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ABSTRACT

Eocene-Oligocene metalliferous sediments and associated lithologies from the central equatorial Pacific are de-
scribed in detail. Geochemical analyses of 54 sediment and 2 basalt samples are presented for 34 elements. Detailed
stratigraphic and statistical analyses of these data, combined with mineralogic studies, indicate the presence of volcanic
glass and seven main mineral phases: biogenic calcite and opal, Fe smectite, goethite, δMnO2, carbonate fluorapatite,
and barite. Fe smectite formed by reactions between Fe oxyhydroxides and biogenic opal, causing the dissolution of cal-
cite and the precipitation of barite. Diagenesis was oxic. Sediments have rare earth element distributions similar to those
in seawater. The metal content of the sediments is related to competition between the supply rates of hydrothermal and
biogenic particles, but has been enhanced by early diagenetic processes. Eocene-Oligocene metalliferous sediments
compare closely to those currently being deposited in the Bauer Basin and on the flanks of the East Pacific Rise. There
is, however, no evidence that they were deposited in close proximity to an active hydrothermal system.

INTRODUCTION

It has been known for some time that sediments near
the East Pacific Rise are strongly enriched in Fe, Mn,
and other transition metals relative to normal pelagic
sediments (Murray and Renard, 1891; Revelle, 1944; Bos-
tröm and Peterson, 1966; Boström et al., 1969; Bender
et al., 1971). It is generally accepted that the metals were
leached from the basaltic crust by seawater hydrother-
mal systems (Corliss, 1971; Bonatti et al., 1972; Dy-
mond et al., 1973; Piper, 1973; Bonnatti, 1975; Dymond
and Veeh, 1975; Cronan, 1980; Dymond, 1981; Thomp-
son, 1983), which subsequently deposited them as authi-
genic precipitates on the seafloor. Studies of the miner-
alogy, geochemistry, and origin of metalliferous sedi-
ments in the central Pacific (Fig. 1) have concentrated
on the recent sediments of the East Pacific Rise (Sayles
and Bischoff, 1973; Heath and Dymond, 1977, 1981;
Lyle, 1981; Marchig and Gundlach, 1982; Marchig et
al., 1982), the Bauer Deep (Sayles et al., 1975; Dymond
and Veeh, 1975; Heath and Dymond, 1977; Dymond,
1981; McMurtry et al., 1981; Lyle, 1981; Field et al.,
1981), and the Galapagos Hydrothermal Mounds Field
(Corliss et al., 1978; Hekinian et al., 1978; Edmond,
Measures, McDuff, et al., 1979; Edmond, Measures,
Mangum, et al., 1979; Williams et al., 1979; Varnavas
and Cronan, 1981; Honnorez et al., 1981; Honnorez,
Von Herzen, et al., 1983; Barrett and Friedrichsen, 1982;
Moorby, 1983). Relatively few data are available on the
ancient analogs of these deposits that have been cored
by DSDP to the west of the East Pacific Rise.

Eocene-Oligocene metalliferous sediments occur in the
central Pacific (Fig. 1) in the base of the sediment col-
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umn at DSDP Sites 74 and 75 (Tracey et al., 1971; von
der Borch et al., 1971), Sites 77 and 78 (Hays et al.,
1972), and Sites 159, 160, and 162 (van Andel, Heath, et
al., 1973; Cronan, 1973). Miocene metalliferous sedi-
ments occur in the base of the sediment column at Site
81 (Hays et al., 1972) and in the upper part of the sedi-
ment column at Sites 74 (von der Borch et al., 1971) and
159 (Cronan, 1973). No study of these deposits has been
published since the work of Cronan (1973, 1976; Cronan
and Garrett, 1973), although Leinen (1981) described
similar material from the northeast Pacific. Comparable
Eocene-Oligocene sediments were collected on DSDP
Leg 85 at Sites 573 and 574, and a stratigraphic succes-
sion including 54 sediment and 2 basalt samples was
collected from these two localities for geochemical anal-
ysis. In this chapter, I describe the geochemistry of these
samples, discuss the partitioning of elements between
different mineral phases in the sediment, and examine
the constraints these data place on the origin of the fer-
romanganese component.

MINERALOGY
Pelagic sediments in the eastern equatorial Pacific are

composed dominantly of calcium carbonate (low-Mg cal-
cite), biogenic opal, and clay minerals. Common acces-
sory phases include quartz, feldspar, barite, apatite (fish
debris), zeolites (phillipsite and clinoptilolite), and vol-
canic glass. Metalliferous sediments contain these com-
ponents admixed with varying proportions of ferroman-
ganese minerals. The ferromanganese phase was initially
regarded as being X-ray amorphous (Boström and Peter-
son, 1966, 1970; von der Borch and Rex, 1970; von der
Borch et al., 1971; Bender et al., 1971), but the applica-
tion of ultraslow scan X-ray diffraction (XRD) and oth-
er techniques has shown that a number of discrete min-
eral phases can be recognized (Dasch et al., 1971; Dy-
mond et al., 1973; Sayles and Bischoff, 1973; Sayles et
al., 1975; Heath and Dymond, 1977; Dymond and Ek-
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Figure 1. Location and stratigraphy of metalliferous sediments from DSDP Sites 573 and 574. The base map is a tectonic and basement isochron
chart of the central equatorial Pacific (after van Andel et al., 1975). Bold numbers and dots indicate DSDP drilling sites where metalliferous sed-
iments have been recovered. Solid line represents the ridge crest; broad striped zone is extinct ridge crest; heavy dashed lines are fracture zones
(FZ). Light dashed lines with numbers 10 to 80 are basement isochrons, expressed in millions of years. Inset shows a reconstruction of the late
Eocene ridge crest and the location of drilling sites based on the back-track model of van Andel et al. (1975). Stratigraphic columns are shown to
the right; dark stripes indicate recovered intervals; light stripes indicate no recovery.

lund, 1978). A brown Fe smectite (generally identified as
Fe montmorillonite) is an important, and commonly
dominant, component in many deposits. Nontronite (a
yellow-green, aluminum-poor Fe smectite) is the major
iron-bearing phase in the Galapagos Hydrothermal
Mounds Field (Honnorez et al., 1981; Honnorez, Von
Herzen et al., 1983), and authigenic Fe montmorillonite
is an important constituent in recent pelagic clays
throughout the eastern and central Pacific (Aoki et al.,
1974; Hein et al., 1979). Other minerals identified in
metalliferous sediments include goethite (the dominant
phase in some basal deposits), psilomelane, δMnO2, bir-
nessite, and todorokite. The wide range of manganese
mineralogy reflects the inclusion of manganese micro-
nodules and crusts in many deposits.

Preliminary mineralogic analysis of Leg 85 samples
indicates the occurrence of varying proportions of cal-
cite, poorly crystallized Fe smectite and goethite, δMnO2,
carbonate-fluorapatite, barite, quartz, and plagioclase
feldspar.

MATERIAL

Eocene-Oligocene metalliferous sediments vary from
pale-brown, metalliferous nannofossil chalks (composed

of variable amounts of radiolarians, diatoms, and fora-
minifers) that are tens of meters thick and contain only
a small percentage of Fe2O3, to dark-brown, metallifer-
ous claystones only a few meters thick with greater than
30 wt.% Fe2O3. These metalliferous sediments either im-
mediately overlie basalt or are separated from igneous
rocks by a decimeter-thick bed of strongly indurated pe-
lagic limestone containing abundant volcanic debris. The
deposits have either sharp or transitional bottoms and
tops and are commonly bioturbated. At Sites 74 and 75
decimeter thick metalliferous units are interbedded with
pelagic oozes and have sharp but burrowed contacts;
elsewhere (e.g., Sites 573 and 574) only a single metallif-
erous unit is present.

The holes cored continuously to basement on Leg 85
(at Sites 573 and 574) contained metalliferous sediments
at the base of the sediment column. In both cases the
deposits span the Eocene/Oligocene boundary (Barron
et al., this volume), although the exact position of the
boundary (Fig. 1) is difficult to determine because of
the absence of microfossils (Site 573) or because of dis-
parity in its position when defined using different fossil
groups (Site 574). Hole 573B contains 4 m of metallifer-
ous claystone and chalk overlying 1.4 m of strongly in-
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durated, upper Eocene pelagic limestone and basalt (Fig.
1). Hole 574C contains 7.5 m of metalliferous chalks
resting on basalt (Fig. 1). The top of the metalliferous
unit at Site 573 displays numerous burrows (Planolites,
Chondrites, and Zoophycos) filled with lighter colored
sediment. The metalliferous chalks at Site 574 are bur-
row mottled throughout. The metalliferous component
consists predominantly of dark brown, clay-sized grains
and silt-sized aggregates mixed in varying proportions
with biogenic debris. Scattered 0.5 to 3 mm glass shards
and small 0.5 mm ferromanganese micronodules occur
at both sites and are most abundant toward the base of
the sections.

METHODS

Samples were taken on board the Glomar Challenger at approxi-
mately 20 cm intervals through the recovered interval of metalliferous
sediment. In addition, representative material was selected from the
pelagic sediments above and below the metalliferous units and from
the underlying basalt. Disturbed sections and sediment near the core
liners were avoided to minimize possible contamination.

Samples were dried at 60° C for 24 hr., and crushed in an agate
mortar and pestle. Powders were desalinated by stirring in 500 ml of
warm deionized water for 2 hr. followed by filtration and rinsing with
fresh deionized water. Samples were redried and crushed prior to stor-
age in glass vials.

The mineralogy of selected samples was determined by X-ray dif-
fraction (XRD) at the Institute of Oceanographic Sciences (Wormley,
Surrey, U.K.). Powders were reground in a tungsten-carbide tema to
minimize grain-size variations between samples and then mounted in
random-aggregate cavity mounts. Analyses were performed using Cu-
Kα radiation at 40 kV/20 mA and a Philips PW1050 goniometer with
AMR monochromator. Scan speeds of 0.25° 20/min were used through-
out.

Geochemical analyses were performed on 54 sediment and 2 basalt
samples. Three separate solution methods were applied to 0.5 g sub-
samples of the processed powders: (1) Fusion with lithium-metabora-
te in carbon crucibles and digestion of the hot fusion beads in 0.5 N
HNO 3 ; (2) Open digestion in PTFE beakers using HC1O4 and HF fol-
lowed by HC1O4 and H 3BO 3 acids; final solutions were made up in 1
TV HC1; and (3) Partial digestion for 30 min. in warm 1 N HC1; solu-
tions were filtered immediately and made up to volume with addition-
al 1 N HC1.

Fusion solutions were analyzed simultaneously for Si, Fe, Mn, and
Ca using a Philips PV8210 Inductively Coupled Plasma (ICP) Spec-
trometer at the Department of Geology, King's College, London. The
open and partial digestions were analyzed simultaneously by ICP for
Al, Fe, Mg, Mn, Ca, Na, K, P, Ba, Cr, Co, Cu, Li, Ni, Sc, Ti, V, and
Zn. The HCl-soluble solutions were additionally analyzed for B. Val-
ues of K were checked by atomic absorption (AA) spectrometry. The
rare earth elements (REE) and Y were extracted from solutions pre-
pared by a separate HF-HC1O4 open digestion and using a cation sep-
aration procedure modified from Walsh et al. (1981). La, Ce, Pr, Nd,
Sm, Eu, Gd, Dy, Ho, Er, Yb, Lu, and Y were determined simultane-
ously by ICP. Calibration curves were constructed using artificial com-
posite standards (made from BDH and Eldrich standard solutions for
atomic absorption and from Specpure chemicals) and were calculated
to match closely the range of values expected for each element in the
unknowns. Careful matching of matrices was essential to minimize in-
terference effects. Raw intensity data were processed on a Digital PDP
11-34 computer, utilizing a program developed by the author, which
incorporates drift and blank corrections. The REE data were addition-
ally corrected for interelement interferences by Ba, Ca, Sr, Ti, and Zr
to compensate for the small proportion of these elements that re-
mained after the cation exchange procedure was completed.

Analytical precision as determined by replicate analyses is better
than ± 5 % for most elements and better than ± 3 % for all of the REE
present in amounts >0.2 ppm. Elements with poorer precisions are B,
Ba, Ni (± 10%), and Cr (±20%). Detection limits are below 5 ppm
for all trace elements. Detection limits for the REE are below chon-

dritic levels. By reference to international standards, absolute accuracy
is judged to be within the limits indicated by the precision.

Fe, Mn, and Ca values obtained from the fusion and open-diges-
tion solutions were averaged prior to further data reduction. The REE
and Y were not determined on the HCl-soluble portions, and levels of
Cr were generally below detection limits in these solutions. Finally,
HCl-soluble values were compared with their corresponding whole-
sediment values to determine whether any elements had been extracted
completely by the differential leaching. It was concluded that Ca, P,
and Sr (plus Ba at Site 574) values were indistinguishable (within the
limits of the precision) between the two data sets, and values were av-
eraged for each sample. Analytical results are presented in Appendixes
A to D.

The metalliferous sediments generally contain little Ca, but the tran-
sitional sediments above and below them are characterized by highly
variable Ca contents (e.g., Site 573, 3.04-54.70% CaO; Appendix A).
Comparisons between the carbonate content and the percentage Ca in
pelagic sediments from the eastern Pacific (Sayles et al., 1975; Dy-
mond et al., 1976) have shown that < 2 % CaO occurs in the noncar-
bonate fraction. Pelagic clays generally contain < 1% CaO (Turekian
and Wedepohl, 1961; Chester, 1965; Dymond and Eklund, 1978; Bar-
rett et al., 1983). Other elements (with the notable exception of Sr)
vary inversely with the amount of Ca, indicating that although calci-
um carbonate has a major effect on the bulk composition of the sedi-
ments, it does not control the distribution of minor and trace ele-
ments. Compositional variations in the noncarbonate fraction are best
assessed, therefore, if the data are recalculated on a carbonate-free ba-
sis (CFB). It is simplest to assume that all Ca occurs as CaCO3 since
the small percentage of Ca that does occur in other minerals (zeolites,
feldspar, apatite, and clay minerals) should have no significant effect
on the recalculated data. Where the carbonate content is high, how-
ever, small errors in Ca determinations produce large variations in the
CFB values of other elements (Boström et al., 1976; Dymond et al.,
1976). Calcium values reported here (Appendix A) were determined
from three separate dissolutions of each sample; nevertheless, possible
inaccuracies must be considered when interpreting CFB data.

RESULTS

The sampling scheme was devised to allow a strati-
graphic assessment of interelement variation and was used
in conjunction with the application of statistical tech-
niques. Statistical techniques have proven to be a valu-
able tool in assessing interelement correlations and in
determining the partitioning of elements between differ-
ent mineral phases (Cronan, 1969b, 1972, 1976; Sayles
et al., 1975; Marchig and Gundlach, 1982), but both
methods are necessary to delimit possible postdeposi-
tional mobilization of elements in the sediment (e.g.,
Heath and Dymond, 1981). Consequently, stratigraphic
analysis of geochemical data at Sites 573 and 574 has
been combined in this study with an assessment of in-
terelement variations.

Site 573

Sediments analyzed at Site 573 vary from white fora-
minifer diatom nannofossil chalk and pelagic limestone
to dark brown metalliferous claystone (Figs. 1 and 2).
The geochemical variation reflects this wide range in
lithology.

Major Elements

Major element data (Fig. 2 and Appendix A) indicate
a number of independent trends. Fe, Mn, and P have
similar distributions, forming broad symmetric peaks that
reach maxima in the middle of the metalliferous clay-
stone (~ 524 m sub-bottom depth) and gradually drop
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Figure 2. Stratigraphic variation of major elements in metalliferous sediments and associated lithologies at Site 573. For key to lithostratigraphic
symbols see Figure 1. Stippled areas and black dots indicate bulk compositions; circles are HCl-soluble values. Squares are bulk compositions
recalculated on a CFB; they represent the composition of the noncarbonate fraction. Scale factors (e.g., × 0.5) relate to CFB data; filled trian-
gles indicate the bulk composition of the tholeiitic basalt and open triangles the HCl-soluble values for the basalts.

off to low concentrations at the base and top of the
unit. Their distribution is reflected in the darker color
of the sediment. Si, Al, Mg, Na, and K also show large
increases within the metalliferous unit but display ap-
proximately bimodal distributions that peak at the top
and toward the base of the unit. Ca has a distribution
that is the inverse of the Si group of elements. These
major groupings may be loosely ascribed to ferroman-
ganese, aluminosilicate, and carbonate phases in the
sediment. The relative amplitude of the two peaks dis-
played by the aluminosilicate group varies between dif-
ferent elements in the group. Al, Na, and K all display
maxima at the top of the metalliferous unit, Mg reaches
a maximum at the base of the unit, and the two Si peaks
have approximately the same amplitude. This indicates
that there are at least two separate mineral phases con-
trolling the interelement variation within the aluminosil-
icate group. Concentrations of Al, Fe, Mg, Na, and K
are higher in the Eocene limestone beneath the metallif-
erous unit than in the Oligocene chalk above. The un-
derlying basalt (Fig. 2 and Appendix D) is strongly en-
riched in Al, Mg, and Na relative to the sediments.

The HCl-soluble values (Fig. 2 and Appendix A)
do not simply follow the whole-sediment data. Fe and
Mn have very different distributions (see below) indicat-
ing the presence of separate Fe- and Mn-bearing miner-
als. Smaller proportions of the total Al, Na, and K are
HC1 soluble in the upper part of the metalliferous unit,

confirming the presence of two distinct aluminosilicate
phases.

When expressed on a carbonate-free basis (Fig. 2),
the whole-sediment data display essentially the same re-
lationships within the metalliferous unit but the alumi-
nosilicate group peaks are shifted even closer toward the
top and bottom of the unit. The CFB data confirm that
the noncarbonate component of the Eocene limestone is
enriched in Al, Fe, Mg, and K relative to the Oligocene
chalks.

Bivariate statistical analysis of the primary whole-sed-
iment data (Table 1) demonstrates a strong negative cor-
relation of all elements with Ca that overshadows the in-
terrelationships between other elements. (Only samples
of metalliferous sediment [522.25-526.45 m sub-bottom

Table 1. Correlation coefficients for major elements in metalliferous
sediments at Site 573.

SiO2 A12O3 Fe2O3 MgO CaO Na2O K2O P 2O 5

SiO2
A12O3

Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5

0.67
0.77
0.68
0.97

-0.95
0.95
0.87
0.61

0.54
—

-0.67
0.81
0.91
0.68

0.98
0.74

-0.93
0.69
0.77
0.88

0.66
-0.87

0.58
0.67
0.85

-0.91
0.86
0.73
—

-0.88
-0.88

. -0.80
0.93
0.65

Note: Sample population = 18. Minimum significant correlation at 99% confidence level = 0.50;
— indicates correlation coefficient is <0.50.
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depth; Appendix A, Samples 573B-42-2, 25-26 cm to
42-4, 125-126 cm] were used in the bivariate analysis be-
cause the inclusion of other sediment types causes the
correlation coefficients to be biased toward samples with
large CFB recalculation factors or to be masked by a
negative correlation with biogenic silica.) When recalcu-
lated on a CFB (Table 2), it can be demonstrated that Fe
is strongly positively correlated with Mn and weakly
positively associated with P and that this group is neg-
atively correlated with the other major elements. Si is
positively correlated with Al, Mg, and K, but Al varia-
tion does not correlate significantly with Mg; Na does
not correlate significantly with any other element.

Trace Elements

The stratigraphic distribution of trace element data
(Figs. 3 and 4 and Appendixes A and C) corresponds
closely with the major element groups. B, Co, Cr, Cu,
Ni, V, and Zn have similar distributions to the ferro-
manganese group. Li and Ti have strongly bimodal dis-
tributions with peaks of approximately equal amplitude;
Sc has a bimodal distribution that reaches a maximum
at the top of the metalliferous unit. The peaks of the bi-
modally distributed elements correspond in position with
those of the aluminosilicate group (~ 523 and 526 m sub-
bottom depth) defined by the major element data. Ce,
La, and Y have distributions that correspond most closely
to the ferromanganese group but have secondary peaks
that match the upper peak of the aluminosilicate group.

Table 2. Correlation coefficients for major elements in Site 573 metal-
liferous sediments recalculated on a carbonate-free basis.

SiO2

Al?Pi
Fe2O3

MnO
MgO
Na2O
K2O
P2O5

SiO2

0.63
-0.83
-0.85

0.83
—
0.73

-0.66

A12O3

-0.70
-0.75

_
—
0.93

Fe2O3

0.97
-0.59
-0.51
-0.66

0.52

MnO

-0.59
-0.55
-0.71

—

MgO

—
—

-0.91

Na2O

—
—

K2O

—

P2O5

Note: Sample population = 18. Minimum significant correlation at 99% confidence
level = 0.50; — indicates correlation coefficient is <0.50.

Sr has a distribution that is similar to Ca, but it is strong-
ly depleted in the Eocene limestone and enriched in the
upper part of metalliferous unit. Ba has an irregular dis-
tribution that does not relate closely to any other ele-
ment; it reaches its highest concentration toward the base
of the metalliferous sediments. The basalt is strongly
enriched in Cr, Sc, and Ti relative to the overlying sedi-
ments.

The HCl-soluble distributions (Figs. 3 and 4 and Ap-
pendix A) broadly follow the whole-sediment values. Ti
is relatively insoluble but Cu, Ni, and Zn are highly sol-
uble in HC1. Other elements show intermediate solubili-
ties.

The CFB recalculated data (Figs. 3 and 4) display sig-
nificantly different distributions. B, Cu, Ni, V, Zn, and,
to a lesser extent, Co and Cr all have high values in the
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Figure 3. Stratigraphic variation of B, Ba, Ce, Co, Cr, Cu, and La in metalliferous sediments and associated lithologies,
Site 573. Open squares are HCl-soluble values recalculated on a CFB; vertical scale and other symbols as in Figure 2.
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Figure 4. Stratigraphic variation of Li, Ni, Sc, Ti, V, Y, and Zn in metalliferous sediments and associated lithologies at Site 573.
Vertical scale and symbols as in Figure 2.

middle of the metalliferous sediment unit relative to its
top and base, confirming a correlation with the ferro-
manganese component. Ce, La, Sc, and Y are strongly
enriched in the noncarbonate fraction at the top of the
metalliferous unit relative to its middle and base. Cr and
Li values expressed on a CFB are higher at the base and
top of the metalliferous sediments than in the middle,
which indicates a correlation with the aluminosilicate
group of the major element dataXTi values increase
markedly toward the base of the succession. The non-
carbonate fraction in the Eocene limestone is enriched
in Cr, Li, Sc, and Ti relative to that in the metalliferous
sediments. Ba, Co, Cr, La, Li, Sc, and Y are all strongly
enriched in the noncarbonate fraction of the three sam-
ples from immediately above the metalliferous unit. This
trend must be interpreted with caution, however, because
these samples have very high Ca values (> 94% CaCO3),
which may have resulted in an overestimation of the
CFB values at this level.

Bivariate analysis of the trace element data (Table 3)
from the metalliferous sediments demonstrates strong
negative correlations between Ca and all trace elements
except Sr (which co-varies), Li, and Ti (both of which
show no significant correlation). Fe and Mn have very
strong positive correlations (coefficients of >0.90) with
Co, Cr, Cu, Ni, V, and Zn (Fig. 5) and are also both sig-
nificantly positively correlated with Ce, La, and Y. Cor-
relation of the HCl-soluble data displays essentially the
same trends (Fig. 5), but the correlation between Mn
and Fe is much poorer, suggesting that the elements oc-

cur in different mineral phases. P correlates best with
Ce, Co, Cu, La, Ni, V, and Y. Al and K co-vary with Sc
(Fig. 6). The elements Ba, Li, and Ti correlate only weak-
ly with each other and other elements, but most trace el-
ements exhibit strong positive interelement correlations.

When trace element data are recalculated on a CFB
(Table 4), the number of significant correlations is great-
ly reduced and many elements display negative rather
than positive coefficients. Fe and Mn retain significant
positive correlations with only B, Cu, Ni, V, and Zn and
show significant negative correlations with Li, Sc, and
Ti. Either Al or K (and sometimes both) are positively
correlated with Ce, Co, Cr, Li, Sc, Ti, and Y and have
negative coefficients with V and Zn. Both Si and Mg
positively correlate with Li and Ti and negatively corre-
late with B, Cu, V, and Zn. P correlates with B, Ce, Cu,
La, Ni, V, Y, and Zn; Na exhibits no positive trends.

The trace element data can be interpreted within the
framework of the groups defined by the major elements.
The ferromanganese phases (Fe and Mn) control the dis-
tribution of B, Cu, Ni, V, and Zn and affect the Co and
Cr content of the sediment. The minerals represented by
the aluminosilicate group (Si, Mg, Al, Na, and K) con-
trol the distribution of Co and Cr. Close examination of
the data indicates, however, that the group contains two
distinct phases. The first, indicated by the distribution
of Si and Mg, also controls Li and Ti; the second is de-
fined by Al and K, which co-vary with Sc. The carbon-
ate phase (Ca) controls only Sr. P is strongly related to
the ferromanganese group of elements but also affects
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Table 3. Correlation coefficients for trace elements in Site 573 metalliferous sediments.

Ba Ce Co Cr Cu La Li Ni Sc Sr Ti Zn

SiO2

A12O3

Fe2O3

MnO
MgO
CaO
Na2O
K2O
P2O5

Ba
Ce
Co
Cr
Cu
La
Li
Ni
Sc
Sr
Ti
V
Y
Zn

0.69
—
0.51

0.77
-0 .64

—
—
—

—
_

—
—
_
_
—
—
—
—
—
0.56

0.70
0.87
0.81
0.74
0.56

-0 .82
0.77
0.73
0.92

0.88
0.76
0.89
0.97
_
0.90
0.93

_
0.79
0.99
0.80

0.78
0.66
0.99
0.96
0.71

-0.93
0.73
0.84
0.91

0.93
0.99
0.91
—
0.94
0.66

-0.58

0.94
0.84
0.98

0.63
—
0.94
0.96
0.57

-0 .82
0.57
0.70
0.88

0.94
0.85
—
0.86
0.52

—
0.95
0.76
0.92

0.72
0.64
0.98
0.96
0.64

-0.90
0.70
0.82
0.93

0.92
—
0.96
0.69

-0 .55
—
0.97
0.86
0.96

0.67 0.70 0.67 0.60
0.74 0.55 0.68 0.96
0.87 — 0.92 0.54
0.84 — 0.89 —
0.56 0.68 0.57 —

-0.83 — -0.84 -0 .63
0.71 0.70 0.68 0.76
0.83 0.52 0.80 0.89
0.94 — 0.94 0.74

0.94 —
0.83 — 0.71
— — -0 .56 —
— 0.77 — 0.64
0.87 — 0.93 0.53
0.98 — 0.88 0.91
0.87 — 0.91 0.55

-0.70 0.52 0.55 0.65 0.82
— 0.80 — 0.81 0.56

-0.64 — 0.95 0.77 0.99
-0.59 — 0.96 0.72 0.97
-0.73 — — 0.50 0.79
0.70 — -0 .78 -0 .78 -0 .96

-0.61 0.60 0.50 0.73 0.74
-0.54 0.60 0.66 0.86 0.79
_ _ 0.90 0.92 0.86

-0 .66 —
0.78
0.91 0.77

Note: Sample population = 18. Minimum significant correlation at 99% confidence level = 0.50; — indicates correlation coefficient is <0.50.

O 20 -,

Figure 5. Variation diagrams of MnO and trace elements B, Co, Cr, Cu, Ni, V, and Zn with Fe2O3 in basal
sediments at Site 573. Dots represent bulk compositions; circles represent HCl-soluble data. Only ele-
ments having highly significant correlations with Fe2O3 (>0.90) are shown. Regression lines and cor-
relation coefficients relate only to bulk compositions; they incorporate all analyses of sediments at
Site 573 and consequently differ slightly from those in Tables 1 and 3.
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Table 4. Correlation coefficients for trace elements in Site 573 metalliferous sediments recalculated on a carbonate-free basis.

SiO2

A12O3

Fe2O3

MnO
MgO
Na2O
K2O
P2O5

B
Ba
Ce
Co
Cr
Cu
La
Li
Ni
Sc
Ti
V
Y
Zn

B

-0.77
—
0.86
0.79

-0 .79
—
—
0.77

-0 .51
—
—

0.84
—

-0.77
0.74
—
_
0.93
—
0.81

Ba

—
-0.50

—
—
—
—
—

_

_
0.50
0.56

-0 .53
_
—
—
0.54
—

Ce

_

0.59
—
—

-0.57
—
—
0.59

0.55

—
0.97
—
—
0.85
—
—
0.98
—

Co

_

0.51
—
—
—
—

0.54
—

0.73

0.63
—
—

0.59

_
0.60
—

Cr

0.55
0.50
—
_
—
—

0.62
—

—
—
—
—
—
—
—
—
—

Cu

-0.81
_
0.74
0.74

-0 .92
—
—
0.86

—
-0.63

0.67

0.90
—
0.81

La

_

—
—
—

-0.58
—
—
0.60

—

0.80

—
0.98
—

Li

0.78
0.75

-0 .92
-0 .90

0.51
—
0.64
—

-0.65
0.69

-0 .65
-0 .83

-0 .88

Ni

_
_
0.66
0.62

-0 .52
—
—
0.64

0.70
_
0.64

Sc

_

0.90
-0 .63
-0.63

—
—
0.82
—

0.66
—
0.89

-0 .54

Ti

0.75
0.71

-0.63
-0 .73

0.56
—
0.65
—

-0.64
_

-0.74

V Y

-0 .89 —
-0.50 0.62

0.94 —
0.92 —

-0.81 —
— —

-0.53 0.53
0.72 0.50

_
0.95 —

Zn

-0 .88
-0 .70

0.96
0.97
0.66
—

-0.69
0.57

Note: Sample population = 18. Minimum significant correlation at 99% confidence level = 0.50; — indicates correlation coefficient is <0.50.
B is determined from HCl-soluble portion only.

the distribution of Ce, La, and Y. This suggests the oc-
currence of a separate P-bearing phase in the sediment.
Ba does not relate to any major or trace element and
must also reside in a discrete mineral phase.

Site 574

Metalliferous sediments recovered from Site 574 do
not show the extremes of lithologic variation observed
at Site 573. The succession consists of white, siliceous
nannofossil chalks underlain by a thick sequence of pale-
brown, metalliferous, siliceous nannofossil chalks rest-
ing on basalt (Figs. 1 and 7). The basal 50 cm of sedi-
ment contains numerous shards of volcanic glass. The
metalliferous sediments display relatively little geochem-
ical variation (see Figs. 7-9; Appendix B).

Major Elements

With the exception of Si and Ca, most elements dis-
play progressive enrichment toward the base of the sedi-
ment column (Fig. 7; Appendix B). Differences between
the distribution of different elements are less distinct than
at Site 573. Ca and Sr values show small variations that
are the inverse of those displayed by other elements. Re-
calculation of the data on a CFB smooths out minor
fluctuations but does not markedly affect the overall
trends.

Most elements are enriched below 510 m sub-bottom
depth. Al, Na, and K (and to a lesser extent Fe and Mg)
all peak at ~ 505 m but are highest in the basal 2 m of
sediment. Mn and P also peak at -505 m but exhibit
their highest concentrations of —518 m, tailing-off be-
low that. Si decreases progressively toward the base of
the section. Fe, Mg, Mn, and K are less HC1 soluble and
Na is more HC1 soluble in the sediment below 510 m
than above it. This indicates different mineralogic con-
trols on these elements in the upper and lower parts of
the section. The basalt (Fig. 7; Appendix D) is strongly

enriched in Si, Al, Fe, Mg, and Na compared with the
overlying sediments.

Bivariate analysis of the CFB major element data (Ta-
ble 5) demonstrates strong negative correlations between
Si and all other elements, which are themselves signifi-
cantly positively correlated. (Only CFB matrices will be
discussed since they differ little from those derived from
the primary data, and they were found to be better in-
dicators of mineralogic control at Site 573. Ca has a
strong negative correlation with all elements except Sr.)
There is evidence, therefore, for discrete carbonate, sili-
ca, and "metalliferous" phases, but subdivision of this
last category is not possible using the major element
analyses.

Trace Elements

Stratigraphic plots of the trace element data (Figs. 8
and 9; Appendixes B to D) display (with the exception
of Ba and Sr) marked enrichments below -510 m sub-
bottom depth. This enrichment is greatest for B, Co,
Cu, Sc, Ti, V, and Zn. Li, Sc, and Ti all peak at -505
m and increase markedly toward the base in the lowest 2
m of sediment (518 to 520 m). Ti is enriched in the basal
sediment by an order of magnitude. These trends corre-
spond to the distribution of Al, Na, and K in the sedi-
ment. B, Ce, Cr, Cu, La, Ni, V, Y, and Zn also display
peaks at ~ 505 m but reach their highest concentrations
at -518 m before tailing-off. This corresponds to the
distribution of Mn and P. Ba does not display any sig-
nificant trend. Irregularities in the distributions of Cr
are partly related to the low levels of this element in the
sediment. Recalculation on a CFB (Figs. 8 and 9) does
not significantly alter these trends. The underlying ba-
salt is strongly enriched in B, Co, Cr, Sc, Ti, V, and Zn
relative to the sediments.

Cu, Ni, Sc, and Zn are less HC1 soluble in the basal
part of the section than in the sediment above. Most of
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Figure 7. Stratigraphic variations of major elements in metalliferous sediments and associated lithologies at Site 574. Symbols as in Figure 2. The
vertical scale is contracted for intervals where no sediment was recovered, allowing easier evaluation of interelement trends.

Table 5. Correlation coefficients for major elements in Site 574 metal-
liferous sediments recalculated on a carbonate-free basis.

SiO2

AI2O3
Fe2O3

MnO
MgO
Na2O
K2O
P2O5

SiO2

-0 .73
-0 .80
-0 .68
-0 .70
-0 .56
-0 .75
-0 .59

A12O3

0.85
0.51
0.88
0.92
0.95
0.62

Note: Sample population
dence level = 0.40; —

Fe2O3 MnO MgO Na2O

0.80
0.94 0.64
0.69 — 0.74
0.93 0.68 0.89 0.85
0.79 0.84 0.66 0.47

K2O P 2 O 5

0.77

30. Minimum significant correlation at 99% confi-
indicates correlation coefficient is <0.40.

the Co, Cu, Li, and Ni is soluble in HC1 throughout the
succession, while Ti is relatively insoluble.

Bivariate analysis of the CFB data (Table 6) indicates
that Si is either uncorrelated or negatively correlated with
all trace elements. Most elements are positively correlat-
ed, and it is difficult to differentiate distinct interele-
ment associations. Correlations of Fe and Mn with trace
elements at Site 574 do not correspond as closely as at
Site 573 (Fig. 10). Fe correlates best with B, Co, V, and
Zn, and Mn appears to control Cu and Ni. Comparison
of the interelement correlations of Fe at Site 573 with
those at Site 574 (Fig. 10) indicates very similar linear
trends for most elements suggesting that the ferroman-
ganese phases at two sites have comparable mineralogies

and diagenetic histories. Al and K have strong positive
correlations with Co, Sc, Ti, V, and Zn, which also cor-
respond closely to the trends displayed by the alumino-
silicate group at Site 573 (Fig. 6). P correlates strongly
with B, Ce, Cu, La, Ni, V, Y, and Zn. The absence of
clear groups of elements may be attributed to the lack
of lithologic end-members in the succession. Further in-
terpretation of the data requires consideration of the min-
eralogic constraints and comparison with other deposits.

DISCUSSION

The East Pacific Rise is a relatively young feature
(Sclater et al., 1971; Herron, 1972; van Andel et al.,
1975). Previously the eastern boundary of the Pacific
Plate was located along a series of fossil ridge crests re-
ferred to as the Galapagos, Clipperton, and Mathemati-
cians' rises (Fig. 1). Seafloor spreading patterns and other
geologic data indicate that these ridges became extinct
at 5-12 Ma (van Andel et al., 1975). Basement ages and
paleomagnetic data demonstrate that Sites 573 and 574
were located at the ridge crests during the late Eocene
(Fig. 1). This is consistent with the hypothesis that the
formation of the basal metalliferous sediments at the
two sites is related to ridge crest hydrothermal activity
(e.g., see Cronan, 1976), but it does not necessarily prove
that the sediments were deposited in the immediate vi-
cinity of an active hydrothermal vent system. Metallifer-
ous sediments at Site 573 contain the highest concentra-
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520 H

521-J

Figure 8. Stratigraphic variation of B, Ba, Ce, Co, Cr, Cu, and La in metalliferous sediments and associated lithologies
at Site 574. Open squares are HCl-soluble values recalculated on a CFB; vertical scale and other symbols as in Figure 7.

tion of ferromanganese material but rest on Eocene
limestone containing little noncarbonate sediment. Sed-
iments at Site 574 are dominantly pelagic oozes and con-
tain only an accessory ferromanganese component. Com-
parison with recent metalliferous sediments is necessary
to provide a framework to interpret the origin of the Eo-
cene-Oligocene deposits.

Modern Analogs

Recent metalliferous sediments in the eastern Pacific
can be subdivided into three main sediment types based
on deposits exemplified by three classic areas: (1) the
Galapagos Mounds, (2) the East Pacific Rise, and (3)
the Bauer Basin.

Galapagos Mounds Sediments

The sediments of the Galapagos Mounds (Corliss et
al., 1978; Hekinian et al., 1978; Edmond et al., 1979a,b;
Williams et al., 1979) are composed dominantly of non-
tronite-rich, aluminum-poor, Fe smectite sediment in len-
ticular masses up to a few meters thick and tens of me-
ters across (Honnorez, Von Herzen et al., 1981, 1983).
Lenses of nontronite are interbedded with pelagic sedi-
ments beneath hydrothermal mounds and ridges 25 to
50 m across, which form positive topographic features
on the seafloor (Klitgord and Mudie, 1974; Lonsdale,
1977). It has been suggested (Corliss et al., 1978; Heki-

nian et al., 1978) that nontronite forms from reducing,
metal-rich hydrothermal fluids leached from basalt, which
replace pelagic sediments during early diagenesis (Hon-
norez, Von Herzen et al., 1981, 1983; Moorby, 1983).
Suboxic conditions below the seafloor (Bender, 1983)
result in the mobilization of Mn that has reprecipitated
as Mn-oxide crusts near the sediment/water interface.
The resulting metalliferous sediments therefore display
strong fractionation between the Fe and Mn phases.
Nontronite-rich layers are strongly enriched in Si and Fe
but have very low Al, Mn, Ca, and trace element con-
tents (Tables 7 and 8). Mn crusts are relatively depleted
in Si and Fe but enriched in Mn and trace elements
(Moorby and Cronan, 1983). Basal sediments are less
pure, having substantial Al contents due to admixture
of detrital phases (Varnavas and Cronan, 1981; Moorby
and Cronan 1983; Varnavas et al., 1983).

East Pacific Rise Sediments

The metalliferous sediments of the East Pacific Rise
are composed primarily of amorphous ferromanganese
oxyhydroxides (Boström and Peterson, 1966; Boström,
Peterson, et al., 1969; Boström, Joensuu, et al., 1976;
Horowitz, 1970; Bender et al., 1972; Piper, 1973; Dy-
mond and Veeh, 1975; Heath and Dymond, 1977, 1981)
that recrystallize to goethite (Marchig and Gundlach,
1982) during early diagenesis. They form extensive de-
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521

Figure 9. Stratigraphic variation of Li, Ni, Sc, Sr, Ti, V, Y, and Zn in metalliferous sediments and associated lithologies from Site 574.
Vertical scale and symbols as in Figure 7.

Table 6. Correlation coefficients for trace elements in Site 574 metalliferous sediments recalculated on a carbonate-free
basis.

Ba Ce Co Cr Cu La Li Ni Sc Ti Zn

SiO2
A12O3

Fe2O3

MnO
MgO
Na2O
K2O
P2O5

B
Ba
Ce
Co
Cr
Cu
La
Li
Ni
Sc
Ti
V
Y
Zn

-0 .62
0.68
0.86
0.80
0.78
0.60
0.75
0.78

_
0.62 —
0.75 —
0.43 —
0.71 —
0.62 —
0.63 —
0.68 —
0.72 —
0.55 —
0.80 —
0.63 —
0.85 —

-0.41
0.44
0.49
0.51
—
—
0.50
0.77

0.46
0.53
0.63
0.91

0.51
0.61
—
0.58
0.94
0.60

-0.72 — -0 .52 — —
0.88 — 0.47 — 0.56
0.92 0.40 0.69 0.51 0.65
0.64 0.48 0.90 0.60 0.41
0.88 — 0.57 — 0.80
0.74 — — — 0.44
0.92 0.43 0.65 0.50 0.52
0.72 0.58 0.90 0.88 0.46

0.62
0.54
0.70
0.92
0.57
0.41
0.69
0.82

-0 .67
0.95
0.85
0.56
0.86
0.86
0.95
0.75

-0 .68 -0 .68 — -0 .70
0.93 0.75 0.43 0.77
0.80 0.90 0.53 0.95
0.41 0.81 0.56 0.88
0.86 0.78 0.41 0.90
0.88 0.61 — 0.62
0.88 0.89 0.53 0.88
0.41 0.89 0.86 0.92

0.56 0.62
0.49 0.54 0.74
0.53 — 0.45 —
0.59 0.55 0.94 0.61 —
0.86 0.47 0.60 0.56 0.62
0.83 — — — 0.49
0.84 0.51 0.81 0.70 0.44
0.51 0.55 0.70 0.98 —
0.85 0.53 0.86 0.69 0.67

0.60
0.41
0.79
0.57
0.81

0.82
0.82
0.61
0.83

0.63
—
0.69

0.67
0.92 0.69

Note: Sample population = 30. Minimum significant correlation at 99% confidence level = 0.40; — indicates correlation coefficient is
<0.40. B is determined from HCl-soluble portion only.
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Figure 10. Variation diagrams of MnO and trace elements B, Co, Cr, Cu, Ni, V, and Zn with Fe2O3 in basal sediments at Site 574. Filled squares
indicate bulk compositions; open squares represent HCl-soluble data. Dots and open circles are corresponding values from sediments at Site
573. Regression lines are based on bulk compositions at Site 573 (Figure 5). There is a strong similarity in the interelement trends between the
two sites.

posits on the ridge crest and generally overlie basalt; on
the flanks of the ridge they are mixed with increasing
amounts of biogenic material and smectite. It is believed
(Zelenov, 1964) that the oxyhydroxides form where re-
ducing, metal-rich hydrothermal solutions mix with sea-
water, producing a precipitate that settles out of suspen-
sion. Suboxic diagenesis has resulted in mobilization of
some Mn which is depleted in the lower part of the sedi-
ment column (Heath and Dymond, 1981). The predomi-
nance of oxyhydroxides is partly related to the high rate
of deposition of the metalliferous component (Dymond
and Veeh, 1975; McMurtry et al., 1981) on the ridge
crest, which swamps biogenic and other particulate phas-
es. The resulting metalliferous sediments are strongly
enriched in both Fe and Mn but depleted in Si and Al rel-
ative to other types (Table 7). The sediments of the East

Pacific Rise are enriched in trace elements relative to the
Galapagos Mounds nontronites.

Bauer Basin Sediments

The metalliferous sediments of the Bauer Basin con-
tain up to 90% Fe smectite (Sayles et al., 1975; Dymond
et al., 1976; Dymond and Eklund, 1978; Heath and Dy-
mond, 1977, 1981) mixed with varying proportions of
ferromanganese oxyhydroxides and mixed-layer clay min-
erals (Sayles and Bischoff, 1973; Cronan, 1980; Dymond,
1981; Marchig et al., 1982). They form laterally exten-
sive deposits that accumulate slowly in deep basins im-
mediately below the calcite compensation depth (CCD).
The Fe smectite (commonly identified as Fe montmoril-
lonite) is probably authigenic (hydrogenous), formed by
a reaction between Fe oxyhydroxides (brought into the
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Table 7. Major and trace element composition of metalliferous sediments from the eastern Pacific.

Site 573
basal

n = 18
(1)

Major elements (%)

SiO2

A12O3

Fe2OI3

MnO
MgO
CaO
Na2O
K2O
P2O5

40.30
5.32

23.20
5.21
4.87

CFB
0.86
1.79
2.68

Trace elements (ppm)

Ba
Ce
Co
Cr
Cu
La
Ni
Sc
Ti
V
Y
Zn

6150
35
85
57

979
100
608

19
2460
289
156
590

Site 574
basal

n = 28
(2)

54.80
5.09
7.58
0.91
4.37

CFB
0.69
1.01
0.79

16000
24
45
45

461
65

147
20

2340
52
99

220

Hast Pacific
Rise surface

n = 20
(3)

7.49
0.68

40.20
11.90
2.23

CFB
0.67
0.25
2.62

2100
13

111
30

1300
107
600

—
300

1920
110
394

DSDP Pacific

Basal
n = 25

(4)

23.10
5.16

28.70
7.83
3.45
2.06
3.45
1.39

—

6230
_
82
—

790
—

460
—
—
_
—

470

Basal
n = 12

(5)

45.60
9.85

16.30
2.08
6.05

CFB
—
—
—

3850
—
59

'
293

232
—
—

—
231

Bauer Deep

Surface
n = 59

(6)

37.40
5.06

23.00
6.73
4.24

CFB
1.01
1.06

—

19000
51

176
32

1160
216

1010
19

—
450

Basal
n = 11

(7)

15.00
2.23

34.10
8.37

_
CFB

—
—
—

9250
44

134
26

1440
144
565

11
—
—
_

555

Galapagos Mounds

Nontronite
n = 13

(8)

52.60
0.38

29.90
0.04
4.30
0.37
2.51
3.22
—

350
—

14
20

13
_

120
12
-_

35

Basal
n = 9

(9)

41.30
9.07
8.86
1.03
5.31

CFB
_
1.10
0.41

_
—
50

110
240

260
—

2950
240

—
310

Note: Sources for (1) and (2) this work; (3) Marchig and Gundlach, 1982; (4) Cronan, 1976; (5) Leinen, 1981; (6) Sayles et
al., 1975; Dymond et al., 1976; Heath and Dymond, 1981; (7) Dymond et al., 1976; (8) Honnorez et al., 1983; (9)
Moorby and Cronan, 1983. n = number of analyses; CFB = carbonate-free basis; — = not reported.

Table 8. Major element composition of Fe-rich clay minerals from the
eastern Pacific.

Major
elements

(%)

SiO2

A12O3

Fe2O3

MnO
MgO
CaO
Na2O
K2O
P2O5

Total

Average Pacific
clay

(bulk sediment)
n = 26

(1)

53.50
17.70
7.23
0.62
2.92
0.92
1.59
3.23
0.24

87.95

Northeastern Pacific
Fe montmorillonite

(bulk sediment)
n = 5

(2)

51.70
8.13

14.70
0.29
4.21
0.15
1.21
0.71
nd

81.10

Bauer Deep
Fe smectite

(microprobe)
n = 10

(3)

52.30
2.44

29.70
0.64
6.10
0.47
0.60
2.04
nd

94.29

Galapagos Mounds
nontronite

(microprobe)
n = 11

(4)

52.20
0.19

30.30
0.06
3.90
0.38
0.94
3.74
nd

91.71

Note: Sources of data are (1) Türekian and Wedephol, 1961; Chester, 1965; Cronan, 1969; (2)
Aoki et al., 1974; (3) Dymond and Eklund, 1978; (4) Barrett et al., 1983. n = number of
analyses; nd = not determined.

basin by currents from the East Pacific Rise) and bio-
genic silica (Lyle et al., 1977; Heath and Dymond, 1977;
Dymond and Eklund 1978; Bischoff, Heath, et al., 1979;
Bischoff, Piper, et al., 1979; Hein et al., 1979; Lyle,
1981). Early diagenesis is oxic, and there is no evidence
of Mn migration (Lyle, 1981; Heath and Dymond,
1981). The resulting metalliferous sediments are charac-
terized by Al contents that are higher than in either non-
tronites or East Pacific Rise deposits and by intermedi-
ate Si contents (Tables 7 and 8). They display the great-
est degree of trace element enrichment (Table 7) of the
three types, probably because they accumulated more
slowly (Dymond and Veeh, 1975; McMurtry et al., 1981)
near the sediment/water interface where oxyhydroxides

and/or smectite could absorb transition metals from sea-
water (Toth, 1980). Basal sediments in Bauer Basin di-
rectly overlie basalt (Dymond et al., 1976) and have lower
Al and Si contents (Table 7), suggesting that they are
more akin to the East Pacific Rise deposits.

In addition to the three main categories, local sea-
floor deposits of metal sulfides occur at 21 °N on the
East Pacific Rise (Edmond, Measures, McDuff, et al.,
1979; Edmund, Measures, Mangum, et al., 1979; Fran-
cheteau et al., 1979; Hekinian et al., 1980), and hydro-
thermal vents also precipitate sulfides in the Galapagos
Mounds Hydrothermal Field (Corliss et al., 1979; Ed-
mond, Measures, Mangum, et al., 1979). These are, how-
ever, very localized deposits that are mineralogically dis-
tinct from the others considered here. There is no evi-
dence of sulfides in the Leg 85 material. It has been
speculated, however, that oxidation of sulfides suspend-
ed in the water column provides an alternative mecha-
nism for the formation of dispersed oxyhydroxides (Dy-
mond, 1981; Michard et al., 1983; Shearme et al., 1983).

Mineralogy and Composition

Comparison between the mineralogy and average CFB
bulk chemistry of Leg 85 metalliferous sediments and
their modern analogs (Table 7) indicates that the sedi-
ments at Site 573 closely resemble those from the Bauer
Basin and that they are not dissimilar to basal sediments
recovered at other DSDP sites in the eastern Pacific. Met-
alliferous sediments at Site 574 contain substantially more
Si and are depleted in Fe and Mn relative to other sites,
reflecting a greater abundance of biogenic silica here.
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The sediments at Sites 573 and 574 contain more Al
than do the Galapagos Mounds or the East Pacific Rise
deposits; they are enriched in Si relative to the East Pa-
cific Rise deposits and to most basal sediments, and they
are strongly enriched in trace elements compared with
the nontronites.

Metalliferous sediments of the Bauer Basin are com-
posed predominantly of Fe smectite, yet at Site 573 Fe
displays a strong negative correlation with Si, Al, Mg,
Na, and K in the noncarbonate fraction (Table 2). This
apparent anomaly can be explained if the major element
data are examined in more detail. Lithostratigraphic anal-
ysis has demonstrated that the composition of the non-
carbonate fraction varies considerably between the mid-
dle and the margins of the metalliferous unit. If rep-
resentative sample analyses from these three portions
(Table 9) are compared with analyses of Fe-rich clay min-
erals from the eastern Pacific (Table 8), it becomes ap-
parent that the noncarbonate fraction from the base and
top of the metalliferous unit has a comparison similar to
Fe montmorillonite from the northeast Pacific (Aoki et
al., 1974) but that it contains excess Mn and P. This
composition is intermediate between Fe smectite from
the Bauer Basin (Dymond and Eklund, 1978) and aver-
age Pacific clay (Turekian and Wedepohl, 1961; Chester
1965; Cronan, 1969).

Sediment from the middle of the metalliferous unit at
Site 573 contains a far higher percentage of Fe, Mn, and
P but less of the other major elements than do the top
and base of the unit. This difference in composition is

Table 9. Compositional variation in the noncarbonate frac-

tion of metalliferous sediments at Sites 573 and 574.

573B-42-2,
50-51 cm

Major elements (%)

SiO 2

A12O3

F e 2 O 3

MnO
MgO
Na 2 O
K 2 O

P2O5

Total

51.10
9.68

13.70
1.96
5.05
1.12
2.79
2.88

88.20

Trace elements (ppm)

B
Ba
Ce
Co
Cr
Cu
La
Li
Ni
Sc
Ti
V
Y
Zn

61.7
14300.0

70.9
118.0
69.7

1080.0
204.0
105.0
512.0
46.0

3050.0
112.0
348.0
479.0

573B-42-3,
25-26 cm

29.20
4.56

34.90
9.00
3.34
0.77
1.57
4.72

88.06

212.0
2780.0

42.8
103.0
59.6

1610.0
114.0
23.3

867.0
16.4

1360.0
649.0
173.0
794.0

573B-42-2,
125-126 cm

53.00
7.58

19.20
2.69
6.34
0.90
2.44
1.40

93.55

118.0
366.0

19.9
95.8
93.0

488.0
50.6
79.2

326.0
21.4

5810.0
111.0
85.8

442.0

574C-35-2,
26-27 cm

54.50
9.05

13.40
1.42
7.42
0.97
2.09
1.41

90.26

43.8
28300.0

28.0
103.0
61.5

706.0
96.9

165.0
228.0

34.6
5860.0

101.0
146.0
372.0

Note: Total Fe expressed as F e 2 θ 3 ; B determined from HCl-soluble
portion only.

explained by XRD data that indicate an increased ad-
mixture of ferromanganese oxyhydroxides (including goe-
thite and δMnO2), similar to that in the East Pacific Rise
deposits (Table 7). Thus, the oxyhydroxide phases are
enriched in Fe, Mn, and P but depleted in the other ma-
jor elements relative to Fe smectite, resulting in a nega-
tive correlation between the two groups of elements. Met-
alliferous sediments at Site 574 show less variation and
have compositions (Tables 7 and 9) that indicate the pre-
dominance of Fe smectite.

It is possible, therefore, to assign most of the Si in
the metalliferous sediments at Site 573 to smectite, which
would appear to indicate the virtual absence of biogenic
opal. In addition, the Ca content of the metalliferous
claystone is very low (Fig. 2), which indicates that the
sediment contains little or no biogenic carbonate, a con-
clusion confirmed by XRD analysis. This is in sharp con-
trast to other sediments at the site, which are predomi-
nantly biogenic. A decline in the biogenic component
could be explained by: (1) a reduced influx of biogenic
detritus, (2) increased input of the metalliferous compo-
nent, (3) dissolution of biogenic silica and carbonate, or
(4) a combination of these three processes. Biostrati-
graphic evidence (Barron et al., this volume) indicates
that the metalliferous claystone at Site 573 was depos-
ited at a greatly reduced rate of deposition and probably
contains a depositional hiatus corresponding to the Eo-
cene/Oligocene boundary. A comparable hiatus is wide-
spread throughout the Pacific (Kennett et al., 1975), al-
though it apparently does not occur at Site 574. Clearly,
a massive influx of ferromanganese oxyhydroxides and
Fe smectite did not swamp normal biogenic sedimenta-
tion, although fluctuation in the supply of ferromanga-
nese minerals may have been a contributory factor.

The state of preservation of microfossils within the
metalliferous sediments at Site 573 indicates that both cal-
careous (planktonic foraminifers and nannofossils) and
siliceous (diatoms and radiolarians) forms have under-
gone severe dissolution in the transitional sediments and
that they are entirely absent in the metalliferous clay-
stone. The claystone contains only an impoverished fau-
na of benthic foraminifers. A positive correlation be-
tween dissolution of microfossils and Fe content is also
apparent at Site 574. It may be concluded that dissolu-
tion, probably combined with reduced biogenic sedimen-
tation, was a major process in the formation of these met-
alliferous sediments.

There is no evidence for a detrital source for Fe smec-
tite (Griffin et al., 1968), and it has been suggested (Lyle
et al., 1977; Heath and Dymond, 1977; Dymond and
Eklund, 1978; Bischoff et al., 1979; Hein et al., 1979;
Lyle, 1981) that the mineral is authigenic, formed by the
low-temperature interaction of Fe oxyhydroxides and bi-
ogenic silica. This reaction is favored thermodynamical-
ly by the high surface energies of oxyhydroxides (Bis-
choff, Piper, et al., 1979) and has been demonstrated ex-
perimentally by Harder (1976). Silica and probably Al
are provided by the dissolution of biogenic opal, with
other major cations being sequestered from seawater, so
that the reaction is limited by the availability of either Fe
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oxyhydroxide and/or opal. Self-regulation of the reac-
tion may partly explain the gross compositional varia-
tion seen at Site 573. It is envisaged that:

1. A gradual reduction in biogenic sedimentation dur-
ing the latest Eocene, combined with an increased influx
of ferromanganese oxyhydroxides, led to the formation
of increasing amounts of authigenic Fe smectite in the
sediment. Protons formed as a byproduct of the reac-
tion (cf. Honnorez et al., 1981; Honnorez, Von Herzen,
et al., 1983; Moorby, 1983) and caused the dissolution
of biogenic carbonate.

2. The proportion of oxyhydroxides continued to in-
crease until all biogenic opal was consumed and an
excess of ferromanganese oxyhydroxides (goethite and
δMnO2) remained in the sediment. Biogenic carbonate
was removed almost completely as a consequence of smec-
tite formation.

3. Biogenic sedimentation increased during the early
Oligocene. This was probably coincident with a waning
in the supply of oxyhydroxides and led to the return of
transitional sediments containing mainly Fe smectite as
the noncarbonate phase.

Excess oxyhydroxide deposition never occurred at Site
574, which records a simple history of a steadily declin-
ing supply of ferromanganese oxyhydroxides.

The presence of two Fe minerals does not explain the
strong correlation between Fe and Mn in Leg 85 metal-
liferous sediments, which occurs despite the ease of sep-
aration of the two elements by sedimentary processes
(Krauskopf, 1957; Bonatti et al., 1972; Elderfield, 1977).
Furthermore, partition analysis and mineralogic data in-
dicate that Fe occurs principally in Fe smectite and goe-
thite, while Mn occurs in δMnO2. The association of Fe
and Mn in the primary oxyhydroxide phase indicates
that either they have a common source or, possibly, pre-
cipitation of one element catalyzes the precipitation of
the other (Cronan, 1980). The smectite structure does not
accommodate Mn4 + ions (Weaver and Pollard, 1973);
thus Mn must recrystallize into secondary oxide phases
on the sediment, either as micronodules or as interlami-
nations within recrystallized Fe oxyhydroxides. The for-
mer process is indicated by the occurrence of micronod-
ules in Leg 85 metalliferous sediments. A strong associ-
ation of δMnO2 with goethite is confirmed by the lower
Fe:Mn ratios in the middle of the metalliferous unit at
Site 573, but a small amount of δMnO2 also co-exists
with Fe smectite and explains the high Mn content of
the transitional sediments. The lack of evidence of Mn
migration during early diagenesis (cf. Bauer Basin) indi-
cates that the sediment remained oxic (Berner, 1981)
throughout the history of the two sites.

Biogenic apatite (fish debris) is the main site of P in
pelagic sediments (Arrhenius, 1963), but P can also be
absorbed or co-precipitated on Fe oxyhydroxides (Berner,
1973; Froelich et al., 1977). The positive correlations be-
tween Fe, Mn, and P at Site 573 (Tables 1 and 2) suggest
that the latter may be a significant process. Concentra-
tions of biogenic apatite, however, are common in atten-
uated successions because of the higher density and lower
solubility of apatite compared with calcite. There is a
broad correlation between phosphorus content and the

proportion of carbonate fluorapatite in Leg 85 sedi-
ments, thus it must be concluded that biogenic apatite is
the primary site of P.

In addition to Fe smectite, partition analysis and sta-
tistical data indicate the occurrence of a second alumi-
nosilicate phase distinguished by its effect on Si, Mg, Li,
and Ti. These elements are most enriched in the non-
carbonate fraction of the Eocene limestone and basal
metalliferous sediment. Comparison with the composi-
tion of the underlying basalt and, in particular, the high
Ti values suggest that this phase is volcanic glass, which
is known to be abundant at the bases of both sections.

A final mineral phase indicated by the geochemical
data solely affects the distribution of Ba. This has been
identified as barite, a common constituent of metallifer-
ous sediments from the eastern Pacific (Heath and Dy-
mond, 1977; Toth, 1980; Dymond, 1981).

Trace Element Partitioning

Geochemical variation in Leg 85 basalt sediments can
be explained in terms of eight main mineral and lithic
phases: biogenic calcite and opal, Fe smectite, goethite,
δMnO2, volcanic glass, barite, and carbonate fluorapa-
tite. The relationship, however, between mineralogy and
trace element composition is not always clear.

Fe smectite and ferromanganese oxyhydroxides are both
known to strongly partition trace elements (James and
MacNaughton, 1977; Hein et al., 1979). My data indi-
cate that the formation of authigenic Fe smectite has rel-
atively little effect on the bulk trace element composi-
tion of the sediment. Many elements (B, Co, Cr, Cu,
Ni, and Zn) show consistent linear trends (Fig. 5) be-
tween sediments in which the noncarbonate fraction is
mainly Fe smectite (transition sediments) and those con-
taining appreciable goethite (metalliferous claystone). An
exception to this is displayed by V, which although cor-
relating strongly with Fe, shows a very sharp upward de-
flection of the trend line at ~ 20% Fe2O3 (Fig. 5). This
suggests that V is strongly partitioned by goethite.

Statistical and stratigraphic data indicate, however,
that Fe smectite is the main control on the distribution
of Co and Cr, while ferromanganese oxyhydroxides con-
trol the distribution of B, Cu, Ni, V, and Zn. The rela-
tive effect of goethite and δMnO2 on individual trace el-
ements is impossible to gauge from the Leg 85 data be-
cause Fe and Mn are themselves so strongly correlated.
The association between Sc and Al indicates that the
former element is concentrated during the formation of
smectite, although a proportion of both probably resides
in volcanic glass. Ti is strongly enriched in the volcani-
clastic fraction, but it also occurs, along with Li, in
smectite.

Ca correlates well with Sr, which indicates the pres-
ence of Sr in calcite. There are, however, significant dif-
ferences between the distributions of Ca and Sr at Site
573; Sr is markedly depleted in the Eocene limestone
compared with the Oligocene chalks. Large-scale Sr de-
pletion such as this has been observed as the normal
process that accompanies the dissolution and reprecipi-
tation of pelagic carbonates during burial diagenesis (Mat-
ter et al., 1975; Sayles and Manheim, 1975). Thus, the
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low Sr content of the Eocene limestone reflects its more
extensive recrystallization and cementation, probably a
consequence of the high heat flow that most likely oc-
curred during the intrusion of the basalt (cf. Scholle,
1974). Late diagenetic depletion of Sr in pelagic carbon-
ates is accompanied by Mg enrichment, and this may
partly account for the high Mg content of the Eocene
limestone, although volcanic glass and smectite proba-
bly provide more significant contributions.

Ba is believed to occur predominantly in barite. Ba
has strong biogenic associations (Goldberg and Arrhe-
nius, 1958; Church and Wolgemuth, 1972; Boström, 1976;
Boström et al., 1978; Gurvich et al., 1978) and is rela-
tively refractory; consequently, it has been suggested (by
Heath and Dymond, 1977; Toth, 1980; Dymond, 1981)
that Ba could be utilized as an index of dissolution. Ba
is strongly enriched in metalliferous sediments at Site
573, but its distribution does not correlate well with the
amount of dissolution observed from biogenic particles.
This suggests that diagenetic processes have redistribut-
ed Ba prior to the precipitation of barite. Alternatively,
its distribution may have been affected by an additional
hydrothermal source of Ba (Arrhenius and Bonatti,
1965; Bonatti et al., 1972; Boström et al., 1973; Bonat-
ti, 1975).

The distributions of the REE (represented by La and
Ce), Sc, and Y do not compare closely with any single
mineral phase. The REE and Y correlate best with P and
are known to be partitioned by biogenic apatite during
diagenesis (Dymond and Eklund, 1978), but significant
positive correlations with elements controlled by Fe smec-
tite suggest that REE and Y are also associated with the
metalliferous component of the sediment. Co-precipita-
tion of REE. with Fe oxyhydroxides is a standard proce-
dure for removing these elements from solution without
fractionation (e.g., Elderfield and Greaves, 1982) so their
enrichment in metalliferous sediments is not unexpect-
ed. The large ionic radii of the REE, Sc, and Y, how-
ever, preclude their substitution in either the tetrahedral
or octahedral lattice sites of the smectite structure; there-
fore, they must be released into solution during the for-
mation of Fe smectite.

The strong enrichment of the REE, Sc, and Y in the
noncarbonate fraction at the top of the metalliferous
unit at Site 573 can thus be explained by diagenetic pro-
cesses that accompany the formation of Fe smectite. REE,
Sc, and Y were mobilized during the mineralogic trans-
formation of the ferromanganese component and by the
dissolution of biogenic calcite and opal, and they were
subsequently assimilated by biogenic apatite (cf. Elder-
field et al., 1981). The effectiveness of the absorption
process depends on the pH. A low pH within the metal-
liferous claystone during early diagenesis is indicated by
dissolution of carbonate; this would have inhibited the
removal of the REE, Sc, and Y from solution. Buffering
associated with the increased carbonate content at the
top of the metalliferous sediment would have raised the
pH of the pore water sufficiently to allow more effective
removal of the REE, Sc, and Y by biogenic apatite and
other phases. Enrichment of the noncarbonate fraction
at this level in Ba, B, Co, Cr, and Li may also be related

to the readsorption or co-precipitation of trace elements
mobilized during early diagenesis.

Marchig et al. (1982) suggested that hydrothermally
dominated metalliferous sediments of the East Pacific
Rise can be distinguished from authigenic deposits of
the Bauer Basin on the basis of the relationship between
the REE, Sc, Y, and P. East Pacific Rise deposits have
low REE, Sc, and Y values that do not correlate with P.
Bauer Basin deposits have higher REE, Sc, and Y values
that correlate with P. This is because in rapidly depos-
ited hydrothermal sediments P is co-precipitated with Fe
oxyhydroxide (Berner, 1973; Froelich et al., 1977), while
in authigenic deposits P is associated with biogenic apa-
tite that has been enriched in REE by diagenetic pro-
cesses. Leg 85 metalliferous sediments correspond with
the characteristics of the authigenic group, which is con-
sistent with the conclusions derived from the major ele-
ment data.

Rare Earth Element Patterns

The REE distributions of recent metalliferous sedi-
ments are broadly similar to deep ocean seawater (Bend-
er et al., 1971; Dymond et al., 1973; Piper and Graef,
1974; Toth, 1980; Marchig et al., 1982). They show com-
paratively little variation despite strong fractionation of
the REE (particularly Ce and Eu) at different depths in
the water column (Elderfield and Greaves, 1982; De Baar
et al., 1983). Shale-normalized patterns are character-
ized by enrichment in the heavy (HREE) relative to the
light (LREE) rare earth elements, and they display a
marked depletion in Ce relative to its neighbors La and
Pr. This Ce anomaly (Ce*) can be quantified as:

Ce* = log [Cesh/Vi(Lash + Prsh)]

where Cesh, Lash, and Prsh are the shale normalized val-
ues of each element.

Eocene limestone from the base of Site 573 has a low
REE content and a pattern (Ce* = -0.70) that is very
similar to foraminiferal calcite (Elderfield et al., 1981)
and oceanic seawater at -3000 m depth (Goldberg et
al., 1963; Hògdahl et al., 1968; Elderfield and Greaves,
1981, 1982; De Baar et al., 1983). Associated tholeiitic
basalts (Appendix D) have higher REE abundances, ex-
hibit no Ce anomaly, and display less HREE enrichment
(Fig. 11). A sample from the top of the Eocene lime-
stone (Sample 573B-42-5, 26-27 cm) also has a smaller
Ce anomaly (Ce* = -0.44) and is less enriched in the
HREE. The high Ti content of this sample (Fig. 4; Ap-
pendix A) indicates the inclusion of a significant quanti-
ty of volcanic glass. The REE distribution is the result,
therefore, of the primary seawater-like pattern being over-
printed by an igneous REE distribution.

The REE patterns of Eocene-Oligocene metalliferous
sediments (Appendix C) compare closely to their recent
analogs. They are remarkably uniform considering that
the absolute concentration of the REE varies by an or-
der of magnitude (0.5 to 5 times that of shale) between
the margins and center of the metalliferous unit at Site
573 (Figs. 3, 4, and 11). The patterns have strong nega-
tive Ce anomalies (Ce* = -0.72) and are slightly en-
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Figure 11. Rare earth element distributions of metalliferous sediments
and associated lithologies at Site 573. Values are normalized to av-
erage shale (Haskin and Haskin, 1966; Piper 1974b). Samples are
plotted stratigraphically to aid the visual separation of patterns;
consequently, vertical scales vary. Absolute concentrations are
given in Appendix C. Metalliferous sediments from Site 574 dis-
play essentially the same trends.

riched in the HREE relative to the LREE. The pattern is
similar to sediments of the Bauer Basin type from the
flanks of the East Pacific Rise (Piper and Graef, 1974),
to authigenic montmorillonite from the southern Pacific
(Piper, 1974b), and to ferromanganese nodules and crusts
from the Bauer Basin (Elderfield and Greaves, 1981).
Metalliferous sediments from the crest of the East Pacif-
ic Rise have lower REE contents and show stronger
HREE enrichment over the LREE (Piper and Graef,
1974; Marchig et al., 1982). The pattern contrasts mark-
edly with that of pelagic clays (montmorillonite) from
the northern Pacific, which have flat patterns with no
Ce anomalies (Piper, 1974a,b; Elderfield et al., 1981).

Oligocene chalks have lower REE contents and strong-
er Ce anomalies (Ce* - -0.88) and are relatively en-
riched in the HREE compared with metalliferous sedi-
ments, although the HREE patterns are flatter than those
of the Eocene limestone at Site 573.

Geochemical and mineralogic considerations suggest
that the REE were originally sequestered from seawater.
A hydrothermal source is rejected because REE distri-

butions in hydrothermal solutions from the East Pacific
Rise are characterized by large positive Eu anomalies
(Michard et al., 1983) and are strongly depleted in the
HREE relative to the LREE. Metalliferous sediments
with patterns of this type are known from the Red Sea
(Courtois and Treuil, 1977). A primary seawater source
is also indicated by the 1 4 3 Nd/ 1 4 4 Nd ratios of metallifer-
ous sediments from the eastern Pacific (O'Nions et al.,
1978; Piepgras et al., 1979; Elderfield et al., 1981; Gold-
stein and O'Nions, 1981), which have seawater values.

The REE, however, are mobilized during early dia-
genesis (see above) and probably now reside in biogen-
ic apatite. Mobilization of REE also occurs during the
formation of ferromanganese nodules (Elderfield and
Greaves, 1981, 1982; Elderfield et al., 1981; Murphy and
Dymond, 1984) in the northern Pacific. Partition analy-
sis of these nodules (Elderfield et al., 1981) indicates
that the REE occur in separate Fe- and P-rich carrier
phases. The P-rich phase (in the nodules) is enriched in
the HREE relative to the Fe-rich component, which is
HREE depleted. By contrast, the flatter pattern of Leg
85 metalliferous sediments compared with other litholo-
gies probably reflects REE fractionation during their in-
corporation by apatite. Fractionation must be the result
of diagenesis because deposits of the East Pacific Rise
type, which are composed dominantly of ferromanga-
nese oxyhydroxides, have seawater-like HREE-enriched
patterns (Piper and Graef, 1974).

CONCLUSIONS

Upper Eocene-lower Oligocene metalliferous sediments
occur at the base of the sediment columns at Sites 573
and 574 in the central equatorial Pacific. These sedi-
ments are strongly enriched in Fe, Mn, and other transi-
tion metals. The deposition of metalliferous sediments
is related to the proximity to a source of ferromanganese
oxyhydroxides (an active, mid-ocean ridge hydrothermal
system) and low biogenic sedimentation rates across the
Eocene/Oligocene boundary. Initially high metal con-
tents were enhanced substantially by authigenic and dia-
genetic processes.

Geochemical and mineralogic data indicate that Fe
smectite is the main Fe-bearing phase in these sediments
but that it co-exists with goethite and δMnO2. Fe smec-
tite apparently formed by the reaction between hydro-
thermal ferromanganese oxyhydroxides and biogenic opal
but was limited by the availability of opal in the most
metalliferous sediments at Site 573. Diagenesis remained
oxic. Mn liberated from mixed ferromanganese phases
during the formation of smectite was reprecipitated to
form Mn oxyhydroxide micronodules dispersed through-
out the sediment. Carbonate was dissolved as a bypro-
duct of smectite formation, producing sediments severely
depleted in biogenic material. Most biogenic carbonate
and silica was removed in solution from the metallifer-
ous claystone at Site 573. Barite probably formed fol-
lowing the liberation of Ba absorbed onto biogenic opal.

Metalliferous sediments at Site 574 and transition
sediments at Site 573 contain substantially less Fe and
Mn. Here the metalliferous components are diluted by
biogenic material (calcite, opal, and apatite) reflecting
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higher rates of biogenic sedimentation. The noncarbon-
ate component, however, is essentially similar to that in
more metalliferous sediments. Volcanic glass is an
important accessory at the base of both metalliferous
successions.

Variations in trace element composition may be ex-
plained by a combination of mineralogic controls and
diagenetic reactions. Fe smectite exerts a major control
on the distribution of Co, Cr, and Sc, while ferroman-
ganese oxyhydroxides control B, Cu, Ni, V, and Zn. The
relative effects of goethite and δMnO2 are impossible to
gauge because Fe and Mn are themselves strongly corre-
lated. Barite controls Ba, calcite controls Sr, and vol-
canic glass controls Ti and possibly Li. Strontium deple-
tion in the Eocene limestone at Site 573 is apparently re-
lated to recrystallization of carbonate that accompanied
the intrusion of basalt.

The REE are strongly enriched in metalliferous sedi-
ments. The REE had a seawater source suggesting that
they were sequestered by Fe oxyhydroxides as they pre-
cipitated in the water column. The REE were mobilized
during early diagenesis and now reside predominantly in
a P-rich phase, probably biogenic apatite. The seawater-
like distribution of REE in the primary ferromanganese
oxyhydroxides was modified during the formation of
smectite resulting in slight depletion in the heavy REE,
which remained in solution because of the greater stabil-
ity of their soluble compounds.

Comparison with recent analogs demonstrates that the
Eocene-Oligocene deposits most closely resemble de-
posits in the Bauer Basin and on the flanks of the East
Pacific Rise. This indicates that Sites 573 and 574 were
never in close proximity to an active hydrothermal sys-
tem. Even during the late Eocene, when the sites were lo-
cated at the ridge crest, they received hydrothermal sedi-
ments from another part of the ridge system, possibly
several hundred kilometers away. The difference in met-
al contents between the two sites is related predominantly
to differences in local rates of biogenic sedimentation
and does not indicate distance from hydrothermal source.
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APPENDIX A
Major and Trace Element Composition of Basal Sediments from Hole S73B

40-1
104-106 cm

Major elements (%)

SiO2

A12O3

Fe2O3
M n O
MgO
CaO
Na2O
K 2 O

P2O5

17.00
0.26(0.15)
0.10(0.09)
0.02 (0.02)
0.20 (0.20)

45.20
0.15 (0.07)
0.07 (0.03)
0.10

Trace elements (ppm)

B
Ba
Ce
Co
Cr
Cu
La
Li
Ni
Sc
Sr
Ti
V
Y
Zn

(8.0)
1560 (1430)

1.5
6.5 (6.0)
4.8

49.5 (49.5)
5.3

3.6(3.6)
10.3 (9.3)
1.1 (1.0)

1010
81.9(66.4)
0.9 (0.1)

10.4
14.1 (7.7)

42-1
45-46 cm

2.64
0.24(0.15)
0.30 (0.21)
0.09 (0.04)
0.31 (0.29)

52.70
0.07 (0.07)
0.04 (0.03)
0.13

(3.5)
1220 (1050)

1.7
16.1 (15.8)
11.1
55.6(53.5)

5.9
7.3 (6.6)

32.7 (32.7)
1.6(1.4)

1170
127 (84.4)
3.5(1.1)

12.4
22.8 (20.0)

42-1
125-126 cm

1.59
0.19(0.08)
0.16(0.06)
0.03 (0.02)
0.24 (0.20)

54.30
0.06 (0.06)
0.04 (0.02)
0.07

(0.8)
1420 (1130)

1.7
13.7(12.2)
11.0
31.1 (25.6)

6.4
5.6(4.2)

19.8(19.8)
1.7(1.3)

1240
104 (66.4)
2.3 (0.5)

11.1
15.4(10.2)

42-1
149-150 cm

1.57
0.24(0.13)
0.25 (0.19)
0.02 (0.01)
0.25 (0.23)

53.50
0.06 (0.06)
0.05 (0.03)
0.10

(3.5)
1410(1390)

2.2
7.0 (6.0)

12.4
35.6(33.6)

8.2
5.6(5.5)

16.4(16.3)
2.1 (1.9)

1330
112(74.4)
2.9 (0.7)

15.6
17.9 (13.9)

42-2
25-26 cm

8.23
1.57 (0.68)
1.97 (1.60)
0.23 (0.20)
0.82 (0.75)

46.10
0.14(0.09)
0.42 (0.21)
0.52

(15.6)
2760 (1830)
12.8
19.0(14.0)
19.0
149(141)

37.5
23.4 (19.9)
57.1 (52.0)
7.6 (6.2)

1740
510(152)
13.6(7.8)
69.1
70.1 (58.7)

42-2
50-51 cm

8.86
1.68 (0.57)
2.37 (1.78)
0.34(0.19)
0.88 (0.71)

46.30
0.20(0.14)
0.49 (0.26)
0.50

(10.7)
2490 (2490)
12.3
20.4 (16.7)
12.1
187(153)

35.4
18.2 (14.7)
88.9 (78.5)
8.0(5.8)

1690
529 (142)
19.4(11.2)
60.3
83.1 (64.9)

42-2
76-77 cm

29.00
5.05 (2.13)

11.20(8.30)
1.65 (1.13)
3.05 (2.33)

18.20
0.90 (0.70)
1.64(0.89)
2.49

(74.3)
2230(1590)
35.4
45.2 (33.5)
30.3
588 (518)

81.9
42.3 (39.5)
316(290)

19.5 (14.9)
999

1960 (369)
93.0(55.7)

154
309 (268)

42-2
99-100 cm

35.00
6.13 (2.42)

18.20 (12.42)
3.59 (1.88)
4.05 (2.75)
5.26
1.11 (0.83)
1.68 (0.84)
2.88

(110)
2490 (2250)
39.9
64.9 (38.8)
26.4
882 (739)
101

52.3 (36.2)
784 (570)

21.6(15.6)
632

3040 (526)
203 (125)
164
490 (431)

42-2,
125-126 cm

30.30
5.01 (1.88)

25.20(19.90)
5.62 (2.67)
3.43 (2.58)
5.44
0.72(0.51)
1.61 (0.73)
3.02

(158)
4060 (3430)
38.5
81.1 (52.1)
36.9
1150 (1070)
98.0
27.7 (20.2)
713 (573)
17.5 (13.7)
715

2210 (429)
427 (221)
151
574(531)

42-2,
149-150 cm

29.50
3.97(1.42)

25.40 (19.40)
5.88 (2.10)
3.42 (2.65)
6.93
0.66 (0.53)
1.49(0.70)
3.81

(154)
5390 (2560)
33.0
75.4 (42.3)
40.9
1090 (963)
86.9
27.2(19.1)
718(575)

14.2(10.5)
745

1400 (242)
413 (188)
133
606 (575)

42-3,
25-26 cm

25.20
3.93 (1.21)

30.10(21.70)
7.76(1.99)
2.88 (2.15)
7.70
0.67 (0.54)
1.35 (0.58)
4.07

(183)
2400 (2180)
36.9
88.8 (45.0)
51.4
1390(1190)
98.3
20.1 (12.0)
748 (656)

14.1 (10.0)
796

1170(123)
560 (202)
149
685 (603)

42-3,
48-49 cm

26.50
3.93 (1.30)

29.50 (20.60)
8.30(1.90)
3.00(2.21)
6.78
0.58 (0.50)
1.35 (0.59)
3.51

(176)
3120(2750)
38.9
85.5(41.4)
53.0
1290(1120)

128
21.5 (12.5)
835 (735)
14.5 (9.9)
754

1180(98.4)
566 (184)
171
685 (607)

42-3,
75-76 cm

Major elements (%)

SiO2
A12O3

Fe2O3
M n O
MgO
CaO
Na2O
K 2 O

P2O5

27.50
3.52(1.21)

28.10(21.50)
7.65 (3.52)
3.53 (2.56)
5.90
0.67 (0.54)
1.25 (0.58)
3.13

Trace elements (ppm)

B
Ba
Ce
Co
Cr
Cu
U
Li
Ni
Sc
Sr
Ti
V
Y
Zn

(167)
3320 (2650)
31.8
80.9(52.1)
50.6
1180(1020)

101
24.3 (15.5)
812 (714)

13.4 (8.8)
770

1100(146)
502(239)
133
702 (616)

42-3,
100-101 cm

28.20
2.45 (0.94)

24.30 (13.50)
6.41 (1.44)
3.82 (2.60)
6.71
0.64 (0.61)
1.10(0.54)
3.55

(110)
5150(2790)
24.9
68.7 (31.7)
41.7
925 (678)

87.3
27.8 (17.9)
614 (537)
8.9 (5.0)

690
824 (54.4)
364(132)
116
612 (461)

Note: Total Fe is expressed as Fe >O i. Values

42-3,
122-123 cm

35.60
2.29(1.03)

24.00 (14.80)
5.78 (2.50)
5.01 (3.37)
3.62
0.85 (0.75)
1.20(0.65)
1.92

(105)
6210 (5080)
21.6
63.9(36.1)
36.3
860 (642)

70.3
39.9 (15.4)
478 (427)
8.6 (4.0)
583
825 (55.4)
278 (125)

90.2
633 (468)

42-3,
145-146 cm

34.70
1.93 (0.90)

23.60(15.10)
5.66(2.91)
5.02(3.51)
3.04
0.71 (0.68)
1.04 (0.63)
1.55

(105)
6920 (6140)
nd
63.9 (41.4)
30.6
851 (638)

nd
36.8 (26.0)
459 (398)
6.6(3.5)

477
670 (48.4)
256 (124)
nd
593 (451)

42-4,
25-26 cm

32.60
2.82(1.62)

16.70 (9.83)
3.95 (2.42)
4.27 (2.90)

13.40
0.78 (0.78)
1.21 (0.72)
1.11

(65.4)
5220 (3600)
14.0
51.9 (34.4)
33.8
615 (427)

40.0
41.3 (30.5)
261 (218)
7.9 (4.7)
767

1350 (192)
129 68.3)

57.0
431 (309)

42-4,
48-50 cm

20.20
1.61 (0.91)

10.70 (6.48)
2.96(1.42)
2.67 (1.87)

29.00
0.30 (0.29)
0.73 (0.47)
0.66

(38.9)
6180 (4780)

9.3
38.1 (25.5)
27.9
368 (272)

30.0
26.3 (18.2)
162 (131)
5.4 (3.2)

1120
890 (169)

92.1 (41.9)
42.9
270 (190)

in parentheses are the HCl-soluble portion of the sample, nd

42-4,
75-76 cm

29.20
3.89(1.67)

12.00 (5.09)
2.01 (1.04)
3.89(2.11)

18.90
0.62 (0.62)
1.04 (0.62)
0.48

(37.4)
4370 (4240)
12.9
43.4 (22.8)
21.4
394 (215)

22.7
63.2 (33.5)
154(134)
9.4 (4.0)
702

3240 (129)
70.5 (35.0)
33.0
336 (195)

= not determined

42-4,
100-101 cm

14.90
2.00(1.06)
5.56(2.91)
0.86 (0.51)
1.87 (1.18)

38.20
0.29 (0.28)
0.58 (0.36)
0.35

(17.8)
2080 (1760)

4.8
23.0(15.8)
18.8
212 (126)

13.8
29.2(17.5)
119 (105)
5.6 (3.4)

1020
1240(128)
33.1 (18.5)
21.4
142 (93.5)

42-4,
125-126 cm

7.96
1.14 (0.85)
2.89 (2.28)
0.40 (0.39)
0.95 (0.86)

47.60
0.14(0.13)
0.37 (0.30)
0.21

(17.8)
55.0 (55.0)

3.0
14.4 (13.1)
14.0
73.4(61.8)

7.6
11.9(9.7)
49.0(47.9)

3.2 (2.9)
796
874 (282)

16.7 (15.0)
12.9
66.4 (66.4)

42-4,
144-145 cm

7.32
0.82 (0.55)
3.21 (2.36)
0.69 (0.38)
0.89 (0.78)

48.20
0.08 (0.08)
0.32 (0.23)
0.27

(15.6)
64.0 (57.0)

2.0
14.0(11.3)
14.8
104 (85.2)
6.9
7.4(5.3)
158 (124)
1.9(1.6)

807
465 (210)

26.5 (17.8)
9.9

76.0(58.7)

42-5,
26-27 cm

8.80
2.06(1.29)
2.19(1.56)
0.12 (0.05)
1.44 (1.19)

47.00
0.20 (0.20)
0.34 (0.27)
0.36

(20.5)
9.2 (< 5.0)
2.3

14.1 (10.5)
21.2
71.3 (53.2)

3.7
21.2(13.7)
98.8 (79.3)

5.8 (4.7)
436

1360(171)
5.4 (3.4)

10.8
67.0 (45.7)

43-1,
(Piece 1, 3-4 cm)

5.17
1.29(0.81)
1.19(0.74)
0.13 (0.08)
1.22(1.03)

52.40
0.13 (0.12)
0.23 (0.19)
0.21

(2.1)
20.0 (<5.0)

1.4
15.6(13.1)
19.5
31.3 (25.7)

4.1
8.8 (6.8)

80.7 (69.2)
2.9(1.9)
222
611 (195)
11.2(4.1)
20.1
33.4(21.4)

802



APPENDIX B
Major and Trace Element Composition of Basal Sediments from Hole 574C

32-2,
54-55 cm

Major elements (%)

SiO2
A12O3

Fe2O3
MnO
MgO
CaO
Na2O
K2O

P2O5

13.10
0.21 (0.13)
0.07 (0.04)
0.01 (0.01)
0.19(0.19)

46.70
0.11 (0.06)
0.4 (0.04)

0.05

Trace elements (ppm)

B
Ba
Ce
Co
Cr
Cu
La
Li
Ni
Sc
Sr
Ti
V
Y
Zn

(0.8)
1810(1810)

0.9
0.5 (0.5)
5.9

21.8(21.8)
4.1
3.4 (2.9)
5.8(5.8)
0.8 (0.7)

1060
68.7 (46.6)

1.8(0.5)
6.0

12.3 (6.5)

34-2,
3-4 cm

Major elements (%)

SiO2
AI2O3

Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5

12.80
0.52 (0.34)
0.87 (0.76)
0.11 (0.11)
0.67 (0.67)

43.80
0.10(0.05)
0.10(0.06)
0.14

Trace elements (ppm)

B
Ba
Ce
Co
Cr
Cu
La
Li
Ni
Sc
Sr
Ti
V
Y
Zn

(0.8)
4480 (4480)

3.5
4.5 (3.4)
6.5

69.7 (62.7)
10.9
22.6 (19.5)
19.5 (19.5)
2.4 (2.0)

1510
161 (100)
4.7 (2.0)

17.5
34.0 (23.9)

33-3,
56-57 cm

7.69
0.77 (0.47)
0.51 (0.40)
0.01 (0.01)
0.41 (0.41)

48.70
0.11 (0.09)
0.15 (0.11)
0.13

(0.08)
4650 (4650)

4.0
4.3 (2.9)
6.9

60.5 (59.0)
11.8
13.9(13.9)
15.2(15.2)
3.2 (2.8)

1850
167 (87.4)
8.6 (3.8)

17.5
24.7 (22.5)

34-2,
24-25 cm

14.60
0.69 (0.46)
1.29 (1.13)
0.16(0.16)
0.88 (0.88)

41.80
0.11 (0.07)
0.13 (0.08)
0.16

(3.5)
5110(5110)

4.8
6.5 (5.2)
8.7

97.0 (87.8)
13.4
30.1 (25.8)
19.9(19.9)
3.3 (2.6)

1540
218 (135)
7.0 (3.4)

21.7
48.3 (32.6)

33-4,
73-74 cm

10.20
0.57 (0.38)
0.63 (0.56)
0.01 (0.01)
0.54 (0.54)

47.50
0.09 (0.06)
0.10(0.08)
0.08

(3.5)
3980 (3980)

3.0
3.1(1.9)
6.8

61.3 (61.3)
9.7

20.9 (20.9)
12.3 (12.3)
2.9 (2.7)

1600
131 (85.4)
8.0 (4.6)

14.1
(24.7 (20.0)

34-2,
50-51 cm

19.10
0.88 (0.59)
1.43(1.28)
0.15 (0.15)
1.01 (1.01)

38.90
0.13 (0.06)
0.14 (0.10)
0.17

(3.5)
5420 (5420)

5.2
6.7 (5.4)
7.9
104 (96.4)

14.2
36.0(31.3)
22.5 (22.5)
4.2 (3.4)

1430
270(167)
8.4 (4.3)

23.0
50.8(41.3)

33-4,
102-103 cm

12.00
0.75 (0.49)
0.72 (0.64)
0.04 (0.04)
0.52 (0.52)

45.90
0.11 (0.07)
0.14(0.10)
0.11

(3.5)
5720 (5720)

6.1
4.9 (3.7)

14.2
73.3 (71.9)
12.3
18.4 (16.2)
15.4(15.4)
3.6(3.1)

1600
157 (92.6)
5.1 (2.0)

21.2
26.6 (23.9)

34-2,
74-75 cm

23.20
0.99 (0.59)
2.16(1.53)
0.30 (0.30)
1.57(1.57)

31.90
0.18 (0.08)
0.16(0.10)
0.18

(3.5)
3900 (3900)

6.6
6.7 (5.7)
5.9
154(125)

16.6
48.6 (45.5)
40.7 (40.7)
4.6 (3.3)

1260
361 (129)
9.2 (4.4)

25.0
68.2 (53.7)

33-5,
2-3 cm

13.00
0.89 (0.56)
1.02(0.90)
0.12(0.12)
0.67 (0.67)

44.00
0.12(0.10)
0.16(0.12)
0.15

(3.5)
5510(5510)

5.3
6.7 (4.5)

17.6
91.0(88.6)
13.7
23.4 (20.7)
25.1 (25.1)
4.3 (3.7)

1670
189 (98.9)
6.6 (2.8)

20.2
37.7 (36.3)

34-2,
100-101 cm

26.70
1.30(0.91)
2.45 (2.45)
0.29 (0.28)
1.71 (1.71)

30.50
0.25 (0.15)
0.23 (0.16)
0.25

(12.9)
3460 (3460)

7.0
7.7 (6.5)

19.0
166(157)

19.5
64.5 (59.6)
35.4 (35.4)
6.0(5.1)

1260
315 (214)
12.2 (7.2)
30.8
86.8 (74.9)

33-5,
34-35 cm

19.10
1.89(1.18)
2.20(1.99)
0.30 (0.30)
1.20(1.20)

36.10
0.35 (0.26)
0.36 (0.26)
0.31

(15.6)
2880 (2880)
11.7
10.7 (8.0)
7.9
164(153)

27.8
42.5 (36.8)
46.8 (46.8)

8.4(7.1)
1680
392 (180)

15.0(8.8)
41.4
70.1 (61.2)

34-2,
121-122 cm

27.80
1.38 (0.96)
3.03 (2.72)
0.33 (0.32)
2.26 (2.15)

33.00
0.26 (0.17)
0.25 (0.18)
0.28

(20.5)
3260 (3260)

8.0
10.7 (8.2)
21.2
189 (175)

20.8
82.7 (75.8)
41.3 (41.3)
6.7 (5.8)

1360
433 (265)
13.2 (8.3)
33.6
98.0 (87.3)

33-5,
61-62 cm

15.30
1.41 (0.91)
2.12(1.99)
0.40 (0.40)
1.17 (1.17)

39.50
0.20(0.14)
0.26(0.18)
0.31

(15.6)
3010 (3010)

9.8
9.7 (6.4)

12.1
166(157)

25.2
38.5 (35.1)
55.1 (55.1)

5.9 (5.2)
1790
302 (155)
14.3 (9.2)
40.1
70.1 (69.8)

35-1,
9-10 cm

9.91
1.75 (1.11)
3.05 (2.46)
0.73 (0.41)
1.34(1.17)

43.10
0.19(0.19)
0.46 (0.30)
0.37

(15.6)
2710(2710)

7.5
16.2(14.0)
20.0
306 (256)

23.3
32.6 (30.0)
135 (97.4)
6.4 (4.8)

1560
820 (195)

29.1 (20.4)
32.3
91.0(67.4)

33-5,
74-75 cm

15.10
1.20 (0.77)
1.80(1.72)
0.37 (0.36)
1.04(1.04)

40.60
0.16 (0.10)
0.21 (0.14)
0.24

(10.6)
3410 (3410)

8.1
8.9 (7.3)

19.6
142 (136)

21.5
34.0(32.1)
50.7 (50.7)

5.0 (4.5)
1710
278 (145)
11.8(7.5)
31.7
60.7 (53.6)

35-1,
100-101 cm

12.00
1.87(1.01)
3.61 (2.21)
0.45 (0.39)
1.52(1.16)

41.50
0.20(0.19)
0.48 (0.31)
0.33

(14.2)
3230 (3230)

8.6
20.4(14.0)
16.0
168(113)

22.3
36.8 (26.8)
45.3 (39.2)
7.2 (4.2)

1510
975 (150)

29.3(17.1)
33.4
90.5 (52.5)

33-5,
100-102 cm

17.80
1.38(0.87)
1.95 (1.83)
0.23 (0.23)
1.12(1.12)

38.80
0.18(0.12)
0.24(0.16)
0.25

(10.7)
3430 (3430)

9.5
8.1 (5.9)

12.4
114(108)

25.0
37.0(35.7)
42.2 (42.2)

5.3 (4.7)
1660
328 (166)
12.9 (8.0)
37.7
58.9 (55.0)

35-1,
124-125 cm

8.98
1.34 (0.90)
2.87(2.18)
0.44 (0.42)
1.25(1.05)

44.90
0.15(0.15)
0.36 (0.26)
0.25

(15.6)
3740 (3740)

5.6
19.0(15.8)
13.2
148 (122)

18.8
25.4(21.6)
59.7 (55.3)
5.4 (4.0)

1530
745 (227)

26.9 (20.5)
26.4
71.9(52.5)

33-5,
120-122 cm

15.20
1.25 (0.74)
1.88(1.71)
0.22 (0.22)
1.08(1.08)

40.60
0.17 (0.10)
0.22(0.13)
0.22

(10.7)
3250 (3250)

8.0
22.0 (18.2)
11.3
110 (99.0)

21.7
34.7 (32.6)
37.3 (37.3)
4.7 (4.0)

1750
314(153)
12.4 (7.7)
32.3
54.5 (50.0)

35-2,
2-3 cm

13.50
2.56(1.42)
3.85 (2.76)
0.40 (0.38)
1.78 (1.37)

38.90
0.31 (0.29)
0.58 (0,41)
0.36

(20.5)
2750 (2750)

9.7
26.6 (22.8)
15.1
178 (127)

27.0
40.6 (32.9)
54.1 (49.2)
8.6 (6.0)

1440
1570(253)
31.2(21.7)
40.7
88.1 (66.2)

33-5,
148-149 cm

13.20
0.93 (0.57)
1.46(1.29)
0.16(0.16)
0.88 (0.88)

42.90
0.13(0.08)
0.16(0.10)
0.18

(8.0)
5120(5120)

6.7
7.3 (5.7)
7.8

90.8 (84.3)
19.0
28.5 (26.8)
24.6 (24.6)

3.7 (3.2)
1700
241 (130)
9.4 (5.4)

29.3
44.0 (38.8)

35-2,
26-27 cm

7.70
1.28(0.81)
1.90(1.54)
0.20(0.16)
1.05 (0.84)

48.10
0.14(0.13)
0.30 (0.20)
0.20

(6.2)
4150(4150)

4.0
14.6(13.1)
8.7

99.8 (73.4)
13.7
23.4(18.1)
32.3 (30.1)
4.9 (3.8)

1470
828(191)
14.3 (9.8)
20.7
52.6 (36.3)

34-1,
47-48 cm

15.50
0.81 (0.55)
1.52 (1.41)
0.15(0.15)
0.91 (0.91)

41.40
0.13 (0.08)
0.15 (0.10)
0.18

(8.0)
5510(5510)

5.8
8.3 (5.4)
9.5
100 (92.4)

17.3
29.1 (27.9)
23.3 (23.3)

3.4 (2.9)
1630
239(138)
8.3 (4.6)

27.4
47.7 (42.5)

35-2,
49-50 cm

10.10
2.01 (1.10)
2.40(1.76)
0.24 (0.20)
1.36(1.10)

44.40
0.22(0.18)
0.36 (0.27)
0.20

(10.6)
4070 (4070)

5.5
18.0 (14.9)
9.5
110(76.7)

12.3
31.0(23.1)
41.4(36.4)
6.5 (4.7)

1370
1170(231)
17.2(11.0)
20.5
64.5 (41.3)

34-1,
75-76 cm

16.50
0.63 (0.45)
1.18 (1.14)
0.14 (0.14)
0.77 (0.77)

41.20
0.13 (0.07)
0.12 (0.09)
0.14

(3.5)
5050 (5050)

4.4
6.1 (4.4)
3.9

84.5 (80.6)
13.6
26.1 (24.4)
20.4 (20.4)
2.9 (2.5)

1550
173 (118)
6.2 (3.1)

19.0
42.8 (36.3)

35-2.
75-76 cm

15.90
3.33 (1.73)
3.80(2.21)
0.22(0.14)
2.23(1.52)

37.40
0.44 (0.42)
0.58 (0.43)
0.21

(156)
3610 (3610)

6.2
26.5 (16.7)
14.0
119(65.7)

13.1
56.4 (33.6)
38.9 (32.6)
9.8 (5.9)

1210
2710(161)
18.6 (9.9)
22.5

nd (42.5)

34-1,
97-98 cm

19.10
0.54 (0.37)
0.91 (0.83)
0.11 (0.10)
0.65 (0.65)

37.00
0.13(0.05)
0.11 (0.07)
0.12

(0.8)
4540 (4540)

3.5
4.1 (2.3)
3.9

64.9 (63.4)
10.7
22.7 (20.8)
19.8 (19.8)
2.4 (2.0)

1260
149 (85.8)
4.2(1.3)

15.9
34.7 (26.3)

35-2,
97-98 cm

12.00
2.48(1.40)
2.54(1.74)
0.19(0.14)
1.57(1.15)

41.20
0.27 (0.27)
0.46 (0.35)
0 1 9

(10.7)
3360 (3360)

4.8
17.5 (14.0)
10.5
87.2 (55.6)
11.2
36.6(25.1)
35.5 (31.5)
7.3 (4.9)

1260
1720 (174)
13.4(7.6)
20.3
58.9(41.0)

34-1,
121-122 cm

16.30
0.78 (0.55)
1.53(1.44)
0.18(0.18)
0.98 (0.98)

39.00
0.12(0.07)
0.15 (0.10)
0.18

(3.5)
5230 (5230)

5.4
6.3 (5.3)

19.5
98.4 (98.4)
14.9
34.9(31.7)
28.7 (28.7)

3.5 (2.9)
1490
206(129)
8.0 (3.8)

24.3
53.9(41.3)

35.CC
0-2 cm

17.00
3.44(1.29)
4.02(1.73)
0.38(0.14)
2.17(1.12)

34.40
0.42 (0.42)
0.64 (0.40)
0.23

(10.7)
4210 (4210)

6.7
26.0(11.3)
13.0
126 (55.8)

14.9
48.1 (21.5)
74.5 (57.5)
10.4 (4.7)
1110
2520 (90.4)
25.2(12.0)
26.8
84.4 (37.6)

i1
r

Note: Total Fe is expressed as Fe2O3. Values in parentheses are the HCI-soluble portion of the sample, nd = not determined.
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APPENDIX C

Rare Earth Element Composition (ppm) of Basal Sediments from Holes 573B and 574C

Hole 573B

40-1, 104-106 cm
42-1, 45-46 cm
42-1, 125-126 cm
42-1, 149-150 cm
42-2, 25-26 cm
42-2, 50-51 cm
42-2, 76-77 cm
42-2, 99-100 cm
42-2, 125-126 cm
42-2, 149-150 cm
42-3, 25-26 cm
42-3, 48-49 cm
42-3, 75-76 cm
42-3, 100-101 cm
42-3, 122-123 cm
42-4, 25-26 cm
42-4, 48-50 cm
42-4, 75-76 cm
42-4, 100-101 cm
42-4, 125-126 cm
42-4, 144-145 cm
42-5, 26-27 cm
42-5, (Piece 1, 3-4 cm)

Hole 574C

32-2, 54-55 cm
33-3, 56-57 cm
33-4, 73-74 cm
33-4, 102-103 cm
33-5, 2-3 cm
33-5, 34-35 cm
33-5, 61-62 cm
33-5, 74-75 cm
33-5, 100-102 cm
3-5, 120-122 cm
33-5, 148-149 cm
34-1, 47-48 cm
34-1, 75-76 cm
34-1, 97-98 cm
34-1, 121-122 cm
34-2, 3-4 cm
34-2, 24-25 cm
34-2, 50-51 cm
34-2, 74-75 cm
34-2, 100-101 cm
34-2, 121-122 cm
35-1, 9-10 cm
35-1, 100-101 cm
35-1, 124-125 cm
35-2, 2-3 cm
35-2, 26-27 cm
35-2, 49-50 cm
35-2, 75-76 cm
35-2, 97-98 cm
35,CC (0-2 cm)

La

5.33
5.92
6.41
8.19

37.50
35.40
81.90

101.00
98.00
86.90
98.30

128.00
101.00
87.30
70.30
40.00
30.00
22.70
13.80
7.60
6.93
3.71
4.08

4.06
11.80
9.71

12.30
13.70
27.80
25.20
21.50
25.00
21.70
19.00
17.30
13.60
10.70
14.90
10.90
13.40
14.20
16.60
19.50
20.80
23.30
22.30
18.80
27.00
13.70
12.30
13.10
11.20
14.90

Ce

1.50
1.67
1.74
2.16

12.80
12.30
35.40
39.90
38.50
33.00
36.90
38.90
31.80
24.90
21.60
14.00
9.28

12.90
4.81
2.99
2.00
2.33
1.38

0.93
3.97
3.01
6.05
5.26

11.70
9.83
8.11
9.53
8.00
6.73
5.75
4.38
3.50
5.40
3.52
4.78
5.20
6.63
6.95
8.04
7.52
8.58
5.60
9.70
3.96
5.45
6.16
4.82
6.66

Pr

1.38
1.65
1.21
1.75
7.87
7.30

18.20
19.80
21.00
19.30
22.30
24.00
19.40
15.70
12.90
7.94
5.66
4.98
2.60
1.56
1.30
0.64
0.66

0.69
2.24
1.64
2.15
2.49
5.52
4.34
4.01
4.84
4.14
3.38
3.08
2.48
1.88
2.67
1.84
2.35
2.73
3.06
3.74
3.97
4.64
4.96
3.53
4.99
2.50
1.79
2.50
2.24
3.05

Nd

4.98
5.88
5.22
7.08

34.30
33.60
83.20
89.80
92.60
84.50
98.50

110.00
87.30
71.90
58.30
34.70
25.80
22.40
12.50
7.30
6.44
3.62
3.43

3.20
10.50
7.93
9.93

11.70
25.00
20.20
18.50
22.00
19.00
15.50
14.30
11.60
8.77

12.70
9.13

11.40
12.80
14.70
17.40
18.50
21.60
21.00
16.90
23.70
12.50
11.20
12.60
10.80
15.10

Sm

1.25
1.41
1.16
1.65
7.26
6.83

17.00
18.40
18.70
16.80
19.40
21.40
16.70
13.80
11.50
6.94
5.12
4.58
2.48
1.50
1.23
0.89
0.95

0.68 (
2.25 (
1.74 (
2.18
2.52 (
5.34
4.43
4.02
4.71
4.02
3.32 (
3.04 (
2.44 (
1.87 (
2.74 (
1.96 (
2.51 (
2.78 (
3.20 (
3.75
4.01
4.53
4.43
3.54
5.15
2.63 (
2.45 (
2.88 (

Eu

0.37
0.41
0.31
3.47
2.04
1.90
4.93
5.30
5.56
5.01
5.80
5.09
4.94
3.99
3.36
2.15
1.54
1.46
3.78
3.47
).36
134
3.36

3.19
3.63
3.49
3.61
3.71
.49
.28
.14
.35
.15

3.95
3.88
3.71
3.53
3.79
3.56
3.73
3.80
3.93
.06
.17
.32
.36
.02
.56

3.77
).74
3.91

2.41 0.79
3.37 .05

Gd

1.23
1.56
1.35
1.67
8.64
8.15

20.60
22.40
21.80
19.60
22.50
25.20
19.60
16.70
13.90
8.19
6.98
5.64
3.35
2.93
1.55
1.65
1.80

0.86
2.66
2.04
2.57
2.96
6.24
5.35
4.76
5.64
4.80
3.93
3.69
2.92
2.24
3.21
2.35
3.01
3.12
3.61
4.26
4.63
5.63
5.80
4.54
7.44
3.28
3.30
3.80
4.05
4.69

Dy

1.27
1.51
1.33
1.79
8.35
7.91

19.30
21.80
20.60
18.70
21.30
24.70
19.20
16.60
13.30
8.04
6.14
5.29
3.32
2.07
1.59
1.35
1.83

0.78
2.36
1.80
2.29
2.62
5.42
4.57
4.05
4.84
4.10
3.43
3.12
2.50
2.01
2.93
2.11
2.65
2.91
3.24
3.97
4.26
4.71
4.66
3.82
5.41
2.94
2.93
3.31
2.87
4.14

Ho

0.31
0.37
0.31
0.44
1.92
1.79
4.37
4.97
4.59
4.15
4.69
5.51
4.28
3.73
2.96
1.82
1.37
1.16
0.75
0.45
0.35
0.31
0.47

0.17
0.52
0.39
0.51
0.56
1.17
1.00
0.87
1.04
0.89
0.74
0.68
0.55
0.44
0.65
0.48
0.58
0.65
0.70
0.86
0.94
1.02
1.01
0.83
1.18
0.64
0.68
0.72
0.64
0.90

Er

0.91
0.95
0.90
1.18
5.34
5.03

12.10
13.60
12.50
11.40
12.70
14.90
11.70
10.10
7.84
4.93
3.82
3.18
2.27
1.42
1.10
0.80
1.41

0.49
1.44
1.10
1.38
1.55
3.15
2.78
2.37
2.82
2.38
2.05
1.84
1.52
1.24
1.74
1.31
1.73
1.87
2.05
2.50
2.68
2.90
2.71
2.37
3.08
1.86
1.93
2.07
1.72
2.57

Yb

0.82
0.97
0.92
1.28
5.44
4.78

12.50
13.80
12.90
11.60
12.70
14.40
11.50
9.79
7.62
5.07
3.76
3.07
2.09
1.26
0.94
0.99
1.68

0.54
1.44
1.18
1.46
1.66
3.18
2.98
2.40
2.82
2.36
2.05
1.86

.52

.32

.83

.37

.59

.79

.91
2.43
2.65
2.78
2.79
2.22
3.30
1.77
1.77
1.96
1.82
2.41

Lu

0.19
0.20
0.18
0.26
0.88
0.77
2.00
2.24
2.00
1.77
1.91
2.21
1.74
1.54
1.20
0.80
0.56
0.47
0.31
0.18
0.13
0.15
0.28

0.09
0.25
0.21
0.27
0.28
0.53
0.51
0.42
0.48
0.40
0.35
0.32
0.27
0.23
0.31
0.23
0.27
0.29
0.32
0.40
0.45
0.42
0.41
0.35
0.51
0.28
0.29
0.30
0.27
0.37

APPENDIX D
Major and Trace Element Composition of

Tholeiitic Basalts

573B-43-1
(Piece 2, 24-26 cm)

574C-36-1
(Piece 5, 34-39 cm)

Major elements (<%)

SiO 2

TiO 2

A12O3

Fe 2 O 3

MnO
MgO
CaO
Na 2 O
K 2O

P2θ5
H 2 O
C O 2

41.20
2.14

15.20(1.09)
12.40(1.68)
0.21 (0.01)
7.22 (0.26)

12.00 (0.87)
2.70 (0.27)
0.22(0.11)
0.16(0.07)
0.83
0.00

46.10
2.88

13.80(1.27)
15.20 (3.22)
0.22 (0.01)
6.22 (0.17)

10.50 (0.85)
2.37 (0.23)
0.36(0.13)
0.18(0.10)
1.53
0.04

Total 100.28

Trace elements (ppm)

99.40

B
Ba
Co
Cr
Cu
Li
Ni
Sc
Sr
Ti
V
Y
Zn

(12.4)
30.0 (15.0)
98.2 (13.0)

137.0 (< 10)
75.4 (26.8)

9.6 (0.3)
76.7 (<5)
45.0 (0.7)
85.0 ( < 10)

12800.0 (1340)
368.0(29.1)

35.7
124.0 (27.6)

Rare earth elements (ppm)

La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Ho
Er
Yb
Lu

3.80
12.10
2.16

11.10
4.31
1.44
5.23
5.91
1.29
3.47
3.71
0.70

(63.4)
22.0 ( < 10)
94.5 (9.6)
88.0 ( < 10)
63.4 (24.3)
10.1 (1.2)
69.2 (< 5)
44.4 (0.2)
65.0 ( < 10)

17300.0 (2530)
476.0 (75.2)

40.0
159.0 (44.0)

2.89
12.10
2.00

11.40
4.18
1.55
5.72
6.68
1.45
3.82
4.26
0.73

Note: Total Fe expressed as Fe 2θ3• Values in parenthe-
ses are the HCl-soluble portion of the sample.


