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ABSTRACT

The distribution and composition of minerals in the silt and clay fraction of the fine-grained slope sediments were
examined. Special interest was focused on diagenesis. The results are listed as follows. (1) Smectite, andesitic Plagio-
clase, quartz, and low-Mg calcite are the main mineral components of the sediment. Authigenic dolomite was observed
in the weathering zones of serpentinites, together with aragonite, as well as in clayey silt. (2) The mineralogy and geo-
chemistry of the sediments is analogous to that of the andesitic rocks of Costa Rica and Guatemala. (3) Unstable com-
ponents like volcanic glass, amphiboles, and pyroxenes show increasing etching with depth. (4) The diagenetic altera-
tion of opal-A skeletons from etching pits and replacement by opal-CT to replacement by chalcedony as a final stage
corresponds to the typical opal diagenesis. (5) Clinoptilolite is the stable zeolite mineral according to mineral stability
fields; its neoformation is well documented. (6) The early diagenesis of smectites is shown by an increase of crystallinity
with depth. Only the smectites in the oldest sediments (Oligocene and early Eocene) contain nonexpanding illite layers.

INTRODUCTION

The results of Leg 67 suggested a nonaccreting slope
offshore Guatemala, a pre-Tertiary igneous or sedimen-
tary basement beneath the slope sediment, and the fre-
quent occurrence of gas hydrates in the slope sediments
(von Huene and Aubouin, 1982). Some remaining ques-
tions were answered by Leg 84. The slope consists of a
nonaccreting sediment complex that covers a pre-early
Eocene ophiolite basement (Fig. 1). Drilling yielded more
understanding of gas hydrate formation and stability
(Kvenvolden, this volume). An outstanding drilling result
was the discovery of a 1- to 3-m-thick layer of gas hy-
drate at Site 570. An additional site was drilled offshore
Costa Rica's Nicoya Peninsula in order to study the
basement. However, drilling had to be stopped before the
basement was reached because of troubles in the bore-
hole.

Because studies of the lateral and vertical distribu-
tion of minerals within the slope sediments already exist
(Heinemann and Füchtbauer, 1982; Prasad and Hesse,
1982; Kurnosov et al., 1982), the present investigation
focused on the diagenesis and mineralogy of plagioclases,
clay minerals, volcanic glass, zeolites, and carbonates
recovered during Leg 84.

METHODS

Sediment samples were dispersed with a high-frequency stirrer in
deionized water, and the sand fraction was separated by sieving. Glass
shards and opaline tests were taken from this fraction for electron mi-
croscopy and refractive index measurements. To remove flocculating
ions, the fraction <63 µm was washed several times using 0.01 N
NH4OH. The carbonates were not treated with acids in order to avoid
destruction of delicate minerals. For the same reason the samples were
dried under vacuum at 40 to 60°C only. The fractions < 2, 2 to 6.3,
6.3 to 20, and 20 to 63 µm were collected by Atterberg separation
(Muller, 1964).
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Detailed X-ray diffractograms of all these fractions were recorded
from 2 to 65° (2θ, Cu Kα), using NaF and quartz as internal stan-
dards. A suspension of the <2-µm fraction was allowed to dry on a
glass slide for X-ray diffraction (XRD) analyses of air-dried samples.
Samples dried at 350° and 500° C as well as glycolated splits were also
analyzed.

The distribution of clay minerals in the < 2-µm fraction was deter-
mined using the Biscaye method (Biscaye, 1965).

Differential thermal analyses and infrared spectroscopy were used
as additional diagnostic methods. For infrared spectroscopy KBr disks
composed of a mixture of 450 mg KBr and 1 mg of the sample were
prepared applying a pressure of 10 tons. Electron micoscopy with an
energy-dispersive spectrometer (EDAX) was used to study the appear-
ance and composition of newly formed minerals and the surface of si-
liceous skeletons and glass shards. Total carbonate was determined by
the Scheibler method (using HC1 and recording the CO 2 pressure) (Mul-
ler, 1964). All chemical analyses were calculated on a water and car-
bonate-free basis. The chemical analyses of the bulk sample were car-
ried out using X-ray fluorescence with the Li2B4θ2/LiBθ2 glass disk
method. The analyses of the clay fraction and carbonates were made
by atomic absorption spectroscopy using LiBO7 disintegration.

Ionic activities and saturation indexes for different minerals were
calculated for 20 interstitial waters of Leg 84 using the WATEQ com-
puter program, according to Truesdell and Jones (1973). Downhole
variation of ionic activities and saturation indexes of minerals could
therefore be established. Pore-water composition values were taken
from Leg 67 (Harrison et al., 1982), from pore-water analyses of Leg
84 (J. Lebel, personal communication, 1983), and from the Leg 84 site
reports. Although the gas hydrates suggest that organic acids are pres-
ent, these could not be considered because no data of dissolved organ-
ic species in the interstitial water of Leg 84 are available.

Mineral Identification

Quartz was identified with X-ray diffraction by the main peaks at
24.64 and 28.85° (2θ, Cu Kα). The Plagioclase composition was de-
termined by X-ray diffraction using the (13T) peak (Goodyear and Duf-
fin, 1954). Other methods were not practical, because the (13T) peak
was the only one with sufficient intensity.

The compositions of calcite and dolomite were calculated using the
(104) d-spacing. The degree of dolomite lattice order was established
by the (015)/(l 10) peak ratio according to Goldsmith and Graf (1958).
Additional wet chemical analyses of calcareous sediments were carried
out, using atomic absorption spectroscopy.

The distinction between clinoptilolite and heulandite was based on
X-ray diffraction after heating the samples overnight to 550°C. Ac-
cording to Alietti (1972), only the heulandite lattice should be destroyed
after this heat treatment.

Opal-A of siliceous skeletons was identified either optically or by
the broad X-ray peak between 17 and 30° (2θ, Cu Kα) that appears as
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Figure 1. Lithostratigraphic columns of Legs 84 and 67 sites and site locations along the Middle America Trench offshore Guatemala (Aubouin et al., 1982). Site 565, off Costa Rica, is not shown
on this map.



MINERALOGY AND DIAGENESIS OF SLOPE SEDIMENT

a raised X-ray background in the mentioned 2θ region. The opal-A
peak, however, is overlain by the broad reflection of volcanic glass
with similar X-ray diffraction patterns. In order to investigate the very
early stages of diagenesis, the refraction index of opal-A (sponge spic-
ules) was determined using the λ-T method (Pillar, 1952). Etching and
mineral precipitation in siliceous tests were studied using the electron
microscope with an additional energy-dispersive spectrometer. The re-
fractive index of glass shards was determined also using the λ-T meth-
od. For all studies, glass was enriched by centrifuging ash-rich sedi-
ments as follows: A bromoform-methanol mixture with the density of
rhyolitic or andesitic glass was prepared. From this fluid, the suspended
shards were collected with a pipette, while clay and opal-A floated at the
surface and Plagioclase, quartz, and carbonate grains sank to the bottom.

Because of their low concentrations, it was impossible to distin-
guish kaolinite from chlorite using the d-spacings of kaolinite (002)
and chlorite (004). The percentages of these minerals were calculated
from the peak area of the 7-Å d-spacing, using the Biscaye (1965)
method. The percentages of nonexpandable layers in smectites were estab-
lished using methods recommended by Reynolds and Hower (1970) and
Brindley and Brown (1980); partial destruction of the 7-Å peak after
heating to 500°C was interpreted as indicating the presence of chlorite.
In order to investigate the crystallinity of smectites the peak height/width
at half height ratio was measured in untreated and glycolated samples
as shown in Figure 2. To determine the crystallinity of the I0-Å peak
that was formed by heat treatment from the smectite 14- to 15-Apeak,
the so-called "10-Å-index" was used. This was established as shown
in Figure 3. A perfect 10-Å structure has a high "10-Å index."

RESULTS

General Composition

The predominant slope sediment is a green mud with a
maximum of grain size distribution in the clayey silt
range (Fig. 4). Second in frequency are sandy silts and
sand-silt-clays.

The main constituents in the sediments are acidic vol-
canic glass and intermediate Plagioclase. Quantitative
determinations in Leg 67 slope sediments (Heinemann
and Füchtbauer, 1982; Kurnosov et al., 1982) show the
concentration of these components in the bulk sediment
to range from 30 to 80%. Smear-slide data of Leg 84
slope sediments confirm these measurements. The sedi-
ment has very low quartz content, which seldom exceeds
10% (Heinemann and Füchtbauer, 1982).

Other important constituents are calcite and siliceous
opal-A. The latter constituent was found as radiolari-
ans, diatoms, sponge spicules, and isolated silicoflagel-
lates. The average amount of opal-A is 10 to 20%. Sedi-
ments with higher opal-A content are very rare, accord-
ing to the Leg 84 site reports. Carbonate mostly occurs
as foraminiferal tests, calcareous nannofossils, or unspeci-
fied carbonate grains.

Limestones were drilled in the lower sediment sections
of Holes 565, 567, 569A, and 570. Dolomite was recov-
ered at Sites 566, 567, and 570. Volcanic glass of rhy-
olitic composition increases to an amount over 90% in
distinct ash layers. Volcanic glass is a very minor con-
stituent of the slope sediments off Costa Rica (Site 565).
The glass contents at the sites off Guatemala are higher,
and the greatest occurrence of distinct ash layers was ob-
served at Site 568. The main clay mineral is smectite.

Clastic Minerals

Quartz could be identified in almost every sample.
Maxima of quartz often correlate positively with maxi-

10
2θ

Figure 2. Calculation of peak height/peak width ratio as used in this
chapter. The ratio a/p is the peak height/width (at half height) ra-
tio that is used here instead of other measures of crystallinity.

ma of Plagioclase and calcite. Quartz occurs even in the
clay fractions. Very low (~2%) amounts of quartz can
be related to distinct ash layers. All interstitial water sam-
ples investigated are over saturated for quartz. No authi-
genic quartz cement was observed.

Plagioclase and volcanic glass are the main detrital
components of the Leg 84 sediments. The slope sediments
off Guatemala contain 5 to 50% Plagioclase (Heinemann
and Füchtbauer, 1982). Their composition ranges from
andesine to oligoclase. Labradorite and albite were only
identified where admixtures of ophiolitic detritus were
found (Site 567). The highest Plagioclase amounts were
recognized in the 20- to 63-µm fraction, the lowest in the

573



R. HELM

20 15 10

Figure 3. Calculation of the "10-Å index" used in this paper. "10-Å
index" = p/r. Q = quartz. Dashed line indicate the X-ray back-
ground correction.

Clay Sand

Figure 4. Sediment classification after Shephard (1954) for all sites —
565, 566, 567, 568, 569 (including Hole 569A), arid 570.

clay fraction. The pore waters are 100 to 10,000 times
oversaturated for albite and more or less undersaturated
(10-100 times) for anorthite.

However, replacement of Plagioclase grains by smec-
tites and calcite can be seen in the consolidated basal
sediments of Site 570.

Carbonates

In the unconsolidated sediments, calcite occurs as mi-
cro fossil tests or undefined carbonate detritus, whereas
in the > 63-µm fraction, calcite macrofossil tests occur.
In the consolidated samples, calcite occurs either as a

micritic or blocky cement; the latter consists of Fe-cal-
cite in place (570-37-1, 30-32 cm and 570-38-1, 50-52
cm). Calcite can be identified in all grain size fractions.
The samples studied from the sites offshore Guatemala
show distinctly higher calcite abundances than those off-
shore Costa Rica. The MgCO3 content of calcite varies
between — 1 and 6%. However, a few high-Mg calcite
occurrences (MgCO3 = 10-15%) can be identified in
the slope sediments of Holes 569, 569A, and 570, in the
coarse as well as in the finer silt fractions.

The Cretaceous limestone drilled in Core 19 at Site
567 contains pelagic foraminifer tests that are filled with
clinoptilolite and chalcedony. This limestone as well as
the other calcite-bearing samples investigated have rela-
tively high manganese contents (Table 1). Theoretical Sr/
Ca mole ratios of about 0.004 (Table 1) were calculated
for a solution in equilibrium with the investigated re-
crystallized limestones, according to Wolff and Füch-
tbauer (1976). The Sr/Ca ratios of the actual interstitial
fluids in the slope sediments, however, are about 10 times
higher (0.01-0.04). The ratio calculated for the sediment
at the sediment/water interface is closer (0.008) to the
ratios calculated for the calcites investigated.

Calcite is oversaturated 1 to 10 times in most of the
interstitial water samples investigated, as established by
the WATEQ calculations.

Dolomite was found in a few samples only, which are
described as follows: (1) Uncorroded isolated dolomite
rhombs are strongly enriched in the 6.3 to 20-µm frac-
tion of a Site 570 mud (570-19-2, 76-78 cm) (Plates 2,
Fig. 1 and 3, Fig. 4). X-ray analyses indicate 55 mole °7o
CaCO3 and accordingly a lowered lattice order (Table
1). (2) Dolomitized foraminifers are dispersed in a mi-
critic dolomite (567-5-3, 107-108 cm). The composition
is Ca54 Mg46 with a relatively low lattice order (Table 1).
(3) Sample 570-27-1, 10-12 cm is a micritic dolomite
with Plagioclase and quartz clasts. The dolomite is al-
most stoichiometric (Ca51-dolomite) and has a very high
crystal lattice order (Table 1). The average size of dolo-
mite rhombs in this dolomicrite is 3 to 10 µm. (4) In
Sample 566-5-3, 83-85 cm serpentinite clasts are dis-
persed in a dolomicrite rock. Dolomite occurs also as
vein fillings in fractured solid serpentinites. Its composi-
tion is Ca53Mg47(CO3)2 with a low degree of lattice order
(Plate 2, Fig. 3, Table 1).

The analyzed dolomites show the same relationship
between Sr/Ca ratios in calculated equilibrium solution
(Table 1) and interstitial waters as do the calcites. Dolo-
mite in the interstitial waters reaches oversaturations of
1 × I02 to 1 × I03.

Shell fragments of fibrous aragonite were found in the
clastic sediments of Site 570. Aragonite was also found
in serpentinitic mud as fibrous concretions and in solid
serpentinites as vein fillings (566-5,CC).

Calculated Sr/Ca ratios in theoretical equilibrium so-
lutions correspond to the values calculated for calcite
and dolomite. The calculated oversaturations of inter-
stitial waters are low and do not exceed a factor of five.
Sometimes undersaturation is calculated for interstitial wa-
ter samples squeezed from sediments near to the sedi-
ment/water interface.
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Table 1. Chemical, X-ray, and thin-section data of carbonate samples.

Mineral

Calcite

Calcite

Calcite

Calcite

Calcite

Calcite
Calcite

Dolomite
Dolomite

Dolomite

Dolomite
Aragonite

Aragonite

Sample
(interval in cm)

567A-19-1, 74-76

569A-9-1, 37-39

569A-11-1, 31-33

570-37-1, 30-32

570-38-1, 50-52

570-38-1, 135-136
570-39.CC (6-9)

566-5-3, 83-85
567-5-3, 105-108

570-19-2, 76-78

570-27-1, 10-12
566C-5-1, 1-2

566-5-3, 100

Mineral
compo-
sition

M80.69

M60.69

M80.69

MgQ 57

M80.69

Mgo 92
M 8l .26

C a 53
Ca 5 4

Ca 5 5

Ca5 1

Mg 2 . 2
a

—

Dolomite
lattice
order

_

—

—

—

—

—
—

0.67
0.50

0.32

1.28
_

—

Sr
(ppm)

462

969

483

766

86

211
177

552
359

—

228
3187

6224

Mn
(ppm)

1291

1108

2063

1004

8596

824
1771

379
3812

—

623
523

259

Sr/Ca

0.0038

0.0079

0.0039

0.0055

0.00065

0.0017
0.0014

0.0083
0.0054

—

0.0034
0.0032

0.0063

Petrography
Fossils

Planktonic
foraminifers

Benthic, planktonic
foraminifers
radiolarians

Radiolarians

Radiolarians

Radiolarians

Radiolarians
Radiolarians

—
Planktonic

foraminifers
Benthic foraminifers,

radiolarians,
diatoms

Radiolarians
—

—

Clasts

Clinoptilolite,
chalcedony

Plagioclase, quartz,
smectites

Plagioclase, quartz,
smectites

Plagioclase, quartz
smectites

Plagioclase, quartz
amphibole

Plagioclase, quartz
Zeolites, gyrolite,

smectite, chalcedony
Serpentinite, chromite
Zeolites, chalcedony

Plagioclase, quartz,
calcite

Plagioclase, quartz
Serpentinite,

calcite
Aragonite concretion

Note: A mineral composition of MgQ gç means 0.69 mole % MgCθ3 in the calcite. Ca55 means 55 mole % CaCθ3 in the dolomite lattice.
Listed in the table is also the calculated Sr/Ca mole ratio of a solution in equilibrium with the carbonates analyzed. — indicates not deter-
mined or lacking.

a Refers to calcite admixtures in the sample.

Accessory Minerals

The amphiboles identified in the slope sediments off
Guatemala have d-spacings (110) and (151) of about 8.42
Å and 2.705 Å, respectively. The amphiboles were iden-
tified optically as greenish brown hornblende exhibiting
a strong pleochroism, an optic angle of 60 to 70°, and
an extinction angle Z Λ C of 10 to 20°. Second in abun-
dance are clino- and orthopyroxenes that were identified
optically as augite and hypersthene, respectively. Epi-
dote is also common and occurs in andesitic lithics (570-
35-2, 70-75 cm). Zircon, rutile, and apatite are abun-
dant, whereas biotite and olivine are rare. The slope sed-
iments that are associated with ophiolitic rocks (Sites
566, 567, 569, and 570) contain additional heavy miner-
als: chromite is the main accessory. Bronzite, actinolite,
chlorite, and some olivine are abundant in these sedi-
ment sections. Pyrite and limonitic aggregates are the
dominant opaque minerals in the slope sediments.

A pyrite concretion with a diameter of 5 cm was de-
tected in a Hole 569A sediment (569A-10-1, 0-2 cm); it
also contains some gypsum. In the upper sediments, py-
rite appears only as irregular blebs. In deeper sediments,
pyrite forms globular to framboidal aggregates that of-
ten fill cavities of radiolarian and foraminiferal skele-
tons. In the basal sediments of Holes 569A and 570 the
pyrite occurs as cubic crystals. Brownish micronodules of
phosphorite, partly fish remains, were found in many
samples.

Etching of mafic heavy minerals (amphiboles and py-
roxenes) is absent in the upper parts of the sediment sec-
tion but shows a distinct increase toward the oldest sedi-
ments (Oligocene, Eocene). In the consolidated sediments
of Holes 566, 567, 569, 569A, and 570, mafic heavy min-

erals (pyroxenes, amphiboles) have been partly replaced
by smectites.

Calculation of saturation indexes for pyroxenes (diop-
side and enstatite), olivine, and gypsum, as well as the
phosphates strengite and vivianite, yielded a strong un-
dersaturation. The interstitial waters investigated are over-
saturated for apatite in the upper sediment sections.

The frequency of major and minor elements is more
or less constant throughout the sediment columns. The
most abundant elements—silica and aluminum—range
between 60 and 65% and 18 and 20%, respectively (Ta-
ble 2). Only the sediments of Site 567 containing serpen-
tinitic mud admixtures have a different bulk chemistry.
This is shown by high MgO, Cr, and Ni contents. On the
other hand, the TiO2, Zr, and Y contents are low in these
ultramafic rocks and their related sediments (Table 2).
Hole 569 and 569A sediments younger than Oligocene
show unusually high amounts of Cr and Ni. This is ap-
parent in a TiO2-(Zr + Y)-(Cr + Ni) diagram (Fig. 5B).
The chemical composition of sediments from Holes
567, 569, 569A, and 570 plot on a line between the TiO2

and Zr + Y pole, which extends toward the Cr + Ni
pole. The sediments of Site 565, offshore Costa Rica,
have a separate position from the samples offshore Gua-
temala (Fig. 5); they are lower in Cr and Ni (Table 2).
The distribution of muds compared to pure ash layers is
shown in the Zr-Y-TiO2 diagram (Fig. 5A).

Biogenic Silica

Biogenic opal-A is an outstanding component of the
Guatemalan slope sediments (up to 20% of the bulk sedi-
ment, Heinemann and Füchtbauer, 1982). In the Leg 84
sediments opal-A is only found as microfossil tests, that
is, radiolarians, diatoms, sponge spicules, and isolated sili-
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Table 2. XRF-analyses of sediments, serpentinites, serpentinitic muds, and ash layers of Sites 565, 567, 569, and 570.

Element
565-3-1,
111-119

565-6-2,
80-82

Major and minor elements

SiO 2

T i O 2

A1 2 O 3

F e 2 O 3

MnO
MgO
CaO
N a 2 O
K 2 O
P 2 O 5

s
CI

60.10
1.29

18.33
10.04
0.09
4.50
1.89
1.38
1.89
0.16
0.13
0.01

Trace elements

V
Cr
Co
Ba
Ni

Cu
Zn
Rh
Sr
Y
Zr
Nb

240
144
31

559
85

102
85
49

321

23
130

8

63.28
1.08

17.95
8.92
0.06
3.56
0.96
1.61
2.17

0.13
0.07

0.01

190
120
24

761
99

118
214

54
323

19
123

8

Typical slope sediments

565-11-4,
119-121

62.84
1.14

18.65
9.16
0.06
3.68

1.40
0.88
1.70
0.15

0.11
0.01

211
120
26

965
63

109
196

55
258

38
125

5

565-17-3,
53-55

63.49
1.10

18.06
8.47
0.06
3.62
1.88

1.06
1.84

0.15
0.06
0.01

214
124
24

1017

60
72

169
52

235
23

123
6

565-23-5,
37-39

64.05
1.01

18.74
8.50
0.04
3.25
0.69
1.36
2.02
0.11
0.09
0.01

190
97

25
95
70

102
248

52
306

22
123

4

565-27-6,
130-136

62.18
1.08

17.05
10.01
0.08
4.37
2.06
1.03
1.62
0.15
0.16
0.01

218
128
29

847

94
98

181
49

255
28

126
6

565-30-4,
26-28

62.76
1.20

17.71
10.07
0.08
4.09
0.71
1.09
1.80
0.16
0.09
0.01

220
130
30

889
98
99

205
51

250
27

119
6

568-5-7,
18-20

74.79
0.19

13.92
1.78
0.08
0.39
1.13
3.40
3.98
0.05
0.12
0.01

20
10

1
934
202

26
51

122
128

14
82

4

Ash layers

569-3,CC
(54-56)

72.39
0.32

13.79
3.24
0.07
0.49
2.27
3.57
3.32
0.09
0.09
0.01

26
8
7

1377
230

40
75
69

194

28
183

10

570-2-1,
119-121

74.11
0.20

13.83
1.69
0.12
0.41
1.10
3.57
4.69
0.05
0.05
0.01

18
23

1
741
167

61
58

124
72
25

119

9

567-1-1,

33-34

64.09
0.77

19.80
6.67
0.07
2.48
1.98
1.73
1.83
0.25
0.05
0.01

141
117

17
807

82
261
463

86
275

27
142

6

Typical slope sediment

567-4-3,
110-112

68.58
0.62

17.01
4.99
0.08
1.41
1.78
2.53
2.49
0.13
0.20
0.01

73
65
12

695
58

111
166

55
192
34

186
7

567-7-1,

58-60

64.70
0.75

19.16
6.63
0.05
4.11

0.86
1.02
2.24

0.11
0.16

0.01

136
85
16

1050
71
77

203
82

230
25

143
5

567-9-1,
59-60

65.06
0.78

20.14
6.75
0.05
2.58
1.96
1.06
1.26
0.11
0.06
0.01

129

83
17

608
49
82

244
58

373
22

!74

5

Note: Sample numbers show hole-core-section, cm interval. Major and minor elements are in weight percent, trace elements in ppm. Total iron is calculated as F e 2 O j . The analyses are
calculated to a water and carbonate-free basis.

coflagellates. The measured refraction indexes of opal-A
sponge spicules show an increase of refraction toward
older sediments (Table 3). In the unconsolidated sedi-
ments of Leg 84 only opal-A occurs.

Isotropic opal-A can still be recognized in an early
Eocene sediment at Site 570. In this sample (570-37-1,
15-20 cm), preserved opal-A radiolarian tests with an
average diameter of 100 to 200 µm are embedded in a
marly groundmass (Plate 1, Fig. 1). The tests are filled
with a blocky Fe-calcite cement. However, in the next
core also containing early Eocene sediments, the radio-
larian tests are completely altered to chalcedony. This
can be observed in Sample 570-38-1, 50-52 cm, a calci-
lutite interrupted by fine sand turbidites including shal-
low-water foraminiferal tests. Some opal-CT occur in this
sand. The radiolarian skeletons in the calcilutite have an
average diameter of 30 to 90 µm. Chalcedony and traces
of opal-CT were identified in all consolidated sediments
of Cores 570-38 and 570-39. Chalcedony occurs as a
successor of opal in the Upper Cretaceous sediment of
Core 19, Hole 567.

Etching of siliceous skeletons and mineral precipita-
tion (Plate 3, Fig. 3) in these tests can be observed in
several samples (568-43-2, 48-50 cm, and 569A-9-2, 0-2
cm). The precipitates contain Si and Al and, as minor
components, alkali and earth alkali elements, which
would point to clays or zeolites. The widespread occur-
rence of pyrite as a filling in radiolarian and diatom tests
was mentioned earlier. The calculation of saturation in-
dexes for amorphous silica yields a low oversaturation
in the upper sediment section that changes to a distinct
undersaturation in the lowermost interstitial water sam-
ples. The opal-A successor opal-CT is undersaturated in

almost all interstitial water samples, whereas all intersti-
tial waters are over saturated for chalcedony and quartz.

Volcanic Glass

Volcanic glass is abundant in all fractions, as indi-
cated by the broad reflection between 19°-21° and 32°
(2θ). This reflection also was recognized in the <2-µm
fraction. Volcanic glass is one of the main constituents
of the slope sediments offshore Guatemala. The refrac-
tive index of most of the volcanic glass is about 1.50
(Table 4). Only a few shards with a refractive index of
about 1.52 were identified (Table 4). Brownish glass shards
with a basaltic composition are very rare.

According to Schmincke (1982), the glass shards with
a refractive index about 1.50 have an SiO2 content of
about 70%, indicating rhyolitic composition, whereas
the shards with a refractive index about 1.52 have an
SiO2 content of about 65%, corresponding to dacitic com-
position. The rhyolitic composition of glass shards with
a refractive index about 1.50 is also confirmed by X-ray
fluorescence (Table 2). According to their refractive in-
dex, the glass shards from sediments off Costa Rica
have slightly higher SiO2 contents (Table 4).

Detailed electron microscopy yielded three main types
of rhyolitic glass shards. The most frequent type is a
tabular pumice with a typical conchoidal fracture and a
lack of bubble junctions (Plate 4, Fig. 1). Second in
abundance is a type with strongly developed bubble junc-
tions and bubble wall junctions (Plate 4, Fig. 2). These
two types are predominant in the slope sediments, and
the third type shows large, elongated vesicles (Plate 4,
Fig. 3).
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Table 2. (Continued).

567-12-2,
68-70

65.99
0.83

18.88
7.77

0.33
2.27

0.33
1.23
1.73
0.25

0.10
0.02

148
67
17

592
70

157
225

78
1012

32
162

6

567-14-2,
131-133

54.20
0.93

17.34
9.88
0.18

12.05
1.03
1.39
2.45
0.16

0.18
0.01

189
124

27
719

84

242
150
44

193
24

110
1

Serpentinitic muds

567-17-1,
110-112

46.59
0.01
0.39
6.59
0.09

44.96
0.03
0.03
0.01
0.01
0.48
0.01

31
3076

68
0

4528
60
48

7
7

0
9
1

(<63 µrn)
567-7-2,

77-79

48.37
0.02
0.78
5.73
0.05

43.67
0.58
0.06
0.02
0.02

0.18
0.01

23
1732

54
47

2721
91

232
8

23
2

14
1

( > 6 3 µm)
567-7-2,

77-79

40.80
0.04
1.49
0.12

0.32
38.91
17.21
0.12
0.07
0.04

0.21
0.01

41
3285

54
239

1776

12
90

12
245

1
21

1

Serpentinites

567-14-2,
140-142

43.07
0.04
1.34

10.00
0.13

44.60
0.10
0.02
0.0 i
0.01

0.15
0.02

39
1807

71
1

3047

76
64

11
I0
0

11
1

567-17-3,
55-60

42.56
0.01
0.68
9.23
0.14

46.26
0.45
0.01
0.01
0.01

0
0.02

40
3107

61
0

2478

61
66

9
10

0
14

1

569-2-1,
112-114

61.70
0.86

20.71
9.76
0.08
2.95
0.38
1.48
1.35
0.21
0.06
0.01

126
1728

29
681

882
78

225
58

370
23

153
16

567-6-3,
55-57

63.07
0.85

19.83
8.57
0.07
3.02
0.56
1.55
1.72
0.25
0.05
0.01

145
1333

25
1413
774
113
238

68
297

26
145

13

567-9-1,
9-10

61.21
0.82

19.55
8.22
0.09
2.46
2.67
2.60
1.69
0.24
0.05
0.01

194
1150

27
1123
579

97
186
56

432
28

120
14

Typical

569-12-4
60-62

62.08
0.90

19.44
8.14
0.06
3.56
2.35
1.39
1.40
0.18
0.09
0.01

182
999

23
959
453
598
210

61
244

23
152

11

slope sediments

, 569-15-2,
125-127

61.62
0.83

19.78
8.88
0.08
2.19
2.66
1.75
1.53
0.21
0.07
0.01

155
1680

28
660
742

66
171

51
302

27
136

15

569-18-1,
136-138

65.29
0.70

18.48
6.83
0.10
1.68
1.15
2.56
2.44
0.21
0.12
0.01

101
1694

20
776
830

42
156
72

319
29

191
19

569-23-3,
62-64

65.53
0.76

20.51
6.53
0.06
1.75
1.47
1.43
1.50
0.11
0.09
0.01

135
672

19
687

345
53

184
57

226
23

134
22

569-27-1,
53-55

63.46
0.65

18.65
11.83
0.05
1.30
0.46
1.35
1.84
0.11
0.11
0.01

109
121
32

701
153
38

294
75

184
25

136
7

The infrared spectra of glass shards (Fig. 6) show a
peak at about 3750 cm 1 , which is attributed to water,
that is, to the fundamental O-H stretching vibration that
can be produced by X-OH or H-O-H groups. The water
content evaluated from this peak ranges from 0.5 to 2%
and is comparable to values in rhyolitic glass investi-
gated by Stolper (1982). The studied samples lack any
evidence for a systematic change of water content with
increasing age of the glass sample.

The infrared spectra of the glass shards investigated
from the sites off Guatemala are very similar to those of
synthetic Na2O-Al2O3-Siθ2 glass investigated by Day and
Rindone (1962). According to these authors the main
peak in the Leg 84 glass spectra at 1000-1200 cm-1 is at-
tributed to the Si-O vibration, whereas the band at 780-
790 cm 1 is attributed to the Si-O-Si vibration. Both
bands would show a shift toward larger wave length
with increasing alkali content (Day and Rindone, 1962).
The glass samples investigated do not show any shift of
these bands with increasing sub-bottom depth or age of
the sediment (Fig. 6).

Dissolution pits can be observed on the surfaces of
glass shards under the electron microscope. The glass
shards in the sediments of Holes 569 and 569A show an
increase of dissolution pits from Pleistocene samples (569-
3,CC [9-10 cm]) (Plate 4, Fig. 6) to the oldest Eocene
samples (569A-9-2, 0-2 cm) (Plate 4, Fig. 4). Observa-
tions under a very high magnification show that there is
no precipitation of authigenic minerals or alteration of
the glass material in the areas of the dissolution pits
(Plate 4, Fig. 5). Analyses with an energy-dispersive sys-
tem of the electron microscope further prove that there
are no perceptible differences between the chemistry of
pit-bearing and that of pit-lacking areas.

Zeolites

The occurrence of zeolites in the sediments of the Mid-
dle America slope was documented by Heinemann and
Füchtbauer (1982) and Kurnosov et al. (1982). The first
authors identified heulandite and clinoptilolite in the slope
sediments, whereas the second identified only clinopti-
lolite.

Analcime and the hydrous Ca-silicate gyrolite [Ca4

(Si6O15) (OH)2 × 2H2O] were identified by X-ray dif-
fraction. The X-ray diffraction pattern of a gyrolite- and
clinoptilolite-bearing sample is shown in Figure 7A and
7B.

The X-ray diffraction studies indicate that clinoptilo-
lite only occurs in the slope sediments off Guatemala; at
Site 565 off Costa Rica, heulandite occurs in all samples
and grain size fractions, with a maximum in the 6.3- to
20-µm fraction. Additional analcime occurs beginning
with Sample 565-17-3, 53-55 cm.

There are only a few occurrences of clinoptilolite in
the Recent-Miocene sediments off Guatemala. Clinopti-
lolite is completely absent in the Site 568 sediments.
However, a frequent occurrence of clinoptilolite can be
recognized in the upper Oligocene - lower Eocene sedi-
ments of Holes 569, 569A, and 570. In the consolidated
Eocene sediments at Site 570 (570-39-1, 115-117 cm),
clinoptilolite occurs as an infilling of radiolarian tests,
as isolated crystals, as fissure filling, and as a replace-
ment of the smectite groundmass (Plate 2, Fig. 2.). Fis-
sures in Sample 570-39,CC (6-9) cm were filled first by
clinoptilolite and then by gyrolite and analcime (Plate 1,
Fig. 6.). The marly groundmass in this sample is partly
replaced by leaflike aggregates of gyrolite and nonidio-
morphic analcime. Gyrolite was identified only in Sam-
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Table 2. (Continued).

Typical slope sediments

Element
569-4-2,

65-67
569-6-1,

54-56
569-9-2,

0-2
570-4-3,

12-14
570-9-1,

30-32
570-14-6,

14-16
570-19-2, 570-23-4, 570-25-3,

76-78 30-32 60-62
570-29-2,

74-76
570-34-2,
114-116

570-38-1,
132-134

570-39-1,
138-158

570-39-1,
115-117

Major and minor elements

SiO2

TiO2

A12O3

Fe2O3

MnO
MgO
CaO
Na2O
K2O
P2O^
S
Cl

Trace elements

V
Cr
Co
Ba
Ni
Cu
Zn
Rb
Sr
Y
Zr
Nb

63.81
0.82

21.52
7.25
0.04
1.74
1.76
1.14
1.44
0.14
0.16
0.01

134
196

18
575
111
38

188
63

209
27

161
7

A

63.59
0.86

21.41
7.28
0.05
2.13
0.33
1.47
2.30
0.22
0.07
0.01

145
81
18

1450
118
81

198
86

424
30

174
5

68.11
0.69

14.89
6.96
0.07
2.47
2.66
1.47
1.65
0.58
0.08
0.02

299
371

12
590
201

92
506

71
1227

38
145

5

Y × 3

61.66
0.80

21.16
7.68
0.08
2.78
1.38
2.21
1.55
0.33
0.07
0.01

104
1264

20
528
654

43
171
60
63
25

180
11

62.53
0.89

21.23
7.95
0 07
2.73
0.50
1.84
1.48
0.34
0.07
0.01

128
495

20
517
321
648
268

61
902

27
171

9

60.36
0.91

21.26
8.40
0.08
2.96
2.30
1.62
1.41
0.29
0.05
0.01

134
746

22
560
492
114
213

58
809

26
173

11

59.96
0.83

20.73
7.09
0.08
2.90
3.57
1.96
LSI
0.69
0.08
0.02

169
586

12
578
293

46
186
77

713
31

184
11

62.59
0.77

21.27
7.23
0.08
1.97
1.42
2.1
1.71
0.38
0.08
0.02

100
1066

23
641
550
187
228

65
862

32
178

11

B

63.81
0.79

20.67
6.76
0.08
2.41
0.41
2.47
1.85
0.35
0.08
0.01

137
617

18
710
339

37
168
56

661
30

161
8

62.21
0.84

21.00
7.32
0.08
1.58
1.98
2.26
1.76
0.55
0.08
0.01

134
818

17
760
447

83
236

71
657

31
136

9

(ZM

59.81
0.88

19.68
8.2
0.08
2.81
3.81
2.05
1.78
0.47
0.08
0.01

168
1000

24
694
552

83
198
66

462
28

160
12

- Y) × 10

59.59
1.09

17.57
8.97
0.14
3.9
3.27
2.63
2.24
0.24
0.06
0.01

188
371

24
887
252
313
209

64
414

36
209

7

60.36
0.96

16.81
10.75
0.11
4.77
1.55
1.64
2.39
0.22
0.03
0.01

163
77
34

313
229
666
250

78
2067

27
158

5

66.30
0.43

10.87
5.13
0.16
9.68
2.77
3.38
0.80
0.12
0.12
0.01

125
312

16
703
139
48
62
20

723
18
55
0

Ti00/100 Zr TiO2/10 Cr + Ni

Figure 5. Plots of sediment composition in (A) a TiO2-Zr-Y diagram; and (B) a (Zr + Y)-TiO2-(Cr + Ni) diagram. In 5A, O = slope sediments of
Sites 567, 569, and 570; = slope sediment of Site 565, and × = ash layers of Sites 568, 569, and 570. In 5B, × = slope sediments of Site 565;
+ = sediments, serpentinites, and serpentinitic muds of Site 567; and = slope sediments of Sites 569 and 570.

pie 570-39,CC (6-9 cm), the basal sediment above the
serpentinitic basement at Site 570.

Analcime was identified in all consolidated Site 570
sediments. The occurrence of analcime in the unconsoli-
dated sediments of Site 567 is related to sediments in-
cluding serpentinitic mud. In these Miocene sediments,
traces of clinoptilolite were identified beside analcime.

Calculations with the WATEQ program show that the
interstitial waters in the slope sediments off Costa Rica
and Guatemala are highly oversaturated for analcime.

Solubility indexes of heulandite and clinoptilolite were
not calculated because thermochemical data are lacking.
All interstitial waters investigated plot in the stability
field of (Na, K>clinoptilolite, as shown in log [Na+/
H + ] and log [K+/H + ] versus log H4SiC>4 diagrams (Fig.
8), according to Cosgrove and Papavassiliou (1979).

Clay Minerals

According to Table 5, the main clay mineral is smec-
tite; only minor amounts of illite, kaolinite, and chlorite

578



MINERALOGY AND DIAGENESIS OF SLOPE SEDIMENT

Table 3. Retractive indexes of sponge spicules.

Sample
(interval in cm)

Hole 568

12-5, 102-104
22-5, 50-52

41-4, 70-72

Hole 569

9-1, 55-57
15-2, 125-127
27-1, 53-55

Hole 570

9-1, 30-32
19-2, 76-78
38-1, 107-109

Approximate
sub-bottom
depth (m)

106
202

385

69
127
241

76
175
356

Stratigraphy

Pleistocene
Pliocene-late
Miocene
early Miocene

Pliocene-Miocene
early Miocene
late Oligocene

Pleistocene
late Pliocene
early Pliocene

Refractive
index

1.4497
1.4508

1.4518

1.4496
1.4499
1.4510

1.4470
1.4475
1.4496

2.5

Wavelength (µ.m)
6 7 8 9 10 15 20 30

Table 4. Refractive indices of colorless glass
shards.

Sample
(hole-core-section, cm interval)

Refractive
index

565-3-1, 111-115
565-6-2, 80-82
565-11-4, 119-123
565-30-4, 26-28

567-1-1, 33-34
567-2-4, 22-24
567-3-1, 112-113
567-4-3, 110-112
567-9-5, 143-144
567-17-1, 32-35

568-1-1, 80-82
568-12-5, 102-104
568-22-5, 50-52
568-38-6, 82-84
568-41-4, 70-72
568-44-3, 114-118

569-1-1, 104-106
569-3,CC (9-10)
569-6-3, 95-97
569-12-4, 60-62
569-15-2, 125-127
569-18-1, 136-138
569-27-1, 53-55
569A-2-2, 1-2

570-1-4, 6-8
570-9-1, 30-32
570-19-2, 76-78
570-29-3, 74-76
570-38-1, 107-109

.4967

.4962

.4965

.4971

.4998

.5001

.5012

.4996

.5034

.5024

.4970, 1.5000

.5248

.5041, 1.5232

.4932

.5041

.5041, 1.5252

.4993

.4933

.4932

.4921

.4942, 1.501
1.5071
1.5042
1.5001

1.4983
1.4981
1.500
1.498
1.4972

are present in the samples investigated. Smectite-illite
mixed layers, saponite, chlorite, and large amounts of
serpentine occur in the sediments that were called "ser-
pentinitic muds" (Table 5). A similar clay mineral para-
genesis has been determined at Site 566.

The smectite in most of the sediments can be called
montmorillonite, using criteria discussed by Thorez (1975).
This is also proved by a dioctahedral (060) figure of
about 1.500 A (Table 5). In the sediments of Sites 566

568-3-6, 87-89 cm

569-3.CC (9-10 cm)
569-4-6, 114-115 cm

4000 3000 2000 1600
Wave number (cm"1)

400 200

Figure 6. Infrared spectra of glass samples investigated. Site 568 sam-
ples range from Pleistocene to lower Pliocene (from 21 to 200 m
sub-bottom depth). Site 569 samples range from Pleistocene to lower
Miocene (20 - 210 m sub-bottom depth).

and 567, trioctahedral smectites with d(060) = 1.51-
1.53 Å occur as well. The average (001) d-spacing of
montmorillonite is 14-15 Å and expands to about 17 Å
after treatment with glycol.

In sediments older than Pliocene, the (002) and (003)
d-spacings of smectite begin to develop, and the first
nonexpandable illite layers occur in middle to lower Mi-
ocene sediments (Table 5). The increase of illite layers
corresponds to an increase of K2O weight percent in the
< 2-µm samples (Fig. 9).

Site 565 off Costa Rica is exceptional, because the
highest percentage of nonexpandable layers is found in
Pleistocene and Pliocene sediments. In the untreated <2-
µm samples the 15-Å amplitude of smectite increases
with sediment age.

The occurrence of nonexpandable layers in the mont-
morillonites correlates with an increasing 17-Å ampli-
tude in the glycolated sample (Fig. 10). The height/width
ratio of glycolated smectite (001) d-spacing increases with
increasing sediment age (Fig. 11). An increase of height/
width ratio with increasing sediment age can also be ob-
served for the (060) d-spacings (Fig. 12). It is notewor-
thy that smectite from pure ash layers shows a consider-
able lower height/width ratio than the smectites in the
adjacent muds. After heating the montmorillonite to
350°C or 500°C, the 14-15 A structure collapses, be-
cause of a loss of interlayer water, to a 10-Å structure.
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29

10 20

An

15 10

26>

Figure 7. A. X-ray diffractogram of a clinoptilolite-bearing sample (570-39-1, 115-117 cm). B. X-ray diffractogram of a gyrolite-bearing sample
(570-39.CC [6-9 cm]). (Q, C, An, G, and M refer to quartz, clinoptilolite, analcime, gyrolite, and montmorillonite, respectively.)

1 2 •

10

8" 6

Na—phillipsite

Gibbsite

Na—clinoptilolite

•

K— phillipsite

K—clinoptilolite

- 6 - 5 - 4 - 3

log H4Si04

Figure 8. Stability fields for A. Na-silicates and B. K - silicates in log-activity diagrams, according to Cosgrove and Papavassiliou (1979).
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Table 5. Clay minerals in Leg 84 <2-µm fractions.

MINERALOGY AND DIAGENESIS OF SLOPE SEDIMENT

Sample
(core-section, cm interval)

Clay minerals (%)

Smec- mine-
tite ral Illite

Swelling minerals (A)

(001)
Origi-

nal (060)

(001)
Glyco-
lated

Nonexpandable
layers (Vo) Stratigraphy

3-1, 111-115
6-2, 80-82
11-4, 119-121
17-3, 53-55
23-5, 37-39
27-6, 130-136
30-4, 26-28

83
89
93
86
89
82
87

14
9
6

10
9

11
11

2
1
4
2
7
2

14.52
13.84
14.89
14.52
15.09
14.82
14.69

1.502
1.500
1.501
1.500
1.501
1.504
1.500

17.21
17.21
17.08
17.05
17.38
17.14
17.05

5-20
5-15
15-30

20
0
0
0

upper Pleistocene
upper Pleistocene
upper Pliocene
upper Pliocene
upper Pliocene
upper Pliocene
lower Pliocene

1-1, 33-34
3-1, 43-45
4-3, 110-112
7-1, 58-60
9-1, 59-60
14-2, 131-133

17-1, 73-75

20-1, 17-20

63
78
83
92
78
95

84

54

26
21
15
4

19
3

14

46

11
1
2
4
3
2

2

0

14.94
15.30
15.83
14.18
15.09
14.89

14.76

14.18

1.497
1.494
1.495
1.499
1.501
1.506
1.531
1.503
1.533
1.51
1.535

17.28
17.55
18.02
17.38
17.80
16.82

16.88

16.98

0
0
0

15

5

10

Pliocene
Pliocene
lower Miocene
lower Miocene
lower Miocene
lower Miocene

?

7

Serpentinitic
mud
Serpentinitic
mud
Serpentinitic
mud

1-1, 80-82
3-6, 87-89
5-7, 18-20
8-3, 61-63
10-1, 97-99
12-5, 102-104
17-2, 86-88
22-5, 50-52
25-4, 55-57
28-7, 31-33
33-4, 87-89
38-6, 82-84
41-4, 70-72
43-2, 48-50
44-3, 114-116

71

42
69
76
75

71
77
65
75
83
72
72
69

30
25
20
18
19
14
17
17
28
22
16
24
24
27

7
8

32
11
6
6
1

12
6
7
3
1
4
4
4

14.24
15.02
13.42
14.72
14.77
14.89
15.15
12.99
14.79
13.84
15.41
15.41
15.55
15.28
15.66

1.501
1.497
1.494
1.496
1.496
1.497
1.497
1.497
1.496
1.496
1.500
1.496
1.494
1.496
1.494

17.14
17.84
17.66
17.45
17.21
17.59
17.31
17.73
17.08
17.05
17.57
17.55
17.77
17.48
17.38

—

_

_

0
0
0
0

3-5
5

5-10
5-10
5-10

Pleistocene
Pleistocene
Pleistocene
Pleistocene
Pleistocene
Pleistocene
Pliocene
middle Miocene
middle Miocene
middle Miocene
middle Miocene
lower Miocene
lower Miocene
lower Miocene
lower Miocene

Tuffaceous
ash-layer

1-1, 104-106
2-1, 112-114
3CC, 54-56
6-3, 55-57
9-1, 9-10
12-4, 60-62
15-2, 125-127
18-1, 136-138
23-3, 62-64
27-1, 53-55

75
75
82
84
70
89
67
75

15
21
17
15
9

28
6

28
20
17

2
4
8
3
7
2
5
5
5
5

15.15
14.82
14.84
15.15
14.84
14.97
14.97
15.07
13.24
14.55

1.496
1.500
1.499
1.499
1.501
1.495
1.499
1.498
1.491
1.496

17.38
17.31
17.38
17.21
17.38
17.62
17.57
17.48
17.48
17.59

Pleistocene
Pleistocene
Pleistocene
Pleistocene
upper Miocene
lower Miocene
lower Miocene
lower Miocene
lower Miocene
lower Miocene

Ash layer

2-2, 1-2
4-2, 65-67
6-1, 54-56
9-2, 0-2

1-4, 6-8
4-3, 12-14
9-1, 30-32
14-6, 14-16
17-2, 64-66
18-1, 23-25
19-2, 76-78

22-3, 64-66
23-4, 30-32
25-3, 60-62
29-2, 74-76
32-4, 114-116
34-2, 114-116
36-1, 118-120
38-1, 107-109
38-1, 132-134
39-1, 136-138

71
87
96

33
24
10
3

11
5
3
1

14.64
15.22
14.79
15.20

1.495
1.496
1.498
1.494

17.38
17.73
17.55
17.28

65
58
73
72
74
70
68

82
62
78
72
59
81
88
90
96
91

40
23
24
20
27
22

13
30
14
15
22
11
7
4
3
7

13
2
4
4
6
3

10

5
8
8

13
19
8
5
6
1

14.89
14.89
14.89
15.15
15.04
15.55
15.07

15.28
14.77
15.07
14.60
14.77
14.64
14.70
14.48
15.28
13.95

.495

.499

.500

.496

.500

.496

.498

.496

.498

.499

.499

.499

.499

.499

.502

.502

.502

17.31
17.45
17.38
17.29
17.60
17.90
17.62

17.38
17.21
17.28
17.22
17.21
17.38
17.40
17.21
17.34
16.72

0
3-5
5-10

10

_
—

_
_
_

0
0

15-20
15-20
20-30
30-35
20-22

upper Oligocene
upper Oligocene
upper Oligocene
upper Eocene

Pleistocene
Pleistocene
Pleistocene
Pleistocene
Pleistocene
Pleistocene
Pleistocene

Pleistocene
Pleistocene
Pliocene
upper Miocene
upper Miocene
upper Miocene
early Eocene
early Eocene
early Eocene
early Eocene

Ash layer

Tliffaceous
Tüffaceous

Authigenic
dolomite

TUffaceous

10 m above
serpentinitic
basement

Note: In Chlorite column, - = no chlorite; + = chlorite identified after heating to 500°C by d-001 or d-002; + + = chlorite identified by d-003 in untreat-
ed samples; + + + = chlorite is the main 7-A mineral. The label "serpentinitic mud" implies that the composition of the 7-A clay mineral includes ser-
pentine and chlorite and that several trioctahedral minerals occur in these samples.
The Nonexpandable layers (%) column refers to the percentage of illite layers in the montmorillonites and the following values are given: — indicates
that no (002) and (003) d-spacings are developed; 0 means that d-spacings (002) and (003) indicate lack of nonexpandable layers; percentage of nonex-
pandable layers was calculated according to Reynolds and Hower (1970) and Brindley and Brown (1980), for example, 3-5 means 3 to 5% nonexpandable
layers in the smectite.
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Figure 9. K2O content of the <2-µm fraction versus sub-bottom depth (m) diagram for Holes 569, 569A, and 570.
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An increasing development of this 10-Å structure to-
ward older sediments is shown in a 10-Å index versus
sediment age diagram (Fig. 13).

DTA (differential thermal analysis) investigations
showed that the loss of interlayer and adsorbed water
starts at about 100°C, and the maximum of this endo-
thermic reaction occurs at 330 to 350°. The DTA curves
of the < 2-µm samples exhibit the characteristic patterns
for smectites, as shown by MacKenzie (1957). There are
no important changes recognizable in the development
of DTA curves with increasing sediment age.

The infrared spectra of the < 2-µm fraction of Pleis-
tocene-Miocene samples show the O-H stretching vibra-
tion at 3620 cm1, 3700 cm1, and 3400 cm1 (Fig. 14).
Only the latter can be attributed to smectite; the others
belong to kaolinite. Oligocene and Eocene <2-µm sam-
ples lack these O-H bands. The absorption band assigned
to the H-O-Al band at 935 cm1 becomes less distinctly
resolved from the main Si-O band with increasing age of
the sediments (Fig. 15). The calculation of saturation in-
dexes for four smectites (beidellite, montmorillonite Ab-
erdeen, montmorillonite Belle Fourche, and Ca-mont-
morillonite) yielded high to very high oversaturation of
the pore fluids (105-109 times); the chemical composi-
tion of smectite in the slope sediments as established by
chemical analyses and XRD is similar to the composi-
tion of beidellite.

The (001) peak of kaolinite has been found in almost
every clay fraction. The mineral shows a broad reflec-
tion from 7.13 to 7.25 Å. Other d-spacings of kaolinite
were not observed. The kaolinite amount decreases with
depth in the sediments of Holes 569A and 570 (Table 5).
This was also confirmed by a lack of the kaolinite O-H
bands at 3620 cm1 and 3700 cm1 in the infrared spectra
of Oligocene and Eocene sediments.

Small quantities of chlorite were identified (Table 5).
The chlorite content was well below the detection limit
of infrared spectroscopy. In sediments containing ser-
pentinitic muds, moderately high amounts of Mg-chlo-
rite were recognized (Table 5).

DISCUSSION

Primary Composition

The correlation between quartz, calcite, and Plagio-
clase indicates that these minerals were transported joint-
ly, for instance, in turbidity currents or suspension clouds.
They are interbedded with volcanic ash layers. Quartz
and Plagioclase are mainly transported in aqueous sus-
pensions, in which Plagioclase is predominant by a fac-
tor of about 5. In ash layers, however, the quartz/pla-
gioclase ratio is about 1:1, indicating a different rock
source compared to the material derived from suspen-
sion clouds or turbidites. The rhyolitic composition of
the ash layers is also consistent with this assumption.
The average composition of the Leg 84 detrital Plagio-
clase in the average slope sediments is consistent with
the andesitic source rock in the coast range of Guatema-
la and Costa Rica. Albite and labradorite in the basal
section at Site 567 can be explained by the occurrence of
ophiolitic igneous rock detritus in these samples. The
difference between the "andesitic" minerals (Plagioclase,
amphiboles, and pyroxenes) and the relative acidic com-
position of the plutonic ash layers can be explained by
the occurrence of andesitic rocks and rhyolitic volcanoes
on land.

The distribution pattern of heavy minerals is consis-
tent with the andesitic rock source on land. In the sedi-
ments of sites where ophiolitic rocks were drilled, addi-
tional accessory minerals occur; this fact is also con-
firmed by the bulk chemistry of the sediments of Holes
567, 569, 569A, and 570, which have enriched Cr and
Ni contents. Accessory minerals like rutile, ilmenite,
sphene, and zircon control the amounts of TiO2 and Zr.
According to Pearce and Cann (1973), these relatively
immobile elements can be used to classify igneous rocks
and therefore can indicate the source rocks of sedi-
ments. The TiO2-(Zr + Y)-(Cr + Ni) diagram (Fig. 5)
indicates relatively low differences in the chemistry of
source rocks by rather constant TiO2/(Zr + Y) ratios
(Fig. 5). The influence of serpentinitic detritus is indi-
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569-2-1, 112-114cm
Pleistocene

569-12-4, 60-62 cm
lower Miocene

569-23-3, 62-64 cm
Miocene—upper Oligocene

569A-6-1, 54-56 cm
upper Oligocene

20 15 10
20

Figure 10. Increase of smectite (001), (002), and (003) peak amplitudes
with increasing age in the glycolated samples ( < 2 µm). Q, M, Mi,
and K refer to quartz, montmorillonite, illite, and kaolinite,
respectively.

cated by a trend toward the Cr + Ni pole. The different
position of the Site 565 sediments on this figure can be
attributed to a slightly different chemistry of the source
rocks on land in Costa Rica. The different position of
sediments compared to ash layers in the Zr-Y-TiO2 dia-
gram elucidates the predominance of a rhyolitic compo-
sition in pure ash layers and andesitic composition in
the muds. The content of mafic components like amphi-
boles, pyroxenes, and other accessories is shown by a
trend toward the TiO2 pole.

A sediment of great interest is the Cretaceous lime-
stone drilled in Core 19 of Site 567. The appearance of
pelagic fossils, clinoptilolite, chalcedony, and a high man-
ganese content is a characteristic feature of deep-water
limestones covering Mesozoic ophiolite complexes (Cole-
man, 1977). It is therefore suggested that this sediment
belongs to the ophiolite sequence.

DIAGENESIS

Clastic Minerals

The interstitial waters of the Leg 84 slope sediments
are oversaturated 5 to 30 times with quartz. Accordingly,
etching of quartz grains was not observed. The lack of
authigenic quartz cement is consistent with the low grade
of diagenesis observed in the slope sediments off Guate-
mala and Costa Rica.

Saturation calculations yielded distinct oversaturation
for albite or intermediate Plagioclase. Accordingly, un-
der the electron microscope no corrosion of albite as
well as andesine and oligoclase (Plate 3, Fig. 2.) was vis-
ible in the soft sediments.

Biogenic Silica

The measured refraction indexes of sponge spicules
(Table 3) are higher than the figures published by Hurd
and Theyer (1975). Nevertheless, the refraction index is
still in their opal-A range. According to Hurd and They-
er (1975), the slight increase of the refractive index of
the sponge spicules studied can be related to a water loss
of about 1 wt. °7o with increasing sediment age (Table 3).
There seems to be, however, no perfect correlation be-
tween the increase of refraction index and the sediment
age. This is also confirmed by the occurrence of opal-A
and chalcedony side by side in early Eocene sediments.
The preservation of opal-A in Sample 570-37-1, 15-20
cm can be the result of thicker tests and an embedding
of these tests in a clay-rich groundmass. The latter im-
pedes silica diagenesis, according to Kastner et al. (1977).
Chalcedony occurs where the total carbonate content is
higher; this environment triggers silica diagenesis (570-
38-1, 50-52 cm).

The observation of dissolution pits (569A-9-2, 0-2 cm)
(Plate 3, Fig. 3.) is in good agreement with the calcu-
lated saturation patterns of amorphous silica showing
an increasing undersaturation towards the deepest sedi-
ment sections.

The formation of chalcedony in Eocene sediments can
be explained by a pore-water undersaturation of opal-
CT (cristobalite) and oversaturation for quartz and chal-
cedony. This is indicated by the trend of pore-water
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Figure 11. Height/width ratio-sub-bottom depth diagram for glycolated (001) samples of montmorillonite in the <2-µm fraction, Holes
569, 569A, and 570. G = ash layer. = Eocene; C = Oligocene; ® = Miocene; + = Pliocene; and × = Pleistocene.

composition in the soft sediments. Although it can be
suggested that the pore waters in these consolidated sed-
iments were more highly oversaturated with respect to
quartz than to chalcedony, the latter is precipitated first
because of the Ostwald rule. Therefore, chalcedony was
formed by dissolution of opal-A in these Eocene sedi-
ments. However, if the low geothermal gradient off
Guatemala (see site reports) is taken into consideration,
the occurrence of chalcedony is surprising. Bulk compo-
sition of the sediment seems to be the most important
factor in SiO2 diagenesis. Nevertheless, the distribution
of SiO2 minerals in the Leg 84 sediments is in agreement
with the distribution pattern of opal-A and its succes-
sors in geologic times, as established by Riech and von
Rad (1979).

Carbonates
The calculated low Sr/Ca ratios of the solution in

equilibrium with calcite, dolomite, and aragonite in the
samples suggest that these carbonates were formed in
contact with seawater rather than with the deep intersti-
tial water, in which the Sr/Ca ratio is higher than in sea-
water.

A further indication of an equilibration of the car-
bonates with surface seawater rather than with intersti-
tial water is the high manganese content of the carbon-
ates investigated.

The formation of dolomite and aragonite in the ser-
pentinite samples can be explained by a pore water or
seawater-serpentinite reaction. However, it is not clear
whether the dolomite in the serpentinitic material of Holes
566 and 566C was formed by direct precipitation or by
replacement of calcite or aragonite.

Pisciotto and Mahoney (1981) explained the forma-
tion of isolated rhombohedral dolomite crystals in un-
consolidated sediments off southern California and Ba-
ja California by a decay of organic matter. These dolo-
mites were formed as precipitates in shallow subsurface
zones of high alkalinity provided by abundant CO2 and
methane production during microbial decay of organic

matter. A similar explanation of isolated dolomite rhombs
and micritic dolomite cement in the sediments of the
Gulf of California was presented by Kelts and McKenzie
(1982).

Indeed, high rates of alkalinity (up to 118 meq/L)
and high concentrations of methane are reported for the
interstitial waters off Guatemala (see site reports), which
contributed to the formation of gas hydrates (Kvenvol-
den, this volume). Electron microscope investigations of
the dolomite crystals (Plate 3, Fig. 4) indicate an authi-
genic formation. A relatively high alkalinity (40 meq/L)
is found in the pore water of Sample 570-19-2, 76-78
cm, so that the dolomite formation can probably be at-
tributed to the decay of organic matter. Formation of
these rhombs presumable can be related to the dolomiti-
zation of silt-sized calcite crystals or perhaps direct pre-
cipitation.

The appearance of the micritic dolomite (570-27-1,
10-12 cm) may also be related to the decay of organic
matter. The occurrence of a 3- to 4-m-thick gas hydrate
layer indicates an unusually large amount of hydrocar-
bon in this sediment section. Therefore, a mode of for-
mation similar to the dolomite in Sample 570-19-2, 76-
78 cm may be possible. It is suggested that this dolomite
was formed by dolomitization of calcareous ooze.

Davies and Supko (1973) presume that a magnesium
enrichment related to igneous activity is responsible for
the formation of isolated dolomite crystals. The weath-
ered serpentinites at the base of Hole 570 can provide
this magnesium source but it is unlikely that this is rea-
sonable for the dolomites, because no dolomite was de-
tected in the sediment column between Sections 570-27-1
(dolomite layer) and 570-39,CC (first serpentinite occur-
rence).

The formation of dolomite in the sediments investi-
gated is favored by the patterns of interstitial pore-water
chemistry: high pH (~ 8.5) and unusually large alka-
linities (118 meq/L) in some of the pore waters provide
higher concentrations of CO3~ ~ than in average seawa-
ter, where the dolomite precipitation is impeded for ki-
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569-2-1, 11 2-114 cm
late Pleistocene

569-6-3, 135-137 cm
early Pleistocene

569-15-2, 125-
early Miocene

569-27-1, 53-55 cm
late Oligocene

569A-4-2, 65-67 cm
late Oligocene

569A-9-2, 0 - 2 cm
late Eocene

569A-2-2, 1-2 cm
late Oligocene
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Figure 12. Diffractograms of (060), montmorillonite, in the nonoriented <2-µm fraction. Sample 569 A-2-
2, 1-2 cm is an Oligocene ash layer.

netic reasons. Under the present conditions of high over-
saturation (100-1000 times), however, the dolomitization
of calcite is strongly favored. According to Lippmann
(1973), the activity of CO3~ ~ is the most important fac-
tor for dolomite formation. It may be possible that the
unusually high CO3~ ~ concentrations in some of the in-
terstitial waters provided a direct precipitation of dolo-
mite (isolated dolomite rhombs, 570-19-2, 76-78 cm).
According to Kastner (1983), dolomitization of calcite
and aragonite is strongly inhibited by sulfate concentra-
tions of approximately 5 to 7% of the seawater value. In
some of the interstitial waters of Leg 84 (568-6-4, 0.7
mM SO 4--; 568-12-3, 0.6 mM SO 4 -"; 570-25-3, 0.9

raM SO 4--; and 570-20-1, 1.0 mM SO4--), the SO4-~
concentrations are well below this limit, and therefore
dolomitization or at least precipitation of dolomite
seems to have been possible.

Accessory Minerals

Pyrite shows the characteristic evolution from irregu-
lar blebs to cubic crystals with increasing diagenesis. The
etching of unstable mafic minerals is consistent with the
calculated undersaturation of these minerals in the in-
terstitial waters. The occurrence of gypsum in Sample
569A-10-1, 0-2 cm is the result of pyrite alteration in
this nodule. The absence of gypsum in the average mud,
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Figure 13. "10-Å index" versus sub-bottom depth diagram of <2-µm fraction samples after heating to 500°C. For an explanation of symbols see
Figure 11.

however, is consistent with the calculated undersatura-
tion of this mineral in the interstitial waters.

The distribution of phosphate in the pore waters of
the slope sediments off Guatemala has been determined
by Harrison et al. (1982) from Leg 67 samples: the PO4

3

concentration decreases with increasing depth from about
0.2 mM to values about 0.005 mM. This dramatic drop
in PO4

3" concentration indicates phosphate precipita-
tion, which indeed is well documented by the abundance
of phosphorite micronodules. According to Manheim
and Gulbrandsen (1979), apatite is precipitated if the
pore waters are oversaturated with apatite, and the ob-
struction against precipitation can be overcome by the
use and replacement of small calcite crystals as nuclea-
tion sites. Both conditions for apatite formation are also
present in the slope sediments off Guatemala.

Volcanic Glass

The infrared spectroscopy did not reveal any in-situ
alteration of glass shards. Because of the unchanged po-
sition of Si-O and Si-O-Si bands in the infrared spectra
of glass samples investigated, an uptake of alkali ele-
ments can also be excluded. Thus no mineralogical and
chemical change can be observed during the diagenesis
of the rhyolitic glass shards investigated. The strong in-
crease of dissolution pits with sediment age seems to be
the only diagenetic process. It indicates an increasing
undersaturation of vitreous glass in the interstitial wa-
ters of the slope sediments. This undersaturation could
not be verified, because glasses of similar composition
were not available for the WATEQ program, though pure
silica glass would be oversaturated in the upper layers
and undersaturated in the lower layers of the sequence,
according to WATEQ calculations. An alternative expla-
nation may be the overcoming of kinetic dissolution in-
hibition in the older sediments.

The importance of kinetics seems to be indicated by
the fact that etched glass shards are more frequent in the

average mud than in pure ash layers. This may indicate
that some components of the average mud, clay miner-
als, or carbonates are instrumental in the dissolution. It
is suggested that the so-called "diagenetic potential"
(Schlanger and Douglas, 1974) of volcanic glass becomes
effective in clayey or calcareous sediments only. The
lack of zeolites in pure ash layers and the low crystallini-
ty of clay minerals (see clay mineral section) supports
the idea of an impeded diagenesis in pure ash layers.

Zeolites

The mode of clinoptilolite occurrence in the bottom
sediments of Holes 569, 569A, and 570 suggests an au-
thigenic formation. According to Cosgrove and Papavas-
siliou (1979), the formation of clinoptilolite in deep sea
sediments from smectite and kaolinite can be explained
by a reaction of these clay minerals with dissolved spe-
cies of the interstitial waters. The proposed reaction
would be (Na, K)-smectite + Na + , K+ + H4SiO4

(Na, K>clinoptilolite + H + + H2O or kaolinite +
Na + , K+ H4SiO4 (Na, K>clinoptilolite + H+ +
H2O, respectively. The formation of clinoptilolite from
smectite is confirmed by a replacement of the smectite
groundmass by clinoptilolite in the consolidated basal
sediments of Site 570. The high clinoptilolite content in
the basal sediments of Holes 569 and 569A corresponds
to a decrease of kaolinite (Table 5). Therefore, the for-
mation of clinoptilolite at the expense of kaolinite is
tentatively suggested. Although all interstitial waters all
in the stability field of clinoptilolite, a neoformation of
clinoptilolite can be observed only in Oligocene-Eocene
sediments. This indicates a kinetic inhibition of clinoptilo-
lite formation.

The occurrence of clinoptilolite corresponds well to
the geological environment, because according to Mari-
ner and Surdam (1970), clinoptilolite is formed instead
of phillipsite in geological environments, with volcanic
rocks having a high Si/Al ratio and high sedimentation
rates.
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Figure 14. Change of O-H bands in infrared spectra of Hole 570 <2-
µm fractions with increasing sediment age. 1 200 1000
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Figure 15. Change of infrared H-O-Al bands of <2-µm fraction with
increasing sediment age at Site 570.
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Alternatively, the absence of phillipsite may be due to
the paucity of basaltic glass, which is an important pre-
cursor of phillipsite (Boles and Wise, 1978).

Except for evaporites, analcime is related to late-dia-
genetic or even low-grade metamorphic terrains, where
it forms pseudomorphs after heulandite-clinoptilolite
group zeolites (Boles, 1981). The occurrence of anal-
cime in the slope sediments is therefore unexpected be-
cause of the low geothermal gradients off Middle Amer-
ica (see site reports). A formation of analcime from cli-
noptilolite is favored by increasing Na + /H + ratios
(Boles, 1971). The proposed reaction is Na+ + clinopti-
lolite analcime + K+ + SiO2 + H2O. An increase of
pH and of the Na + /H + ratio during diagenesis can be
assumed for the sediments in which analcime occurs.
This increase of pH was probably the result of the NH4
production related to the decay of organic matter. More-
over, in sediment sections next to serpentinites (basal
sediments at Site 570), submarine weathering of serpen-
tine minerals caused an increase of pH, which initiated
the formation of analcime from clinoptilolite. (All pore
waters are oversaturated for analcime.)

The reasons for the occurrence of heulandite in the
slope sediments off Costa Rica are unknown. There are
no important differences in the bulk chemistry (Table 2),
composition of volcanic glass (Table 4), or interstitial
water composition (J. Lebel, personal communication,
1983) between these sediments and those off Guatemala.

However, an inverse trend of clay-mineral diagenesis
in these sediments (see clay section) suggests reworking
of material with higher maturity at the slope offshore
Costa Rica. This may be relevant to the occurrences of
heulandite and analcime in these sediments.

Hydrous Ca-silicates like gyrolite are formed during
the serpentinization of ultrabasic rocks by a Ca-metaso-
matism in the adjacent rocks. This process is called ro-
dingitization and is related to temperatures of 100 to
400°C (Honnorez and Kirst, 1975). Gyrolite was synthe-
sized by Buckner et al. (1960) at temperatures of about
300°C. This fact indicates that the gyrolite in the sedi-
ment overlying the serpentinitic basement at Site 570 (570-
39,CC) was formed in a thermic environment different
from the present trench-slope environment.

Clay Minerals

An authigenic formation of the smectites was sug-
gested by Heinemann and Füchtbauer (1982) because of
the occurrence of fibrous and in part spheroidal growth
forms. Compared with the distribution in the silt frac-
tion, the smectite amount in the clay fraction is nearly
constant (about 70-80%) and increases in sediments old-
er than Miocene (>90%), which may suggest an authi-
genic formation of smectite. Further evidence is its tex-
ture in smear slides and under the electron microscope
(Plate 3, Figs. 1 and Plate 3, Fig. 3): the clay minerals
filling veins in brittle-ductile shear zones (Helm and Voll-
brecht, this volume) and clay-mineral fillings of radio-
larian and foraminifer tests differ markedly from those
in the surrounding sediment; they are coarser in the
veins and tests, indicating accretion. Replacement of Plag-
ioclase and mafic accessory minerals by smectite also
proves its authigenic formation. Kaolinite and chlorite

in the slope sediments are presumably detrital, as sug-
gested by Heinemann and Füchtbauer (1982). The occur-
rence of serpentine and chlorite in the lower sediment
section at Site 567 has to be related to serpentinitic mud
admixtures. Trioctahedral smectite presumably was
formed authigenically in the latter sediments (Helm,
this volume).

(Na, K>clinoptilolite is the thermodynamically stable
phase with respect to the pore fluids investigated. So the
apparent authigenic formation of smectite in the Leg 84
slope sediments seems to be in contradiction to these
calculations.

However, smectite can be explained as a metastable
formation instead of clinoptilolite. Clinoptilolite was
formed at the expense of smectite only in early Eocene
sediments. The metastable formation of smectite is trig-
gered by its high oversaturation in the interstitial waters
and by the availability of smectite nucleation sites of de-
trital smectite. On the other hand, smectite was suggest-
ed to be thermodynamically stable at the sediment/sea-
water interface by Helgeson et al. (1969).

The most important observation concerning clay-min-
eral diagenesis is the increase of crystallinity of mont-
morillonite with increasing sediment age shown by the
X-ray diffraction patterns. The increasing amplitude
and height/width ratio of the (001) spacings of mont-
morillonite indicate an increasing ordering of the lattice
in the (001) direction. As shown at Site 570, this increase
of crystallinity is controlled by age rather than by depth
of burial. Increasing height/width ratios of (060) d-spac-
ings of montmorillonites toward older sediments show
that there is also an increasing ordering in the b-direc-
tion. This increase of (060) height/width ratio cannot be
related to a change of octahedral charge, as shown by
the unchanged d-spacings (060) (Table 5). The increase
of the 10-Å peak with sediment age also indicates an in-
creasing crystallinity of montmorillonite. This feature is
also controlled by sediment age rather than by burial
depth.

A conversion of smectite to illite through a mixed-
layer illite-smectite series is a characteristic trend in dia-
genesis (Hoffman and Hower, 1979). The first stages of
such a transformation can be recognized in the slope
sediments by the occurrence of random illite-smectite
mixed layers in Oligocene and early Eocene sediments
of Holes 569A and 570. In view of the low geothermal
gradient, the occurrence of illite-smectite mixed layers
may be surprising, but time seems to be an important
factor and the occurrence of illite-smectite mixed layers
with relatively high amounts of illite may be explained
by the Eocene age of these sediments.

Site 565 off Costa Rica is exceptional, because the
highest crystallinity and percentage of nonexpandable
layers is found in the smectites of the upper part of the
sequence. It is suggested that these are detrital smectites
that were already supplied in their present stage of ma-
turity. Such a supply of terrigenous matter perhaps can
also explain the occurrence of heulandite and analcime
in these Pleistocene to Pliocene sediments.

The increasing portion of illite-type layers in the smec-
tites was also confirmed by the infrared spectroscopy
studies. The O-H infrared bands of the Oligocene and
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Table 6. Sequence of digenesis determined in the slope sediments off Guatemala.

Age

Pleistocene
and younger

Pliocene

H W R
(060)

1.6

1.9

H W R
(001)
Gly.

5.1

5.0

10-Å
index

(500°C)

5.4

6.8

(003)
Qz

(100)

0.2

0.4

Miocene 2.9 8.0 0.8

Oligocene 3.4 8.5 10.6 1.0

Eocene 3.7 9.8 12 2.3

Illite
layers (%)

0

0

3

4.4

21

IR
(cm~1)

Lack
of
3620,
3700,
and
935

Opal

Opal-A

Opal-A

Opal-A
etched

Opal-A
etched

(Opal-A)
(Opal-CT)

Chalce-
dony

Pyrite

Irregular
blebs

Filling of skeletons,
framboids

Cubic
Crystals

Carbo-
nates

Dolomite
rhombs

Dolomite
layer

Fe-
calcareous

cement

Mafic
accessory
minerals

Increase of etching

Replacement by cabo-
nates and smectite

Zeolites

Occasionally
clinoptilolite
(? detrital)

Clinoptilolite

Clinoptilolite
analcime

Note: Data in the smectite columns are mean values calculated for all montmorillonites investigated. (HWR = height/width ratio; 10-Å index (500°C) = 10-Å index after
heating to 500°C). Qz = quartz; IR = wave number in cm~ ' of infrared bands. There is an increase of dissolution pits in volcanic glass downsection.

Eocene < 2-µm samples lack the typical bands that are
attributed to kaolinite and show similarity with illite O-H
bands discussed by Farmer (1974). According to Stubi-
can and Roy (1961), dioctahedral smectites show a dis-
tinct H-O-Al band, whereas this band is only poorly de-
veloped in dioctahedral micas (Stubican and Roy, 1961),
The weak development of these bands in Oligocene and
Eocene <2-µm samples also confirms the presence of
mica-type structures in these smectites. It is noteworthy
that the diagenesis of smectite is impeded in ash-rich
layers, as indicated by a lower crystallinity of these smec-
tites compared with smectites in the adjacent muds. This
is consistent with the observation of a lack of zeolite
formation in sediment with a very high glass content.

SUMMARY

The sediments drilled offshore Guatemala and Costa
Rica are mainly composed of land-derived andesitic and
rhyolitic detritus. The main components are intermedi-
ate Plagioclase, quartz, amphiboles, volcanic rhyolitic
glass, and detrital clay minerals. The hemipelagic part
of the sediment is represented by opaline and calcitic
tests. A special feature of the slope sediments off Guate-
mala are the ophiolitic rocks and their derived sediments.

As to diagenesis, only minor amounts of authigenic
minerals as clinoptilolite, opal-CT, chalcedony, and car-
bonates are present; smectite is the prevalent authigenic
mineral. A continuous transition from opal-A to chal-
cedony is observed in consolidated sediments of the Eo-
cene. Dissolution pits on volcanic glass shards increase
with sediment age. A neoformation of clinoptilolite and
analcime was observed in Oligocene and Eocene sedi-
ments. The main clay mineral is a dioctahedral smectite
that shows a clear increase of crystallinity with sediment
age; in Eocene sediments it contains significant amounts
of nonexpandable layers. Dolomite and argonite were
found in serpentinitic muds. The dolomite occurrence in
the normal sediment can presumably be related to the
decay of organic matter. The trend of diagenesis in the

slope sediments is shown in Table 6. The following gen-
eral conclusions can be drawn: diagenesis in the slope
sediments is controlled rather by time than by burial
depth because of low temperature even in the lowermost
sediments. Moreover, diagenesis seems to be impeded in
pure ash layers. Thus diagenesis of silica minerals, glass,
and zeolites is possibly controlled by the bulk composi-
tion of the sediment and is particularly sensitive to vari-
ation in calcareous and/or clayey admixtures.
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100µ,m 115µ,m

Plate 1. 1. Radiolarian skeleton in Sample 570-37-1, 15-20 cm. Opal-A tests in early Eocene clayey sediment. 2. Foraminifer and radiolarian
tests, which are dissolved or replaced by calcite and chalcedony, consolidated limestone, Sample 570-38-1, 50-52 cm, early Eocene. 3. Radiolar-
ian tests replaced by calcite and chalcedony, Sample 570-38-1, 50-52 cm, early Eocene. 4. Same as Figure 3, with crossed nicols, Sample 570-38-
1, 50-52 cm, early Eocene. 5. Radiolarian tests in the sedimentary cover of the serpentinite basement of Site 570 are replaced by chalcedony,
Sample 57O-39,CC (6-9 cm), early Eocene. 6. Same sample as Figure 5, but showing fissure fills of clinoptilolite, gyrolite, and analcime (anal-
cime is isotropic, clinoptilolite shows very low, and gyrolite [x], higher, birefringence).
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65 µm 65 µm

Plate 2. 1. Isolated dolomite rhombs in Sample 570-19-2, 76-78 cm, Pleistocene. 2. Clinoptilolite filling fissures and replacing the clayey ground-
mass, (570-39-1, 115-117 cm, early Eocene). 3. Dolomite-cemented serpentinite detritus, Sample 566-5-3, 83-85 cm, crossed polars. 4. Cubic
pyrite crystals, Sample 570-39-1, 115-117 cm, early Eocene.
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2 µ m
4 µm

Plate 3. 1. Clay-filled vein in Sample 569-26-2, 50-52 cm. Texture suggests accretion of clay plates. 2. Plagioclase grain without etching pits, Sample 568-41-4, 70-72 cm, Mio-
cene. 3. Etched radiolarian tests with mineral fillings, presumably smectite, according to shape and chemical composition (EDAX), Sample 569A-9-2, 0-2 cm, late Eocene. 4.
Isolated dolomite crystals in Sample 570-19-2, 76-78 cm, Pleistocene.
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20 µm 40 µm

Plate 4. 1. Tubular pumice, the main shard type in the ash layers investigated, Sample 568-41-4, 70-72 cm, early Miocene. 2. Shard consisting
mainly of bubble junction walls. This type is second in abundance, Sample 569-3,CC. 3. Shard type with elongated large bubbles. This is the
rarest shard type, Sample 568-12-5, 102-104 cm, Pleistocene. 4. Glass shard of a late Eocene sediment. The surface is covered with dissolution
pits, Sample 569A-9-2, 0-2 cm. 5. Enlargement of a shard surface region with a lot of dissolution pits, Sample 569A-9-2, 0-2 cm, late Eocene,
333 m sub-bottom depth. 6. Very slight etching of edges of a Pleistocene glass Sample 569-3,CC (54-56 cm), 20 m sub-bottom depth.
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