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ABSTRACT

We discuss the provenance of minerals detected by X-ray-diffraction analyses of sediments of Sites 504 and 505 of
Deep Sea Drilling Project Leg 69. These are X-ray-amorphous material, opal-CT, calcite, quartz, feldspar, apatite,
smectite, illite, kaolinite, magnetite, maghemite, pyrite, marcasite, barite, sepiolite, and clinoptilolite. Authigenic mar-
casite and clinoptilolite together with opal-CT are restricted to Site 504, indicating the special diagenetic conditions
related to relatively high sediment temperatures at this site. Marcasite formation is likely dependent on the relatively
low pH values of <7.1 found in interstitial waters of Site 504 sediments below 50 meters sub-bottom. Clinoptilolite
evidently was formed by diagenetic alteration of rhyolitic volcanic glass or smectite plus biogenic silica within the
chalk-limestone-chert sequence of Site 504, where opal-CT also reflects a high degree of silica dissolution and
reprecipitation. This was a consequence of high temperatures (50-55 °C) at the base of the sediment column.

INTRODUCTION

A total of 63 samples of sediments from Sites 504 and
505 of DSDP Leg 69 were taken for X-ray-diffraction
analysis in order to identify mineral phases which were
not detectable by petrographic investigations of smear
slides and thin-sections.

The samples came from all lithologic units of the sed-
imentary columns of both sites (Figs. 1 and 2; Table 1),
ranging in age from late Pleistocene to late Miocene at
Site 504, and late Pleistocene to early Pliocene at Site
505. The sites are located at 1° 13.6'N, 83°43.9'W and
1°54.82'N, 83°47.39'Wrespectively.

The unit boundaries at Site 504 are diagenetic bound-
aries. Unit I (0-143.50 m) consists of variably clay-bear-
ing siliceous nannofossil and nannofossil radiolarian
oozes; Unit II (143.50-227.20 m) is represented by sili-
ceous nannofossil chalk; and Unit III (227.20-271 m)
comprises interbedded nannofossil chalk, limestone, and
chert. Unit I of Site 505 (0-14.50 m) is calcareous marl;
Unit II (14.50-133.50 m) consists of variably clay-bear-
ing nannofossil siliceous oozes; and Unit III (133.50-232
m) is siliceous nannofossil ooze.

The interval from 65 to 99 meters (Sub-unit IB) at
Site 504 shows significant changes in composition, tex-
ture, and coloration in conjunction with an increased
manganese-oxide content. Therefore, sampling intervals
are smaller for this part of the sequence than for other
parts.

ANALYTICAL METHODS

Calcium carbonate was determined volumetrically in seven sam-
ples and compared with the CaCO3 contents of the respective core in-
tervals derived from volumetric measurements during Leg 69 (Beiers-
dorf and Natland, this volume). The agreement between both sets of
measurements was generally good and showed absolute deviations
of only about 5% (Fig. 1). Therefore, the volumetrically measured

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

data obtained during the leg were used for the calculation of the bulk
composition.

To evaluate the significance of certain sediment components with
regard to grain size, all samples were divided into the grain-size frac-
tions < 2 µm, 2 to 20 µm, and > 20 µm. The sum of the weight percent-
ages of the three carbonate-free grain-size fractions plus the CaCO3
weight percentages obtained from the CaCO3-distribution curve were
recalculated to 100% (Table 1).

The non-CaCO3 components were determined qualitatively from
glycolated powder samples of the individual grain-size fractions by
X-ray-diffraction analyses with an automatic Philips-APD 10 X-ray
diffractometer equipped with a graphite monochromator and an auto-
matic divergence slit system. The concentration of some of the impor-
tant components was estimated from peak height measurements on se-
lected diffraction peaks. The peak heights then were compared with
those of pure standards of the individual minerals. Implicitly the
mass-absorption coefficients were taken into consideration by mea-
suring the incoherent Compton. radiation with a second detector at
high ^-angles. The concentration of the individual components was
then calculated by using the formula:

x = ^l, where kx = ̂  , and k2 = ^
^1 h\ hi

(see, e.g., Sahores, 1972), in which Idl, 1^ are background-corrected
diffraction intensities of pure standard (1) and of the same component
in the sample under investigation (2), and Icl, Ic2 are background-
corrected Compton intensities of the pure standard (1) and the sample
under investigation (2).

In comparison to the internal-standard or the Chung method, this
procedure does not require addition of calibration substances, nor
does it require the determination of calibration constants. However,
since the influences of orientation and other factors (e.g., solid solu-
tion, cation substitution, non-identical standards, etc.) in the method
applied here are similar to those of other quantitative X-ray-diffrac-
tion methods, the results were rounded and checked against a qualita-
tive chart diagram.

Using the procedure described above, we determined the concen-
trations of the following minerals: quartz, pyrite, barite, dolomite,
siderite, opal-CT, goethite, and magnetite/maghemite. The concentra-
tion of all other components—especially feldspar and smectite,
together with the amorphous scatter—were empirically estimated and
balanced to 100%, together with the measured concentrations.

RESULTS
The X-ray-diffraction results are listed in Table 1.

The significance of the detected minerals in determining
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Figure 1. X-ray mineralogy of sediments from DSDP Site 504.

the origin and evolution of the sediment types is discussed
below.

Sediment Constituents as Detected by
X-Ray-Diffraction Analyses

The following constituents were detected by X-ray-
diffraction analyses: (1) X-ray-amorphous material (as
indicated by "amorphous scatter"); (2) clay minerals
(smectite, kaolinite and illite); (3) quartz and feldspar;

(4) maghemite and magnetite; (5) apatite; (6) pyrite,
marcasite, and barite; (7) sepiolite, clinoptilolite, and
opal-CT; (8) trace minerals (siderite, talc, amphibole,
serpentine-kaolinite, dolomite, goethite).

X-ray amorphous material, smectite, quartz, feldspar,
apatite, pyrite, barite, and maghemite are ubiquitous in
the unconsolidated sediments of both sites. At Site 504,
clinoptilolite and opal-CT occur in Unit III only, where
limestones and cherts form significant parts of the sedi-
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Figure 2. X-ray mineralogy of sediments from DSDP Site 505.

mentary sequences. A single occurrence of clinoptilolite
was found in the sediments of Site 505. Marcasite was
detected only in Site 504 sediments. Magnetite and se-
piolite occurred in a comparatively small number of sam-
ples, the magnetite restricted to unconsolidated parts of
the sequences. Kaolinite and illite were detected in most
of the samples.

Distribution and Possible Origin of Constituents

Amorphous Material

The X-ray-amorphous material, indicated by "amor-
phous scatter" in the diffractograms, consists of materi-
al dominantly derived from siliceous microfossils (dia-
toms, radiolarians, silicoflagellates, and sponge spicules),

as microscopic investigations of sediments from both
sites have shown (Beiersdorf and Natland, this volume).
From these determinations, it also became obvious that
volcanic glass, except for ash layers, forms a significant
but minor portion of the X-ray-amorphous fractions.

The X-ray-amorphous material occurs in significant
quantities in all three grain-size fractions of the uncon-
solidated sediments of both sites, and (in much smaller
quantities) in the < 2-µm fraction only in the sediments
of Unit III of Site 504. It is the most important constitu-
ent of the > 20-µm fraction of the unconsolidated sedi-
ments, where it often forms more than 50% of the frac-
tion^ composition. The highest amounts of X-ray-amor-
phous material occur in the late Pliocene sediments of
both sites, and in the late Pleistocene sediments of Site
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Table 1. Mineralogical composition of sediment samples from DSDP Sites 504 and 505 in weight percent.

Lithologic

Units

IA

IB

IC

II

III

I

II

III

Hole,
Core,
Section

504-1-1

2-3
3-1
8-3
13-1

13-3
14-1
14-2
14-2
14-3
15-1
15-1
15-2
15-3
16-2
16-3
17-1
17-3
18-2
18-3
19-1
20-1
25-1
27-3
29-3

31-2
37-2
40-2
42-1
44-2
47-1

48-1
52-1
52-1

504A-3-1
4-1
5-1

504B-1-1
1-1
2-1

505-2-4

3-3
4-4
5-4
6-4
7-4
10-4

11-4
12-4
13-4

14-4
15-4
18-5
19-4
20-5
21-4
22-4

23-4

<2 µm

46
42

36
29
28

35
59
56
48
45
67
58
55
48
45
47

36
43
41

33
32
35
28
37
28

24
20
17

5
8
9
13
11
11

10

9
5

18
5
_

53
56
45
41

39
39
35
61
56
53
38
27
36

31
32
27
17

24

Grain-Size
Fractions

(CaCθ3-free)

2-20 µm

19
17

15
21
16
12
23
25
19
22

15
30
25
23
24
24

21
21
21
18

25
20
16
22
20

13
10
13
8
10
8
10
8
10

11

15
14

9
10
_

19
22

18
16
16

16
13
22
21
19

16
13
18
18
21
17
12

12

>20µm

1

2
2
6
7

5
3
4

3

3
8

3
5

3
5
4

5
4

3
4

5
5
2
3
3

3
2
2

3
1

3
2
1
2

5
4
11

0
10

2
4

2
3

3
1
2
4
5
3
3
2
3
3
4
3
3
3

Total
CaCO

3

34
39
47

44
49

48
15
15
30
30
10
9

15
26
26
25

38
32
35
45
38
40
54
38
49

60
68
68
84
81
80
75
80
77

74
72
70

73
75
—

26
18
35
40
42

44
50
13
18
25
43
58
43
48
43
53
68
61

<2 µm

45
55
35
60
55

70
70
60
75
50
75
62
62
67

69
69
62
74
20
55
79
59
32
25
30

37
15
50
40
50
45
35

25
65

10
20
10

10
10
15

25
52
25
25
25
47
30

45
50
37

35
40
40

35
35
45
30
27

Amorphous
Scatter

2-20 µm ;

20
20
20
45
22

20
20
20

20
20
20
20
45
45
55
55
55
55
40
45
65
50
50
40
45

25
24

51
66
60
58
41
34
39

15
20
20
20
20
15
20
17
30
20
37

27
44

20
37

39
30

20

57
62
50
66
71

67
50
71

75
79

85
77
82

90
87

79
89
59
64
89
59
84
67
57

45
68
84
82
84

79
57

79

79
84
72
62
60
74
77

70
79

81
79
79
76
15
48
54
68
66

<2 pm

25
25
40
20

25

10
10
15
10
20
15
15
15
15
15
15
15
10
35
25
10
20
45
30
45

40
40
30

25
30
25
40
35
20

5

50

30

62
20
60
60
60
30
35
30
25
30
30
35
30
40
30
25
40

35

Smectite

2-20 µm > 20 µm

5

6
5

5
15

10
5

5

5
5
8
5
5
5
5
5
5
5
5
5

5

<2 µm

5
5

5
5

5

5

5

5
5

5
5

5

5
5

5
5

5
5

5
5

5
5
5

5

5

5
5

5
5

5

5

5
5
5

5

Kaolinite

2-20 µm > 20 µm

3
3

3

3
3

3

3

3
5

5

5

5

5

5

5
5

5
5

5

5

5

5

<2 µm

5

5

5

5

5

5

5

5
5

5

5

5
5

5
5

5
5

5

5

5

(Muscovite-)

Illite

2-20 µm

3

3

3

5
5

5
5
5

5

5

5

5

>20µm

5

5

5

5

3

5

5

5

5

5

Quartz

<2µm

5

5

5
5

5

5
5
5

5
5

5
5

5
5

3
3
5

3
5

5
3

•

5
5

5

5
5
5

5
5

5
5

3

3

3

3

3

3

8

8
5
5

5
8
5

5
5

8
5

5
5

5

5
5
5

8

Σ = ioo%
Note: k = kaolinite-sepiolite; a = amphibole; t = talc; s = siderite; d = dolomite; g = goethite.

505. Variations in the amount of "amorphous scatter"
can be strong, as demonstrated by the densely sampled
Sub-unit IB of Site 504 (Fig. 1). However, the "amor-
phous scatter" distribution curves are in good agreement
with the "siliceous fossil" distribution curve, except for
Sub-units IB and IC of Site 504, and for the pronounced
peak in the "amorphous scatter" curve near the bound-
ary of Units I and II of Site 505. This anomalous beha-
vior will be discussed in the conclusions.

From the top of Sub-unit IC of Site 504 downward
there is a general decrease in "amorphous scatter" to
percentages lower than 5% reached in Unit III. At Site
505 this trend is only weakly reflected by the distribu-
tion diagram below the late Pliocene peak.

The amount of X-ray-amorphous material in the sed-
iments younger than early Pliocene is generally higher at
Site 504 than at Site 505. The higher smectite content of
the Site 505 sediments seems to reflect a consumption of
opal-A of the siliceous fossils and volcanic glass by smec-

tite-forming processes (sensu Johnson, 1976). The strong
decrease in "amorphous scatter" in Unit III of Site 504
reflects the diagenetic transformation of skeletal opal-A
into opal-CT, quartz, and possibly clinoptilolite.

Smectite

Smectite is the predominant clay mineral in the sedi-
ments of both sites, forming a significant portion of the
<2-µm fraction. Unusual occurrences of smectite with-
in the 2- to 20-µm fraction in samples of the two sites are
thought to be the result of occlusion within microfossil
remains (e.g., radiolarians). At Site 504, the smectite
percentages are never higher than 15%, whereas at Site
505 this value often is exceeded and reaches a maximum
of 34%.

Some of the smectite seems to be terrigenous (see sec-
tion on kaolinite and illite). The good negative correla-
tion between "amorphous scatter" and smectite (Fig. 3)
suggests that another part of the smectite was formed

388



X-RAY MINERALOGY OF SEDIMENTS

Table 1. (Continued).

Quartz

2-20 µm >20µm <2 µm

Feldspar

2-20 µm >20 µm <2 µm

Apatite

2-20 µm >20µm <2 µm

Magnetite

2-20 µm >20 µm <2

Maghemite

µm 2-20 µm >20µm <2µm

Pyrite

2-20 µm >20µm

Marcasite

<2µm 2-20 µm

16
24
34
17
29
22
26
26
35
36
36
38
20
18
13
10
10
13
15
13
7

12
15
12
12
25
20
10
8
8
8

10
10
5

5
5
3

10
5
5

35
32
30
30
35
30
25
30
20
34
20
15
20
29
20
20
24
25

5
5
3
3
3
5

5
5
3

10

3
3

3
3
3
3
3
3
3
3
3
3
5
3
3

3
3
3
3

8
3
5

20
3

3
3
3
5

10
3
5
5
3
3
3
3
3
3
3
5
3
3

5
5
5
5
5
5
5
5
5
5
5
3
3
3
3
3
3
3
5
5
3
3
3
5
5
3
5
5
5
5
5
5

10
5

5

5

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

30
30
20
15
20
20
15
15
11
15
10
10
8

10
5
5
5
5

10
10
5
6
8

10
8

15
10
8
8
8

10
8

10
15

8
5
5

5

5

17
20
19
13
15
17
13
10
10
10
10
10
10
10
10
10
10
10

10
10
10
15
5

10
20
8

10
5
5
5

15
5
5
5
5
3
3
3
3
3
3
5

10
10
10
3
3
3

5
5
3

3
5
3

25

5

3
3
5

10
10
3
3
5
3
3
3
3
5
3

13
13
3
3

5

5
5
5
5

5

5
5
5
5
5
5
5
5

5

5

5
5
5

5
5
5

5

5

5

5
5
5
5
5
5
5
5
5
5
5
5

8
8
8
5
8

10
8

10
8
8
8
8
8
8
8
8
8
5
8
8
5
8
8

10
8
8
5

10
5
8
5

10
5
8

8
5
5

10
5

8
8
5
8
5
8
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authigenically by processes in which biogenic silica is
consumed. The generally higher smectite content of the
Site 505 sediments, in conjunction with the lower "amor-
phous scatter," suggests that the authigenic formation
of smectite is enhanced at Site 505 in comparison with
Site 504.

Kaolinite and Mite
Kaolinite and illite form a minor part of the clay-

mineral fraction of most of the samples, and never more
than 6% of the bulk composition. Kaolinite is restricted
to the < 2-µm and 2- to 20 µm fractions, but naturally is
more common in the clay-size fraction. Illite occurs in
all of the grain size fractions, but mainly in the <2-µm
fraction. In most samples, the kaolinite content exceeds
that of illite, an observation also made on surface sam-
ples from the Panama Basin by Heath et al. (1974).
These authors found evidence that both minerals were
derived from continental sources in Ecuador, Colom-
bia, and southern Panama. We therefore assume that

both minerals found in many of the cores of the Sites
504 and 505 have the same sources. According to Heath
et al. (1974), transport by water seems to be the most
likely mechanism. However, eolian transport from these
sources cannot be excluded, as the relatively large
amount of windblown volcanic glass in the sediments of
both sites suggests (Beiersdorf and Natland, this vol-
ume). The kaolinite and illite percentages often increase
in the samples where the smectite percentages are also
increased, supporting the assumption that some of the
smectite is terrigenous.

Quartz and Feldspar

Quartz and feldspar were detected in all of the sam-
ples. They are more common in the 2- to 20-µm fraction
than in the other grain-size fractions, where, at Site 504,
they are sometimes missing. In most of the samples,
quartz is somewhat more common than feldspar, but
never exceeds 12% of the bulk composition, whereas the
feldspar percentages are never higher than 8%. The dis-
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Table 1. (Continued).

Units

Marca-
site

> 20,im <2 µm

Barite

2-20 µm > 20 µm < 2 µm

Sepiolite

2-20 µm > 20 µm < 2

Opal-CT

µm 2-20 µm > 20 µm

Clinoptilolite

< 2 µm 2-20 µm > 20 µm < 2

Accessory
Minerals*

µm 2-20 µm >20µm

5

10

67
23
67

32
67
82

58
70
72

32
77
85

74
72
82

25
72
87

5

5

5

5
5
5

10

k5
k5
k5
k5

k5

k5
k5
k5 s5

d3
d3 t5

d3

g5

a3
aSg8

tribution diagrams (Figs. 1 and 2) show that, in general,
both minerals are positively correlated, indicating the
same provenance, which we believe to be mainly terrige-
nous. Only in Unit III of Site 504 can some of the quartz
be attributed to the diagenetic formation of pore-filling
chalcedony (Beiersdorf and Natland, this volume).

Maghemite and Magnetite

Maghemite occurs in all samples of the unconsoli-
dated sediments of both sites, where it was detected in
the 2- to 20-µm fractions of all samples and in the
> 20-µm fraction of most of the samples. It is more
often missing in the > 20-µm fraction at Site 504 than at
Site 505. At neither site does it constitute more than 6%
of the bulk composition.

Magnetite forms a considerable portion of the > 20-
µm fraction of some of the samples, whereas maghemite
is missing from this grain-size fraction. The > 20-µm
fraction is the only fraction where magnetite occurs.

Magnetite is a common constituent of ocean-floor
basalts. It often is subjected to low-temperature oxida-
tion, leading to maghemite under halmyrolitic conditions
(Ade-Hall et al., 1976). Therefore, the magnetite and
maghemite found in the sediments of Sites 504 and 505
probably were transported laterally to the sites from
partially halmyrolitically altered submarine basalt out-
cropping elsewhere in the Costa Rica Rift region. The
somewhat increased abundance of maghemite in the Site
505 sediments may be due to the generally rough base-
ment topography in the surroundings of the site, with a
greater potential of basalt outcrops, as seismic-reflec-
tion records show (Site 505 report, this volume).

Pyrite and Marcasite

Pyrite occurs in all of the samples of both sites; it is
restricted to the 2- to 20-µm and > 20-µm fractions, with
one exception at Site 504, where it was also detected in
the < 2-µm fraction. Marcasite was detected only in sed-
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Figure 3. Correlation between amorphous scatter and smectite of the <2-µm fraction of sediments from
DSDP Sites 504 and 505.

iments of Site 504, where it is restricted to sediments
from Sub-unit IB downward. It is much less common
than pyrite, and rarely exceeds 1 °/o of the bulk composi-
tion. In contrast, the pyrite contents often range from 3
to 6%.

A number of mechanisms have been postulated for
the formation of both marcasite and pyrite. It is sug-
gested by many authors that the sulfides are derived by
reduction of sulfate in sea water, although in some cases
small quantities of sulfur are thought to be obtained
from organic material. Pyrite is thought to be formed
through intermediate unstable iron monosulfides, mac-
kinawite and greigite (Berner, 1967). In general, neutral
to slightly acid conditions favor pyrite formation. Pyrite
formation in pelagic nannofossil sediments has been in-
terpreted to indicate rapid accumulation rates (Berger
and von Rad, 1972), an interpretation in good agree-
ment with the high accumulation rates found at Sites
504 and 505 (Beiersdorf and Natland, this volume).
Marcasite has not commonly been reported from sedi-
ments of the open marine environment. It is often said
to form under slightly more-acid conditions than pyrite
(Edwards and Baker, 1951; Betechtin, 1957; Tröger,
1967; Rickard, 1969; Kelts, 1976). Although this has been
called in question by recent experimental work (Kraus-
kopf, 1979), comparison between the pH values mea-
sured on interstitial-water samples obtained from sedi-
ments of Sites 504 and 505 (Mottl, Lawrence, et al., this
volume) suggests that marcasite indeed forms under
more-acid conditions than pyrite generally does. The pH
values of Site 504 decrease from about 7.5 at the top of
the sequence to nearly constant values of 7.0 below 100
meters sub-bottom. The strongest decrease occurs with-
in the upper 50-meters. The first occurrence of marca-
site is at 63.50 meters (Sample 504-13-1, 70-75 cm),
within the interval between 50 and 100 meters sub-bot-
tom where pH values are already close to 7.0. The pH

values of Site 505 are generally higher than those of Site
504, and remain always above 7.1.

Experimental data obtained by Roberts et al. (1969)
suggest that pyrite can form at a pH as low as 6.0. The
pH values at Sites 504 and 505 are generally higher, and
range between 7.0 and 7.8, indicating that pyrite forma-
tion can take place within a fairly wide pH range, at
least between 6 and 7.8.

That marcasite is missing from Site 505 sediments
suggests that the upper limit of the pH range for mar-
casite formation—which seems to be at pH 7.0 or 7.1
(according to the measurements at Site 504)—is not
reached yet at this site. Kelts (1976) found similarly low
pH values in conjunction with marcasite occurrences in
Miocene foraminifer nannofossil oozes from DSDP Site
315 (Leg 33, Fanning Island Fan, Line Islands). He dis-
cusses a drop in pH from above 7.0 to 6.0 initiated by
sulfate-reducing bacterial activity which produces CO2
and H2S, leading further to calcite dissolution and thence
to physicochemical conditions within the microenviron-
ment of organic processes which favor the direct forma-
tion of marcasite.

The relatively high Ca2+ concentrations found in in-
terstitial waters of Site 504 (Mottl, Lawrence, et al., this
volume) are in agreement with this assumption. They
are never lower than 9 mM/1, and increase sharply to
values above 15 mM/1 below 100 meters sub-bottom,
whereas the Ca2+ concentrations at Site 505 remain be-
tween 2.5 and 10 mM/1.

It is likely that the heat flow, which is considerably
higher at Site 504 than at Site 505 (Langseth et al., this
volume), has led to the special conditions under which
marcasite is formed at Site 504.

Apatite

Apatite was detected in all of the samples but one of
Unit III of Site 504. It is most common in the grain-size
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fraction >20 µm. At both sites, it never exceeds 6% of
the bulk composition and likely represents mainly the
considerable amount of fish debris which was recogniz-
able in the smear slides and strewn preparations of the
coarse fraction (Beiersdorf and Natland, this volume).

Barite
Barite was detected in all of the samples, with the ex-

ception of one from Unit III of Site 504. It mainly oc-
curs in the < 2-µm and 2- to 20-µm grain-size fractions.
Only in the sediments of Unit III of Site 504, and in the
lowermost sample of Site 505, was barite found in the
> 20-µm fraction as well. Because no contamination by
drilling mud was possible (because of use of the hy-
draulic piston corer at Site 504), the barite must be nat-
ural. Goldberg and Arrhenius (1958) and von Stackel-
berg (1979) reported large barite crystals from pelagic
clays near unconformities, where it is thought to have
formed authigenically. An authigenic origin is assumed
for the barite of Sites 504 and 505 as well. The barium
for barite formation may have been derived from fossil
organic remains by oxidation, as suggested by Church
(1970) probably at the seawater/sediment interface. The
barite in the > 20-µm fraction of the Unit III sediments
of Site 504 suggests that the advanced stage of diagenesis
there has led to enlargement of the barite crystals.

Sepiolite
Sepiolite was detected in only a few samples of both

sites. It occurs in all grain-size fractions, and may con-
stitute as much as 6% of the bulk composition.

Sepiolite, a hydrated, magnesium-rich silicate, can be
formed diagenetically in pore spaces of montmorillon-
itic clays. This diagenetic process, initiated by the inter-
action with magnesium-rich pore solutions, seems to re-
quire a relatively long reaction period (Füchtbauer and
Muller, 1970). Our results support this: at both sites se-
piolite occurs mainly in samples of early Pliocene age or
older.

The paragenesis of sepiolite together with smectite ±
clinoptilolite and volcanic glass indicates the probable
formation of sepiolite from montmorillonitic clays, while
SiO2 could have been liberated by devitrification of vol-
canic glass during the same alteration process.

We note, however, that no palygorskite—a mineral
that frequently coexists with sepiolite—has been de-
tected in any of the samples. This could indicate excep-
tional environmental conditions that favored the forma-
tion of sepiolite, rather than palygorskite.

Clinoptilolite and Opal-CT
At Site 505, a single occurrence of clinoptilolite was

found. At Site 504 clinoptilolite is restricted to the chalk-,
limestone-, and chert-bearing Unit III. It occurs in the
< 2-µm, and 2- to 20-µm grain-size fractions, and forms
up to 3% of the bulk composition.

Opal-CT was detected in the Unit III sediments of
Site 504 only; it occurs in all grain-size fractions. It al-
ways forms 10 to 15% of the bulk composition.

According to Kastner and Stonecipher (1978), clino-
ptilolite consistently occurs only in sediments older than
early Pliocene, even in primarily carbonate oozes. There-
fore, the occurrence of clinoptilolite in the late Pleisto-
cene sediments of Site 505 is unusual, and is thought to
be due to an input of laterally reworked older sediment
containing clinoptilolite. The clinoptilolite found in Unit
III of Site 504, associated with calcareous and opal-CT-
rich sediments, likely was formed by in situ diagenetic
alteration of rhyolitic glass or smectite plus (biogenic)
silica, as suggested by Kastner and Stonecipher (1978).
These possible precursors of clinoptilolite are common
constituents of the sediments above Unit III.

Other potential precursors, such as phillipsite and
basaltic glass, which may lead to the formation of clino-
ptilolite (Kastner and Stonecipher, 1978; Boles and Wise,
1978) can be largely excluded, because they are very rare
or absent in Site 504 sediments.

The opal-CT occurrences in Unit III of Site 504 re-
flect the high degree of SiO2 precipitation from dissolved
silica, which led to considerable chertification (Hein et
al., this volume; Beiersdorf and Natland, this volume).

Trace Minerals
Six mineral phases were identified as trace compo-

nents and are summarized in one column of Table 1. At
both sites, they occur only sporadically, as trace miner-
als. Siderite, talc, amphibole, "serpentine," dolomite,
and goethite do not seem to have genetic importance,
nor is the analytical proof of their existence very relia-
ble, because they occur in amounts close to the individ-
ual X-ray detection limits.

By the term "serpentine," we mean a mineral phase
of the kaolinite-serpentine group, in addition to the
mineral kaolinite (kandite group).

CONCLUSIONS
Minerals detected by X-ray diffraction but were not

identified by microscopic determinations are the indi-
vidual clay minerals, maghemite, magnetite, marcasite,
barite, sepiolite, clinoptilolite, and some of the trace
minerals.

Marcasite, opal-CT, and some of the trace minerals
are restricted to Site 504 sediments. The only clinoptilo-
lite occurrence at Site 505 indicates an input of laterally
reworked sediment material. Opal-CT and clinoptilolite
found in the chalk-limestone-chert sequence (Unit III)
of Site 504 are results of in situ alteration of silica-rich
sediments at an advanced stage of diagenesis of these
relatively young (late Miocene) sediments, and can be
attributed to the high in situ temperatures in the lower
sediments, predicted from surface heat flow and mea-
sured by the heat-flow probe (Langseth et al., this vol-
ume).

The marcasite found at Site 504 indicates slightly
more-acid conditions in the microenvironment of or-
ganic processes in comparison to Site 505. Though the
mechanism of its formation remains largely unknown,
the higher in situ temperatures of the marcasite-bearing
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sediments of Site 504 led to lower pH values, and there-
fore favored formation of marcasite.

Magnetite and maghemite are detrital, and likely
were transported to the sites from halmyrolitically al-
tered submarine basalt outcrops.

Kaolinite and illite are terrigenous. They were trans-
ported to the site either by water or by wind from sources
in Middle and South America. Also, some of the smec-
tite may be of continental origin, but a larger part of the
fraction may have formed authigenically by processes in
which biogenic silica is consumed.

Discrepancies between the bulk compositions of Sub-
units IB and IC of Site 504, determined by X-ray-dif-
fraction analyses and smear-slide estimates (Beiersdorf
and Natland, this volume) are mainly due to the high
proportions of very fine (<2 µm) siliceous-fossil debris
in the sediments, which caused considerable resolution
problems with the microscope.
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