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ABSTRACT

Insoluble residues of Late Cretaceous to Quaternary deep-sea samples from slope, trench, and oceanic plate sites
south of Guatemala were examined, specifically for the distribution of clay minerals in the <2-µm fraction and of silt
grains in the 20-63-µm fraction. Widespread "oceanic" particles (biogenic opal, rhyolitic glass) and their diagenetic
products (smectite, clinoptilolite, heulandite) were distinguished from terrigenous material—illite, kaolinite, chlorite,
plagioclase, quartz, and heavy minerals. The main results of this investigation are: (1) At Site 494 on the slope im-
mediately adjacent to the trench, terrigenous supplies testify to a slope position of the whole sequence back to the Late
Cretaceous. (2) At Site 495 on the Pacific Cocos Plate, "oceanic" and terrigenous sedimentation are clearly separated.
Whereas the pelagic sedimentation prevailed in the early Miocene, terrigenous minerals appeared in the middle Miocene
in the clay fraction, and in the early Pliocene in the coarse silt fraction. These terrigenous supplies are interpreted as
having been transported by suspension clouds crossing the slope and even the trench. The alternative, however, an
eolian transport, cannot be excluded.

INTRODUCTION

Leg 67 of the Deep Sea Drilling Project investigated
the convergent margin between the continental part of
the Caribbean Plate and the oceanic Cocos Plate (Fig.
1). Quaternary to Upper Cretaceous sediments were en-
countered at the Leg 67 sites. Only the lower portions of
the trench and Cocos Plate sequences were deposited
above the carbonate compensation depth (CCD) and
thus consist mainly of carbonate sediments.

Because one of the main objectives of this transect
was to study the accretionary complex, the samples
from Hole 494A, directly adjacent to the trench on its
continental side, were investigated in detail.

The main objective of this paper is the mineralogi-
cal investigation of the insoluble residues of the fine-
grained sediments (except turbidites and possible ash
layers) by X-ray and microscope. We studied the lateral
and vertical distribution of clay minerals and terrige-
nous minerals (quartz, feldspars, zeolites, volcanic glass,
and opal). Our special interest was focused on the dis-
persal of terrigenous sediments with respect to the trench
as a possible barrier, the identification of zeolites, the
refractive indexes of the volcanic glass, and possible in-
dications of diagenesis. The number of samples we were
able to study was restricted, because of the considerable
time it took to adapt available methods to the require-
ments of our program.

METHODS
Sixty-four sediment samples were subjected to the following pro-

cedure: The carbonate was dissolved by dilute acetic acid; flocculating
ions were then removed by dialysis using n/100 NH4OH. The fraction
> 63 µm was collected by sieving. Because of its small amount or even
its absence, this fraction was not studied further. Instead, we used the
20- to 60-µm fraction for microscopic analyses; the <2-µm fraction

Aubouin, J., von Huene, R., et al., Init. Repts. DSDP, 67: Washington (U.S. Govt.
Printing Office).

(only one Atterberg separation!) was examined by X-ray. A suspen-
sion of the latter fraction was allowed to dry on a slide. Then it was
X-rayed untreated and glycolated, as well as after heating to 370°C
(for dewatering of smectites) and in some cases to 500 °C (in order to
destroy the kaolinite).

The grain-size fractions were only roughly estimated (Table 1) on
the basis of the volume of the powder; the "total carbonate" was
taken from the shipboard files; where no figures are given, the main
sediment was indicated, according to the core descriptions. Silt-size
clay mineral aggregates occur especially in those samples with low
percentages of 20 to 63-µm fractions.

Before the microscopic inspection of the coarse silt fraction (20-63
µm), opal and zeolites were separated from feldspars and quartz by
centrifuging in a mixture of methanol and bromoform with a density
of D = 2.43 g cm~3. This separation was quite effective for the
enrichment of zeolites and opal in the light fraction. It proved less ef-
fective for feldspars; these could not be kept completely out of the
light fraction, but they were counted only in the heavy fraction. Glass
occurred in both fractions. The only advantage of the separation was
the enrichment of zeolites. As a whole, however, this method cannot
be recommended, because it is now difficult or impossible to calculate
the modal composition of the samples and the abundance of the indi-
vidual species in the entire population. The reason is that the fractions
were not weighed because of their very small weight and because of
the occurrence of clay aggregates in both fractions. In general, the
heavy fraction (D>2.43) is equal or a little higher in weight than the
light fraction. The values in Table 3 and Figures 4 to 6 are therefore
only good for lateral and vertical comparison.

The heavy fraction was counted under the polarizing microscope
in immersion oils with « = 1.56 (separation of plagioclase groups) and
n = 1.54 (identification of quartz); the light fraction was counted in
an immersion oil with n = 1.49 in order to distinguish zeolites and
glass (see the following sections). In each fraction 100 grains were
counted. A number of samples was X-rayed for zeolites. Single crys-
tals of zeolite were mounted on a Gandolfi X-ray camera and identi-
fied using all spacings.

MINERALOGY

The following species were identified in the 20- to
63-µm fraction.

Opal-A

With a density below 2.43 and a refractive index well
below 1.49, opal-A is isotropic and shows a broad X-ray
peak between 17°and 30°(20, CuKα). Opal-A is only
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Figure 1. Location of Leg 67 sites south of Guatemala.

found as microfossil tests, i.e., radiolarians (Spumel-
laria and cup-shaped Nasselaria), diatoms, sponge spic-
ules, and isolated silicoflagellates. Radiolarian fragments
can be found in the 2- to 6-µm fraction, though glass
seems to be more frequent in this fine silt fraction.

Opal-CT, characterized by its higher refractive index
(1.44-1.48 compared with 1.40-1.44 for opal-A; Keene,
1976), by a small birefringence, and by two X-ray peaks
between 20° and 23° (20; von Rad et al., 1977), was not
found in our samples.

Zeolites

In the D < 2A1 fraction, the following two zeolites
were identified optically: clinoptilolite: n < 1.49 (nearly
isotropic); and heulandite: n> 1.49 (slightly birefrin-
gent). This identification was confirmed by X-ray anal-
yses of several samples that were heated overnight to
450 °C (Table 2). According to Alietti (1972), only the
heulandite lattice should be more or less destroyed after
this procedure.
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Table 1. Grain size and carbonate (roughly estimated percentages).

Site
Location

Plate

Trench

Slope

Slope

Formation

Quaternary
Upper Pliocene
Lower Pliocene
Upper Miocene

Middle Miocene
Lower Miocene

Quaternary

Lower Miocene

Lower Miocene

Quaternary

Quaternary

Quaternary

Pliocene

Lower Pliocene

Lower Miocene

Lower Miocene/
Oligocene?

Upper Cretaceous

Quaternary

Lower Pliocene

Middle Miocene
Lower Miocene

Sample
(core-section,
interval in cm)

495-

6-1, 70-72
9-6, 20-22
13-2, 70-72
15-4, 70-72
16-7, 21-23
17-3, 31-33
18-7, 40-42
25-1,90-92
28-2, 5-7
34-1, 40-42
46-1, 108-110

499-

3-4, 132-134
7-1, 49-51
10-2, 121-123
14-2, 44-46
18-6, 98-100
23-1, 32-34

499B-

2-2, 15-17
6-1, 58-60
8-2, 2-4

500-

1-2, 142-144
9-1, 53-55
17-5, 13-16

494-

3-6, 140-142

494A-

1-1, 140-142
5-1, 5-7
8-2, 115-117
9-2, 101-103
11-1, 97-99
11-1, 104-106
18-1, 38-40
19-2, 100-102
20-1, 32-34
20-2, 10-12
20-3, 126-128
21-2, 93-95
21-2, 143-145
21-3, 100-102
21-3, 115-117
22-1, 56-58
22-1, 142-144
22-2, 53-55
22-2, 134-136
22-3, 13-15
22-3, 87-89
22-4, 1-3
22A 128-130
23-1, 26-28
23-2, 93-95
25-1, 59-61
35-1, 138-140

496-

3-4, 116-118
7-1, 30-32
10-2, 10-12
13-1, 16-18
20-2, 43-45
27-4, 14-16
28-3, 85-87
29-4, 63-65
30-5, 70-72
34-2, 29-32
38-1, 79-81
40-8, 69-71

< 20 fan
(%)

70
80
70
70
60
80
80
70
70
80
90

80
70
80
70
90
80

20
80
90

80
70
90

80

40
70
40
70
70
70
80
80
60
10
70
40
20
40
80
60
80
40
60
60
60
40
50
60
50
60
50

60
70
60
90
90
Tr.
60
60
60
80
70
30

20-63 µm
(%)

20
10
20
10
30
20
10
20
20
10
10

20
30
20
20
10
10

40
10
10

20
20
10

10

60
20
60
20
30
20
10
20
20
80
20
10
20
20
10
20
10
40
20
20
30
60
50
30
20
30
20

40
30
40
10
10
90
30
20
40
20
20
70

>63 µm
(%)

10
10
10
20
10

10
10
10
10
Tr.

Tr.
Tr.
Tr.
10

Tr.
10

40
10
—

Tr.
10
Tr.

10

Tr.
10

10
Tr.
10
10
—
20
10
10
50
60
40
10
20
10
20
20
20
10

Tr.
—
10
30
10
30

Tr.
—
—
Tr.
—
10
10
20
_

Tr.
10

Tr.

Tota1
Carbonate

W

4
5
5
4

9

74
67
90
90

25

25-30
25
25
25

0
0

25
0
0
0
0

75

50-75

50-75

50
0

M
M
M
M

M
C
C

c
c
c

M
M
M
M
M
C

c
c
c

M
M
C

M

M
M
M
M
M
M
M
M
M
M
M
C
M
M
M
C
M
M
M
M
M
M
M
C
M
M
M

M
M
M
M
M
M
M
M
M
M
M
M

The agreement between X-ray and optical identifica-
tion is fair, provided that heulandite is concealed by
clinoptilolite in the X-ray diagram of Sample 499-7-1,
49-51 cm. A single heulandite crystal mounted on a
Gandolfi camera revealed the spacings 8.93, 8.02, 6.86,
3.98, 3.70, 2.81 Å, which are in agreement with the spac-
ings of a heulandite from Herborn-Seelbach (Germany)
and with the computer-refined spacings of the ASTM
25-144 Ca-heulandite (Dr. G. Oehlschlegel, personal
communication, 1980).

Most zeolite grains are irregular to subrounded, in
part elongate, occasionally with rugged surfaces and di-
ameters between 30 and 40 µm (Fig. 2). Euhedral grains,
however, occur in places.

Glass

Glass occurs in the density fractions both below and
above 2.43. The refractive index varies between 1.48
and 1.54. Cumulative curves (Fig. 3) were plotted from
determinations of about 100 shards in each immersion;
the number of grains with higher and lower refractive
indexes than the immersion oil was counted. The me-
dian refractive indexes are between 1.498 and 1.513, as
indicated in the diagrams. This corresponds to rhyolitic
composition (Schmincke, in press, fig. 5). Shards below
n = 1.53 are colorless, whereas brownish shards have
n > 1.53, which is in full agreement with Schmincke (in
press). The refractive indexes of tubular pumice are
similar to the rest of the colorless shards. The refractive
indexes of the shards in the light fraction do not differ
significantly from those in the heavy fraction. Bubble

Note: M = mud, poor in carbonate; C = carbonate ooze; Tr. = trace; — = absent.

Figure 2. Four zeolite grains. (Top: clinoptilolites [size: 40 µm]; bot-
tom: heulandites [size: left* 70 µm, right, 50 µm]. The zeolites are
the transparent grains.)

Table 2. Comparison of the intensity of 020 spacings and optical identi-
fication of zeolites.

Sample
(hole-core-section,

interval in cm)

496-40-8
494A-9-2
494A-9-2
499-7-1, 49-51
499-10-2

Untreated
(A)

Strong (8.95)
Strong (9.06)
Strong (8.99)
Strong (8.95)
Strong (8.90)

250°C

Medium
Weak
Medium
Strong
Medium

450°C

Weak
Absent
Medium
Strong
Strong

Interpretation

Heulandite
Heulandite \
Clinoptilolite 1
Clinoptilolite
Clinoptilolite

Optical Identification

Heulandite Clinoptilolite

7a

5

11
2

l a

10

18
52

a Numbers are counted grains.
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49 1.51 1.53 1.51 1.53 1.51 1.53 1.51 1.53

Figure 3. Cumulative curves of refractive indexes of colorless glass
shards. (1 = Sample 496-7-1, 30-32 cm; 2 = Sample 494A-11-1,
97-99 cm; 3 = Sample 500-9-1, 53-55 cm; 4 = 499-14-2, 44-46 cm;
5 = Sample 495-13-2, 70-72 cm; 6 = Sample 495-46-1, 108-110
cm; 7 = Sample 494A-21-2, 143-145 cm; 8 = Sample 494A-23-2,
93-95 cm; 9 = Sample 494A-35-1, 138-140 cm. Where not in-
dicated, the light fraction was used.)

junction shards are less frequent than tubular pumice.
Palagonite was not detected.

Glass is also frequent in finer fractions, for example,
2 to 6 µm; glass may also be the main source of the
broad reflection between 19° to 21° and 32° (20) in the
<2-µm fraction.

Feldspars
Lath-shaped or irregular, feldspars have occasionally

twinned or zoned grains with a density higher than 2.43.
Undulatory extinction occurs. Three groups were sepa-
rated under the microscope: n > 1.56, n = 1.56 (about
ny and nz of labradorite), and n < 1.56. The last group
is often rich in small inclusions; feldspars with n < 1.54
are missing; only plagioclases occur. As shown in Figure
4, the feldspars are symmetrically distributed around
n = 1.56, which is in harmony with andesites as source
rocks.

Quartz
Quartz is enriched in the density >2.43 fraction and

characterized by X-ray peaks at 26.6° and 20.8° 20.
Quartz occurs only in small amounts, always less than
5% of the total sediment, in Holes 494A, 496, and 500
(Fig. 4).

Accessory Minerals
Small quantities of heavy minerals (especially amphi-

boles), biotite, and fish remains (brownish phosphorite)
were found in many samples.

Clay Minerals
Clay minerals were identified in the < 2-µm fraction

by X-ray diffraction (XRD) (Table 3). The main clay

mineral in all samples is smectite. Because only the 001
spacings are developed, it is, according to Reynolds and
Hower (1970), not possible to exclude a mixed-layer il-
lite-smectite with a high percentage of expanded layers.
We suggest that the other spacings are missing as a result
of poor ordering of the lattice. Because only the first
Atterberg separation was used, the main grain size of
this powder was well below 2 µm. Admixtures of opal
and/or glass, though present in most clay fractions ac-
cording to XRD, would not explain the deficiency of the
above-mentioned spacings.

Minor amounts of illite and kaolinite and/or chlorite
are present in many samples. Because of the low per-
centages, it was not possible to distinguish kaolinite from
chlorite directly using the spacings of d = 3.58 for kao-
linite and d = 3.50-3.55 for chlorite. Relative percent-
ages of clay minerals were calculated from the peak areas
(Biscaye, 1965) using factors 1, 2, 2, 4 for smectite, kao-
linite, chlorite, and illite, respectively.

DIAGENESIS

Opal

No clear-cut evidence for diagenetic alteration of
opaline tests, i.e., no opal-CT, was found. The refrac-
tive indexes of different species of radiolarians and dia-
toms that show considerable differences in young sedi-
ments seem to be more homogeneous and to increase
with age; they approach values around 1.44 or higher.
The interpretation of these preliminary observations is
unclear, however.

Zeolites

With a few exceptions, high silica zeolites (clinoptil-
olite and heulandite) show a uniform distribution in all
Leg 67 holes.

There is no clear tendency of the heulandite-clin-
optilolite ratio to increase or decrease with depth. The
quantity of zeolites is lower than 10% in the D < 2.43
fraction (Fig. 5) and lower than 5% in the insoluble
residues; only in the trench Holes 499 and 500, enrich-
ments occur. The absence of phillipsite may be due to
the paucity of basaltic glass, the "advanced" age of
most of the sediments studied, the depth of burial, and
the high sedimentation rate (all of these factors control
the growth of phillipsite) (Boles and Wise, 1978; Kast-
ner and Stonecipher, 1978). Clinoptilolite is the most
common zeolite in marine sediments older than middle
Tertiary and at sub-bottom depths exceeding ca. 150
meters (Boles and Wise, 1978; Kastner and Stonecipher,
1978). It is generally interpreted as a diageneitc mineral
formed in situ from pore solutions, with rhyolitic glass
as a possible but not necessary precursor (Boles and
Wise, 1978; Kastner and Stonecipher, 1978). The abun-
dance of clinoptilolite in smectite-rich sediments sug-
gests a volcanic source (Kastner and Stonecipher, 1978).

The manganiferous chalk in the basal unit of Hole
495 contains euhedral clinoptilolite crystals that cer-
tainly are authigenic. A recrystallization of smectite is
also seen in this sample. In general, however, the zeolite
grains are irregular to subrounded and frequently show
an aggregate birefringence. The grain shape suggests a
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Table 3. Clay minerals in Leg 67 samples.

Location Formation

Quaternary

Lower
Pliocene
Upper
Miocene
Middle
Miocene
Lower
Miocene

Slope Quaternary
Quaternary

Pliocene

Lower
Pliocene

Lower
Pliocene

Lower
Miocene

to
Oligo-
cene(?)

Middle Eo-
cene/Upper
Creta-
ceous(?)
Upper
Cretaceous
Quaternary

Lower
Miocene
Quaternary

Trench
Upper
Pliocene
Lower
Miocene

Quaternary
Upper
Pliocene

Plate Lower
Pliocene
Upper
Miocene
Middle
Miocene
Lower
Miocene

Sample
(interval in cm)

496-3-4, 116-118
496-7-1, 30-32
496-10-2, 10-12
496-13-1, 16-18
496-20-2, 43-45

496-27-4, 14-16

496-29-4, 63-65

496-30-5, 70-72

496-34-2, 29-32
496-35-2, 56-58
496-38-1, 79-81
496-40-8, 69-71
494-3-6, 140-142
494A-1-1, 140-142
494A-5-1, 5-7
494A-8-2, 115-117
494A-9-2, 101-103
494A-11-1, 97-99
494A-11-1, 104-106
494A-18-1, 38-40
494A-19-2, 100-102
494A-20-1, 32-34
494A-20-1, 89-91
494A-20-2, 10-12
494A-20-3, 37-39
494A-20-3, 126-128
494A-21-2, 93-95
494A-21-2, 143-145
494A-21-3, 100-102
494A-21-3, 115-117
494A-22-1, 56-58
494A-22-1, 142-144
494A-22-2, 53-55
494A-22-2, 134-136
494A-22-3, 13-15
494A-22-3, 87-89
494A-22-4, 1-3
494A-22-4, 128-130
494A-23-1, 26-28
494A-23-2, 93-95
494A-25-1, 59-61

494A-35-1, 138-140

500-1-2, 142-144
500-9-1, 53-55
500-17-5, 13-16

499-3-4, 132-134
499-7-1, 49-51
499-10-2, 121-123
499-14-2, 44-46
499-18-6, 98-100

499-23-1, 32-34

499B-2-2, 15-17
499B-6-1, 58-60
499B-8-2, 2-4

495-6-1, 70-72

495-9-6, 20-22

495-13-2, 70-72

495-16-7, 21-23

495-18-7, 40-42

495-25-1, 90-92
495-28-2, 5-7
495-34-1,40-42
495-37-2, 4-6
495-46-1, 108-110

Sub-bottom
Depth (m)

22.7
55.3
85.1

112.2
180.4

249.7

269.1

280.2

313.2
223.1
350.3
379.7
27.4
40.4
75.5

106.6
116.0
133.5
133.55
199.4
211.0
218.3
218.8
219.6
221.4
222.7
229.9
230.4
231.5
231.6
237.6
238.5
239.0
239.8
240.1
240.9
241.5
242.8
246.8
248.9
266.0

358.8

2.9
71,5

153.1

16.8
49.5
80.2

116.4
161.0

200.3

211.7
248.6
268.5

48.2

83.7

116.2

151.7

170.9

228.9
258.1
313.9
343.5
428.5

Swelling Minerals (Å)

Original

13.8
13.9
14.0
13.6
13.6

13.7

13.2

13.3

13.4
15.3
14.0
13.7
15.4
13.1
13.2
14.7
15.2
13.6
16.0
12.2
14.7
14.7
13.3
13 4
14.1
13.4
15.0
14.2
15.6
15.0
15.1
14.8
15.1
15.0
14.7
13.6
11.7
13.1
13.2
14.7
15.1

14.2

13.9
14.0

13.6

13.8
13.9
14.0
13.8
13.0

13.6

14.0
12.2
13.6

15.7
13.4

13.2

13.2

13.3

15.0
13.2
14.0
14.2
12.1

Glycolated

17.3
16.9
16.3
16.7
17.0

17.2

18.0

16.9

16.9
17.3
17.3
17,3
17.4
16.9
17.3
16.7
16.9
17.2
17.3
16.7
17.2
16.7
17.0
17.3
17.0
16.7
17,4
17,5
17.2
17.3
17.2
17.3
17.3
17.3
17.1
16.7
17,2
17.3
16.9
17.2
17.3

16.7

17.0
19.2

17.3

16.8
17.3
17.0
16.7
17.0

16.6

17.2
17.6
17.3

17.3

16.9

17.1

17.4

19.2

16.8
17.1
17.5
17.1
16.4

Smectite

58
61
66
60
83

78

45

70

60
64
82
70
75
63
65
37
61
61
60
69
77
64
65
63
50
47
64
66
55
91
85
68
75
76
74
52

<IOO
73
83
86
88

80

100
58

100

78
84
84
64
86

54

100
94

100

89

71

69

78

60

<IOO
<IOO
<IOO
<IOO

96

Clay Minerals (%)

Mite Kaolinite, Chloritea

14
19
17

—

15

22

12

+
18
7

10
10
21
23
42
26
22
13
14
13
14
21
20
33
42
24
17
13
6

10
21
18
12
9

41
+
27
17
14
12

-

_
28

-

( + )
( + )
( + )
+
+

31

( + )
6
—

—

23

25

( + )

40

( + )
( + )
( + )
( + )

—

2 8 — , c
20 k, —
17 k, —
40 (k), -
17 k, —

7 k , —

33 k, —

18 k, —

40 k , —
18 k, —
11 k, —
20 k, —
15 k, —
16 k, —
12 k, c
21 k, —
13 k, —
17 k, —
27 k, c
17 k, —
10 k, —
22 k, c
14 k, —
17 k, —
17 k, —
11 k, —
12 k, —
17 k, c
32 k, —

3 k, c
5 k, c

11 k, —
7 k , —

12 k, —
17 k, —
7 k, c

+ k, —
+ —, c
+ k, -

_

2 0 k , c

_
14

-

22 k, —
16 k, —
16 k , —
36 k , —
14 k, —

15 k, —

—

11 k, —
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22 k, —
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—
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a Samples in which kaolinite was identified by destruction of the X-ray peak upon heating to 500°C are indicated by k; partial
destruction was interpreted by the presence of both kaolinite and chlorite (k,c); c (for chlorite) is listed if the peak did not change
upon heating. The percentage in the Clay Minerals columns indicates the sum of kaolinite and chlorite; + and (+) indicate that very
small percentages were detected; — in last column shows that either k or c are absent.

detrital origin, although this is unlikely according to Ii-
jima (1978) because of the instability of the grains in
meteoric water. In addition, the uniform distribution
even in sites far from land makes such an interpretation
improbable.

Smectite

An authigenic origin for the swelling clays is sug-
gested (1) by fibrous and in part spheroidal growth
forms, although a cryptocrystalline fabric is also com-

mon, and (2) by the invariably high smectite content of
all samples, even in the Cocos-Plate sequences, during
the deposition of which this Plate was a great distance
from the continent.

Smectite probably formed from very fine-grained vol-
canic glass that, according to XRD, occurs even in the
<2-µm fraction. Silt-sized glass shards are generally
fresh, but this does not contradict our interpretation,
because reaction rates are very much faster in the clay
grain-size fraction due to the large surface areas.
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Other Diagenetic Influences

Diagenetic alterations not considered in this report
include the organic matter and the formation of carbon-
ate concretions and pyrite. Gas hydrates are an impor-
tant agent in diagenesis (R. Hesse, personal communica-
tion, 1980; Harrison et al., this volume).

DISTRIBUTION

Cocos Plate (Site 495)

In the early and middle Miocene, this site was near
the spreading center and, as its calcareous sequence
indicates, above the CCD. There is no indication of ter-
rigenous sediment reaching this area at that time. Skele-
tal opal, volcanic glass, and smectite constitute the in-
soluble residue of the chalk and the calcareous ooze. In
the lowermost sample, from the manganiferous chalk,
most of the volcanic glass belongs to the intermediate
range (n = 1.51-1.52; Fig. 3, No. 6). The source of
these shards may partially be different from that of the
shards from the slope.

In the middle Miocene, when the site subsided below
the CCD and abyssal clay was deposited, the first terri-
genous influences appeared, as shown by an admixture
of illite and kaolinite in the clay fraction (Table 3 and
Fig. 6). According to Thompson (this volume), the sedi-
mentation rate was at its lowest point at this time, i.e.,
between the end of the carbonate sedimentation and the
onset of a strong terrigenous supply. The latter may be
the result of eolian or aquatic transport. According to
Windom (1969), the oceans may presently receive as
much as 25% to 75% of their detrital phases from at-
mospheric dust fallout consisting of mica, quartz (about
4 µm in size), feldspar, chlorite, and kaolinite. It is,
however, difficult to understand why this fallout did not
begin before the middle Miocene at Site 495 and in the
trench when it had already occurred in the early Mio-
cene and the Oligocene at the slope sites. The alterna-
tives would be transportation (1) by the North Equa-
torial Current, a westerly surface current in the vicinity
of Site 495 since the middle Miocene, according to H.
Beiersdorf (personal communication, 1981), (2) by mid-
water currents, which, according to Seibold (1978), may
provide a lateral transport of thousands of kilometers,
or (3) by nepheloid layers up to 2000 meters thick creep-
ing down the continental slope or caused by turbidity
currents (Seibold, 1978); such layers are tentatively out-
lined in Figure 6.

Beginning in the late Miocene, the sedimentation rate
increased until the Quaternary, and volcanic glass be-
came more abundant than skeletal opal in the light frac-
tion (Fig. 5). According to Pichler et al. (1973), volca-
nism began in Guatemala to Nicaragua during the mid-
dle Tertiary. In the Miocene, large quantities of rhyolitic
ignimbrites erupted. It is therefore suggested that the in-
crease in the quantity of glass shards at Site 495 is main-
ly caused by an increase in volcanic activity in Middle
America at this time, that is, about the late Miocene. If
subduction was active at least since the later Miocene,
about 10 Ma, 875 km of ocean plate would have passed
through the trench since, according to the spreading rate

Present

495 494

J
\ 50 k

5km

50 km

early Pliocene (~5 Ma)

495

Clay-size )
Legend: > Suspension Cloud

/ r y r Silt-size '

Figure 6. Model of the Cocos Plate movement and the arrival of clay-
size terrigenous mud ~ 15 Ma (bottom), of >20-µm volcanic glass
~ 10 Ma, of >20-µm terrigenous material at Site 495 ~ 5 Ma, and
the situation at present (top).

proposed by Minster and Jordan (1978). And Site 495,
on the Cocos Plate, now about 170 km from the shore,
would have been about 1100 km from the nearest Mid-
dle American volcanoes (Fig. 6). This interpretation
would be in harmony with G. P. L. Walker's diagram
(1971) showing a median diameter of pyroclastic fall
deposits of about 20 µm for such a distance.

Colorless shards of nearly the same refractive indexes
as shown in Figure 3 were found by Kowsmann (1973) in
the Panama Basin. He suggests an explosive mode of
eruption for them and thinks that "they were ejected
high enough to be entrained in the strongest easterlies
and carried for considerable distances."

In the early Pliocene, a distinct increase of feldspars
in the 20- to 63-µm fraction (Fig. 4) indicates a strong in-
crease of terrigenous sediments. In Figure 6, it is sug-
gested that these grains were transported in suspension
clouds, as in the middle Miocene. The alternative is
again an eolian transport, which would, however, imply
a rather sudden addition of "andesitic" plagioclases to
the "rhyolitic" glass that was continuously supplied.
One would expect at least an addition of intermediate
glass as well. The feldspar grains are not coated with
glass. At this time, about 5 Ma, Site 495 was about 600
km away from the shore. The subaqueous cloud was
evidently able to travel over this distance, passing the
slope and even the trench (Fig. 6). Zeolites are sub-
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ordinate in this site, except for an increase of clinoptilo-
lite in the manganiferous chalk on top of the basalt (see
the section on Diagenesis).

Shiki et al. (this volume) investigated Core 4 from the
Quaternary of Site 495, from which we had only Core 6.
They found shallow water benthic foraminifers, pollen,
plant fragments, and some terrigenous mineral grains
such as quartz, feldspar, detrital clay minerals, and
land-derived volcanic debris. They suggested transport
by suspension in a layer detached from the near bottom
turbidity current layer, which came down through a
canyon on the continental slope and crossed the trench.
This is in full agreement with our interpretation of the
sediments at this Site beginning with the middle Mio-
cene.

The accumulation of opal in the heavy fraction (Fig.
4) from Cores 34 and 37 (Hole 495) is caused by partial
replacement (or coating?) of radiolarian tests by an
opaque mineral (possibly pyrite).

Trench (Sites 499 and 500)

Because we did not investigate turbidites, only a few
samples were considered. Because the sampling was not
done at stratigraphically equivalent levels in the two
holes, the mineralogical differences may not be signifi-
cant. According to Table 3, kaolinite and illite do not
appear before the late Pliocene at Site 499. Most con-
spicuous is the high zeolite content in the Quaternary
part of the trench (Fig. 5). A relation with the turbidites
is probable, because these are rich in volcanogenic com-
ponents (Harrison et al., this volume). There is a ten-
dency for the volcanic glass to have a more acid compo-
sition in the trench compared with the other environ-
ments (Fig. 3).

Slope (Sites 494, 496, 497)

Site 494 (mainly Hole 494A, Fig. 7)

This site, which is nearest to the trench without ac-
tually being in it, was expected to show interesting tec-
tonic features, e.g., accretion, slumping, or subduction
erosion (von Huene, Aubouin, et al., 1980). It yielded
quite a normal profile, however, from Quaternary down
to and including Upper Cretaceous rock and sediment.

Plant remains, micritic limestone fragments, and
skeletal fragments "attest to a provenance from areas of
much shallower depth" (Harrison et al., this volume).
This is in harmony with the composition of the clay
fraction (Table 3), which is characterized by illite, kao-
linite, and chlorite (the last in slope positions only), as
well as smectite. It is also confirmed by the dominance
of clastic feldspars (plagioclase) and subordinate quartz
in the coarse silt fraction.

Suspension clouds deriving from the shelf and the
Guatemalan mainland are responsible for supplying these
materials, beginning at the Upper Cretaceous. This
means that a slope position is indicated by the terrige-
nous material for the whole period considered.

Skeletal opal is subordinate in this site, mainly be-
cause of the large amount of terrigenous sediments. If
they lessen, e.g., from middle Eocene to lower Miocene

(low sedimentation rates, according to Thompson, this
volume), the percentage of opal is increased. It is diffi-
cult to understand why a considerable admixture of
brownish glass fragments ("bn" in Fig. 4) occurs only
at this site. At Site 496 they are only subordinate. This
suggests differences in supply.

Opal is very sparse in the Upper Cretaceous sample,
because it is not stable in sediments of this age (Keene,
1976).

Sites 496 and 497

Land-derived feldspar, quartz, illite, kaolinite, and
chlorite are dominant in the sequences cored in these
holes (16 samples from Hole 497 were investigated but
not included in the diagram). The composition is similar
to that of Hole 494A, although opal and zeolites are
more common in Hole 496 than in Hole 494A.
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Figure 7. Holes 494 (uppermost sample only) and 494A from the lower slope; individual samples.
(Legend: white "pebbles" = pebbly mudstone and black "pebbles" = drilling breccia in the
graphic lithology column. A with arrow indicates the start of Hole 494A samples. See Fig. 4
caption for explanation of age abbreviations. Also, GL = glass, bn = brown, QZ = quartz;
FS = feldspar, n < 1.56, n = 1.56, n > 1.56, OP = opal, Z = zeolites, undifferentiated.)
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