
1.55
0.81
1.09
2.34
2.66
2.27

Bulk accumulation rate = Sediment accumulation rate
rate = Bulk accumulation × <Vo CaCO3/100.

Thickness
ΔT~

× Dry nsity. - Accun

Table 12. Accumulation rates for Hole 505.

Time Interval
(m.y.)

0-0.9
0.9-1.1
1.1-1.5

1.5-1.8
1.8-2.2
2.2-2.6

2.6-3.0
3.0-3.5
3.5-3.9

ΔT
(m.y.)

0.9
0.2
0.4

0.3
0.4
0.4

0.4
0.5
0.4

Sediment
Thickness

(m)

57.5
10.5
22

(27.5)a

21.5
20.5
15

(20.5)
32
13
40

Wet Bulk
Density
(g/cm3)

1.27
1.35
1.32

1.24
1.30
1.34

1.35
1.39
1.46

Porosity

0.84
0.8
0.82

0.85
0.82
0.80

0.79
0.77
0.73

Dry Bulk
Density
(g/cm3)

0.68
0.74
0.72

0.66
0.71
0.74

0.75
0.78
0.83

Bulk
Accumulation

Rate
(g/cm2/lθ3 yr.)

4.34
3.89
3.96

(4.99)
4.73
3.63
2.22

(3.79)
6.00
2.03
8.3

Mean
C a C O 3

(<%)

33.1
40

40.8

18.3
36.8
48

48.2
47.6
61.4

CaCθ3*
Accumulation

Rate
(g/cm2/103 yr.)

1.43
1.56
1.62

(2.02)
0.85
1.34
1.07

(1.82)
2.88
0.97
5.06

a Numbers in parentheses are alternatives for washed intervals.

The CaCO3 accumulation rates have generally de-
creased since the onset of sediment accumulation at
both sites, and they became smaller than the non-CaCO3

accumulation rates at about 3 Ma. They reached min-
ima at the two sites about 2 Ma but have increased
somewhat since. These trends are obviously related to
the subsidence history of the sites and fluctuations in the
calcite compensation depth in the Panama Basin.

After the creation of the basement at the ancient
Costa Rica Rift, both sites subsided as a result of the
cooling of the lithosphere. The subsidence curves, which
were constructed by using the empirical formula for
fast-spreading ridges of LePichon et al. (1976), show
that the present depths of basement (corrected for sedi-
ment load) are deeper at both sites than an ideal subsi-
dence curve that starts at 2750 meters and follows the
empirical formula would suggest. The present Costa
Rica Rift is about 3000 meters deep (Lonsdale and Klit-
gord, 1978), and it probably was at about this depth
when Sites 505 and 504 were at the rift axis 3.9 and 5.9
Ma, respectively. The basement of Site 505, however, is
deeper than that of Site 504, although it is covered by
sediment that has ponded to nearly equal thickness.
There must have been a very rapid local subsidence of
the area immediately around the site at the time of the
formation of the graben in which the site is located. This
was probably shortly after the removal of the site by
spreading from the vicinity of the active rift. Since that

time, subsidence rates for the two sites have probably
followed more ideal subsidence curves.

A unified history of the calcite compensation depth
(CCD) for the Panama Basin has not yet been estab-
lished. Therefore it is difficult to relate the fluctuations
in accumulation rates to the CCD and the history of
subsidence. Moore et al. (1973) determined that the
present CCD in the Panama Basin is at about 3800 me-
ters. This is much shallower than the 4500-meter and
4700-meter CCD's found in the south and equatorial
Pacific (van Andel et al., 1975). However, if a CCD
curve is applied that starts at 3800 meters and runs
parallel to the Pacific CCD curve as derived by van
Andel et al. (1975), the distances between the sediment
surfaces of the sites and the CCD were least between 3.4
and 1.3 m.y. ago (Fig. 10). Within this time interval the
major events in the accumulation rate curves occur (the
rate of non-CaCO3 accumulation exceeds that of CaCO3

accumulation, and there are major drops in the bulk ac-
cumulation rate). This would not have been so if a
"shallow" equatorial type of CCD (starting at 3800 m)
had existed (Fig. 10). The presence of a "shallow" Pa-
cific CCD matches best the inferred history of car-
bonate accumulation and dissolution features of Holes
504 and 505.

More deep sampling, however, will be needed to de-
fine the CCD in the Panama Basin. The histories of our
two sites, though generally similar, cannot be related to
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Figure 11. Migration of the Costa Rica Rift (C.R.R.) and of Sites 504 and 505 (arrows) since their base-
ment formation 5.9 and 3.9 Ma, respectively. Aseismic ridges are delineated by the approximate 2000
m contour (heavy lines: present situation; dotted lines: 6 Ma). The dashed line is the approximate
mainland coast at 6 Ma. Finite rotation reconstruction after Hey (1977). G. I., Galapagos Islands.
xxxx, approximate boundary between Peru Current and the equatorial countercurrent (Defant, 1961).
Heavy dots are DSDP sites with numbers as shown. Open circles show site locations at the time their
basement was forming. Boxes around open dots are past positions of the Costa Rica Rift (filled box is
the present position) when Sites 505 and 504 were at the rift axis, 3.9 and 6.9 Ma, respectively.

the curves in Figure 10 in quite the same ways. The
higher accumulation rates at Site 505 and the lack of
correspondence of the peaks and troughs in the accumu-
lation rate curves for Sites 504 and 505 suggests that
other factors complicated the depositional histories of
the sites. The higher accumulation rates at Site 505 are
very likely a consequence of the position of this site in a
graben, which allowed additional sediment to be win-
nowed in from surrounding basement highs.

Of our two sites, then, Site 504 is the more likely to
reflect genuine fluctuations in the CCD and surface-wa-
ter productivity. The basement is unusually flat, with no
more than 20 to 30 meters of relief for 20 to 30 km both
north and south of the site. The thickness of the sedi-
ment is quite uniform for this entire distance, although
it thickens slightly to the south, where the crust is older.
However, the gross patterns of the accumulation rates
at Sites 504 and 505 are similar. For example, the ac-
cumulation rates for both sites display a pronounced dip
between 2.2 and 2.6 Ma. The lithologies of the corre-
sponding intervals are very similar at the two sites (i.e.,
they are clay rich). Even if one places the topmost oc-
currence of N. jouseae at the base of the lower uncored

interval of Site 505, a dip in the accumulation rate re-
mains (Fig. 10), although it is less pronounced.

At these times, if the CCD is assumed to be of the
"shallow" Pacific type, the CCD is very close to the
sediment surfaces of both sites. The corrosion of fora-
minifers at sub-bottom depths between 105 and 120 me-
ters at Site 504, the low abundance of foraminifers at
both sites (Figs. 3, 4, 8, and 9), and the relatively high
percentages of fish debris in the coarse fraction indicate
considerable calcite dissolution. However, carbonate dis-
solution alone does not seem to be responsible for the
reduction in accumulation rates during the late Pliocene
at both sites.

Earlier it was mentioned that bulk chemical composi-
tions indicated that the proportion of biogenic SiO2 was
highest in late Pliocene sediments (Subunits Ib and Ic,
Fig. 7). This increase occurred at the expense of both
CaCO3 and pelagic clay. A comparison of Figure 7 with
the accumulation rate curves in Figure 10 makes it clear
that there was a considerable increase in the precipita-
tion of biogenic silica at these times and that the bio-
genic fraction of the Hole 504 sediments increased de-
spite the reduction in CaCO3 accumulation rates. This is
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indicated by Figure 7, which is based on individual sam-
ples, more clearly than by Figure 10, which is based on
time-slice averages.

It is well known that carbonate deposition is consid-
erably affected by fluctuations in the calcite compensa-
tion depth, whereas opal, despite evidence of dissolu-
tion in the water column, has no corresponding com-
pensation depth (Heath, 1974). The CCD also may shoal
beneath regions of high productivity (e.g. Berger, 1970
and 1973) as a response to the higher productivity of cal-
careous microorganisms in surface waters, particularly
if there is an upwelling of the cold, corrosive, oxygen-
depleted bottom waters that supply nutrients to the sur-
face waters. In other cases, such as the equatorial Pacific
west of the Panama Basin, the CCD is deeper beneath
highly productive surface waters, but this could be be-
cause deeper waters there are not so corrosive. Thus, al-
though the equatorial Pacific CCD is now and has long
been deeper than the standard Pacific CCD west of the
Panama Basin (van Andel et al., 1975), at the eastern
end of the equatorial belt the CCD may well have shoaled
considerably in response to the intensification of cold-
water upwelling along the South American coast. This
would induce high surface productivity but also produce
a shallower CCD. The only indication of high surface
productivity would then be an increase in the rate of ac-
cumulation of biogenic SiO2 and perhaps of fish debris.
The carbonate fraction would be reduced, and what was
left of it would show major signs of dissolution. The sit-
uation may have been quite different to the west be-
neath the equatorial belt, even at the same time. We see
no need for carbonate accumulation rates or preserva-
tion at Site 504 to match those of other high productiv-
ity areas at the same times. We note that low CaCO3 ac-
cumulation rates in the equatorial belt to the west corre-
sponded to a cold period in the Miocene but that this is
not the case today (Moore et al., 1982). We see a situa-
tion similar to that of the Miocene only in the upper
Pliocene sediments of Holes 504 and 505. However, we
do not suggest that this was a global effect.

There is some evidence for cold water in the form of
climatic indicators in the Hole 504 sediments. The low
abundance of foraminifers of the Globorotalia menardii
group and common occurrences of Globigerina bulloi-
des together with other "low-temperature" foraminifers
in some of the cores of Subunits Ib and Ic (Hole 504,
Cores 18, 31, and 22) indicate a cool period. This is very
likely the same late Pliocene (2-2.3 Ma) glacial maxi-
mum described by Keigwin (1979), who worked with the
18O content of benthic foraminifers at nearby Site 157,
and Shackleton and Hall (this volume), who also worked
with the Hole 504 sediments. The existence of a cool pe-
riod is in accordance with the glaciation of the Northern
Hemisphere between 2.8 and 3.3 Ma, which induced a
global cooling (Shackleton and Opdyke, 1977).

We therefore speculate that this climatic deteriora-
tion caused either an intensification of surface produc-
tivity over the Panama Basin or a shift in the locus of
the most intense productivity closer to Site 504 in the
late Pliocene. Differences in the accumulation rates be-
tween Sites 504 and 505 therefore could reflect not only

the effects of redeposition at Site 505 but a steep and
rapidly varying calcite compensation surface between the
sites. For example, after the late-Pliocene low in accu-
mulation rate, the bulk accumulation rate of Site 504
shows another marked drop at about the Plio-Pleisto-
cene boundary (Fig. 10), whereas that of Site 505 con-
tinues to increase. However, even the increase at Site
505 was inhibited. The sediments at both sites show low
CaCO3 contents, high clay abundances, and poor fossil
preservation in the corresponding intervals, characteris-
tics that suggest another cooling period. The foramini-
fer association in Core 13 of Hole 504 also indicates a
cool surface water temperature.

From about 1 Ma to the present the accumulation
rate curves and lithologies of the two sites are similar.
However, the accumulation rates at Site 505 are about
20% higher because of the graben position of the site.
At both sites a minor drop at about 1 Ma may indicate
an early stage of late Pleistocene cycles in deposition re-
lated to glaciation (Keigwin, 1979). The pronounced
fluctuations in the bulk composition and the composi-
tion of the coarse fraction and the frequent color changes
at both sites may reflect these climatic cycles. In addi-
tion, the increased fragmentation of foraminifers in the
coarse fractions of both sites indicates a slight shoaling
of the CCD.

The early accumulation rate history of the two sites
differs markedly. The strong dip in the Site 505 curve at
about 3.2 Ma may be the result of the temporary ex-
posure of the site to the relatively warm and weakly
saline equatorial counter current, with its reduced bio-
logical productivity, at a time when Site 504 remained in
the high productivity regime. Or it may mark a time of
graben formation and rapid local subsidence.

At Site 504, the high accumulation rates between 5.9
and 5 Ma indicate high primary productivity that ceased
shortly after the Miocene. Sancetta (this volume) pro-
poses a major shift in the pattern of productivity and
upwelling because of a sharp decrease in the abundance
of diatoms of the Thalassionema group. A shift is also
indicated by the reduction in the total biogenic fraction
in Figure 7 after the late Miocene. Apart from this,
however, the decrease of the total foraminiferal ma-
terial in the coarse fraction and the bulk composition
and the signs of corrosion on foraminifers are not clear
evidence for other climatic changes or fluctuations in
the CCD at these times.

In summary, climatic events and the distance between
the sediment surface and the CCD are probably respon-
sible for changes in accumulation rates, particularly at
Site 504, where local redeposition was probably minor.
The history of bottom water circulation is a probable
complicating factor. Large volumes of cold bottom wa-
ters, which are corrosive to biogenic carbonate skeletal
debris, enter the Panama Basin almost exclusively via
the Carnegie Passage (the trench between Ecuador and
the Carnegie Ridge; Lonsdale, 1977). The rate of supply
of these bottom waters, and therefore their residence
time in the Panama Basin, is rigorously controlled by
the heating of bottom waters along the Galapagos
Spreading Center, the advective circulation of these heat-
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ed waters upward, and the sill depth and width of pas-
sage at the trench, which allows an influx of cold water
to replace water heated at the spreading axis (Lonsdale
and Klitgord, 1978). Clearly, if the sill depth has shoaled
or the passage has narrowed, the residence time of bot-
tom waters in the Panama Basin could have increased.
The mixing of cold bottom water with warmer interme-
diate water should have been more complete, and warm-
er waters should have covered a greater proportion of
the floor of the Panama Basin than in the past. This
would have caused an effective local increase in the
depth of the CCD. A sequence of events like this may
explain the slight Pleistocene increase in the sediment
accumulation rates, inasmuch as Lonsdale and Klitgord
(1978) believe that the Carnegie Ridge has only recently
reached the trench, constricting the Carnegie Passage
and raising sill depths.

Another factor potentially complicating the recon-
struction of depositional conditions in the Panama Ba-
sin is the closure of the Isthmus of Panama. Keigwin
(1978) believes that until about 3.1 Ma there was a sur-
face water communication between the Atlantic and Pa-
cific. The complete closure of the Isthmus may have in-
fluenced both the biological productivity of the Panama
Basin and the circulation of water at every depth. It is
difficult to trace the sequence of events from the few
data available, however.

Diagenesis of Sediments at Sites 504 and 505

The lithologic unit boundaries at Site 504 are dia-
genetic boundaries. The ooze-chalk transition is marked
by sudden changes in porosity, shear strength, and ther-
mal conductivity (Wilkens and Langseth, this volume).
The calcareous fossils, particularly the foraminifers, are
intensely fragmented in the chalks (see the distribution
of unspecified carbonate as well as of foraminifer frag-
ments in Figs. 3 and 4), a characteristic that is typical of
an early stage of diagenetic calcite dissolution (Schlanger
and Douglas, 1974). Strongly corroded foraminifers oc-
cur from 168.40 meters sub-bottom downward, and thick
calcitic overgrowths on Discoasters occur below 190 me-
ters sub-bottom (Fig. 12). Thus, calcite dissolution and
reprecipitation have occurred. A strong increase in the
percentage of unspecified carbonate occurs with in-
creasing depth and coincides with the increase in the oc-
currence of corroded foraminifers and overgrown Dis-
coasters. This is probably a result of intensified calcite
dissolution, leading to fragmentation into still smaller
particles. These particles are easily confused optically
with calcareous nannofossil debris and therefore were
probably counted as calcareous nannofossils. The oc-
currence of overgrowths on Discoasters as well as their
thickness increase with depth. The highest degree of cal-
citic overgrowth occurs within the chalks of Lithologic
Unit III.

The limestones of Lithologic Unit HI represent the
final stage of carbonate mobilization and cementation.
The vertical compaction of the nannofossil chalk and
limestone resulting from the diagenesis of this unit was
intense, as can be judged from compressed Zoophycos
burrows (Plate 1) and collapsed foraminifer chambers.

Comparison of the undeformed Zoophycos burrows of
Lithologic Unit I, which have average diameters of
around 1 cm, and the compressed burrows of Lithologic
Unit III, which have diameters of about 2 mm, suggests
a vertical compaction of strata of about 80%. However,
the presence of many open calcitic foraminifer cham-
bers within the limestones show that carbonate mobili-
zation and cementation were not complete.

Silica was mobilized within the sediments of Litho-
logic Unit III in addition to the carbonate, as indicated
by the occurrence of porcellanites, chert, and opal-CT
lepispheres and the presence of chalcedony/quartz with-
in foraminifer chambers (Plate 2, Figs. 3 and 4). The
various diagenetic effects within the interbedded chalk,
limestone, and chert beds of Site 504 are described in
detail by Hein et al. (this volume).

The solid pyrite layer at 231.30 meters sub-bottom,
near the top of Lithologic Unit III, may be the result of
the diagenetic transformation of burrow- and fossil-fill-
ing spheroidal and framboidal pyrite. This pyrite, which
consisted originally of small pyrite octahedra (Plate 3,
Fig. 3), was transformed into large (> 100 µm) cubic py-
rite crystals (Plate 3, Figs. 4-9).

Though considerably deformed by compaction, some
burrow halos also occur in Lithologic Unit III. Before
compaction they were obviously of the same type as the
abundant halos in Lithologic Unit II, where they prob-
ably indicate an early diagenetic mobilization of manga-
nese (see the discussion of Site 504 sedimentary struc-
tures).

The cherts and cherty limestones appear abruptly,
without transition. There were no gradual changes in
the form of the dissolution of siliceous fossil remains in
the siliceous nannofossil chalk (Lithologic Unit II). No
opal-CT can be detected either visually or by means of
X-ray diffraction techniques in Lithologic Unit II (Bei-
ersdorf and Rösch, this volume).

Hein and Yeh (this volume) argue that the high tem-
peratures near the base of the sediment sequence at Site
504 are responsible for the silicification process. In sedi-
ments this young (Pliocene/Miocene), the opal-A/opal-
CT boundary in carbonate facies that undergo average
deep-sea heat flow conditions occurs only below a burial
depth of 400 meters (Riech and von Rad, 1979). There-
fore, the silicification process at Site 504 must have been
accelerated by increased heat flow or other factors. The
average opal-CT formation temperatures cited in the lit-
erature are 25 to 50°C, well within the range of the tem-
peratures at the base of the sediments at Site 504 (which
reached 50°C; Becker et al., this volume). We there-
fore presume that the sharp increase in the rate of trans-
formation of opal-A to opal-CT and thence to quartz at
Site 504 results mainly from the abnormally high in situ
temperatures. The televiewer experiment (Zoback and
Anderson, this volume) revealed that the chert and silic-
ified limestones are concentrated along bedding planes.
This observation was confirmed by the recovery of piec-
es of chert that were flat in shape (Plate 2, Fig. 1).

At Site 505, in contrast, there is no chert and the tem-
peratures in the deepest sediments are very low ( 9°C;
Site 505 chapter, this volume). At Site 504, the ooze-
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Figure 12. Phase-contrast microphotograph showing calcitic overgrowth on Discoas-
ters in siliceous nannofossil chalk of Site 504. Sample 504-42-1 (106 cm).

chalk transition occurs rather abruptly at a depth of
about 130 meters sub-bottom; at Site 505, the transition
is considerably deeper ( 210 m sub-bottom). It is also
more gradational, with the sediments becoming firmer
and the burrow halos becoming more abundant above
the level where the abundance of unspecified carbonate
increases. The age of the sediment at the ooze-chalk
transition is approximately 3 m.y. at Site 504 and 3.5
m.y. at Site 505. If only age and burial depth were re-
sponsible for the early transformation of oozes into
chalk at Site 504, it would be logical to expect the ooze-
chalk transition at Site 505 to occur 30 to 80 meters
higher in the sediment column than it does.

Although the origin of the pellets found in the coarse
fractions of both sites is uncertain, the increase in their
percentages above the ooze-chalk transition at Site 504
may indicate more advanced diagenesis. The higher dia-
genetic potential of the site may have led to more en-
hanced agglutination of sediment particles (mainly clay
minerals and fine siliceous debris) than at Site 505.

CONCLUDING REMARKS

We used a variety of observational data, CaCO3 mea-
surements, and bulk chemical compositions to recon-
struct the history of the deposition of sediments at Sites
504 and 505 in the Panama Basin and to draw inferences
about the Oceanographic conditions that affected that
sedimentation. The sediments consist primarily of the
remains of siliceous and calcareous microorganisms and
have a detrital component with a composition we have
formally equated to that of pelagic clay. According to
chemical analyses, there are also minor hydrogenous
and metalliferous fractions, some dispersed silicic ash,
and several ash beds derived from South American mag-
matic-arc volcanism.

Sites 504 and 505 are located near the eastern end of
an equatorial belt of high sedimentation in the Pacific.

Despite being in the nearly enclosed Panama Basin,
where depositional conditions may have been affected
by restrictions on the influx of bottom water and the
closure of the nearby Isthmus of Panama, the sites are
in a critical position with respect to the surface currents
that influence productivity. That is, they are near the re-
gion where the Peru Current, which hugs the coast of
much of western South America, abruptly shifts to the
west along the equator. The cool waters of this current
warm up and become steadily more depleted in nutrients
as they move to the west. Thus, sediments at the eastern
end of the equatorial belt, such as those at Sites 504 and
505, should be highly sensitive records of biological re-
sponses to changes in the temperature and nutrient sup-
ply of the water and to shifts in the geographic location
of the current.

We believe that the greatest fluctuations, in sediment
lithology and accumulation rates at Sites 504 and 505
occurred in the late Pliocene. With the cooling of global
climate, the CCD shoaled in response to an enhanced
supply of colder, more nutrient-rich surface waters in
the easternmost equatorial Pacific. Differences between
the sites are related to the position of one of them (Site
505) in a graben accessible to the redeposition of sedi-
ments from nearby basement highs. The present com-
plexity of the surface currents in the vicinity suggests
that the differences may also be the result of steep gra-
dients in surface-water temperatures, productivity, and
the depth of the CCD, gradients that would have been
affected by the position of the Peru Current and the
equatorial countercurrent (the Cromwell current) rel-
ative to the sites. This is one of the few places in the
ocean where such sharp contrasts in depositional condi-
tions might exist within a few tens of kilometers.

In addition to fluctuating with climatic change, the
carbonate and noncarbonate accumulation rates at the
sites show a general pattern of decline since the forma-
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tion of basement at the Costa Rica Rift. This decline is
related to the general subsidence of the sites with respect
to the CCD.

Because the sites are in an area of extremely high sur-
face productivity, accumulation rates have been suffi-
cient to blanket the area near Site 504 with about 250
meters of sediment. The more rugged basement relief
near Site 505 has caused the ponding of the sediments to
quite variable depths and has left many basement out-
crops in the area. The topography has directly affected
the thermal and diagenetic histories of the sites. At Site
504, the sediments form a nearly impermeable seal for the
basement rocks and provide a cap for basement geother-
mal activity, conditions that confine the circulation of
fluids almost entirely to the basement. The temperature
gradients at Site 504 are therefore conductive, and be-
cause of the high sediment accumulation rates they have
become so on younger crust, and at higher tempera-
tures, than almost anywhere else in the ocean. At Site
505, however, vigorous geothermal exchange is still oc-
curring between the basement rocks and seawater be-
cause of the basement outcrops. Despite being closer to
the Costa Rica Rift, Site 505 is consequently charac-
terized by low heat flow. The sediments at the two sites
thus have markedly different diagenetic features. Most
notably, cherts and limestones occur in the 30 meters of
sediment above the basalts at Site 504 (an interval char-
acterized by measured temperatures of about 50 °C),
and oozes are present nearly to basement at Site 505
(where basal sediment temperatures are only about 6°C).
At the latter site, the biogenic reduction of seawater
sulfate is rapidly fixing pyrite in the sediments, and it
has radically affected pore fluid alkalinity (Mottl, Law-
rence, et al., this volume). The pore fluid gradients at
Site 504 do not have the same alkalinity profile. Instead,
the pore fluids are undergoing exchange with the base-
ment formation fluids, producing strong lateral gradi-
ents in Ca2+ and Mg2+. However, there is abundant py-
rite in most of the Hole 504 sediments. Early diagenesis
must have been more like that at Hole 505, and pore flu-
id gradients must have been similar. Alkalinity would
also have been controlled by the burial of organic car-
bon beneath rapidly accumulating sediment before it
could break down in contact with oxygenated bottom
waters. Ultimately, however, high temperatures, a con-
ductive thermal gradient, and exchange with basement
formation fluids overrode these initial conditions of dia-
genesis at Site 504 and caused cherts, chalks, and lime-
stones to form at the base of the sediments.
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Plate 1. Compacted burrows in silicified limestone. Site 504, Lithologic Unit III, Sample 504A-4-1, 10-15 cm. Inset is incident light photomicro-
graph.
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1 cm

Plate 2. Features of cherts and cherty limestones at Site 504. 1. Irregular chert body within biomicrite. Sample 504A-5-1 (53-56 cm). 2. Chert
nodules (dark) within biomicrite. Sample 504A-5-1 (80-85 cm). 3. Photomicrograph of foraminifer lined with opal-CT lepispheres and filled
with quartz. Plane polarized light. Sample 504A-4-1 (105 cm). 4. Same as Fig. 3 except that nicols are crossed.
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Plate 3. SEM micrographs and reflected light photomicrographs of pyrite in sediments from Sites 504 and 505. 1. Pyrite spheroids filling in
worm(?) burrow. SEM micrograph. Sample 504-46,CC. 2. Pyrite filling in a foraminifer test. SEM micrograph. Sample 504-13,CC. 3. Py-
rite spheroid consisting of small octahedral crystals. SEM micrograph. Sample 5O4-13,CC. 4. Pyrite crystal from a unique layer consisting al-
most entirely of large cubic pyrite crystals. Sample 504-52, CC. SEM micrograph. 5. Radiolarian test on which pyrite cubes are nucleating.
SEM micrograph. Sample 504-52,CC. 6. Reflected light image of large pyrite mass in thin section of coarse fraction. Sample 504-52,CC. 7.
Cubic pyrite occurring as isolated aggregates and partly intergrown with wall of foraminifer. Reflected light image of coarse fraction thin sec-
tion. Sample 504-52,CC. 8. Detail of pyrite intergrowth with wall of foraminifer chamber. Reflected light image of coarse fraction thin sec-
tion. Sample 504-52,CC. 9. Pyrife intergrown with radiolarian skeleton. Reflected light image of coarse fraction thin section. Sample 504-
52,CC. 10. Terminal exopodal segment from the copepod Candacia. SEM micrograph. Sample 505-1,CC.
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Plate 4. (Continued).
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