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ABSTRACT

Eocene to Cretaceous siliceous sediments of four Deep Sea Drilling Project sites on the continental margin off east-
ern North America (Sites 603, 605—Leg 93; Sites 612, 613—Leg 95) were analyzed for their major geochemical and
mineralogical composition. Under different environmental conditions (burial depth, in situ temperature, host-rock fa-
des) of the upper slope to lower rise, conversion of biogenous opal-A to opal-CT took place in biosiliceous chalks and
marls older than early middle Eocene. Dense sampling revealed the sharp character of the diagenetic silicification front
(seismic reflector Ac), which demonstrates a widespread, more or less synchronous (51-53 Ma), rapid change of silico-
plankton fertility and preservation, which later led to the marked boundary between an opal-A and an opal-CT diage-
netic facies. In clay-rich sediments on the lower rise (Site 603), the opal-A opal-CT transformation is largely retard-
ed, whereas clinoptilolite formation is enhanced. Host-rock composition and the, consequent interstitial water chemis-
try, apparently controlled by palaoclimatology and paleoceanography, appear to be the most important factors
influencing the rate and mode of silica diagenesis.

Diagenetic alteration of the primary siliceous oozes to porcellanitic chalks and porcellanites took place only in a
narrow equilibrium range of the complex geochemical sediment-pore water system. These ideal conditions were realized
in our case and at most sites in the Atlantic Ocean in sediments older that 51 m.y.

INTRODUCTION

Middle to lower Eocene siliceous sediments (Bermu-
da Rise Formation) were penetrated at four of the DSDP
sites of Legs 93 and 95 (603, 605; 612 and 613, respec-
tively) drilled on the New Jersey Transect between the
lowermost continental rise and the upper slope (Fig. 1).
The diagenetic transition of biogenic opal-A to opal-CT
(porcellanite) can be studied at different conditions of
burial depth, temperature, and geochemical environment.
Parallel analyses of sediment geochemistry and clay min-
eralogy (Thein and Scháfer, in prep.) and physical rock
properties (Wilkens et al., this volume) help to elucidate
the conditions under which the formation of porcellan-
ite, chert, and zeolites took place in the Atlantic Ocean
in sediments older that 51 Ma, and to study the paleoen-
vironmental framework that influenced this diagenetic
path.

Site 603 (Fig. 2) was drilled on the outermost conti-
nental rise off Cape Hatteras at a water depth of 4633 m
and shows, below a hiatal boundary covered by mid-Mi-
ocene sediments, a lower mid-Eocene to upper Paleocene
sequence of porcellanitic radiolarian claystones (Plate 1,
Fig. 2) belonging to lithostratigraphic Unit II (van Hinte,
Wise, et al., in press). The sediment is quite different
from the coeval siliceous nannofossil chalks and lime-
stones at the three other sites, because Site 603 was situ-
ated well below the calcite compensation depth (CCD)
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during that time. Sedimentation rate was low (6 m/m.y.
in Unit II), and it decreased through the variegated clay-
stone sequence of the Upper Cretaceous (Unit III) to
3 m./m.y. in the turbiditic, bituminous claystones of the
Lower Cretaceous Hatteras Formation (Unit IV) (von
Rad and Sard, 1986; van Hinte, Wise, et al., in press).

Site 605 (Fig. 3) is situated on the uppermost conti-
nental rise off New Jersey at a water depth of 2194 m. A
comparatively thick (542-m) uninterrupted sequence of
middle to lower Eocene sediments without turbidites pro-
vides the opportunity to study silica diagenesis under a
burial depth of 200 to 700 m in calcareous pelagic sedi-
ments rich in siliceous organisms (van Hinte, Wise, et
al., in press). Sedimentation rate was high: 56 m/m.y. in
mid-Eocene Unit II, decreasing downhole to the clay-
rich nannofossil limestones of upper Paleocene Unit IV.

Site 612 (Fig. 4) was drilled approximately on USGS
line 25, on the middle part of the New Jersey slope at a
water depth of 1404 m. The hemipelagic to pelagic de-
position was interrupted by a number of unconformities
(Site 612 report, this volume; Poag and Low, this vol-
ume). However, a sequence of lower Oligocene to lower
Eocene nannofossiliferous oozes and chalks, very rich
in siliceous organisms, includes the diagenetic boundary
between siliceous chalks (Unit II) and porcellanitic nan-
nofossil chalks of lower Eocene Unit III, in Core 36,
slightly above the lower/middle Eocene stratigraphic con-
tact (Fig. 4; Plate 2).

These oozes and chalks unconformably overlie clay-
rich foraminiferal chalks of Maestrichtian age and Cam-
panian dark foraminiferal chalks and pyritic black shales.
Sedimentation rate was lower than at Site 605, reaching
25 m/m.y. in the middle and 35 m/m.y. in the early Eo-
cene.
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Figure 1. Location map of DSDP Sites 603, 605, 612, and 613, adjacent DSDP sites (from Legs 2, 11, 43, 44, and
76), in the eastern North American Basin and COST B-2 and B-3 wells in the Baltimore Canyon Trough.

The Eocene lithology of Site 612 is identical with that
of the nearby continental rise Sites 605 and 613, and
lithostratigraphic units can easily be correlated among
the three sites. The lower Eocene sediments, however,
are darker and partially laminated (Plate 2) and contain
more clay, as indicated by A12O3 contents up to 12%.

Site 613 (Fig. 5) was drilled about 8 km northeast of
Site 605, parallel to the strike of the continental rise and
at a somewhat greater water depth (2323 m). At the site,
a middle to lower Eocene sequence was encountered that
is almost identical to that found at Site 605. It is uncon-
formably overlain by sandy, glauconitic Miocene deposits.
Contrary to the coeval sediments of Site 605, the Eocene
siliceous nannofossil chalks of Site 613 were repeatedly
affected by slumping (Plate 3). Lower and middle Eo-
cene sediments thus are interlayered near the stratigraphic
boundary, making it impossible to define an exact con-
tact (see Miller and Hart, this volume). The narrow front
of silica diagenesis embraces the base of Core 37 and the
top of Core 38.

An early middle Eocene rhyolitic volcanic ash layer,
about 30 m above this boundary, may make it possible

to correlate Site 613 with Site 605, where a similar ash
layer was observed (von Rad and Kreuzer, in press). Sed-
imentation rates were 35 m/m.y. in the middle, and
55 m/m.y. in the lower Eocene.

METHODS

For the construction of Figs. 2, 3, 4, 5, 7, and 8, a large number of
samples were analyzed by different methods: altogether, we studied 86
thin sections (Plates 4-9), made C o r g /CaCO 3 (LECO) determinations
on 12 samples, X-ray diffraction analyses on 189, and chemical analy-
ses on 167 samples. Scanning electron analysis was performed on 7
specimens (Plates 10-12).

SILICA DIAGENESIS

Sites 605, 612, 613 (Lower Continental Slope and
Upper Continental Rise off New Jersey)

At all three sites the boundary between lithologic Units
II and III appears to be a striking lithologic and diage-
netic boundary where major compositional characteris-
tics change (Table 1; Figs. 3, 4, 5, and 8; Plate 1, Fig. 1;
Plate 2; and Plate 3).
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Figure 2. Site 603 lithostratigraphy (Leg 93) (Units ID-IV: mid-Eocene to Aptian) with relevant data regarding silica diagenesis. For X-ray diffraction
data, R = rare, C = common, A = abundant, and D = dominant. Preservation of radiolarians or radiolarian "ghosts" (opal-A versus opal-
CT) estimated from thin sections. All other data after XRD analyses. Other abbreviations: Mn = manganese oxides (nodules, etc.); p = pyrite;
rh = rhodochrosite; s = (mangano-) siderite; z = zeolite (clinoptilolite).

The unit boundary marks the diagenetic change from
unsilicified or very weakly silicified radiolarian, diato-
maceous, clay-bearing nannofossil chalks without opal-
CT (or opal-A » opal-CT), to underlying porcellanitic
nannofossil chalks and limestones with opal-CT »
opal-A. The transition, which in the western North At-
lantic causes the widespread seismic reflector Ac of Tü-
cholke and Mountain (1979), is very sharp. Within one
core, rock-physical properties change drastically: down-
hole, bulk density, grain density, and sonic velocity rise,
whereas porosity and water content drop to minimum
values (Biart, in press; Johns, in press; Wilkens et al.,
this volume). At Site 612, these physical changes corre-
spond to several layers of porcellanitic limestone nod-
ules in the lowest part of the middle and the upper part

of the lower Eocene siliceous porcellanitic chalks. The
sharp change in the acoustic velocity explains the ob-
served strong seismic reflection horizon.

At this diagenetic boundary, the siliceous microfos-
sils preserved as opal-A vanish (e.g., at Site 613, in Sec-
tion 613-38-2, within a depth range of 40 cm). Accord-
ing to the stability of their siliceous skeletons, depend-
ing mainly on the specific surface area, diatoms were
dissolved first, followed by radiolarians, and finally by
the most resistant sponge spicules. Apart from the min-
eralogical change of opal-A to opal-CT and an enhanced
calcite diagenesis (pore-filling sparitic cement, replace-
ment of opal-A skeletons; see Plates 6-9), we observed
only minor geochemical changes at this important dia-
genetic boundary. Major elements (Ca, Si, Al) show a
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Figure 3. Site 605 lithostratigraphy (Leg 93) (Units II-IV: mid-Eocene to upper Paleocene) with relevant
data regarding silica diagenesis. CaCO3 contents estimated from optical analysis (°) or measured
percentages from LECO carbon determination (•). A? = X-ray amorphous matter of questionable
composition (opal-A less likely). D = Radiolarian "ghosts" filled by smectite.
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Figure 4. Site 612 lithostratigraphy (Leg 95) (Units IB-V: lower Oligocene to upper Campanian) with relevant data regarding silica diagenesis. CaCO3

determined by chemical analysis, relative smectite content of total clay mineral fraction analyzed by XRD; A12O3 and SiO2 determined by chemi-
cal analyses; opal-A/opal-CT ratio based on semiquantitative estimation, given XRD analyses; siliceous microfossils preserved as opal-A based
on shipboard smear-slide analyses; zeolites, determined by peak length of the clinoptilolite 020-diffraction line.

slight shift to lower CaCO3, higher A12O3, and higher
SiO2 contents below the diagenetic front (Figs. 4, 5). Si-
multaneously the smectite percentage in the clay mineral
fraction drops slightly at Site 612 (Fig. 4), though the to-
tal amount of smectite seems to rise according to thin-
section analyses at Site 605 (Fig. 3). This is consistent
with the overall higher A12O3 contents in the lower Eo-
cene sediments. Clay-mineralogic analyses of Site 612
and 613 specimens (Thein and Schàfer, in prep.) show
that at Site 612 the smectite deficit is compensated by il-
lite, which, in the upper part of the lower Eocene, makes
up more than 40% of the < 2-µm clay mineral fraction.

The importance of this shift in relative and absolute
clay content at the diagenetic front is accentuated by the

first downhole occurrence of zeolites, mainly clinoptilo-
lite. Clinoptilolite could be detected by X-ray diffrac-
tion (XRD) analysis in larger amounts only at Site 612
(Fig. 4), but microscopically it can also generally be ob-
served below the silicification front as pore filling or ma-
trix cement at the two other sites. At Site 612 apprecia-
ble amounts appear mainly in the A12O3 (clay)-rich hori-
zons in the lower Eocene chalks and especially in the
Maestrichtian and Campanian sediments, where suffi-
cient Al, alkaline, and earth-alkaline ions were available
in the pore water to form authigenic silicates. Presum-
ably the dissolved silica concentration fell here below
that of saturation for opal-CT. This might have been
caused in part by smectite neoformation from detrital
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clay minerals (illite, kaolinite, etc.). On the other hand,
smectite formation seems to have been retarded in the
environment of opal-CT formation. A series of XRD
analyses crossing the diagenetic front (Fig. 6) shows that
both minerals are negatively correlated. The higher the
disordered cristobalite peak (opal-CT), the lower is the
smectite peak, which becomes successively broader, in-
dicating poor crystallinity. Apparently the complex equi-
librium of Si, Al, and, to a minor degree, Ca, Mg, Na,
and K in the interstitial solutions defines whether opal-
CT, zeolites, and/or smectite is being formed from the
source material during diagenesis. Zeolites form in the
clay-rich sediments, where the opal-A opal-CT con-
version is largely retarded (Kastner et al., 1977). Geo-
chemically these are horizons with minimal SiO2 and max-
imal A12O3 contents (Figs. 4, 5, £). In the Upper Creta-
ceous sediments of Site 612 no biogenic silica phases
could be detected by XRD, whereas the formation of
clinoptilolite is very conspicuous.

Site 603 (Lowermost Continental Rise)

Due to an upper mid-Eocene to mid-Miocene hiatus,
the diagenetically equivalent zone of the unsilicified or

weakly silicified biosiliceous chalk Unit II at Sites 605,
612, and 613 is largely missing at Site 603. Because the
pre-Pleistocene Cenozoic section was deposited below the
CCD at this site, the late Paleocene to mid-Eocene part
of Unit III is represented by carbonate-free claystones.
They are weakly to moderately silicified (porcellaneous
radiolarian claystones to porcellanites; see Plate 4, Figs.
1-4; Plate 5, Figs. 1 and 2). Silicification did not lead to
the formation of distinct porcellanite nodules or hori-
zons as at the other sites, either because silica diagenesis
was retarded in the clayey impermeable environment and/
or because the initial biosiliceous content of the sediment
was not high enough. Opal-CT is abundant to domi-
nant. Almost all radiolarians are dissolved and the "fos-
sil ghosts" filled by opal-CT or, less frequently, by clinop-
tilolite, if they are not open (secondary porosity?). Cli-
noptilolite is usually the last-formed mineral, filling fos-
sil pores after opal-CT or forming an interstitial cement
(after opal-CT) (Plate 10, Figs. 3 and 4). Traces of radi-
olarians preserved as opal-A may persist.

In the Aptian to Albian carbonaceous claystones (Unit
IV), clinoptilolite may become abundant (Plate 7, Fig. 1;
Plate 10, Figs. 3 and 4), as in the Upper Cretaceous marls
and shales of Site 612.
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Table 1. Characteristic compositional and diagenetic changes be-
tween lithostratigraphic Units II and III at Site 605 (Fig. 3).

Characteristics

Age

Burial depth (m)

Color

Consolidation

Bulk density (g/cm3)

Porosity (%)

Water content (%)

CaCOj content (<?o)

Smectite content (%)

Siliceous organisms (%) (opal-A)

Opal-CT

Opal-A/opal-CT ratio

Diagenesis of radiolarians and
other siliceous organisms

Ichnofacies (Wetzel, in press)

Unit II

earliest Eocene to early
middle Eocene

Ca. 200-350

Light greenish gray 5GY 7/1

Nannofossil chalk

Generally: 1.8-1.5

Generally: 60-45

Generally: 55-40

5O-75b

10-25

5-10 (-20?)

None ('races in Core 22)

4-SO-oo

>50% opal-A preserved,
decreasing to 30% near
boundary

Highly bioturbated, highly
diverse association of
lebensspuren; equilib-
rium of sedimentation
and bioturbation

Unit III

"middle Eocene"a

Ca. 350-560

(Darker) greenish gray 5GY 6/1
to 5/1 (see Plate 1)

Nannofossil limestone to marl

Generally >1.8

Generally <45

Generally <40

Upper part: 50-75; lower part:
decreasing

Increasing (up to 34<5'o)

Only traces (opal-A?)

Common to abundant (dominant)

1 to zero

Only traces of opal-A preserved
skeletons; radiolarian
"ghosts" filled by opal-CT,
calcite, pyrite, or open

Cores 33 to 44: no individual
burrow structures resolvable,
low diversity, low number of
lebensspuren, biodeforma-
tional association Cores 23 to
32: transition of 1I/III

K-Ar age of rhyolitic ash layer (45 Ma) in Sample 605-21-2, 145-147 cm indicates slightly younger age
(late Lutetian) than does biostratigraphy (see von Rad and Kreuzer, in press).
CaCOß content decreasing to around 50% near Unit II/1II boundary, maybe because of increasing

Phillipsite was not identified by XRD, but was in-
ferred from its crystal habit in thin sections from Hauter-
ivian organic carbon-rich claystones (Plate 4).

A distinct front of opal-A opal-CT transition could
not be observed at Site 603. The first measured opal-A/
opal-CT ratios in Core 17 display values around 2, simi-
lar to those found below the silica diagenesis front at the
other three sites.

The transition from opal-CT to diagenetic quartz can
be observed in the recrystallized radiolarians of Valan-
ginian nannofossil limestones (Plate 8, Figs. 3 and 4).

DISCUSSION
A thorough discussion of silica diagenesis in general

and of the situation in the North Atlantic in particular
is beyond the scope of this chapter. This topic has been
covered in the last few years in some depth by Kastner et
al. (1977), Riech and von Rad (1979b), and Kastner (1980).
According to these authors, the main variables influenc-
ing silica diagenesis in general and the opal-A opal-
CT transformation that is so distinct between Units II
and III at Sites 605, 612, and 613 appear to be:

in situ temperature, influenced by burial depth and
regional heat flow;
time (maturation by aging);
host-rock fades (chemical composition of the in-
terstitial solutions and of the host sediment, i.e.,
carbonate versus clayey-siliceous facies); and
paleoenvironment (climate, sea-level stands, pro-

ductivity, oceanographic circulation, etc.) influenc-
ing the silica source potential.

In Situ Temperature

According to the in situ temperature measurements at
Site 603 (van Hinte, Wise, et al., in press) extrapolated
by von Rad and Botz (in press, their fig. 6), the in situ
temperature at the sub-bottom depth of 950 m within
the uppermost porcellanitic clays is 40 to 45°C. Because
no in situ temperatures were measured at Sites 605, 612,
and 613, we have to use the values of the nearby COST
B-2 and COST B-3 wells (Scholle 1977, 1980), which
have a very low temperature gradient of about 26.2°C/
km. Hence we assume that the in-situ temperatures at
the critical silicification front at a sub-bottom depth be-
tween 320 and 440 m range from about 15 to 20°C. These
are very low temperatures for any diagenetic mobiliza-
tion, because according to Knauth and Epstein (1975),
Murata et al. (1977), and Riech and von Rad (1979b),
the opal-A opal-CT transformation normally starts
at temperatures between about 25 to 50°C. The Site 603
porcellanites lie within this range, whereas the Sites 605,
612, and 613 porcellanitic sediments were apparently
formed at considerably lower temperatures.

According to experimental work (Walter and Helge-
son, 1977; Fournier, 1983), the solubility of all silica poly-
morphs increases appreciably with temperature. How-
ever, Williams and Crerar (1985) stress that the influ-
ence of surface area and particle size on the solubility of
opal-A and on the opal-A opal-CT quartz trans-
formation is far more important than temperature. One
of the arguments for the temperature-dependent matu-
ration theory explaining the opal-A opal-CT quartz
transformation is the progressive diagenetic ordering of
the opal-CT lattice structure with increasing burial depth
and in situ temperature (Murata and Larson, 1975; von
Rad et al., 1978). Williams and Crerar (1985) suggest
that the progressive increase of the opal-CT crystallinity
with time and depth is a dissolution-reprecipitation mech-
anism, with tridymite layers preferentially dissolving and
cristobalite layers preferentially precipitating. Otsuka
(1985) proposed for the silicified sediments of Leg 80
(Northeast Atlantic) that erosion of several hundred me-
ters of sediment at some sites might explain the near-
surface occurrence of silicification and inconsistencies
with the expected progressive maturation sequence—an
argument that hardly can be applied to the silica diagen-
esis of the New Jersey Transect drilling sites.

Time
Riech and von Rad (1979b) showed that the tempera-

ture- and age-dependent maturity of the sediment is one
of the major factors influencing the opal-A opal-CT
transformation: porcellanites were very rare in Pliocene
and Miocene sediments in the Atlantic Ocean, became
more frequent in pre-Miocene series (>20 Ma), and
showed a very marked maximum at around 53 Ma (early
to early middle Eocene), where a certain burial depth
was usually reached. The rare Pliocene and Pleistocene
porcellanites and porcellanitic sediments are associated
with diatoms (e.g., Kerguelen Plateau) or reactive volca-
nogenic material, and elevated heat flow (e.g., Gulf of
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Figure 6. XRD diagrams of Leg 95, Site 612 carbonate-free powder samples taken near the middle/lower
Eocene boundary. Opal-CT peaks increase with depth, while simultaneously the smectite peaks de-
crease and display continuously poorer crystallinity.

California), creating high in situ temperatures even at
shallow burial depth. In other cases, the silica is derived
from hydrothermal solutions.

With progressive burial, the aging process goes on,
via opal-CT to the final quartz stage in mature quartz
cherts. Apparently this maturation is very regular in clay-
ey sediments, though highly retarded, whereas in calcar-
eous host rocks it is a more rapid and less depth-depen-
dent process (Otsuka, 1985).

Because of a poor biostratigraphic record at Site 603,
it is impossible to date the age of the opal-A/opal-CT
contact accurately (about 52 Ma). At Sites 605, 612, and
613, however, the "upper front of silica diagenesis" is
marked by a rapid downhole increase of the opal-CT
contents and downhole decrease of the opal-A/opal-CT
ratio. The diagenetic front affects sediments of an age
of 49 to 52 m.y. At Site 605 the age of cores 22 and 23 is
nannofossil stage CP12 (after Bukry, 1981), correspond-
ing to 50 to 52 Ma (after Berggren et al., 1985); likewise
at Site 612 the age of the upper part of Core 36 is CP13b,
corresponding to 47 to 49 Ma. Here the silicification
front lies 8 m above a hardgroundlike unconformity sur-
face, including a hiatus of <2-m.y. duration between
the lower and middle Eocene (Poag and Low, this vol-
ume). At Site 613 the age of Cores 37 and 38 is CP12a,
or 52 to 52.5 Ma (for a correlation of different Eocene
nannofossil age zones with absolute age estimates see
von Rad and Kreuzer, in press, their fig. 3).

A 2 to 5-cm-thick vitreous ash layer of rhyolitic com-
position occurs about 20 to 40 m above the silicification
front at Sites 605 and 613 (von Rad and Kreuzer, in press).
The K-Ar dates for the coarse size fractions of the two
ashes of >45 m.y. support these time estimates.

Thus the youngest porcellanites occur in lower mid-
dle to upper lower Eocene strata as elsewhere in the North
American Basin (Bermuda Rise Formation of Jansa et
al., 1979; Horizon Ac of Tucholke and Mountain, 1979).

Host-Rock Facies

Host-rock composition is of great importance for the
diagenetic evolution of biogenic silica into authigenic
phases and silicates (Murata and Nakata, 1974; Kastner
et al., 1977; Kastner, 1980). Pore-water silica concentra-
tion seems to have a major influence on the formation
of either opal-CT or quartz. High silica contents in the
interstitial solutions favor opal-CT precipitation, where-
as concentrations below the equilibrium solubility for
opal-CT signal quartz formation (Lancelot, 1973; Keene,
1976; Kastner et al., 1977; Kastner, 1980; Gieskes, 1981;
Williams et al., 1985). In siliceous carbonates, compara-
tively fast formation of porcellanites and subsequent trans-
formation into quartz cherts is the rule (Keene, 1976;
Riech and von Rad 1979a, b). Under certain conditions,
direct precipitation of chalcedony as a void-filling ce-
ment can be observed (Heath and Moberly, 1971; Lan-
celot, 1973; Riech and von Rad, 1979b). Permeable bio-
genic sediments rich in siliceous organisms, however, pass
the normal diagenetic way of silica transformation from
opal-A via an intermediate opal-CT stage to quartz with
increasing age and maturity of the sediments. The lower
middle to upper lower Eocene siliceous chalks and marls
of Sites 605, 612, and 613 have reached the first opal-
CT stage below the "diagenetic front." Formation of
quartz is first observed in the much more deeply buried
Lower Cretaceous nannofossil limestones of Site 603.

The presence of associated metal ions such as Al3 + ,
Mg2 +, and others (Harder and Flehmig, 1970; Kastner
et al., 1977) in clayey sediments and possibly the reduced
pore-water mobility largely retard the solution of sili-
ceous skeletons, the migration of dissolved silica, the
precipitation of opal-CT, and the further diagenetic de-
velopment to chalcedony and quartz. It is noteworthy
that opal-CT formation in the lower Eocene sediments
at Sites 612 and 613 depends largely on the total SiO2
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Figure 7. Relationship between the opal-A/opal-CT ratio and total
SiO2 content of investigated samples from Sites 612 and 613.

content of the sediments on the one hand, and on the
clay mineral amount on the other. Sediments with low
SiO2 concentrations show high opal-A/opal-CT ratios
(Fig. 7) and, thus, retarded opal-CT transformation. A
weak negative correlation can also be observed between
opal-A/opal-CT and SiO2/Al2O3 ratios, confirming the
postulated retardation of silica diagenesis in clayey host
sediments.

The effect of different host rocks is obvious in the
New Jersey Transect. Whereas the opal-A opal-CT
transformation occurs promptly in the calcareous facies
of Sites 605, 612, and 613, this diagenetic step is more
retarded in the clayey facies of Site 603, deposited below
the CCD. No distinct porcellanitic layers and nodules,
as seen below the diagenetic front at Site 612, were formed
at this site. (The time-equivalent horizon, however, may
be missing because of erosion.) The seismic reflector Ac

(Tucholke and Mountain, 1979) is missing in the area of
Site 603. Whereas Jansa et al. (1979) think that this ab-
sence is due to erosion by bottom currents (reflector Au

cutting below Ac), we suggest that the existence of re-
flector Ac strongly depends on the formation of a por-
cellanite horizon at the top of the porcellanitic chalks.
In other words the Ac reflector does not develop where
the opal-A opal-CT conversion is inhibited by strong
dilution of the siliceous skeletons with clay (S. Wise,
personal communication, 1985; Kastner et al., 1977; Riech
and von Rad, 1979b).

According to Riech (1979), clinoptilolite forms at times
when opal-CT does not precipitate, such as during peri-
ods of increasing or decreasing silica concentrations in
the pore water. Apparently, clinoptilolite formation oc-
curs at lower SiO2 concentrations than those necessary

for the precipitation of Opal-CT, provided that enough
alkaline, earth-alkaline, and Al3+ ions are available. Al-
rich chalks contain clinoptilolite as a major authigenic
silicate, mainly in foraminiferal chambers. In Sample
612-52-2, 10-12 cm, clinoptilolite was precipitated first
in a clay-rich layer within the generally clay-poor porcel-
lanitic chalks, whereas opal-CT filled the remaining pores.
Small-scale changes in Section 612-69-3 stress the im-
portance of the host-rock lithology for the diagenetic
development at the Maestrichtian/Campanian boundary.
Lower Maestrichtian glauconitic foraminiferal packstones
overlie unconformably foraminiferal marls of Campani-
an age and penetrate downward into burrow structures
(Plate 9, Fig. 1). In a stratigraphic distance of less than
10 cm, we observed three types of diagenetic products:
(1) in the overlying, permeable porous foraminiferal pack-
stone, foraminifer chambers are all filled with macro-
crystalline calcitic (rarely dolomitic) sparite, large clino-
ptilolite crystals occasionally filling the remaining open
pore space (Plate 9, Fig. 2). (2) The same sediment in
the burrows developed quite differently during diagene-
sis: foraminifer chambers are completely filled with mi-
crocrystalline clinoptilolite and neoformed smectite (Plate
9, Fig. 3); This suggests rapid crystallization from solu-
tions of higher SiO2 concentrations rich in Al3 + . (3) In
the surrounding Campanian marls, foraminifer cham-
bers rarely show a rim cement of zeolite or calcite, usu-
ally remaining unfilled, due to the poor permeability for
circulating pore fluids in the clay-rich sediment (Plate 9,
Fig. 4).

At Site 612, the SiO2/Al2O3 ratio (i.e., the content of
clay) correlates negatively with the amount of zeolites
found in the sediment (Fig. 8). The higher the clay con-
tent, the more clinoptilolite is generally observed. Below
an SiO2/Al2O3 ratio of about 4 (clay-rich sediments),
clinoptilolite forms in random quantities and can even
make up major parts of the sediment. This is the case
for the Site 612 Maestrichtian chalks and marls. Bioge-
nous silica is not a necessary prerequisite, as it does not
exist in the Maestrichtian chalks. Why certain layers of
the Maestrichtian as well as all the underlying Campani-
an marls are free of zeolites (Fig. 4) is not yet under-
stood. Neither the Al-content in the sediments nor the
proportion of any other chemical element changes sig-
nificantly in the zeolite-free samples of the Maestrichti-
an. In the Campanian black shales, however, a much
higher terrigenous input is inferred from high A1-, K-,
and Fe-contents and rising values of other lithogenous
elements (Thein and Schàfer, in prep.). Additionally, high
contents of organic matter might prevent zeolite forma-
tion. Thus zeolite formation seems to be largely inde-
pendent of the diagenesis of biogenic silica, as also as-
sumed by Riech (1980) and Otsuka (1985).

Paleoenvironmental Factors

At all Leg 93 and 95 sites, the stratigraphic level of
initial silica diagenesis (uppermost occurrence of opal-
CT » opal-A) lies uniformly in the lowermost middle
to uppermost lower Eocene (49-53 Ma). This seems to
be more or less independent of the burial depth and host-
rock composition, varying from carbonate-rich siliceous
oozes at Sites 605, 612, and 613 to carbonate-free sili-
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Figure 8. Zeolite (clinoptilolite) abundance, measured as length of the
020-diffraction line (= Dl peak), versus SiO2/Al2O3 ratio at Site
612.

ceous claystones at Site 603. Jansa et al. (1979), Riech
and von Rad (1979b), and Pisciotto (1981) already point-
ed out the striking maximum occurrence of porcellan-
ites in lower to middle Eocene sediments in the North
and South Atlantic Ocean and the adjacent Caribbean
Sea and Gulf of Mexico. If we take into account the
more recently drilled holes, for the Central and North
Atlantic alone, the percentage of DSDP sites at which
the uppermost opal-CT occurs in lower middle or lower
Eocene sediments is even higher (Fig. 9). Although tem-
perature-, time-, and host-rock-controlled maturation
might be important for the diagenetic pathway of bio-
genic silica, these factors cannot explain the prominent,
widespread maximum of lower to middle Eocene porcel-
lanite occurrences. Other environmental parameters must
be responsible for the creation of such special sediments
in this definite period. It is beyond the scope of this
chapter to define these triggering factors, as an evalua-
tion of much more data would be necessary for a re-
gional synthesis. We will, however, enumerate some of
these additional factors, although the discussion is spec-
ulative.

Climate. Climatic conditions play the ultimate role in
weathering processes on the continent. Tropical to sub-
tropical climate in the circum-Atlantic realm, especially
during the Paleocene and Eocene (Frakes, 1979), caused
intensive chemical weathering at lower latitudes, accom-
panied by SiO2-mobilization, as can be deduced from
Eocene bauxites, laterites, and continental silcretes of
many regions: Arkansas, northeast South America, west-
ern Central Africa (Valeton, 1983) (Fig. 9). the raised
primary influx of dissolved substances (silica, Al3 + , nu-

trients) and neoformed, unstable silicates (smectites, at-
tapulgite, sepiolite) (Chamley, 1979; Valeton, 1983; De-
brabant et al., 1984) from the continents may have been
the necessary input to the ocean system to trigger explo-
sive silicoplankton productivity and to create a favor-
able sediment composition in the oceanic basins, which
enhanced the potential for silica diagenesis.

Paleoceanography includes a large number of differ-
ent parameters (see Emery and Uchupi, 1984, for a com-
pilation): (1) configuration of oceans and continents,
opening and barring seaways that connected ocean ba-
sins with different water masses; (2) water depth versus
CCD; (3) eustatic sea level changes; (4) development of
deep-water currents, disturbing stable stratification and
oxidizing stagnant basins; (5) salinity, temperature, chem-
ical composition of the seawater, physicochemical con-
ditions in near-bottom and pore water (mainly pH and
Eh values).

Several of these paleoceanographic parameters show
major short-term changes ("events") during the period
of interest (49-53 Ma): (1) sea level dropped sharply near
the end of the early Eocene (52 Ma) (Vail and Harden-
bol, 1979) after a widespread transgressive phase in the
early Paleogene (thalassocratic time). A coupled climat-
ic deterioration changed the style of weathering on the
bordering continents and stopped abruptly the influx of
palygorskite and sepiolite, which were replaced in the
middle Eocene by kaolinite and smectite (Chamley, 1979).
(2) Oxygen isotope data from planktonic and benthic
foraminifers provided by Shackleton and Kennett (1975),
Shackleton and Boersma (1981), and Kennett (1982) al-
so indicate for the Paleocene and especially the lower
Eocene high temperatures for oceanic surface and bot-
tom waters. Drastically decreasing δ18θ values reflect, as
does mineral paragenesis in oceanic sediments, rapidly
sinking temperatures as early as the end of the early
middle Eocene, which might have been due to first Ant-
arctic glaciations as early as middle Eocene (Shackleton
and Boersma, 1981). This might have affected both pro-
ductivity (surface water masses) and physicochemical con-
ditions of the deep water.

According to Ramsay (1973), Berggren and Hollister
(1974), Riech and von Rad (1979b), Jansa et al. (1979),
and Tucholke and Mountain (1979), the early and early
middle Eocene was a period of unimpeded equatorial
circulation between the Tethys, Atlantic, Caribbean, and
Pacific oceans. This caused equatorial and coastal up-
welling, which provided additional sources of silica and
nutrients to the continental influx and increased silico-
plankton productivity. Higher sedimentation rates favored
the preservation of skeletal opal at the seafloor. A com-
paratively shallow CCD (<4500 m) increased the im-
portance of siliceous organisms to deep-sea sedimentation.

CONCLUSIONS

In general the processes affecting the diagenetic path-
way of silica in deep-sea sediments, which are fairly well
known from experimental analysis and DSDP observa-
tions, were confirmed by our data from Legs 93 and 95.
At the sites studied, the stratigraphically highest diage-
netic silica polymorph (opal-CT) appears in lowest mid-
dle to uppermost lower Eocene sediments. At Sites 605,
612, and 613, a "diagenetic front" separates unaltered
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Figure 9. Occurrence of porcellanite in Eocene sediments at all North Atlantic DSDP sites
(Legs 1-95). = stratigraphically highest porcellanites in lower to lower middle Eo-
cene sediments; O = Eocene sediments missing (hiatus); Δ = no silicified sediments
at site; • = youngest porcellanites older than Eocene; D = youngest porcellanites
younger than Eocene (Miocene-Oligocene). Black-shaded areas are Eocene bauxite
belts (after Valeton, 1983).

siliceous (opal-A) nannofossil chalks from the underly-
ing porcellanitic (opal-CT) chalks. Because of a hiatus
and retarded opal-A opal-CT transformation in clay-
ey sediments deposited below the CCD, no conspicuous
silicification front is developed at Site 603.

Dense sampling revealed the sharp character of the
diagenetic transition zone ("diagenetic front") at Sites
605, 612, and 613, which caused the seismic reflector Ac

in large parts of the western North Atlantic and demon-
strates the widespread, more or less synchronous, 49 to
53 m.y.-old "diagenetic event," reflected by the top of
the silicified sediments.

Well known factors influencing silica diagenesis are:
burial depth, time, and host-rock facies (geochemical
composition, pH, Eh, and so on). The conspicuous max-
imum abundance of porcellanites in the lower middle
Eocene to lower Eocene sediments of the northern At-
lantic and adjacent oceans, however, suggests superim-
posed triggering factors for the sudden increase of the
silica diagenetic potential, favoring the transformation
of biogenic and other silica into authigenic silica (opal-
CT, quartz) and silicates (zeolites). Paleoenvironmental
factors, such as paleoclimate, sea-level fluctuations, oce-
anic circulation changes, and the influx of unstable sili-
cates from the continent are the controlling parameters
for silicoplankton fertility, the preservation of skeletal
opal on the seafloor, and the chemistry of the sediment
and pore water during this key period of silica diagene-
sis, all of which should be studied in more detail.
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Plate 1. Shipboard core photos of Eocene silicified sediments of Sites 603 and 605. 1. Boundary between stratigraphic Units II (light greenish
gray biogenic silica-rich nannofossil chalk) and III (greenish gray nannofossil marlstone) at Site 605 at about 350 m sub-bottom depth (a distinct
color change occurs at Core 605-22-3, 114 cm). 2. Section 603B-18-1 (Unit II, radiolarian claystone). Color banding (olive yellow-yellowish
brown) indicates change between reducing and oxidizing conditions and manganese crusts, overlying light yellowish brown claystones (e.g., at 27
and 53 cm) and Mn oxide-filled nodules and lenses (e.g., at 34 cm).
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Plate 2. Shipboard core photos of Site 612 Eocene sediments. 1. Light greenish gray (5G 8/1) bioturbated siliceous nannofossil chalk of early
middle Eocene age. Sample 612-32-4, 45-60 cm. 2. Grayish green to olive gray porcellaneous nannofossil chalk of early Eocene age. Compac-
tion due to diagenetic silica and carbonate dissolution is much stronger that in middle Eocene sediments. Burrows are highly flattened. Sample
612-51-2, 130-150 cm. 3. Laminated to thin-bedded porcellaneous chalk (olive gray to light olive gray). Section is part of a sequence of rhyth-
mically alternating massive and laminated sediments. Sample 612-55-2, 35-50 cm (lower Eocene).
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Plate 3. Shipboard core photos of Site 613 Eocene sediments. 1. Boundary between lithologic Units II and III at Site 613, Cores 37 and 38.
Shearing and folding due to slumping activity repeats the lower (L) and middle (M) Eocene sediments several times. The biostratigraphic bound-
ary lies at the bottom of Core 37. Opal-CT is dominant below Section 613-38-2. Limestone beds and porcellaneous layers are brecciated by drill-
ing. 2. Detail of a slumped part of lowest middle Eocene siliceous nannofossil chalk. Small-scale chevron faults and folds are produced in a
thin-bedded, bioturbated sediment by slow downslope creep of ooze. Sample 613-37-2, 70-85 cm.
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Plate 4. Silica diagenesis at Site 603 (photomicrographs). 1. Laminated radiolarian claystone with radiolarian "ghosts" filled by opal-CT lepi-
spheres (and clinoptilolite crystals). Sample 603B-17-3, 144-145 cm (Eocene). 2. Radiolarian porcellanite with opal-CT replaced and filled radi-
olarian "ghost." Note lepisphere-type fabric and clinoptilolite in matrix. Sample 603B-17-4, 70-72 cm (Eocene). 3. Same sample as in Figure 2,
with radiolarian "ghosts"—clinoptilolite growing into open pore space; opal-CT in matrix. 4. Porcellaneous radiolarian claystone. Light-col-
ored bands consist of clinoptilolite-bearing porcellanite; dark layers, of less silicified radiolarian claystone. Sample 603B-19-2, 131-134 cm (Eo-
cene).
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Plate 5. Silica diagenesis at Sites 603 and 605 (photomicrographs). 1. Porcellaneous quartz-silt and radiolarian-bearing organic matter and pyrite-
rich shale with abundant opal-CT and clinoptilolite. Note well-preserved (although opal-CT-replaced) radiolarian. Sample 603B-34-1, 20-25 cm
(Aptian-Albian). 2. Smear slide of same sample as thin section in Figure 1.5: clinoptilolite and opal-CT-rich smectitic claystone. 3. Forami-
niferal nannofossil marlstone with opal-CT replaced radiolarians and many "empty" radiolarian "ghosts." Sample 605-26-5, 76-80 cm (Unit III,
upper lower Eocene). 4. Clay- and radiolarian-rich nannofossil limestone with fossil "ghosts" filled by calcite-replaced (former opal-CT) lepi-
spheres. Sample 603B-82-2, 147-150 cm (Valanginian).
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Plate 6. Diagenesis of radiolarians and other siliceous microfossils (photomicrographs). 1. Nannofossil marlstone with well-preserved (opal-A)
radiolarian skeleton. Sample 604A-3-1, 4-6 cm (Miocene/Pliocene boundary). 2. Nannofossil marlstone with radiolarian "ghost," filled by
opal-CT lepispheres. Sample 605-44-2, 95-99 cm (Unit III, upper lower Eocene). 3. Siliceous nannofossil chalk, with three well preserved opal-
ine radiolarian skeletons, sponge spicules, and foraminifers. Sample 605-4-2, 95-99 cm (top of Unit II, middle Eocene). 4. Radiolarian skeleton
(probably still unaltered opal-A) in radiolarian-bearing nannofossil chalk. Sample 605-23-5, 10-13 cm (Unit III, upper lower Eocene). 5.
Sponge-spicule-rich (spiculitic) siliceous nannofossil chalk. Sample 605-18-2, 141-146 cm (Unit II, middle Eocene).

519



J. THEIN, U. VON RAD

50 µm 50 µm

Plate 7. Zeolites and diagenesis of radiolarians (photomicrographs). 1. Organic matter and clay-rich zeolite siltstone with clinoptilolite laths.
Sample 603B-34-5, 114-118 cm (Aptain-Albian). 2. Laminated nannofossil marlstone with pyritized radiolarians, filled by calcite. Sample
6O3B-55-1, 111-115 cm (Barremian). 3. Laminated nannofossil marlstone with radiolarian? "ghosts," pyritized and filled by calcite. Sample
603B-49-4, 9-13 cm (Barremian). 4. Nannofossil chalk with calcitized radiolarian. Note relict of inner skeleton. Sample 605-23-5, 10-13 cm
(Unit III, upper lower Eocene). 5. Quartz-silt and mica-rich claystone with organic matter and clusters of twinned phillipsite? crystals. Sample
603B-68-1, 29.5-33 cm (Hauterivian).
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Plate 8. Diagenesis of radiolarians and foraminifers (photomicrographs). 1. Fossil "ghost" in upper Paleocene marlstone, filled by authigenic
barite?—Sample 605-57-3, 98-100 cm. 2. Planktonic foraminifer, filled by smectite matrix. Sample 605-44-2, 95-99 cm (Unit III, upper lower
Eocene). 3, 4. Nannofossil limestone with recrystallized radiolarian "ghost" (3) crossed nicols, (4) normal light. Note several generations of
chalcedony (rim cement consisted originally of opal-CT lepispheres, subsequently filled by open-cavity growth of chalcedony). Sample 603B-
82-2, 147-150 cm (Valanginian). 5. Foraminiferal "ghost," filled by large calcite crystals and cryptocrystalline smectite. Sample 605-31-3, 21-
24 cm (Unit III, upper lower Eocene).
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Plate 9. Diagenesis of foraminifers at Site 612 (core photo and photomicrographs). 1. Unconformity at Campanian/Maestrichtian boundary
(Section 612-69-3). Glauconitic foraminiferal packstone of Maestrichtian age fills burrow structures at the top of Campanian black foraminiferal
marls. 2. Maestrichtian foraminiferal packstone. Foraminifer chambers are filled with coarse sparitic calcite, clinoptilolite, and more rarely do-
lomite cement. 612-69-3, 6 cm (lower Maestrichtian). 3. Foraminiferal packstone in burrow structures. Foraminifer chambers are completely
filled with microsparitic zeolites and smectite. Large crystals and crystal aggregates of pyrite are common. Sample 612-69-3, 9.5 cm (Campani-
an). 4. Clayey foraminiferal wacke- to packstone. Foraminifer chambers are mostly open or partially filled with calcitic, zeolitic, or smectitic
rim cement. Sample 612-69-3, 10 cm (Campanian).
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Plate 10. Scanning electron micrographs of opal-CT and clinoptilolite (Sites 603 and 605). 1, 2. Porcellanite with opal-CT lepispheres in radiolar-

ian, "ghost"; (2) detail of same micrograph; note bladed lepispheres with regular 70° or 180°-70° angle recording twinning law of tridymite
(Flörke et al., 1976). Sample 603B-21-4, 121-122 cm (middle Eocene; SEM 1624/9+10). 3, 4. Stubby clinoptilolite crystals and opal-CT lepi-
spheres in organic-rich black shale. (3) Note fine opal-CT blades incorporated into and penetrated by clinoptilolite crystals. (4) Lepisphere im-
print on clinoptilolite crystal suggests that clinoptilolite is younger than opal-CT growth. Sample 603B-34-1, 20-25 cm (Aptian/Albian; SEM
1625/5 + 8).
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Plate 11. Scanning electron micrographs of opal-A and opal-CT. 1, 2. Biogenic silica-rich nannofossil chalk with coccoliths and well preserved
opaline (opal-A) skeletons and fragments of diatoms and radiolarians. Sample 605-21-5, 98-100 cm (Unit II, mid-Eocene; SEM 1620/10+ 12).
3. Biogenic silica-rich nannofossil chalk with well preserved opaline diatom skeletons. Sample 605-18-2, 141-146 cm (Unit II, mid-Eocene; SEM
1639/8). 4. Weakly silicified nannofossil marlstone; note ghost of siliceous fossil (diatom?) overgrown by small incipient opal-CT lepispheres.
Sample 605-37-1, 78-82 cm (Unit III, upper lower Eocene; SEM 1639/10).
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Plate 12. Scanning electron micrographs of porcellaneous nannofossil marlstones. 1, 2. Weakly silicified nannofossil marlstone; (1) note small
lepispheres growing on foraminiferal? chamber and (2) authigenic clinoptilolite crystal. Sample 605-37-1, 78-82 cm (upper lower Eocene; SEM
1640/1 + 3. 3, 4. Porcellaneous nannofossil marlstone with irregular, stubby opal-CT lepispheres (3) and normal lepispheres. Sample 605-55-2,
101-103 cm (Unit IV, upper Paleocene; SEM 1640/8 + 9).
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