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ABSTRACT 
Major results from a petrographic study of porcellanites and 

cherts are as follows: 
1) Acoustic Horizon A consists of isochronous but facies-inde-

pendent lower to middle Eocene immature porcellanites. A biogenic 
silica source is inferred. The porous sediments are first cemented 
and later replaced by opal-CT, producing a dense or lepisphere-
type fabric. Porcellanites within the clayey environment include sil-
icified (radiolarian) mudstones and turbidite sands rich in sponge 
spicules. Poorly consolidated Eocene chalks show gradual transi¬ 
tions to calcareous porcellanites, which contrast with the discrete 
nodules typical of more strongly lithified carbonates. 

2) Before chertification, early-diagenetic quartz occurs locally in 
porcellanites as replacement of foraminifer tests and latest-genera¬ 
tion cavity-filling cement. 

3) With increasing burial depth and age, radiolarians are trans¬ 
formed in situ from the original opal-A into opal-CT, and finally 
into quartz. The boundary between sediments containing siliceous 
fossils preserved as opal-A and as opal-CT coincides with the up¬ 
permost porcellanites of each site. 

4) The diagenetically mature Lower Cretaceous quartz cherts 
contain quartz-replaced lepispheres, suggesting a porcellanitic pre¬ 
cursor stage. This indicates an age-, temperature-, and facies-con-
trolled maturation process from opal-A to quartz via opal-CT. 

INTRODUCTION 

A major scientific objective of Leg 43 was to deter¬ 
mine the age, nature, and origin of the prominent 
acoustic Horizon A in the western North Atlantic Ba¬ 
sin, and its significance. Whereas the first aspect of that 
objective could be fulfilled by the results of the drilling 
and subsequent studies, interpretation of the origin of 
these isochronous Porcellanite and chert occurrences is 
still highly speculative. 

Our study aimed mainly at understanding the litho-
facies of the silicified sediments and the different diage-
netic steps between primary siliceous oozes, immature 
porcellanites, and mature quartz cherts (Table 1; Fig¬ 
ure 5). We investigated 48 samples, comprising Eocene 
porcellanites, Lower Cretaceous quartz cherts, and un-
silicified sediments rich in siliceous fossils. The petrog¬ 
raphy and mineralogy were studied by semiquantita-
tive thin-section and scanning electron microscope 
(SEM) analyses. X-ray diffraction analysis (XRD), 
kindly provided by Dr. H. Rösch, Hannover, helped to 
identify and estimate the contents of silica phases and 
other minerals (Table 2; for methods see von Rad et 
al., 1978). The mineralogy of isolated siliceous fossils 
was optically determined. 

Our knowledge of the unsilicified original sediments 
is based mainly on the shipboard report. Only prelimi¬ 
nary results are reported on the characteristic transfor¬ 
mations of siliceous fossils in sections above and below 
the Porcellanite Horizon A. 
DISTRIBUTION OF SILICIFIED SEDIMENTS 

Silicified sediments (porcellanites and quartz cherts) 
occur at all Leg 43 sites where Eocene (384-387) and 
Lower Cretaceous sediments (Site 387; see Figure 1) 
were recovered. Acoustic Horizon A is always formed 
by the top of the lower to middle Eocene silicified sedi¬ 
ments; according to our definition (Table 1), all those 
rocks are opal-CT rich1 porcellanites; that is, they are 
immature (metastable) products of intermediate di-
agenesis (Figure 5, Table 2). Mature quartz cherts, 
interbedded with Lower Cretaceous limestones, were re¬ 
covered only at Site 387 on the western Bermuda Rise 
(Figure 1). 

The thickness of the intervals containing silicified 
layers appears to correlate positively with the accumu¬ 
lation rates of the associated host sediments. At Site 

1 For definition see Jones and Segnit (1971). 
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opal-CT: 50%-95% 
quartz: mostly 5%-15% 

TABLE 1 
Classification of Silicified Sediments (modified 

from von Rad et al., 1978) 

A. WEAKLY SILICIFIED ("PRECURSOR") SEDIMENTS 
< 50% diagenetic Siθ2, mostly opal-CT > quartz 
opal-A: various admixtures of skeletals 
opal-CT: < 35% (pore filling, replacement) 
quartz: mostly < 15% (replacing calcareous fossils, pore filling) 
Ai "bedded" types in clayey facies O 
An "nodular" types in calcareous facies ∙ 

B. PORCELLANITES 
> 50% diagenetic Siθ2, opal-CT > quartz 
opal-A: usually dissolved and/or replaced by opal-CT or quartz 

> as in A 

Bj "bedded" porcellanites in clayey facies 
1) hemipelagic Δ 
2) pelagic, radiolarian-rich ^ 
3) ? hemipelagic, palygorskite-rich ^ 

BJJ "nodular" porcellanites in calcareous facies ^ 
Bju opal-CT cemented clastic rocks, e.g., turbiditic & 

arenites, conglomerates etc. 

C. "MATURE"QUARTZ CHERTS 
> 50% diagenetic Siθ2, quartz > opal-CT 
Cj quartz cherts in clayey facies π 

(aged porcellanites Bj 1-3) 
C\i quartz cherts in calcareous facies ■ 

(aged porcellanites BJI) 

Note: Nomenclature of opal-A and opal-CT after Jones and Segnit 
(1971). Not all listed types occur in Leg 43 sediments. 

384 (northern slope of Sohm Abyssal Plain), thin por-
cellanite layers interbedded with nannofossil oozes oc¬ 
cur only in an interval less than 8 meters thick; at Site 
385 (flank of Vogel Seamount), they are concentrated 
in a 12-meter-thick sequence of radiolarian clays. The 
two sites on the Bermuda Rise (386 and 387) are char¬ 
acterized by considerably higher accumulation rates. 
The lower to middle Eocene sediment sequences are 
220 to 250 meters thick; and porcellanites occur over 
vertical intervals of 120 to 140 meters. In the rapidly 
accumulated Lower Cretaceous limestones of Site 387, 
chert is scattered over a 170-meter interval. 

The sediments associated with the porcellanites and 
cherts of Leg 43 are of pelagic to hemipelagic origin. 
Both the Eocene nannofossil ooze and chalk of Site 
384 and the Lower Cretaceous limestone of Site 387 
were deposited in a deep-water pelagic environment 
above (near) the CCD. The porcellanite-bearing Eo¬ 
cene sediments of Site 385, 386, and 387 are repre¬ 
sented by hemipelagic silty clays and turbidites which 
had been deposited on the flank of Vogel Seamount and 
Bermuda Rise. Before silicification, these bedded 
porcellanites consisted of silty clays with various 
amounts of radiolarians; calcareous clays with foramin¬ 
ifers, radiolarians, and sponge spicules; and turbidites 
rich in fine-grained terrigenous quartz, foraminifers, 
and sponge spicules (Site 387). 

Highly variable proportions of siliceous microfossils 
are present in all porcellanites or cherts in the clayey, 
calcareous, and turbidite facies. In some of the siliceous 
sediments it can be demonstrated that silica has been 
dissolved, redistributed, and locally reprecipitated in 
nearby Porcellanite beds. However, not all maxima of 
biogenic opal at the Bermuda Rise Sites 386 and 387 
(e.g., the siliceous turbidites) coincide with the major 
occurrences of porcellanites; diagenetically precipitated 
silica appears to be lacking in the Upper. Cretaceous 
claystones of both sites, although the claystones contain 
a number of radiolarian sands which can be several 
centimeters thick. 

LITHOFACIES OF EOCENE PORCELLANITES 
All the silicified rocks comprising the prominent Eo¬ 

cene reflector sequence (Horizon A) consist of opal-
CT-rich porcellanites. They can be conveniently subdi¬ 
vided into bedded porcellanites associated with clayey 
sediments, silicified turbidites with opal-CT-replaced 
calcilutitic matrix, and calcareous (nodular) porcel¬ 
lanites (Table 2). Our classification is shown in Table 1 
and discussed by von Rad et al. (1978). 
Bedded Porcellanites (clayey environments) 

Since the lower to middle Eocene sediments at Site 
385, 386, and 387 (Figure 1) are predominantly pe¬ 
lagic and hemipelagic clays deposited below the CCD, 
only bedded porcellanites (Type BI) and a few silici¬ 
fied turbidites (BIU) are present. They are associated 
with pelagic radiolarian clays and oozes (Site 385) and 
with hemipelagic claystones, calcareous claystones, and 
radiolarian mudstones (Sites 386 and 387). In detail, 
the lower to middle Eocene of Site 387 consists of a 
rhythmically bedded mudstone-turbidite series, 190 
meters thick, with the following idealized sequence of 
cm- to dm-thick subunits (see Site 387 Report, this 
volume): 
e: dark non-calcareous radiolarian mud with inter¬ 

bedded porcellanites (top). 
7 & δ: radiolarian mud with a down-hole increase of 

nannofossils. 
ß: thinly laminated radiolarian mud. 
a: silty, sandy, sponge spicule-radiolarian mud with a 

few silicified turbidite beds (base). 
Composition (Figure 2:3) 

Among the porcellanites of the clayey environment, 
only those of Site 387 are rich in terrigenous silt (3 to 
10 per cent) and dispersed carbonate (up to 20 per 
cent undifFerentiated fine-grained carbonate, nannofos¬ 
sils, and small foraminifers). The porcellanites of Sites 
385 and 386 contain 20 to 40 per cent radiolarians, 
those from Site 387 only about 5 per cent. Often a few 
per cent of sponge spicules and glauconite (always as¬ 
sociated with foraminifers) are present; this indicates a 
transitional facies to the silicified turbidites (Figure 
2:4). 

In comparison with the calcareous porcellanites (Site 
384), the bedded porcellanites of Leg 43 have higher 
opal-CT contents (more than 70 per cent). This may 
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Figure 1. Lithostratigraphy of Sites 384-387, showing age and fades associations of porcellanites and quartz cherts. 

be a result of higher original admixtures of biogenic 
opal in the radiolarian clays, and/or a more advanced 
diagenetic stage because of deeper burial. 

Ultrastructure of the Matrix 
The matrix of both nodular and bedded porcel¬ 

lanites can have either a dense or a lepisphere-type 
fabric (Plate 1, Figure 1). Under the microscope, only 
the dense fabric of clayey porcellanites shows a uni¬ 
form extinction of the total matrix under crossed nicols, 
if polarizer or analyzer are parallel to the bedding 
plane (aggregate polarization); that is, isotropic matrix 
areas with a lepisphere-type fabric alternate with dense 
matrix zones snowing aggregate polarization (Table 3). 

This means that lepisphere-type fabrics never show 
aggregate polarization whereas the more common, 
dense opal-CT matrix is often (but not necessarily) as¬ 

sociated with this phenomenon. If compared with the 
palygorskite-rich (5 to 30 per cent) porcellanites from 
the eastern North Atlantic (Legs 14 and 41; von Rad 
and Rösch, 1974; von Rad et al., 1978), the aggregate 
polarization in Leg 43 porcellanites is much less con¬ 
spicuous and often restricted to single microflasers, 
patches, or layers. 

In the matrix of a few porcellanites with relatively 
high porosities, the lepisphere-type fabric can be recog¬ 
nized by SEM. Besides well-bladed lepispheres, poorly 
bladed (stubby or spiny) lepispheres can also be ob¬ 
served (Plate 1, Figure 1). These stubby lepispheres 
are only evident in bedded porcellanites of the clayey 
environment (see also Flörke et al, 1976). Diage¬ 
netic quartz is missing in many of the clayey porcel¬ 
lanites investigated. In some samples, a late-diagenetic 
quartz cement has begun to fill part of the remaining 
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TABLE 2 

Lithofacies, XR-Mineralogy, and Mode of Silicification (thin-section and SEM analysis) of Investigated Leg 43 Porceilanites and Cherts 

Sample 
(Interval in cm) 

384-5-3,129 lbr 
384-5-3, 129 dbr 

384-5, CC, 6-11 
384-5, CC, 11-14 
384-5, CC, 14-22 

385-6, CC, 0-2 
385-6, CC, 2-4 
385-7, CC, 5-6 

386-27-4, 36-40 
386-29-2, 95-97 
386-30-2, 95-97 
386-30-3,108-110 

387-12-1,148-150 

387-14-2, 120-122 

387-15, CC, 3-5 

387-16-2, 35-37 

Age 

L. Eoc. 

L. Eoc. 

L. Eoc. 

? L. Eoc. 
- ? Pal. 

? M. Eoc. 
? M. Eoc. 
? L. Eoc. 
? L. Eoc. 

M. Eoc. 

M. Eoc. 

? L. Eoc. 
? L. Eoc. 

95 

95 

165 

175 

495 
510 
520 
520 

245 

260 

265 

Host Rock Lithology 

Petrography of 
Investigated Samples 
(porcellanite/chert 

nomenclature 
see Table 1) 

Calcareous (nodular) 
Porcellanite with 
very opal-CT rich 
patches (BJJ) 

Weakly silicified 
chalk (Aj), porcel¬ 
laneous chalk (Ajj) 
and calcareous 
Porcellanite (BJJ) 

Radiolarian Porcel¬ 
lanite with weak 
mass polarization 
(Bl2) 

Radiolarian porcei¬ 
lanites with patchy, 
lensy or layered 
weak mass 
polarization 

Radiolarian Porcel¬ 
lanite with mass 
polarization in 
clayey lenses (B^) 

Spiculitic foraminif-
eral arenite with 
opal-CT cement 
(Bin) 

Clayey Porcellanite 
with rads and/or 
fragments of 
siliceous fossils 
(Bl2) 

Mineralogical Composition (%) 

XRD (semiquant.) 

O 
Qi O 
X + 

70 
75 3 

10 
40 

70 
45 

70 

70 2 20 
75 3 10 
80 2 10 

15 

60 20 10 10 

60 

80 

15 15 

5 10 

Thin Sect, (estim.) 

60 
85 

pyrite 
10 
40-
50 

calcite 70-

calcite 
calcite 

calcite 

pyrite 80 

pyrite 75 
glaucon. 

pyrite 
calcite 70-

Mode of Silicification (thin section, SEM) 

Opal-CT Quartz 

only in opal-CT rich patches^-

^abundant 



387-17-2,56-58 ? L. Eoc. 27U Foraminiferal and 
spiculitic quartz 
arenite with opal-CT 
cement (BJJI) 

glaucon. 60 

387-17-2,58-60 ? L. Eoc. 270 Calcareous-clayey 
radiolarian Porcel¬ 
lanite with forams 
and terrigenous 
quartz (Br/n) 

65 pyrite 70 
glaucon. 

387-17, CC, 12-13 L. Eoc. 280 Clayey Porcellanite 
with radiolarians 
(Bi2) 

80 13 80 

<n 

■ o 

■■■■O 

.u.;c 
o 

•P-.∙ 

o 

■ p 

■c 

0 

ü 
rare ~ 

387-18-1,87-93 
ogr 
lgr 

L. Eoc. 290 Clayey Porcellanite 
with weak mass 
polarization in cer¬ 
tain layers (Bj) 

70 
85 

pyrite 
carbo¬ 

nate 

only in lot 

> 
21 
σ 
w 
> 
50 
t-1 

- < 
o 
JO 

3 
3 > n 
§ 
GO 

ft 

5 

387-18-1,146-150 L. Eoc. 290 Calcareous Porcel¬ 
lanite rich in forams, 
rads, and sponge 
spicules (Bj/π) 

55 15 8 20 pyrite 60 

387-46-1,97-99 
387-47-1,83-85 

M.-Val. 
L.-Val. 

727 
745 ' — 

Highly pigmented 
to transparent 
quartz chert (flint) 
(Cn) 

85 calcite 80-
95 

387-49-5,125-127 
387-50-1,35-38 

U. Berr. 
L. Val. 790 ■ — ' 

— ■ I - I —I 

Nodular quartz 
chert (CJI) in con¬ 
tact with calcilutite 

95(1)-
50(2)-

pyrite 0(3) 

matrix fossil 
veinlets 

matrix: 

v■v■éKV^i> 

^..'VΦ.V■■.■.β.■ 

p. Q ■O.*l// 

1 

fossils, veinlets: 

10 

Note: Explanation of symbols: 1 = no opal-CT or quartz in matrix; 2 = (dense) opal-CT matrix with different proportions of carbonate (coccolith symbols): 3a = opal-CT matrix with lepispheres: 
3b = opal-CT/clay matrix with weak aggregate polarization: 4 = opal-CT cementing an arenite; 5a = quartz matrix, 5b = quartz matrix with relict carbonate (coccoliths): 6 = foraminifer with 
opal-CT lepisphere filling (top) or with partly quartz-replaced test (lower right); 7 = radiolarians with opal-CT replaced skeleton (upper left) or with ± dissolved skeleton and zeolite + lepisphere 
filling: 8 = quartz-filled radiolarian ghost (top) and foraminifer (below); 9 = quartz-replaced sponge spicule (top), radiolarian spines with opal-CT (middle) or quartz filling (base); 10 = quartz-
replaced radiolarian, originally filled by opal-CT lepisphers (top) and quartz-filled vein (lower right). For lithologic symbols see Figure 1. (F = foraminifers, R = radiolarians, SS = sponge spicules; 
lbr = light brown, dbr = dark brown, ogr = olive gray. 
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CALCAREOUS FACIES 
1:A,,-B|, 

2: C, 

CLAYEY FACIES 

3: B, 

CALCAREOUS-CLAYEY FACIES 
4: B i/ii 

TURBIDITES 
5: Bui 

Figure 2. Microfacies of silicified Leg 43 sediments (generalized line drawings after typical thin section or SEM photo¬ 
micrographs). Detailed explanation in text. Explanation of symbols: 1 = dense opal-CT; 2 - nannofossil chalk (lime¬ 
stone); 3 = matrix consisting of opal-CT, carbonate, and clay; 4 = transparent diagenetic quartz; 5 = highly pigmented 
("dirty") diagenetic quartz; 6 = area with weak aggregate polarization; 7 = calcitic foraminifer (left chamber filled by 
quartz, right chamber empty, with a few opal-CT lepispheres); 8 = radiolarian with recognizable remains of skeleton 
(interior partly empty, partly filled by zeolite laths and opal-CT lepispheres); 9 = radiolarian ghost filled with quartz-
replaced lepispheres; 10 = quartz-replaced sponge spicule with ghost of spicule (left); 11 = remains of siliceous skeletons; 
12 = terrigenous quartz grains. 

TABLE 3 
Characteristics of Opal-CT Fabrics in Sample 387-18-1, 

87-93 cm (trends in abundance indicated 
by -, +, ++, +++; see also Figures 2, 3) 

Dense Opal-CT 
Fabric 

Lepisphere-Type 
Fabric 

Mass Polarization 
Opal-CT 
Clay Minerals and 
X-ray amorphous 
Material 
Pigmentation 
Radiolarians 
Original Porosity 
Lamination 

- (isotropic) 

voids of fossils (up to 5 per cent). Quartz has not been 
observed to replace the opal-CT matrix of the porcel-
lanites. 

Preservation of Radiolarians 

The abundance, type, and state of preservation of 
opaline skeletons in silicified rocks is a very important 
criterion for all studies concerned with the origin, di¬ 
agenetic mobilization, and local reprecipitation of sil¬ 
ica. 

At Sites 386 and 387, the optically determined SiO2 
phases of the siliceous skeletons are positively corre¬ 

lated with the degree of diagenetic maturation of the 
associated silicified sediments. Above the mid-Eocene 
porcellanites, only well-preserved opaline skeletons 
(opal-A) were observed (upper Eocene). The bound¬ 
ary between radiolarians and diatoms preserved as 
opal-A and as opal-CT coincides with the uppermost 
porcellanites of each site. The opal-CT stage is charac¬ 
terized by marked deterioration of preservation of the 
skeletons. Apart from the quartz-replaced sponge spic¬ 
ules (Site 387), diagenetic quartz occurs only as ce¬ 
ment-filling radiolarians and foraminifers. With in¬ 
creasing burial depth and age, however, the radiolarian 
skeletons themselves are also transformed into quartz. 
This holds true also for the Cretaceous radiolarians at 
Site 386, where quartz cherts are missing. 

In the porcellanites, the preservation of opal-CT-re-
placed radiolarians varies considerably, even within the 
area of a single thin section. Sometimes the dense area 
of the opal-CT matrix contains skeletons better pre¬ 
served than the originally more porous parts with lepi-
sphere-type fabric. 

On SEM photos of the skeletal surface (Plate 1, Fig¬ 
ures 3, 6) one can observe the typical groups of opal-
CT blades, which are intergrown according to specific 
twinning laws of tridymite (Flörke et al., 1976). 
These opal-CT blades represent only an overgrowth, 
but because no appreciable opal-A contents could be 
determined by XRD, in situ replacement of the under¬ 
lying skeletons by opal-CT is highly probable. 
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According to the intensity of opal-CT growth, the 
cavities of radiolarians are either lined with marginal 
lepispheres or completely filled by structureless opal-
CT casts. By analogy with carbonate diagenesis, these 
marginal blades, hemispheres, and lepisphere form an 
early-diagenetic silica "cement A." The remaining 
voids are filled by later-diagenetic cement generations 
(e.g., zeolites, quartz). 

Silicified Turbidites 
Within the rhythmically bedded lower to middle Eo¬ 

cene sedimentary units of Site 387, a few of the inter¬ 
bedded turbidites (basal subunit a) are silicified (Ta¬ 
ble 2, Figure 2:5). The sand layers contain up to 22 
per cent sponge spicules, up to 25 per cent terrigenous 
coarse silt to fine sand, and small but characteristic ad¬ 
mixtures (less than 1 per cent) of detrital glauconite 
and fish remains. Apparently, a micritic matrix was 
present in these arenites before silicification, so that the 
original carbonate content (micrite + foraminifers) 
may have been more than 50 per cent. 

Because of the lack of relief in the highly cemented 
arenites under the SEM, the opal-CT matrix was 
etched using H2SiF6 (von Rad et al., 1978), which ex¬ 
posed the quartz-replaced sponge spicules without al¬ 
tering their surface structure (Plate 3, Figures 5-6). By 
decalcification with HC1, fine details of the silicification 
of foraminifers can be demonstrated (Plate 3, Figures 
1,4). 

Quantitatively, the most important diagenetic 
processes in these silicified arenites are (1) the forma¬ 
tion of an opal-CT "cement," and (2) transformation 
of the primary opal-A of the sponge spicules into 
quartz. 

1) Genetically, the opal-CT is both an intra-micrite 
cement and a replacement of the original nannomicritic 
matrix. This is demonstrated by the presence of scat¬ 
tered fine-grained relict carbonate (Plate 3, Figure 1) 
and by the unoriented lepisphere-type fabric (Table 3; 
Plate 3, Figure 2). 

2) Most of the diagenetic quartz of the arenites is 
concentrated in sponge spicules. Although the spicules 
and their interiors have been mostly replaced by 
quartz, the central canal can be clearly recognized un¬ 
der crossed nicols. In part, the canals are filled with 
opal-CT; lepispheres can rarely be observed in the 
walls. SEM photos of those spicules which have been 
exposed by H2SiF6 show globulose to faintly bladed 
surface structures (Plate 3, Figure 6) resembling the 
surfaces of quartz-replaced lepispheres (Figure 4), and 
indicating an opal-CT precursor stage. 

Only a small proportion of the diagenetic quartz in 
these arenites is represented by a late-generation genu¬ 
ine cavity-filling cement (e.g., in foraminifer chambers) 
or by partly quartz-replaced calcite foraminifer tests 
(Plate 3, Figure 3). On the other hand, foraminifer 
chambers are often filled with massive opal-CT, and 
opal-CT-filled wall pores form the connections to the 
opal-CT matrix outside the foraminifer (Plate 3, Figure 
4). 

Nodular Porcellanites (carbonate environment) 

This type of porcellanite occurs in association with 
the marly nannofossil oozes and foraminifer nannofos¬ 
sil chalks (50 to 82 per cent CaCO3) of Site 384. De¬ 
spite their age (50-55 m.y.), they are relatively poorly 
consolidated. The high porosities (68 to 76 per cent) 
favor the migration of pore solutions and the associ¬ 
ated mechanisms of silicification. 

The Paleocene to middle Eocene calcareous oozes 
contain a small (3 to 10 per cent) but well-preserved 
assemblage of radiolarians. In the porcellanitic zone, 
scattered whitish patches with 20 per cent clay and 12 
to 15 per cent radiolarians are reported (see Site 384 
Report, this volume). Within the rocks we investigated, 
only traces of siliceous microfossils were noted. 

The calcareous porcellanites of Site 384 show a 
gradual transition from pure chalk via weakly silicified 
(Figure 2:1a) to opal-CT-rich (up to 80 per cent) 
zones. This contrasts with the sharp porcellanite/chalk 
boundaries which are so typical of nodular porcel¬ 
lanites and cherts. In detail, opal-CT impregnates the 
calcareous matrix in a diffuse manner (Figure 2:1b; 
Plate 2, Figures 1-3), partly cementing, partly replac¬ 
ing microcrystalline calcite.2 The micrite fillings of fora¬ 
minifer chambers are significantly more replaced or ce¬ 
mented by opal-CT than the surrounding matrix (Plate 
2, Figure 1). 

The incipient filling of open cavities is characterized 
by isolated opal-CT blades (about 1 µm long and 0.1 
to 0.2 µm thick; Plate 2, Figure 4) developing into 
embryonic and finally into complete well-bladed lepi-
spheres (Flörke et al., 1976, fig. 1). Progressive cementa¬ 
tion of the interstices between the interpenetrating blades 
results in a dense opal-CT matrix or mold of the 
former fossil (Plate 2, Figure 3). In places, the matrix 
of these rocks still contains a lepisphere-type fabric 
(Table 3). Within the investigated calcareous porcel¬ 
lanites, the proportion of diagenetic quartz is insignifi¬ 
cant (Table 2). Quartz is restricted to foraminifer 
chambers and walls in rocks containing a high propor¬ 
tion (more than 50 per cent) of opal-CT. 

LITHOFACIES OF LOWER CRETACEOUS 
QUARTZ CHERTS 

The host rocks of the Lower Cretaceous (late Berria¬ 
sian to middle Valanginian) quartz cherts are pelagic 
micritic limestones, marlstones, and chalks. In our sam¬ 
ples there are up to 10 per cent dissolved microfossils, 
apparently ghosts and partly pyritized radiolarians. 

The 130-m.y.-old cherts which have partly replaced 
these carbonate rocks are essentially free of opal-CT. 
However, the fossil ghosts definitely contain quartz-re-

2 In thin sections, the opal-CT proportion can only be distin¬ 
guished from microcrystalline calcite at 400-fold magnification, with 
additional illumination with the condensor front lens, and with the 
gypsum plate inserted (Plate 2, Figures 1, 2). Under the SEM the 
degree of silicification of HCl-treated specimens can be well recog¬ 
nized (Plate 2, Figures 5, 6). 
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placed lepispheres (Figure 4). Under transmitted light, 
these replaced lepispheres consist of fibro-radiated 
quartz or a few granular crystals. In SEM photos, these 
quartz lepispheres can be recognized only if the re¬ 
maining pore space has not been filled by quartz. 

In SEM photos the broken surface of the chert (Fig¬ 
ure 3) has a globular appearance (diameter of 
spherules: 0.2 to 0.5 µm). Since a similar ultrastructure 
was also observed in the dense opal-CT matrix of por-
cellanites, an optical analysis always supplemented the 
SEM investigations. 

The degree of pigmentation appears to be nega¬ 
tively correlated with the "maturity" of a chert (Figure 
2:2a); i.e., a highly transparent, homogeneous quartz 
chert is the end product of chertification of more pig-
mented precursors. Highly pigmented patches in the 
chert of one sample (from Section 387-47-1) contain 3 
per cent relict carbonate particles (less than 4 µm in di¬ 
ameter); the individual quartz grains within the cloudy 
matrix can hardly be distinguished. 

In one sample, the transition from the micritic lime¬ 
stone to the quartz chert can be studied (Figure 2:2b): 
two sharp boundaries separate a calcareous chert zone 
from a carbonate-free chert and from an unsilicified 
micrite. It is remarkable that radiolarian ghosts are 
only present in both cherty zones. Apparently, these 
fossils have caused locally increased permeability of 

5µm 

Figure 3. Scanning electron photomicrograph of globular 
quartz chert (Sample 387-46-1, 97-99 cm; middle 
Valanginian, SEM 797/1, 4000 ×). The size of the 
spherules or globules (0.2 to 0.5 µm) is much smaller 
than the smallest crystallite size resolved by optical 
microscopy (~IO µm). A similar ultrastructure was ob¬ 
served also in the opal-CT matrix of porcellanites. 

lOµm 

these micro-environments, favoring their lnπltration by 
silica-precipitating pore waters. 

ORIGINAL SEDIMENTS AND SILICA 
DIAGENESIS 

Facies of Porcellanite-Producing Sediments and the 
Origin of Horizon A 

The lower to middle Eocene porcellanites (and 
cherts) of western North Atlantic Basin Sites 6 and 7 
(Leg 1); 8, 9, and 10 (Leg 2); 106 (Leg 11); and 384 
through 387 (Leg 43); and the paleogeographically 
corresponding rocks of the eastern Sites 12 (Leg 2); 13 
(Leg 3); 140 (Leg 14); and 366 through 370 (Leg 41) 
have a surprisingly synchronous age. They are, how¬ 
ever, associated with highly heterogeneous lithofacies, 
ranging from clayey abyssal sediments deposited below 
the CCD to calcareous oozes (e.g., 384); from slowly 
deposited eupelagic to rapidly accumulated hemipe¬ 
lagic sediments in Seamount flank, rise, and slope set¬ 
tings with a strong influx of turbidites (e.g., 386 and 
387). This means that no tendency could be observed 
for preferred silicification of a given lithofacies type. 

In our brief discussion of the origin of the famous 
Horizon A reflector sequence, we shall only consider 
North Atlantic sites where Eocene porcellanites have 
been cored, and omit those occurrences where this re¬ 
flector has been identified as an erosional unconformity 
with a lower to middle Cretaceous/mid-Cenozoic hia-
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Figure 4. SEM photo of quartz chert, with dense quartz 
matrix (outside cavity) and quartz-replaced lepispheres 
(with relict structure of interpenetrating former opal-CT 
blades!) in open cavity. Note also tiny euhedral quartz 
crystals as last cavity filling. (Sample 387-47-1, 83-85 
cm; lower Valanginian; SEM 797/5, 2000 ×). 
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Figure 5. Schematic diagram showing transformation and diagenetic processes between opal-A, opal-CT, and diagenetic 
quartz (modified from von Rad et al, 1978). 

tus (e.g., Sites 101 and 105; Berggren and Hollister, 
1974). Because of the positive correlation between the 
frequency and vertical distribution (8 to 150 m) of Eo¬ 
cene porcellanites with sediment accumulation rates, a 
causal relationship between periods of erosion or non-
deposition and the formation of "cherts," as proposed 
for Site 384, is very unlikely. 

Volcanic Origin 
On the basis of the authigenic volcanic mineral asso¬ 

ciation opal-CT-montmorillonite-clinoptilolite, Gibson 
and Towe (1971) and Mattson and Pessagno (1971) 
have suggested that the silica of the Eocene "cherts" 

was originally derived from diagenetic alteration of 
widespread vitreous ash layers that are thought to be 
synchronous with volcanic rocks in the Caribbean. Al¬ 
though volcanogenic sediments are abundant at Sites 
382, 385, and 386, they are never associated with por¬ 
cellanites or cherts (Figure 1). Thus, a volcanic silica 
source is rejected for the Leg 43 porcellanites. 

Biogenic Origin Resulting From Increased Fertility 
All the calcareous, clayey, or turbiditic porcellanite-

bearing sediments contain siliceous fossils, although the 
contents show wide facies-dependent fluctuations. This 
means that a biogenic silica source is highly probable. 
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The surprising concentration of silicified rocks in the 
lower to middle Eocene is often explained by wide¬ 
spread siliceous plankton blooms consequent to a sud¬ 
den increase of fertility in an extended equatorial belt 
during the early to middle Eocene. This may have been 
caused by the initiation of vigorous circulation after the 
opening of the North Atlantic and the formation of 
cold North Atlantic bottom water 50 to 60 m.y. ago 
(Berggren and Hollister, 1974; Weaver and Wise, 
1974). Increased plankton productivity can be also at¬ 
tributed to an unrestricted nutrient and silica-rich equa¬ 
torial surface and subsurface current flowing, during 
Cretaceous and early Paleogene times, from the Pacific 
via an open Isthmus of Panama into the Caribbean 
and the North Atlantic Basin (Ramsay, 1973). 

Biogenic Origin Attributed to Enhanced Preservation 
According to Berger (1974) and Fischer and Arthur 

(1977), silica deposition and retention is favored not 
only by high supply but also by high sediment accumu¬ 
lation rates, high organic carbon contents, and silica-
rich or silica-saturated bottom waters. During thalasso-
cratic or polytaxic times (such as the Eocene), warm 
equable climates with low vertical and latitudinal tem¬ 
perature gradients produced a sluggish deep circulation 
with silica-saturated and oxygen-depleted bottom wa¬ 
ters (Fischer and Arthur, 1977). The flooded shelves tied 
up much carbonate, thus raising the CCD and produc¬ 
ing a silica-rich ocean. 

In addition to depositional or preservational aspects, 
concentration by diagenetic mechanisms also has to be 
considered, to explain the fact that only the lower to 
middle Eocene sediments have developed into porcel-
lanites, whereas upper Eocene to Oligocene and Creta¬ 
ceous radiolarian-rich sediments have not been silici¬ 
fied. Further studies on the physical properties, lithofa-
cies, and preservation of siliceous fossils are necessary 
to reach a better understanding of the potential of sili¬ 
ceous sediments for future diagenetic change during all 
stages between deposition and deep burial ("diagenetic 
potential" of Schlanger and Douglas, 1974). 

Early Diagenetic Formation of Porcellanites 
All the Eocene silicified rocks from Leg 43 are genu¬ 

ine porcellanites that have not yet matured into quartz 
cherts (Table 1). In agreement with our results from 
previous legs, opal-CT is always the first silica phase 
during silicification (Figure 5), irrespective of the asso¬ 
ciated lithofacies. Apparently, this is a demonstration 
of Ostwald's rule, which states that an unstable (less 
energetic) phase usually passes through one or more 
intermediate phases before transforming structurally 
into a truly stable, high-energy phase (quartz). Under 
low-energy conditions the metastable opal-CT will usu¬ 
ally form first and persist for geologically significant 
times (Jones and Segnit, 1971). 

Within the carbonates (Site 384), the earliest opal-
CT crystallites always form on top of a first calcite ce¬ 
ment (syntaxial enlargement of* biogenic particles; 
Plate 2, Figure 4). Thus, this initial silicification is al¬ 

ready a second phase during early diagenesis. The 
maximum opal-CT content appears to occur in high-
porosity zones of the associated oozes and chalks. If 
the replacement process does not start before the pore 
space has been completely cemented, this may indicate 
that the early-diagenetic opal-CT in those carbonate 
rocks is mainly a cement. The calcareous porcellanites 
(Site 384) show gradual transitions into weakly silici¬ 
fied chalks. This contrasts with Eocene porcellanites 
from the eastern North Atlantic (Site 366), which are 
associated with more consolidated chalks and lime¬ 
stones, and occur as discrete lenses or nodules with dis¬ 
tinct boundaries. Possibly the patchy or diffuse silicifi¬ 
cation within the Leg 43 sediments is caused by the 
higher permeability and concomitantly less restricted 
conditions of crystallization. 

Within the silicified turbidites, the opal-CT matrix 
which still contains some fine-grained relict carbonate 
has either a dense or lepisphere-type fabric (Plate 3, 
Figure 2). Since no zoned opal-CT cement A was ob¬ 
served, an originally porous calcilutitic matrix can be 
inferred from the fabric. Because of a high nucleation 
rate, abundant lepispheres filled the pore space, before 
most of the micritic sediment was replaced. 

Some of the clayey (bedded) porcellanites are char¬ 
acterized by aggregate polarization; in the Leg 43 spec¬ 
imens investigated, this optical phenomenon occurs 
only in zones with a dense opal-CT matrix, and never 
in zones with a lepisphere-type fabric (Table 3). The 
aggregate polarization results from the oriented growth 
of authigenic opal-CT and silicates (e.g., palygorskite) 
parallel to the bedding plane and is influenced by the 
compaction-related fabric of the associated phyllosili-
cates. It is therefore not surprising that zones with ran¬ 
domly oriented opal-CT lepispheres do not show this 
phenomenon. 

Formation of Quartz Prior to Chertification 
Prior to the late-diagenetic opal-CT->-quartz trans¬ 

formation, quantitatively subordinate formation of 
quartz can be observed (Figure 5). Genetically, this 
quartz occurs as: (a) replacement of calcitic foraminifer 
tests (Keene, 1975); (b) latest cement generation fill¬ 
ing larger cavities (with small cavities already closed 
by opal-CT); (c) in situ replacement of sponge spicules 
after an opal-CT precursor phase. 

Apparently, the precipitation of cavity-filling quartz 
(b) represents the beginning of the chert stage and in¬ 
dicates a change in the pore-water chemistry. Because 
of dissolution of skeletal opal, the silica concentration 
increases at a relatively fast rate and opal-CT is precip¬ 
itated (Kastner and Keene, 1975). After the dissolution 
rates of siliceous skeletons decreased and most of the 
dissolved silica was used up to form opal-CT, quartz 
cement was precipitated. Since quartz formed only in a 
few of the remaining larger cavities within the porcel¬ 
lanites, the originally silicified areas were not extended. 
Compared with the late-diagenetic recrystallization of 
opal-CT into quartz, the formation of these quartz 
phases (a-c) appears to take less activation energy; 
possibly the breaking of Si-O bonds within the opal-CT 
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structure demands longer time intervals (Heath and 
Moberly, 1971; Jones and Segnit, 1972). 

Late-Diagenetic Transformation of Porcellanites into 
Quartz Cherts 

The opal-CT->-quartz transformation of the matrix 
which follows the quartz cement phase does not start 
simultaneously in all porcellanitic areas. Certain parti¬ 
cles and microenvironments can be seen already to 
possess a diagenetic advantage; a premature quartzifi-
cation takes place in: (1) centers of concentrically 
zoned Porcellanite nodules (Leg 41); (2) opal-CT fill¬ 
ings of foraminifer chambers bordering on quartz ce¬ 
ment or quart-replaced tests (Leg 41, 43); (3) sponge 
spicules (Leg 43). 

Apparently the opal-CT->- quartz transformation is 
a time- and temperature-dependent maturation process 
(von Rad et al., 1978). Since the centers of the chert 
nodules (1) seem to be older than their outer rims, 
they are the first areas to be quartzified. Our observa¬ 
tions do not confirm the primary formation of quartz 
chert cores within Porcellanite nodules (Millot, 1970; 
Lancelot, 1973; Kastner and Keene, 1975). 

Within fossils (2), the recrystallization may be cata¬ 
lyzed by quartz from the immediate vicinity. It is possi¬ 
ble that the sponge spicules (3) are diagenetically less 
stable and are transformed from opal-A to opal-CT 
and further into quartz earlier than radiolarians. 

Apart from the above-mentioned exceptions (2,3), 
the opal-CT-> quartz transformation has not yet started 
in the Eocene porcellanites of Leg 43. However, within 
the quartz cherts of the Lower Cretaceous limestones, 
which certainly had passed through a Porcellanite 
stage, this recrystallization is already completed. 

Possibly owing to the shallow burial depth (95 m), 
the Eocene calcareous porcellanites (especially the for¬ 
aminifer tests) are less quartzified than the correspond¬ 
ing rocks from Leg 41: at Site 366 the first quartzose 
microlenses occur at a sediment depth of 520 meters, 
and the intensity of quartzification increases discontinu-
ously down to a depth of 800 meters. These observa¬ 
tions and the progressive diagenetic ordering of the 
opal-CT structure (von Rad et al., 1978) suggest a pos¬ 
itive relationship between the rate of this transforma¬ 
tion and depth of burial (i.e., temperature) (Ernst and 
Calvert, 1969; Heath and Moberly, 1971; Murata and 
Nagata, 1974; Murata and Larson, 1975). 

In Situ Transformation of Siliceous Fossils 
The siliceous fossils that have escaped dissolution 

have been directly replaced by opal-CT (Figure 5; 
Plate 1, Figures 2,3,6). Apparently, the uppermost por¬ 
cellanites of Site 386 and 387 mark the boundary be¬ 
tween diatoms and radiolarians preserved as opal-A 
and those preserved as opal-CT. With increasing depth 
of burial and age the skeletons are finally replaced by 
quartz. 

Only quartz-replaced sponge spicules were observed 
(Plate 3, Figures 5,6). However, the bladed surface 
morphology proves that the spicules were first replaced 
by opal-CT, and this was followed by comparatively 

early recrystallization into quartz without intervening 
dissolution steps. In analogy with the two major trans¬ 
formation steps of chert diagenesis, this in situ transfor¬ 
mation of siliceous fossils (opal-A->- opal-CT-> 
quartz) is another demonstration of the maturation hy¬ 
pothesis based on OstwakTs rule. 
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Bedded porcellanites (BI): matrix lepispheres; preservation 
and fillings of siliceous fossils. 

Figure 1 Sample 387-18-1, 87-93 cm (lower Eocene, 
SEM photo 796/7, 4000 ×). The matrix is re¬ 
markably rich in opal-CT lepispheres, probably 
because of the relatively high porosity. Those 
poorly bladed (stubby or spiny) lepispheres 
were observed only in bedded porcellanites as¬ 
sociated with the clayey environment. 

Figure 2 Sample 386-30-2, 95-97 cm (? lower Eocene, 
thin-section photomicrograph 39/21). Bedded 
Porcellanite with poorly (ghosts) to relatively 
well preserved radiolarians. The original opal-A 
of the outer skeleton of the large radiolarian 
(center) has been replaced by opal-CT, 
whereas the delicate internal skeleton has been 
completely destroyed. Later, opal-CT and tiny 
zeolite laths have been precipitated in the free 
pore space (see Plate 1, Figure 3). 

Figure 3 Sample 386-30-2, 95-97 cm (? lower Eocene, 
SEM 787/2, 420 ×). SEM photo corresponding 
to Plate 1, Figure 2. Opal-CT replaced radiolar¬ 
ian skeleton, showing bladed structure on inter¬ 
nal wall surface. By this diagenetic process the 
wall thickness of the skeleton was increased and 
the diameter of the wall pores decreased. Addi¬ 
tional lepispheres and authigenic zeolites grow 
into open cavity (cement A) 

The dense (structureless) part of the wall has 
probably also experienced an early diagenetic 
in-situ transformation of opal-A into opal-CT. 

Figure 4 (Same as Figure 3, SEM 787/4, 720 ×). This 
SEM photo shows either the same process as 
described in Plate 1, Figure 3 (with more lepi¬ 
spheres filling the cavity of a fossil) or the opal-
CT filling of a radiolarian ghost (with the origi¬ 
nal skeleton completely dissolved and not re¬ 
placed by opal-CT). In the final diagenetic 
stage of Porcellanite formation, the radiolarians 
can be transformed into completely structure¬ 
less opal-CT spheres. 

Figure 5 Sample 386-29-2, 95-97 cm (? middle Eocene, 
SEM 787/8, 1100 ×). Euhedral zeolite (? cli-
noptilolite) crystals and large (in part compos¬ 
ite) opal-CT lepispheres in the cavity of a ra¬ 
diolarian. The zeolite is always the last cavity-
filling generation (penetrates or grows around 
lepispheres; see also small molds on crystal sur¬ 
face). Broken lepisphere (lower right) shows 
dense structureless interior. 

Figure 6 Sample 387-15, CC, 3-5 cm (? middle to ? 
lower Eocene, SEM 796/6, 3000 ×). Radiolar¬ 
ian spine replaced by opal-CT and partly filled 
by lepispheres and ? zeolite (as in Plate 1, Fig¬ 
ure 3). 
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PLATE 2 
Thin section and SEM photomicrographs of nodular 

porcellanites (B II). 

Figure 1 Sample 384-5-3, 129 cm (lower Eocene, 39/11, 
crossed nicols). Calcareous Porcellanite with 
well-preserved calcitic foraminifers and about 
20 per cent calcite within the matrix. Note that 
the original micrite within foraminifer chambers 
is much more replaced by opal-CT than the 
carbonate in the surrounding matrix. 

Figure 2 Sample 384-5, CC, 11-14 cm (lower Eocene, 
40/12, crossed nicols, gypsum plate inserted). 
Detail of matrix in calcareous Porcellanite (Fig¬ 
ure 1). Light-colored carbonate particles (nan¬ 
nofossils, foraminifer remains, etc.) floating in 
(almost isotropic) opal-CT matrix (see also 
Plate 2, Figure 3). 

Figure 3 Sample 384-5, CC, 14-22 cm (lower Eocene, 
SEM 785/5, 2000 ×). Matrix ultrastructure of 
calcareous Porcellanite with well-preserved coc-
coliths and opal-CT mold of foraminifer (cen¬ 
ter), showing negatives and prisms of euhedral 
(recrystallized) calcite crystals of chamber wall. 

Figure 4 Sample 384-5-3, 129 cm (lower Eocene, SEM 
794/6, 10,000 ×). A few isolated tiny opal-CT 
blades with ragged edges growing on earliest-
diagenetic calcitic cement within a foraminifer 
chamber. This is a precursor stage of lepisphere 
formation (Flörke et al., 1976). 

Figure 5 Sample 384-5, CC, 14-22 cm (lower Eocene, 
HC1 residue, SEM 797/11, 4000 ×). Decalci¬ 
fied Porcellanite (calcitic foraminifer wall and 
coccoliths dissolved) now consisting only of 
opal-CT. Opal-CT is structureless in dense ma¬ 
trix, but bladed (in part embryonic lepispheres) 
within fossil cavity (unobstructed growth). 

Figure 6 Sample 384-5, CC, 1-6 cm (lower Eocene, HC1 
residue, SEM 795/6, 4000 ×). Opal-CT residue 
of HCl-treated, weakly silicified chalk shows 
well-bladed structure in open cavities and im¬ 
perfect crystallites in the matrix (growth ob¬ 
structed by calcite). Note constancy of angles of 
interpenetrating crystal blades. 
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PLATE 3 
Opal-CT-cemented turbiditic arenites (B III) and their fossils. 

Figures 1-6 Sample 387-17-2, 56-58 cm (? lower Eocene). 
1. (HCl-treated, SEM 791/4, 400 ×). Decalci¬ 

fied foraminifer and spiculitic arenite with 
opal-CT cement (grains with smooth sur¬ 
faces = terrigenous quartz, rough surface = 
opal-CT cement with coccolith molds). 
Opal-CT cast of benthic foraminifer 
{^Gümbelitria sp.) is in center. Note that 
many of the very fine pores (less than 2 µm) of 
foraminifer chamber walls are now filled by 
acicular opal-CT! 

2. This thin-section photomicrograph shows 
that the apparently dense opal-CT matrix 
(between foraminifers and quartz grains) 
consists actually of minute lepispheres (di¬ 
ameter 5 to 15 µm). This opal-CT repre¬ 
sents partly a primary void-filling cement, 
partly it replaces the micritic calcite origi¬ 
nally deposited between clastic grains. 

3. Benthic foraminifer {Nodosaria sp.) with test 
wall preserved as calcite, whereas quartz 
has replaced the septa (apertures also pre¬ 
served). Interior of chambers is filled by 
diagenetic quartz and a few opal-CT lepi¬ 
spheres. 

4. (SEM 791/6, HCl-treated, 800 ×): detail of 
planktonic foraminifer within opal-CT ce¬ 
mented arenite. Chamber filling, wall pores 
(diagenetically thickened!), and surrounding 
matrix consist of "massive" opal-CT. Com¬ 
pare pore diameter of central foraminifer (4 
to 8 µm) with that of small (? benthic) fora¬ 
minifer (1 to 2 µm) at upper right. 

5. (SEM 787/12, 40 ×). By an extended (3 
hours) treatment of the calcarenite with 
H2SiF6, the quartz-replaced sponge spicules 
and terrigenous quartzes are concentrated 
on the specimen surface, whereas the opal-
CT matrix has been selectively dissolved 
(except for spongy relicts). 

6. (SEM 788/8, also H2SiF6-treated, 2000 ×). 
The surface structures (characteristic inter-
penetration of crystallites) and the preserva¬ 
tion of the axial canal of this quartz-re¬ 
placed sponge spicule suggest the following 
steps of transformation: (1) early-diagenetic 
in situ replacement of the original skeletal 
opal-A by opal-CT, (2) later: in situ re¬ 
placement of bladed opal-CT by quartz 
(both processes without a complete dissolu¬ 
tion step and without destroying major 
structures of the original spicule). 
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