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3. EFFECTS OF RELATIVE SEA-LEVEL CHANGES ON THE DIAGENESIS OF EOCENE SEDIMENT: 
NEW JERSEY SLOPE AND COASTAL PLAIN1

Cecilia M.G. McHugh2,3
ABSTRACT

Eocene lithology recovered by the Ocean Drilling Program Legs 150 and 150X was studied to evaluate the effects of rela-
tive sea-level changes on the diagenesis of the sediment. Island Beach, Atlantic City, and Cape May boreholes were drilled on
the coastal plain during Leg 150X, and Sites 902−904 and 906 were drilled on the continental slope (400–1200 m of water
depth) during Leg 150. The shallow- to deep-water transect provides an opportunity to examine the diagenetic transformations
of the sediment with increasing distance from the shoreline. Numerous episodes of diagenesis (with formation of micrite,
sparry calcite, dolomite, and silica cements) typical of the near-shore, near-surface environment occurred in the coastal plain
sediment. In contrast, less nucleation of crystallites, coarser crystal forms, and diagenesis below the bacterial sulfate reduction
zone are characteristic of the upper slope Sites. Diagenesis is patchy at the middle slope, where some microfossils still maintain
their primary cementation.

Sediment adjacent to three main Eocene slope unconformities records physical and chemical changes that differ from those
of the sediment within the sequences. The most extensive alterations occur in upper Eocene sediment beneath the contact with
the upper Oligocene. This contact, marked by a seismic reflection that can be traced throughout the slope to the shelf and corre-
lated to a sequence boundary, represents a major transition from an Eocene pelagic carbonate-dominated margin to an Oligo-
cene hemipelagic siliciclastic-dominated margin. Lithologically, this transition is manifested in upper Eocene sediment by a
decrease in the calcium carbonate and opal content and by an increase in detrital minerals. Diagenetic fluids transformed the
unconformable surface of upper Eocene biosiliceous chalks into a mosaic of euhedral to subhedral dolomite rhombs that petro-
graphic analyses suggest were deposited by highly saturated fluids at low temperatures. The upper Oligocene silty clays above
contain abundant quartz, illite, kaolinite, and brown glauconites that indicate terrigenous sediment transport and reworking.

More episodes of diagenesis, abundant former fluid migration routes, which suggest increased pore-fluid activity, and sedi-
ment reworking are associated with the two other Eocene unconformable surfaces. Energy dispersive X-ray analyses of former
fluid pathways and the matrix of the sediment above and below these unconformable surfaces suggest that the sources for the
fluids were local. These unconformities that separate the uppermost middle Eocene and the lower/middle Eocene have also
been documented at other slope Sites and at the coastal plain, and appear to be widespread throughout the continental margin.
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INTRODUCTION

Relative sea-level change and sediment burial are two of the most
significant agents for sediment transformation on a passive margin
(Margins Steering Committee Members, 1993). The diagenetic fluids
that alter the sediment are to a great extent controlled by processes as-
sociated with these events. However, the diagenetic history of pas-
sive margin sediment in response to changes in sea level remains
poorly understood. Ocean Drilling Program (ODP) Legs 150 and
150X were drilled on the New Jersey continental margin to evaluate
the effects of glacioeustatic changes on continental margin sedimen-
tation (Mountain, Miller, Blum, et al., 1994). During Leg 150X, Is-
land Beach, Atlantic City, and Cape May boreholes were drilled on
the coastal plain and during Leg 150, Sites 902−904 and 906 were
drilled on the continental slope (400–1200 m of water depth; Fig.
Although the major focus of the New Jersey sea-level transect wa
the Oligocene to Holocene depositional sequences, drilling also p
etrated Eocene sediment. Unconformities occur on the margin 
document relative sea-level lowerings during the Eocene on 
coastal plain and slope (Olsson and Wise, 1987; Poag and Low, 1
Miller et al., 1990; Miller et al., 1996b; Browning et al., Chapters 1
and 18, this volume). An extensive array of seismic lines permit
the correlation of seismic reflections from the slope to the shelf a
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to sequence boundaries, and document a glacioeustatic lowerin
the Eocene/Oligocene boundary. Other Eocene unconformities h
been described for the slope that correlate to onshore coastal 
boreholes and appear to be widespread throughout the New J
continental margin (Olsson and Wise, 1987; Poag and Low, 19
Miller et al., 1990; Miller, et al., 1994; Aubry et al., 1996; Brownin
et al., Chapters 17 and 18, this volume).

During the Eocene, the New Jersey continental margin wa
ramp-type margin dominated by pelagic sedimentation (Poag, W
et al, 1987; Mountain, Miller, Blum, et al., 1994). Calcareous and 
iceous oozes were deposited at sedimentary rates that in the ba
environment reached 3 cm/1 k.y. (Mountain, Miller, Blum, et a
1994). Normal marine sedimentation was disrupted in the l
Eocene by an impact event(s) (Poag, Watts, et al., 1987; Thein, 1
Glass, 1989; Poag et al., 1992, 1994; Poag and Aubry, 1995; M
tain, Miller, Blum, et al., 1994; McHugh et al., 1996b; Glass a
McHugh, 1996). The ejecta associated with this event have b
found at Site 903 (Glass and McHugh, 1996), at Site 904 (Mount
Miller, Blum, et al., 1994; McHugh et al., 1996b), and at Deep S
Drilling Project (DSDP) Site 612 (Poag, Watts, et al., 1987; The
1987; Glass, 1989; Poag and Aubry, 1995). The ejecta found a
slope sites are correlative to the Exmore Boulder Bed in the Ch
peake Bay (Poag et al., 1992; Poag and Aubry, 1995) and are o
same age as sediment with mixed biostratigraphic markers recov
at the Atlantic City and Island Beach boreholes (Miller, Mounta
Blum, et al., 1994; Miller, Chapter 1, this volume).

The shallow- to deep-water transect drilled by ODP Legs 150 
150X provides an opportunity to evaluate the diagenetic transfor
tions that occurred in the sediment with progressive distance from
shoreline. The sediment adjacent to sequence boundaries and to
25RQWHQWVRQWHQWV 1H[W�&KDSWHU1H[W�&KDSWHU
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Figure 1. Location of Legs 150 and 150X drill sites on the New Jersey slope, rise, and coastal plain. Multichannel seismic lines permitted the correlation of
seismic reflections between the slope and shelf.
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unconformable surfaces records the physical and chemical changes
that occurred in response to the changing character of the fluids. The
gradual Eocene paleoslopes permit us to study the alteration of the
sediment with minor influence from gravitationally induced fluid
motion and to more clearly isolate the effects of sea-level fluctua-
tions. The major objectives of this study are (1) to contrast and com-
pare the diagenetic changes between the paleoshelf and paleoslope
sediments, (2) to characterize the diagenesis of the slope sediment at
unconformable surfaces, and (3) to contrast and compare the diagen-
esis associated with an impact event to that of normal marine sedi-
mentation. Results presented in this study are based on petrographic
observations, qualitative energy dispersive X-ray (EDX), scanning
electron/energy dispersive X-ray (SEM/EDX), X-ray diffraction
(XRD), and carbonate and opal analyses.

METHODS

Petrographic thin sections were stained with Alizarin red-S and
potassium ferricyanide to distinguish calcite from dolomite, and do-
lomite from iron-rich dolomite and ferroan carbonates. Total calcium
carbonate and opal analyses were conducted at Lamont-Doherty
Earth Observatory (LDEO). The total calcium carbonate was ob-
tained using a Coulometric 5011 carbonate-carbon analyzer and fol-
26
lowed the same procedure as used on the JOIDES Resolution. Car-
bonate content is expressed as weight percentage CaCO3, assuming
all the carbonate was present as calcite. Opal concentrations were de-
termined by extracting biogenic silica from the samples with an alka-
line solution and then measuring the dissolved silicon concentration
in the extract by molybdate-blue spectrophotometry, as specified by
Mortlock and Froelich (1989).

Qualitative EDX analyses were conducted on a Cameca Camebax
at LDEO. The analyses were conducted at 100 counts vertical for 10
counting seconds at 15 kV, accelerating voltage at ~2500 cps. SEM/
EDX analyses were conducted at LDEO on a Cambridge Stereoscan
250 mk2 and a Kevex 8000 microanalyzer. The analyses were run for
30 counting seconds at 2000 cps and at an accelerating voltage of 20
kV. The spectrum for both types of analyses (EDX and SEM/EDX)
was self-scaled, with the highest peak displayed at 100% vertical scale
so that all other peak heights are directly proportional (i.e., small peaks
are relative to the highest on the vertical scale). All peaks were kα
peaks, so they can be directly compared.

The bulk mineral composition of upper Oligocene and upper
Eocene slope sediment was studied by XRD analyses. The mineral-
ogy was determined using the Phillips X-ray diffractometer with
CuKå radiation (Ni filter). Instrument conditions were as follows: 4
Kv, 40 mA, goniometer scan from 2° to 60°, step size 0.02°, cou
time 0.2 s, 0.1°/s. Bulk sediments were crushed and mounted in r
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dom orientation in aluminum sample holders. The relative distribu-
tion of the identified minerals was determined from the intensity of
their main diffraction peak. The minerals studied for bulk mineralogy
and their respective main diffraction peaks were quartz (3.34 
feldspar (3.18 to 3.25 Å), amphibole (8.4 to 8.5 Å), calcite (3.03 
dolomite (2.89 Å), siderite (2.8 Å), pyrite (2.71 Å), and graphite (1.
Å). Opal-A was identified by a very broad peak around 4 Å, and op
CT by a peak near 4.1 Å (Kastner, 1981).

EOCENE STRATA: COASTAL PLAIN

During Leg 150X, Eocene sediment was recovered from three
cations on the coastal plain: Island Beach, Atlantic City, and C
May. Described below are the lower to middle Eocene from Isla
Beach and the middle and upper Eocene from Atlantic City. Eoc
strata also outcrop on the coastal plain, and a few samples recov
from Howell Park, New Jersey, are also described.

Island Beach
Petrography of Lower Eocene Sediment

The Eocene section at Island Beach spans from 1075 to 69
(327.7–212.5 m) and contains lower, middle, and upper Eocene sed-
iment (Miller, et al., 1994). Samples were studied from the lower to
middle Eocene (999–826 ft [304.3–251.8 m]). The sediment recov
ered indicates an overall shallowing upward sequence with pa
depths that ranged from 100 to 200 m for the lower Eocene, 50 to
m for the middle Eocene, and 50 to 100 m for the upper Eocene (M
er, et al., 1994; Browning, et al., Chapters 17 and 18, this volum
Island Beach sediment provides the shallowest end-member o
shallow- to deep-water transect. Several disconformities occur in
Eocene at this borehole (Browning, et al., Chapters 17 and 18,
volume). Future studies will concentrate on these surfaces.

At Island Beach, lower Eocene sediment from plankton Zon
P7−P8 and NP12 (Miller, et al., 1994) consists of greenish gray s
clays and clays. The sediment is generally darker gray than the s
sediment as a result of higher clay and detrital mineral content. Co
al plain sediment is also coarser grained than the slope, and silty c
are commonly interbedded with sandy clays.

Silica diagenesis has led to the dissolution of the opaline si
tests of diatoms and/or radiolarians (Fig. 2; Table 1). The tests h
been replaced by opal-CT and/or chert, and only their ghosts rem
The term “ghosts” refers to the dissolution of the skeletal parts w
preservation of the tests shapes that have at times been replac
another mineral (Tucker and Wright, 1992). Intervals of more ext
sive silica diagenesis are recognized by the occurrence of porce
ites that are characterized by fluid pathways extending over 10
40% of the matrix (i.e., 895 ft [272.9 m], 925 ft [282.3 m], and 960
ft [292.9 m]). Former fluid migration routes are noted by dark-stain
rims. Microfractures filled with silica occur within fluid pathway
and are oriented parallel, oblique, and orthogonal to bedding (Fig
Microfractures at Island Beach are always mineralized. The origin
these features (former fluid pathways and microfractures) is rela
to the diagenetic dewatering that accompanies the transition of 
genic opal A to opal-CT and chert, with progressive burial (Jones 
Segnit, 1972; Weaver and Wise, 1972). This diagenetic reaction
volves the expulsion of substantial amounts of water of crystalli
tion that leads to a subsequent volume reduction with formation
microfractures. Lower Eocene porcellanites have been well do
mented for the North Atlantic (Thein and von Rad, 1987; Wilkens
al., 1987; Riech and von Rad, 1979; McHugh et al., 1993). The fr
that marks the diagenetic transition from biogenic oozes to porcel
ites has been identified and correlated throughout most of the wes
North Atlantic as the seismic reflection Ac (Tucholke and Mountain,
1979; Poag, Watts, et al., 1987).
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Coastal plain porcellanites contain 10%–20% CaCO3 (Table 1); in
contrast, deep-water porcellanites contain 35%–65% CaCO3 and are
technically calcareous porcellanites. Porcellanites in the coastal p
are characterized by an abundance of silt- to sand-sized detrital qu
(i.e., 40% of the sample at 933 ft [284.5 m] and at 958.2 ft [292.1 
and glauconite (i.e., 20% of the sample at 895 ft [272.9 m]). Detr
quartz is predominantly angular, but some rounded quartz also
curs. Quartz-rich intervals are interbedded with clay rich and fo
miniferal-poor sediment (Fig. 2). Glauconite is an abundant mine
at the coastal plain. At some intervals (i.e., 826 ft [251.8 m]) glau
nite is green, yellow, and brown, which suggests different episode
diagenesis and/or transport. Brown glauconites are associated 
sediment reworking (Pekar et al., Chapter 15, this volume). Detr
silt-sized feldspar (plagioclase and potassium) and mica (biotite 
muscovite) also occur in the coastal plain samples.

Lower to middle Eocene foraminiferal tests are generally abu
dant, with well-preserved forms. Although the foraminiferal te
shapes are well-preserved, few foraminiferal tests maintain their 
mary cementation and the majority have undergone several epis
of diagenesis (Fig. 2). Because of the complexity of the fabric a
mineralogy of foraminiferal tests, the term primary cementation
used to describe the unaltered foraminiferal skeleton (Bathu
1975). The preservation of primary cementation in the foraminife
tests is recognized by the occurrence of the pseudo-uniaxial cros
tween cross polars (Bathurst, 1975). Primary calcium carbonate
been replaced by micrite and sparry calcite, and foraminiferal te
are commonly filled with micrite and finely crystalline sparry calcit
that has, at some intervals, been replaced by dolomite and fer
carbonates (i.e., 826 ft [251.8 m], 945 ft [288.1 m], and 960.5
[292.9 m]). The occurrence of finely crystalline sparry calcite ind
cates more nucleation of crystallites and suggests active pore f
circulation. Foraminiferal ghosts, noted by red rims as a result
staining with Alizarin red-S, predominate at most intervals. Foram
iferal tests are also commonly filled with opal-CT or chert. These o
servations suggest that diagenetic transformations have been nu
ous and have occurred at different rates within the same interval

Atlantic City
Petrography of Middle and Upper Eocene

The Eocene at Atlantic City spans from the base of the boreh
at 1452–1181 ft (442.7–360 m) and contains middle to upper Eocene
sediment (Zones P12−14 and P15−17; Miller, Chapter 1, this vol-
ume; Miller, et al., 1994). Benthic foraminiferal assemblages indicate
that the sediment was deposited in an outer neritic environment with
paleodepths of 100–200 m (Miller, et al., 1994). Therefore, duri
the Eocene, this location was slightly deeper than Island Beach.

Samples were studied from the middle and upper Eocene (14–
1302 ft [438.4–397 m]). A disconformity occurs between the upper
and middle Eocene at 1352 ft (412.2 m); however, nannofossil bio-
stratigraphy indicates that the middle/upper Eocene disconformity
could be as low as 1390 ft (423.8 m; Mountain, Miller, Blum, et al.,
1994). The problem is that the interval between 1352 and 1390 ft
(412.2 and 423.8 m) contains a mixed layer of reworked biostrati-
graphic markers which makes the positioning of the unconformity
less certain (Miller, Chapter 1, this volume). The interval correlates
with the Exmore Boulder Bed in Chesapeake Bay of Poag et al.
(1992) and Poag and Aubry (1995). Lithologically, the mixed inter-
val is composed of greenish gray silty clays and sandy silty clays with
abundant glauconite. The sediment above is dark brownish gray silty
clay. The interval is also characterized by an increase in CaCO3 from
~5% to ~13%, reaching a maximum content of 26.51% at 1365 ft
(416.2 m; Table 2).

Reworking is most evident in the mixed interval at 1354 ft (412.8
m) where abundant fluid pathways are delineated by dark-stained mi-
crite (Plate 1). A cluster of isotropic mineral fragments occurs within
27
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a broad zone of former fluid pathways (Plate 1). Other evidence of re-
working are intraclasts composed of finely crystalline mineral aggre-
gates that are commonly surrounded by dark-stained fluid pathways
(Plate 1). Qualitative EDX analyses of the matrix reveal that Si is a
major component, Al is moderate, and Mg, Ca, and K are minor. An
indication that diagenesis has been patchy at this interval is that other

Figure 2. Thin sections of silica diagenesis at Island Beach. A. Tests of opa-
line silica (g) have been dissolved and replaced by opal-CT (cross-nicols).
The matrix contains abundant quartz (q), altered foraminifers (f), and is
stained by former fluid pathways (960.5 ft; 32 m; bar = 1 mm). B. Parallel
(p) and oblique (o) silica-filled microfractures within former fluid pathways
(cross-nicols; bar = 1 mm; 933.8 ft; 31 m). C. The lower Eocene at Island
Beach is characterized by intervals of quartz-rich and clay-rich sediment.
Clay-rich layer at 944 ft (31 m; bar = 1 mm; cross-nicols).
28
matrix EDX measurements show Si and Ca to be major components,
Al moderate, and Mg, K, and Fe minor.

The foraminiferal tests have been transformed to sparite and are
partially and completely filled with opal and some pyrite. The fora-
miniferal tests are not well preserved, broken forms are common, and
ghosts (recognized by their red rims) are abundant. In some instances,
a cluster of broken and altered foraminifers is rimmed by fluid path-
ways (Plate 1). Glauconite grains have undergone extensive diagen-
esis and are replaced by silica (Plate 1). Glauconites also contain Al,
Mg, K, and Fe but in lesser abundance. Most glauconite grains are
rimmed by fluid pathways and have a dark diagenetic halo around
them. Small (10–50 µm) quartz and feldspar grains occur scatte
through the sample.

Petrographic observations of samples from 1351 and 1365
(411.9 and 416.2 m) reveal an abundance of glauconite constitu
40% of the sediment (Table 2). Glauconite grains are sand-siz
green, gray (20%) as a result of their diagenetic transformation to
ica, or replaced by opaque stains. Their composition is dominantly
and Al with smaller amounts of K, Mg, and Fe.

Middle Eocene sediment below 1431 ft (436.3 m; Miller, Chapt
1, this volume) changes to light brownish gray clayey chalks and
more like the Eocene sediment found at the slope. Below this cont
the CaCO3 nearly doubles to 59.64% and foraminifers constitu
~50% of the total sample. Several episodes of diagenesis are d
mented in the foraminiferal tests, which generally have we
preserved forms (Table 2). Foraminiferal tests are altered to spa
completely or partially filled with sparry calcite, and replaced by iro
carbonates and dolomite. Some foraminiferal tests are filled w
opal. Episodes of diagenesis and/or transport are also revealed b
green, yellow, and brown glauconite grains that occur spars
through the sediment.

Howell Park, New Jersey Outcrop

The Eocene porcellanites that are now exposed on coastal p
terrestrial outcrops were initially deposited in a neritic environme
with less than 150 m of water depth (Miller et al., 1990). The porc
lanite layer is upper lower to lower middle Eocene and correlates
the subsurface coastal plain and slope sites (Miller et al., 1990). P
tomicrographs of the sediment show abundant glauconite (50% of
sample) and foraminiferal tests infilled and/or replaced by glauc
nite. The matrix is dense (matrix porosity is ~10%), cryptocrystallin
and SEM micrographs show that it has been recrystallized into
amorphous cement (McHugh, 1993). Except for a few well-dev
oped opal-CT lepispheres, the samples do not have a well-defi
crystal morphology. The primary component of the rock is silica. M
nor elements present are Mg, Al, P, S, K, Ca, and Fe. The expo
porcellanite-chert layer has only traces of calcium carbon
(0.142%).

EOCENE STRATA: SLOPE

Middle and upper Eocene sediment was studied in the slope. 
slope sites are described below in order of increasing distance f
the shore to evaluate the diagenetic changes of the sediment. 
903 and 906, located ~140 and ~141 km away from the New Jer
coast, respectively, were drilled on the upper continental slope at 
m and 923 m of water depth, respectively. Site 906, although clo
to the shore than Site 902 (~145 km), is deeper because it was dr
on the thalweg of modern Berkeley Canyon. Site 902 was drilled
the middle continental slope at 811 m of water depth. Site 904 on
lower middle continental slope, is the furthest from the shore (~1
km), and the deepest of all sites, at 1123 m of water depth. Sedim
was deposited in the upper bathyal (Hole 903C), middle bath
(Holes 902D and 906A), and lower bathyal (Hole 904A) enviro
ments (Katz and Miller, 1996).
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IS29

= yellow, brn = brown, prsrvd = preserved, w/ = with, fp = fluid
quartz. Sand, silt, and clay are the grain sizes of the thin section
suming all the carbonate present in the sample was calcite (see

Description

en, yell, brn; forams: poorly prsrvd, to sparite, filled w/ pyrite and 
ntation.
gnized by red rims some to sparite, poor prsrvd; no fp; qtz ang; patchy 
auco: green, brn.
 orth; forams: few, to opal; qtz ang.
d opal on matrix; forams: ghosts (red rims), to opal; rads/diat: ghosts? 

 ang; fp patches.
 oblique, orth, rimmed by fluids; glauco: green, yell, brown; forams: 

rimmed by calc, filled w/silica, ortho, obliq, wide; glauco: green, yell, 
o opal.
ng, round; forams: ghosts red rims, to opal, fragments; no fp or frcts; 
clasts?
ng, round; forams: ghosts red rims, to opal, well prsrvd. forms; broad 

 rims, to opal; glauco: green; qtz ang; broad fp 40%; frcts: oblique, 
%.
 to opal, sparite rplcd by dolo; matrix prsrvd, silica, micrite;
rims, to opal; glauco: green; qtz ang; fp over matrix; frcts: obliq, filled 

tz, dolo, pyrite concentrated in fp; forams: to sparite sparite to dolo, 
reen.

 to sparite, ghosts, red rims, to opal; glauco green; qtz ang. fp broad 
a;

 to sparite, ghosts, red rims, to opal; glauco green; qtz ang; fp broad 
w/silica 5%; mica.
o opal; qtz ang; mica; fp broad over matrix; frcts filled w/silica.
parite, replcd by dolo, to opal; qtz ang, round; mica; fp broad over 
el, ortho; filled w/silica, 10%.
 to sparite, ghosts, to opal, some primary cement; fp broad over 
 mica; glauco: green, yell; intraclasts; no frcts.
 to sparite, ghosts, to opal, some primary cement; fp broad over 
 mica; glauco: green, yell; intraclasts; no frctrs.
 to sparite, ghosts, to opal, some primary cement; fp broad over 
 mica; glauco: green, yell; intraclasts; no frctrs.
, to sparite, ghosts, to opal, some primary cement; fp broad over 

 mica; glauco: green, yell; intraclasts; no frctrs.
 to sparite, ghosts, to opal, some primary cement; fp broad over 
 mica; glauco: green, yell; intraclasts; no frctrs.
, to sparite, ghosts, to opal, some primary cement, dolo; fp broad over 

 mica; glauco: green, yell; intraclasts; no frctrs.
to sparite, ghosts, to opal, some primary cement, dolo; fp broad over 
 mica; glauco: green, yell; intraclasts; no frctrs.
 to sparite, ghosts, to opal, some primary cement, dolo; fp broad over 
 mica; glauco: green, yell; intraclasts; no frctrs.
to sparite, ghosts, to opal, some primary cement, dolo; fp broad over 
 mica; glauco: green, yell; intraclasts; no frctrs.
 to sparite, ghosts, to opal, some primary cement, dolo; fp broad over 
 mica; glauco: green, yell; intraclasts; no frctrs.
 to sparite, ghosts, to opal, some primary cement, dolo; fp broad over 
 mica; glauco: green, yell; intraclasts; no frctrs.
o sparite, ghosts, to opal, some primary cement, dolo; fp broad over 
 mica; glauco: green, yell; intraclasts; no frctrs.
 to sparite, ghosts, to opal; fp broad over matrix; qtz ang, round; mica, 
ell; frctrs: parallel.
Table 1. Island Beach petrology.

Notes: Dolo/Fe = dolomite/iron carbonates, Foram = foraminifers, and Glauco = glauconite. e. Eo. = early Eocene, l. Eo. = late Eocene. NM = no measurements obtained. Yell 
pathways, ang = angular, frcts = fractures, ortho = orthogonal, calc = calcite, obliq = oblique, frgmnts = fragments, rplcd = replaced, kspar = potassium feldspar, and qtz = 
and total 100%; dolo/fe, diatoms/radiolarians, foram, glauco, opaque, quartz, and matrix = 100% of thin section. The calcium carbonate is expressed as wt% CaCO3, as
“Methods” section, this chapter).

Depth
(ft/m) Age

CaCO3
(wt%)

Opal
(wt%) Sand Silt Clay Dolo/Fe

Diatoms/
radiolarians Foram Glauco Opaques Quartz Matrix

827/252.1 m. Eo. 41.45 11.38 5 25 70 10 0 25 10 15 20 20 Fp15%; glauco: gre
dolo, no primary ceme

895/272.9 l. Eo. NM NM 20 20 60 0 Ghosts?-10 20 20 10 30 10 Forams: ghosts reco
matrix: micrite, opal; gl

899.95/274.4 l. Eo. 9.57 7.92 0 25 75 0 Ghosts?-10 5 5 5 5 70 Fp 40%; frcts10%, some
900.1/274.4 l. Eo. NM NM 0 25 75 Ghosts?-10 10 5 5 10 60 Patches of micrite an

glauco: green, brn; qtz
925.8/282.3 l. Eo. 10.68 6.67 0 25 75 0 Ghosts?-10 10 2 10 8 60 Fp 15%; frcts 10%,

ghosts to opal.
925.8/282.3 l. Eo. NM NM 10 20 70 0 Ghosts?-10 20 15 10 30 15 Fp 40%, frcts: 25%: 

brn; forams: red rims, t
933/284.5 l. Eo. NM NM 20 20 60 0 Ghosts-10 20 15 10 35 10 Glauco: green; qtz: a

patches in matrix, intra
933.8/284.7 l. Eo. NM NM 20 20 60 <<1 Ghosts?-10 20 10 5 40 15 Glauco: green; qtz: a

fp 20%; intraclasts?
942/287.2 l. Eo. NM NM 10 20 70 0 Ghosts?-10 10 10 5 15 50 Forams: ghosts, red

ortho, filled w/ silica, 20
944.2/287.9 l. Eo. NM NM 25 75 5 Ghosts-10 10 5 5 5 60 Forams: ghosts, red rims,
944.3/287.9 l. Eo. NM NM 10 25 65 5 Ghosts-10 10 5 5 15 50 Forams: ghosts, red 

w/ silica, 10%.
945/288.1 l. Eo. 17.28 15.12 10 25 65 5 Ghosts-10 15 5 10 25 35 Fp 30%, no frcts; q

poorly prsrvd; glauco: g
948.5/289.2 l. Eo. NM NM 10 25 65 0 Ghosts-10 20 10 5 30 25 Forams: well prsrvd,

over matrix; detrital mic
950/289.6 l. Eo. NM NM 15 25 60 0 Ghosts-10 20 10 5 30 25 Forams: well prsrvd,

over matrix; frcts filled 
953/290.5 l. Eo. NM NM 10 25 65 0 Ghosts-10 10 10 10 20 40 Forams: all ghosts, t
954/290.9 l. Eo. NM NM 10 25 65 2 Ghosts-10 13 5 5 10 55 Forams: ghosts, to s

mtrx; frcts: obliq, parall
956.8/291.7 l. Eo. NM NM 10 25 60 0 Ghosts-10 25 10 5 20 30 Forams: well prsrvd,

matrix; qtz ang, round,
957.3/291.9 l. Eo. NM NM 10 30 60 0 Ghosts-10 25 10 5 40 10 Forams: well prsrvd,

matrix; qtz ang, round;
958/292.1 l. Eo. NM NM 10 30 60 0 Ghosts-10 25 10 5 40 10 Forams: well prsrvd,

matrix; qtz ang, round;
958.2/292.1 l. Eo. 14.13 50.39 10 30 60 0 Ghosts-10 25 10 5 40 10 Forams: well prsrvd

matrix; qtz ang, round;
959.5/292.5 l. Eo. NM NM 10 30 60 0 Ghosts-10 25 10 5 40 10 Forams: well prsrvd,

matrix; qtz ang, round;
960.6/292.9 l. Eo. 21.64 12.33 0 30 70 2 Ghosts-10 15 8 5 20 40 Forams: well prsrvd

matrix; qtz ang, round;
961/293 l. Eo. NM NM 0 30 70 2 Ghosts-10 15 8 5 20 40 Forams: well prsrvd, 

matrix; qtz ang, round;
961.5/293.1 l. Eo. NM NM 0 30 70 5 Ghosts-10 15 10 5 20 35 Forams: well prsrvd,

matrix; qtz ang, round;
965/294.2 l. Eo. NM NM 0 30 70 2 Ghosts-10 15 8 5 20 40 Forams: well prsrvd, 

matrix; qtz ang, round;
965.1/294.2 l. Eo. NM NM 0 30 70 2 Ghosts-10 15 8 5 20 30 Forams: well prsrvd,

matrix; qtz ang, round;
993.9/303 l. Eo. 16.37 9.84 0 30 70 1 0 10 9 5 20 65 Forams: well prsrvd,

matrix; qtz ang, round;
993.9/303 l. Eo. NM NM 0 30 70 1 0 10 14 5 15 65 Forams: well prsrvd, t

matrix; qtz ang, round;
999/304.6 l. Eo. 10.74 5.08 0 25 75 0 0 10 10 5 15 60 Forams: well prsrvd,

kspar; glauco: green, y
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Table 2. Atlantic City petrology.

Notes: Dolo/Fe = dolomite/iron carbonates, Foram = foraminifers, and Glauco = glauconite. e. = early, mid. = middle. NM = no measurements obtained. Yell = yellow, brn = brown,
prsrvd = preserved, w/ = with, fp = fluid pathways, ang = angular, frcts = fractures, kspar = potassium feldspar, plag= plagioclase, qtz = quartz. Sand, silt, and clay are the grain
sizes of the thin section and total 100%; dolo/fe, forams, glauco, opaques, quartz, and matrix = 100% of thin section, values are estimated. The calcium carbonate is expressed as
wt% CaCO3, assuming all the carbonate present in the sample was calcite (see “Methods” section, this chapter).

Depth
(ft/m) Age

CaCO3
(wt%)

Opal
(wt%) Sand Silt Clay Dolo/Fe Foram Glauco Opaques Quartz Matrix Description

1302/397 e. Eocene 5.59 3.94 5 25 70 0 5 5 15 15 60 Fp 20%; frctrs: parallel to bed, partly filled w/
opal; plag, mica; (<<1%).

1324/403.7 e. Eocene 13.13 3.46 5 25 70 0 5 5 15 20 55 Fp 20%; frctrs parallel to bed, partly filled w/
opal. 

1326/404.3 e. Eocene 12.76 4.2 5 25 65 0 10 15 10 15 50 Glauco: green, gray, replaced by silica, pyrite; 
fp 40% of matrix, dark stained; frctrs 2% 
parallel to bed.

1351/411.9 e. Eocene 16.68 4.47 10 25 65 0 10 40 5 5 40 Glauco: green, gray, replaced by silica, sand-
size fp 50% of matrix.

1354/412.8 e. Eocene 13.54 4 5 25 70 2 15 15 10 10 48 Fp 60% of matrix; qtz, kspar; glauco: green, 
gray, altered to silica, pyrite; forams: 
fragmented, to sparite, opal; patchy 
diagenesis.

1365/416.2 e. Eocene 26.51 3.69 10 25 65 0 25 30 10 10 25 Fp 40%; forams: filled w/opal and pyrite, not 
well prsrvd (mostly ghosts), some to spar, 
glauco: green, gray, altered to silica.

1390/423.8 mid. Eocene NM NM 10 25 65 0 10 25 10 20 35 Glauco: green; forams: to opaques and 
microsparite, ghosts; qtz ang, round; mica.

1419/432.6 mid. Eocene NM NM 0 25 75 1 50 1 10 10 28 Forams: most ghosts, detrital mica and plag, 
fp 10%.

1438/438.4 mid. Eocene 59.64 14.79 0 25 75 1 50 5 5 5 34 Forams: well prsrvd, to sparite, filled w/opal 
and dolo; fp 15%.
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Two unconformities have been described for the Eocene (Moun-
tain, Miller, Blum, et al., 1994; Aubry, et al., 1996). One separates the
lower/middle Eocene and has been documented at Site 904, and the
other occurs within uppermost middle Eocene at Sites 903 and 904
(Mountain, Miller, Blum, et al., 1994; Aubry et al., 1996). A third ma-
jor unconformity separating the upper Eocene from the upper Oligo-
cene has been recognized at all slope Sites (Mountain, Miller, Blum,
et al., 1994; Aubry et al., 1996). Seismic Reflection o1, that marks the
unconformable surface, has been correlated with a global δ18O in-
crease in regional cooling (Miller et al., 1996b) and represents a se-
quence boundary. This unconformity coincides with a significant
change in the sediment depositional regime of the margin from car-
bonate-dominated pelagic during the Eocene to hemipelagic silici-
clastic sediment during the Oligocene (Mountain, Miller, Blum, et al.,
1994). Sediment was sampled within sequences, adjacent to the un-
conformities, and above the impact ejecta at slope Sites 903 and 904.

Site 903
Petrography

The Eocene at Hole 903C is 86 m thick and extends from middle
Eocene Zone NP16 to upper Eocene Zone NP19−20 (Mountain, Mill-
er, Blum, et al., 1994). The sediments are light greenish gray biosili-
ceous chalks containing foraminifers and clay (Mountain, Miller,
Blum, et al., 1994). There are some differences between the Eocene
sediment deposited at Hole 903C and the sediment deposited in the
coastal plain. Compared to the coastal plain sediment (10%–
CaCO3), the calcium carbonate content of the chalks at Hole 903
higher (35%–65%; Fig. 3; Table 3). Generally, foraminifers are 
abundant than in the coastal plain, constituting 15%–20% of the
iment (Fig. 4; Table 3). However, at some intervals foraminifers
more numerous at Site 903, making up to 50% of the total sam
(i.e., 1130.6 mbsf). Dolomite and iron carbonates are also more a
dant at Site 903 than at the coastal plain, and occur in all the stu
samples. Ferroan carbonates commonly fill the foraminiferal t
and they are also observed in the matrix. Ferroan carbonate cry
can be fairly large, up to 100 µm (Fig. 4).

Petrographic observations and XRD analyses (at 1068, 1096
1112 m) indicate that detrital quartz is a minor (<5%) componen
the sediment except at the interval associated with the impact e
(see section below). Quartz occurs in the upper 43 m of the Eo
30
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section and is rare in the rest of the sediment. These observation
gest that deposition of terrigenous material was minor and occu
mostly during the late Eocene. Benthic foraminiferal assembla
also indicate minor downslope transport to Site 903 during 
Eocene (Mountain, Miller, Blum, et al., 1994). Glauconite occurs
the same intervals as quartz (the upper 43 m) and also constitu
small component (<5%) of the sediment. Quartz and glauconite
less abundant at Site 903 than at the coastal plain, where their 
dance is commonly 10%–15% of the sediment. Opaque mineral
cluding pyrite, occur throughout the Eocene section, averaging 
of the sediment.

Opal content of the sediment ranges from 10% to 37%. The 
content decreases from the middle Eocene to the upper Eocene
3). The same trend is observed for calcium carbonate. Gene
there is a good correlation between a decrease in the opal co
and an increase in the calcium carbonate of the sediment and 
versa (Fig. 3).

Silica diagenesis is evident in the matrix by patchy zones of o
CT. Opal-CT also completely or partially fills the tests of some fo
minifers. Ghosts of probable diatoms or radiolarians are noted
their forms, which have been completely replaced by opal-
Former fluid migration routes, which are presumably derived fr
the silica diagenetic reaction, become progressively more abun
downhole. Physical properties measurements show a sharp inc
in bulk density of 0.25 g/cm3, accompanied by a decrease in wa
content and porosity at 1110 mbsf (Mountain, Miller, Blum, et 
1994). These changes in physical properties can be correlated 
abundance of fluid pathways observed in the thin sections. Ab
1110 mbsf, fluid pathways extend over 10% of the matrix, at 1
mbsf over 75%, and, deeper than 1100 mbsf fluid pathways c
20%–30% of the sample. The gradual increase (except at 1110 m
in fluid migration routes with depth is consistent with the progress
of silica diagenesis as a result of burial. Microfractures occur wi
fluid pathways in diverse orientations: parallel, oblique, and orth
onal to bedding. In contrast to the coastal plain, microfractures
more abundant and less often mineralized (Fig. 4).

Unconformities

Two unconformities occur at Site 903 associated with the Eoc
The youngest separates the upper Eocene (Zones NP19−20) biosili-
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ceous chalks, from the upper Oligocene (Zone NP23) glauconitic
sandy siltstones (Mountain, Miller, Blum, et al., 1994). Extensive di-
agenesis is noted in the biosiliceous chalks beneath the unconform-
able surface with the dark brown glauconitic sand above. At 1064.2
mbsf, the sediment consists of an idiotopic mosaic of euhedral to sub-
hedral dolomite rhombs with local intercrystalline patches of dolomi-
crite and clay (Plate 2). The matrix is composed predominantly of Si
with some Al, Ca, Cl, Fe, K, Mg, and Na (in order of decreasing
abundance). The interlocking dolomite crystals, which range in di-
ameter from 10 to 50 µm, show planar intergranular boundaries
ical of idiotopic-s or planar-s fabrics (Sibley, 1982; Sibley and Gre
1987). The dolomite rhombs form 80% of the matrix, and zoned
lomite rhombs contain a Ca-rich center. Foraminifers (5%) oc
scattered through the matrix. The outlines of their tests are well
served, but the tests have been completely or partially filled
rhombs of ferroan carbonate, crystals of kaolinite, opal-CT, la
crystals of sparite (50 µm), large dolomite rhombs (100 µm), and
rite (Plate 2).

Physical properties measurements show a downhole increa
bulk density of 0.6 g/cm3 from the upper Oligocene siltstones to th
upper Eocene chalks (Mountain, Miller, Blum, et al., 1994). The b
density changes begin ~100 m above the unconformity which sug
that the rise in bulk density is related to increased diagenesis an
trix cementation associated with the unconformity rather than to
lithological change between the siltstones and the chalks. Ano
change associated with the unconformity is the occurrence of a
dant brown glauconites in the upper Oligocene silty claystones
suggest sediment reworking (Pekar et al., Chapter 15, this volum

The second unconformity separates middle Eocene Zone N
from uppermost middle Eocene Zone NP17 (Aubry et al., 1996
appears that this is another widespread unconformity in the New
sey margin, because DSDP Site 612 and onshore wells are also
ciated with an unconformity at this interval (Aubry et al., 1996). 
increase in the abundance of foraminifers from 20% to 50%, m
foraminiferal tests filled with ferroan carbonates than with opal-
or chert, abundant former fluid routes, and sediment reworking
NP16 nannofossil taxa into Zone NP17 (Aubry et al., 1996), oc
above the unconformity from ~1128 to 1125 mbsf. A slight decre
in the calcium carbonate and a slight increase in the opal conte
the sediment also occur above the unconformity at 1125 mbsf.

Sediment Above the Impact Ejecta

Impact ejecta containing coesite and shocked quartz, orthoc
and plagioclase feldspar was found at Site 903 (Glass and McH

Table 2 (continued).

Depth
(ft/m) Age Hand sample

1302/397 e. Eocene Silty clay some sand

1324/403.7 e. Eocene Silty clay some sand, dark brownish gray

1326/404.3 e. Eocene Silty clay some sand, dark greenish gray

1351/411.9 e. Eocene Silty clay some sand, dark greenish gray

1354/412.8 e. Eocene Silty clay, dark greenish gray

1365/416.2 e. Eocene Silty clay some sand, dark greenish gray

1390/423.8 mid. Eocene

1419/432.6 mid. Eocene

1438/438.4 mid. Eocene Clayey chalk-buff
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1996). The ejecta is concentrated in a 3-cm-thick interval betwe
1110.08 and 1110.05 mbsf (interval 150-903-56R-6, 25−28 cm).
Several changes are observed for 1 m above the ejecta layer: (1)
roan carbonates and dolomite decrease from 10% to 2%, (2) qu
increases from 1% to 15% and shows evidence of shock metam
phism, (3) glauconite increases from 2% to 5%, and (4) opal cont
increases ~10% (Fig. 3; Table 3). Quartz and glauconite are a
abundant immediately above (20 cm) the tektite horizon at Site 9
(Mountain, Miller, Blum, et al., 1994; McHugh et al., 1996b) and a
Site 612 (Glass, 1989). The calcium carbonate content of the se
ment progressively decreases for 10 m above the ejecta to a minim
value of 31.67% at 1100 mbsf (Fig. 3). This may or may not be rela
to the impact event because the trend towards lower calcium carb
ate begins prior to the ejecta layer; however, at 1100 mbsf the calc
carbonate value is the lowest measured for the Eocene at Site 90

Site 906

Petrography

The upper Eocene sediment (Zones NP19−20 and Zones P15–
P17) recovered at Hole 906A is 38.6 m thick and was badly disturb
during coring (Mountain, Miller, Blum, et al., 1994). The sediment i
composed of light greenish gray biosiliceous, chalks. The few sa
ples studied reveal that the matrix is primarily composed of micri
and opal. In most samples, fluid pathways are evident over 10%
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Figure 3. Biogenic opal and calcium carbonate content vs. depth for Site
903. Biostratigraphic nannoplankton zones and age of two unconformities
(double lines): one between the upper Eocene and upper Oligocene and the
second in the middle Eocene. The ejecta layer occurs at 1110.08 mbsf. Note
correlation between high calcium and low opal and vice-versa.
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onal, prsrvd = preserved, w/ = with, fp = fluid pathways, ang
ry calcite cement), diat/rads, foram, glauco, opaques, quartz,
thods” section, this chapter). In some instances the estimated

Description

s; forams rplcd by sparite, dolo, opal.
30%, numerous orientations oblique to bedding; forams, few filled w/ 

: 30%, numerous orientations oblique to bedding; forams, few filled 
mm).
30%, numerous orientations oblique to bedding; forams, few filled w/ 

 small (100 µm); frctrs 30% oblique, orth, and parallel to bedding.
 small (100 µm); frctrs 30% oblique, orth, and parallel to bedding.
led w/ dolo, sparite, opal?; matrix at some intervals ~95% forams 

30%, numerous orientations oblique to bedding; forams, few filled w/ 

: 10%, parallel to bedding; forams, few filled w/ opal, sparite, and 

 5%, parallel to bedding; forams, few filled w/ opal and sparite qtz: 

1%, parallel to bedding; forams, few filled w/ opal and sparite; qtz: 

es of opal, micrite, and dolomicrite?); forams filled w/ opal and large 

: 30%, parallel, oblique, and ortho. to bedding; forams, well prsrvd, 
crystals ~500 µm), form pockets at least three episodes of 

: 20%, parallel, oblique, and ortho. to bedding; forams, well prsrvd., 
crystals ~500 µm) at least three episodes of cementation; large 

s: 20%, parallel, oblique, and ortho. to bedding; forams, well prsrvd., 
(crystals ~500 µm) at least three episodes of cementation.
: 30%, parallel, oblique, and ortho. to bedding; forams, well prsrvd., 
crystals ~500 µm) at least three episodes of cementation.
: 30%, parallel, oblique, and ortho. to bedding; forams, well prsrvd., 
(crystals ~500 µm), at least three episodes of cementation.
: 30%, parallel, oblique, and ortho. to bedding; forams abndnt, well 
y dolo (crystals ~500 µm), at least three episodes of cementation.
: 30%, parallel, oblique, and ortho. to bedding; forams abndnt, well 
y dolo (crystals ~500 µm), at least three episodes of cementation.
: 30%, parallel, oblique, and ortho to bedding; forams abndnt, well 

lo (crystals ~500 µm), at least three episodes of cementation.
: 30%, parallel, oblique, and ortho to bedding; forams abndnt, well 
lo (crystals ~500 µm) at least three episodes of cementation.
: 5%, parallel and oblique to bedding; forams abndnt, well prsrvd, 
ls ~500 µm), at least three episodes of cementation.

 5%, parallel and oblique to bedding; forams well prsrvd, filled w/
 ~500 µm), at least three episodes of cementation.
 15%, parallel and oblique to bedding; forams well prsrvd, filled w/
 ~500 µm), at least three episodes of cementation.
15%, parallel and oblique to bedding; forams well prsrvd., filled w/
 ~500 µm) at least three episodes of cementation.
: 10%, parallel and oblique to bedding; forams well prsrvd, filled w/
 ; at least three episodes of cementation.
 20%, parallel and oblique to bedding; forams well prsrvd, filled w/
 , at least three episodes of cementation.
: 20%, parallel and oblique to bedding; forams well prsrvd, filled w/
 ; at least three episodes of cementation.
 20%,
Table 3. Hole 903C petrology.

Notes: Nannos = nannofossils, Dolo/Fe = dolomite/iron carbonates, Calc. = calcite, Diat = diatoms, rads = radiolarians, Forams = foraminifers, Glauco = glauconite. Orth = orthog
= angular, frcts = fractures, abndnt = abundant. NM = no measurements obtained. Sand, silt, and clay are the grain sizes of the thin section and total 100%; dolo/Fe, calc (spar
and matrix = 100% of thin section and are estimated values. The calcium carbonate is expressed as wt%, assuming all the carbonate present in the sample was calcite (see “Me
biogenic silica value doesn’t match the opal wt%.

Depth
(mbsf)

Age
(nannos)

CaCO3
(wt%)

Opal
(wt%) Dolo/Fe Calc. Diat/rads Foram Glauco Opaques Quartz Matrix

1064 late Eocene NP19-20 73.72 2.95 90 0 0 5 0 0 0 5 Mosaic of euhedral to subhedral dolo rhomb
1068 late Eocene NP19-20 37.04 21.39 10 0 0 15 5 10 5 55 Matrix: micrite, opal, and clay, fp10%; frctrs: 

opal, sparite, and dolo; one large burr (2 mm).
1073 late Eocene NP19-20 42.84 16.11 5 10 0 20 5 30 5 25 Matrix: micrite, opal, and clay, fp.10%; frctrs

w/ opal, sparite, and dolo; two large burrows (2 
1077 late Eocene NP19-20 52.10 11.74 15 5 0 20 0 10 50 Matrix: micrite, opal, and clay, fp10%; frctrs: 

opal, sparite, and dolo.
1084 late Eocene NP19-20 43.87 14.6 20 5 0 30 5 10 5 25 Forams: ghosts, filled w/ dolo, sparite, opal?
1092 late Eocene NP19-20 44.63 14.27 20 0 0 30 5 10 5 30 Forams: ghosts, filled w/ dolo, sparite, opal?
1096 late Eocene NP19-20 42.39 18.58 20 5 0 50 3 10 2 10 Abndnt forams: ghosts, forms well prsrvd, fil

fractures oblique to bedding 10%.
1100 late Eocene NP19-20 31.67 18.34 10 0 0 15 5 10 10 50 Matrix: micrite, opal, and clay, fp10%; frctrs: 

opal, sparite, and dolo; large qtz grain (500 µm).
1106 late Eocene NP19-20 35.38 26 10 0 Ghosts? 15 3 10 2 60 Matrix: micrite, opal, and clay, fp10%; frctrs

dolo.
1109 late Eocene NP19-20 33.93 20.98 2 0 Ghosts? 15 5 10 15 43 Matrix: micrite, opal, and clay, fp 5%; frctrs:

stressed (extinction>15°), 100 µm
1109.6 late Eocene NP19-20 NM NM 0 0 Ghosts? 10 3 10 10 67 Matrix: micrite, opal, and clay, fp 5%; frctrs: 

stressed (extinction>15°), 100 µm.
1110 late Eocene NP19-20 NM NM 2 5 Ghosts? 20 2 10 1 60 Matrix: micrite, opal, and clay, fp 75% (patch

crystals of sparry calcite (500 µm).
1111 late Eocene NP19-20 41.88 11.7 10 5 Ghosts? 20 2 10 0 53 Matrix: micrite, opal, and clay, fp 20%; frctrs

filled w/ opal, sparry calc and replaced by dolo (
cementation. 

1112 late Eocene NP19-20 49.67 16 10 5 Ghosts? 20 0 15 0 50 Matrix: micrite, opal, and clay, fp 20%; frctrs
filled w/ opal, sparry calc and replaced by dolo (
burrow.

1112.5 late Eocene NP19-20 46.11 11.15 10 5 Ghosts? 20 0 15 0 50 Matrix: micrite, opal, and clay, fp 20%; frctr
filled w/ opal, sparry calc. and replaced by dolo 

1115 late Eocene NP 18 47.41 10.07 15 5 Ghosts? 25 0 10 0 45 Matrix: micrite, opal, and clay, fp 30%; frctrs
filled w/ opal, sparry calc and replaced by dolo (

1116 mid. Eocene NP17 61.33 11.14 20 5 Ghosts? 30 0 10 0 45 Matrix: micrite, opal, and clay, fp 30%; frctrs
filled w/ opal, sparry calc. and replaced by dolo 

1116.3 mid. Eocene NP17 59.74 12.71 20 5 Ghosts? 40 0 10 0 25 Matrix: micrite, opal, and clay, fp 30%; frctrs
prsrvd, filled w/ opal, sparry calc and replaced b

1122 mid. Eocene NP17 52.13 15.93 20 5 Ghosts? 40 0 10 0 25 Matrix: micrite, opal, and clay, fp 30%; frctrs
prsrvd, filled w/ opal, sparry calc and replaced b

1125 mid. Eocene NP17 50.10 22.36 25 5 Ghosts? 45 0 10 0 15 Matrix: micrite, opal, and clay, fp 30%; frctrs
prsrvd., filled w/ sparry calc and replaced by do

1128 mid. Eocene NP17 63.05 15.85 30 5 Ghosts? 50 0 10 0 5 Matrix: micrite, opal, and clay, fp 50%; frctrs
prsrvd., filled w/ sparry calc. and replaced by do

1128.5 mid. Eocene NP17 62.03 15.68 20 10 Ghosts? 50 0 15 0 5 Matrix: micrite, opal, and clay, fp50%; frctrs
filled w/ sparry calc and replaced by dolo (crysta

1131 mid. Eocene NP16 50.13 32.56 15 5 5 20 0 10 0 45 Matrix: micrite, opal, and clay, fp 40%; frctrs:
opal, sparry calc and replaced by dolo (crystals

1133 mid. Eocene NP16 37.16 34.76 15 5 5 20 0 15 0 40 Matrix: micrite, opal, and clay, fp 15%; frctrs:
opal, sparry calc and replaced by dolo (crystals

1136 mid. Eocene NP16 39.47 37.35 15 5 5 20 2 10 43 Matrix: micrite, opal, and clay, fp15%; frctrs: 
opal, sparry calc. and replaced by dolo (crystals

1136.5 mid. Eocene NP16 46.04 28.15 10 10 Ghosts? 20 0 10 0 50 Matrix: micrite, opal, and clay, fp15%; frctrs
sparry calc and replaced by dolo (crystals ~500µm)

1143 mid. Eocene NP16 42.17 31.16 15 10 Ghosts? 25 0 10 0 40 Matrix: micrite, opal, and clay, fp 5%; frctrs:
sparry calc and replaced by dolo (crystals ~500µm)

1145 mid. Eocene NP16 52.21 28.57 15 10 Ghosts? 25 0 10 0 40 Matrix: micrite, opal, and clay, fp10%; frctrs
sparry calc and replaced by dolo (crystals ~100µm)

1147 mid. Eocene NP16 50.95 28.83 15 10 Ghosts? 25 2 10 0 38 Matrix: micrite, opal, and clay, fp 5%; frctrs:



EFFECTS OF RELATIVE SEA-LEVEL CHANGES ON DIAGENESIS

t
c

e
a
 d
 

p
u

u

ig

e

f the
l,

, do-
per
and
uco-
lci-
sf is
on-
omi-
or

he
ixed

oles
4;
, a
lly
l in-

i-
and
al al-
se
es,
 in-

r,
bed
).
nish
 to

Ta-
48,
,

ant
me
on-
ry
ant-

th-
.

and
rm-

ical
yey

ay-
di-
 of a
als
n-
y,

und
ones
ne
er,

g

the thin section’s surface. Microfractures occur parallel and obliq
to bedding, but they could have resulted from the extrusion of 
cores. Normally, microfractures occur within fluid pathways, whi
is not the case in these samples.

In contrast to Hole 903C, foraminifers at Site 906 are not v
abundant (5%–10%); some maintain their primary cementation 
the majority are filled with opal (Table 4). Ferroan carbonates and
lomite are minor components at Site 906 and only observed in a
samples. At Site 906, as at Site 903, the carbonate content of the
iment (37%–54%; Fig. 5) is greater than in the coastal plain. O
content ranges from 10% to 16%. Another similarity between the 
per Eocene sediment of Sites 906 and 903 is the occurrence of de
quartz (5%−10%) and glauconite (~5%) that are generally less ab
dant than at the coastal plain.

Unconformity

One unconformity between the upper Eocene and upper Ol
cene is associated with the sediment recovered at Site 906 (Fig
Core recovery between the upper Eocene biosiliceous clayey ch
and upper Oligocene silty claystones was poor. Sediment sampl

Figure 4. Thin sections of typical Eocene at Site 903. A. Upper Eocene fora-
minifers with well-preserved tests (note pseudo uniaxial cross in large fora-
minifera above unmineralized microfracture), quartz (q), and opaque
minerals (bar = 500 µm; cross-nicols; 1077 mbsf). B. Ferroan dolomite com-
monly fills the tests of foraminifers (cross-nicols; 1084 mbsf). Note lar
dolomite rhomb in center of test.
ue
he
h

ry
nd
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al
p-

trital
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d at

the top of the Eocene section at 563.96 mbsf is characteristic o
upper Eocene, with few foraminifers predominantly filled with opa
ghosts of diatoms or radiolarians, and minor ferroan carbonates
lomite, detrital quartz, and glauconite. X-ray analyses of the up
Oligocene silty claystone above the unconformity (546.4, 529, 
479.5 m) show that the sediment contains abundant quartz, gla
nite, some calcite, and minor feldspar, siderite, and pyrite. The ca
um carbonate content for the intervals 546.4, 529, and 479.5 mb
13.13%, 19.18%, and 30.08%, respectively. Lower calcium carb
ate values than the Eocene are typical for the Oligocene. The d
nant clays for the upper Oligocene are illite, kaolinite, and min
smectite (McHugh et al., 1996a).

Correlative Sediment to the Impact Ejecta?

A horizon that may be approximately correlative in age to t
ejecta layer at Sites 903, 904, and DSDP Site 612 and to the m
assemblage interval of the Atlantic City and Island Beach boreh
(Poag, Watts, et al., 1987; Mountain, Miller, Blum, et al., 199
Miller, Chapter 1, this volume) occurs at Site 906. At 600 mbsf
mixed assemblage of middle Eocene foraminifers, which norma
occurs at Eocene Zone P14, occurs within the late Eocene zona
terval P15−P17 (Mountain, Miller, Blum, et al., 1994). The spec
mens are possibly reworked, but their excellent preservation 
abundance suggests minimal exposure to abrasion and chemic
teration (Mountain, Miller, Blum, et al., 1994). Except for an increa
in detrital quartz at 593.5 m, and mixed foraminifer assemblag
nothing unusual is observed in the sediment that might relate this
terval directly to the impact ejecta.

Site 902
Petrography

The upper Eocene sediment (Zones NP19−20 and Zones P15−
P17) recovered at Hole 902D is 55.5 m thick (Mountain, Mille
Blum, et al., 1994). Unfortunately, the sediment was badly distur
during the coring operation (Mountain, Miller, Blum, et al., 1994
Upper Eocene sediment at Site 902 is composed of light gree
gray biosiliceous, clayey nannofossil chalks which is very similar
the Eocene at Site 906. It contains CaCO3 (30%–60%, Fig. 6), opal
(7%–20%), detrital quartz (2%–10%), and glauconite (5%–10%, 
ble 5). CaCO3 decreases upsection and in the upper Oligocene at 6
627.2, and 618 mbsf; the CaCO3 level at these depths is 10.57%
14.88%, and 17.4%, respectively.

As at Site 906, foraminifers at Site 902 are not very abund
(generally 10%; Table 5). Foraminifers are well preserved and so
maintain their primary cementation. Foraminiferal tests are comm
ly filled with opal-CT. Some foraminiferal tests are filled with spar
calcite and ferroan carbonates. The matrix is composed predomin
ly of micrite and opal. Former fluid migration routes are evident wi
in 10% of the matrix. Microfractures occur within these pathways

Unconformity

One major unconformity associated with the upper Eocene 
upper Oligocene contact was recovered at Site 902. This unconfo
able surface at 680.8 mbsf, is characterized by a striking litholog
contact between light greenish gray upper Eocene biosiliceous cla
chalks and dark brown upper Oligocene glauconite-rich silty cl
stones (Mountain, Miller, Blum, et al., 1994). The sediment imme
ately beneath the unconformable surface (680.9 mbsf) consists
mosaic of euhedral to subhedral interlocking dolomite cryst
(Mountain, Miller, Blum, et al., 1994), which show planar intergra
ular boundaries typical of idiotopic-s or planar-s fabrics (Sible
1982; Sibley and Gregg, 1987). The fabric is similar to the one fo
beneath the unconformity that separates the upper Eocene (Z
NP19−20) biosiliceous chalks from the upper Oligocene (Zo
NP23) glauconitic sandy siltstones at Hole 903C (Mountain, Mill

e
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Table 4. Hole 902D petrology.

Notes: Nannos = nannofossils, Dolo/Fe = dolomite/iron carbonates, Calc. = sparry calcite cement, Foram = foraminifers, and Glauco = glauconite. W/ = with, fp = fluid pathways, frcts
= fractures, and ab = abundant. Grain sizes of thin section are silt to clay and have not been estimated as percentages. Dolo/fe, calc., diatoms/radiolarians, foram, glauco, opqs, qtz,
and mtx = 100% of thin section and are estimated values. The calcium carbonate is expressed as wt% CaCO3 assuming all the carbonate present in the sample was calcite (see
“Methods” section, this chapter). In some instances the estimated biogenic silica value doesn’t match the opal wt%.

Depth
(mbsf)

Age
(nannos/forams)

CaCO3
(wt%)

Opal
(wt%) Dolo/Fe Calc.

Diatoms/
radiolarians Foram Glauco Opaques Quartz Matrix Description

681 late Eocene NP19/20 45.14 7.56 0 0 Ghosts-10 10 10 10 10 50 Matrix: micrite and opal; fractures, 
forams filled w/opal 

P16−17 Fp10%.
684 late Eocene NP19/20 48.92 9.6 0 0 Ghosts-10 10 5 10 5 60 Matrix: micrite and opal; ab ghosts of 

rads?
P16−17 Forams filled w/ opal, fp 10%, frcts10%- 

core was damaged during extrusion? 
692 late Eocene NP19/20 42.89 14.15 5 0 Ghosts-15 10 5 10 5 50 Matrix: micrite and opal; few forams; a

ghosts of rads? 
P16−17 Fp 10%, frcts10%

705 late Eocene NP19/20 43.46 9.93 5 0 Ghosts-10 10 5 10 5 55 Matrix: micrite and opal; few forams; a
ghosts of rads? 

P16−17 Fp 10%, frcts10%.
711 late Eocene NP19/20 42.95 15.24 5 0 Ghosts-15 10 5 10 5 50 Matrix: micrite and opal; few forams; a

ghosts of rads? 
P16−17 Fp 10%, frcts10%.

722.7 late Eocene NP19/20 37.53 18.7 2 0 Ghosts-20 5 10 15 10 48 Matrix: micrite and opal; broken foram
ab ghosts of rads?

P16−17 Fp 15%, frcts 30%.
726 late Eocene NP19/20 31.86 17.42 2 0 Ghosts-20 10 5 15 2 46 Matrix: micrite and opal; few forams; a

ghosts of rads? 
P16−17 Fp 15%, frcts 30%.

733 late Eocene NP19/20 30.10 19.42 2 0 Ghosts-20 10 5 15 2 46 Matrix: micrite and opal; few forams; a
ghosts of rads? 

P16−17 Fp 5%, frcts 30%.
740 late Eocene NP19/20 59.98 14.81 20 0 Ghosts-15 40 5 10 0 10 Reworked m.Eo. good preservation, 

wasn't transported far 
P16−17 Forams: filled w/dolo, sparite, and opal, 

forms well prsrvd, fp 30%,frcts10%; 
matrix: micrite and opal.
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Blum, et al., 1994). Clays associated with the upper Eocene are
mixed illite/smectite (70%) and illite (30%; McHugh et al., 1996a).
However, adjacent to the unconformity at 684 mbsf, there is kaolinite
(10%; McHugh et al., 1996a). The upper Oligocene above the uncon-
formity contains illite (50%), kaolinite (30%), and mixed illite/smec-
tite (20%; McHugh et al., 1996a).

Correlative Sediment to the Impact Ejecta?

Nannofossil biostratigraphy indicates that a complete uppermost
Eocene section (Zones NP19−20) was recovered at Site 902. The up-
per Eocene section extends from 740 to 680 mbsf. At 740.1 mbsf, up-
per middle Eocene planktonic foraminifers are mixed within upper
Eocene sediment (Snyder, et al., 1996). The foraminifers are re-
worked but very well preserved, suggesting that they were not trans-
ported far from their original site of deposition (Mountain, Miller,
Blum, et al., 1994). Foraminiferal abundances increase at this inter-
val from 10% to 40%, ferroan carbonates and dolomite increase from
2% to 20%, and CaCO3 is also higher at 60% (Fig. 6; Table 4). Ex-
cept for the changes in foraminiferal assemblages, increased diagen-
esis, and CaCO3, there is nothing else that correlates this interval to
the impact ejecta.

Site 904
Petrography

The Eocene at Hole 904A is 235.5 m thick and extends from the
upper lower Eocene (Subzone NP14, Zones P9−P10) to the upper
Eocene (Zones NP19−20, Zones P16−P17; Mountain, Miller, Blum,
et al., 1994). As at other slope sites the occurrence of detrital quartz
is minor (<1%–10%) at Site 904 (Table 6). Quartz is concentrate
the upper part of the upper Eocene and, except for the ejecta lay
rare to absent in the rest of the section. Glauconite follows the s
trend as quartz, being a minor (<5%) component of the sediment
34
 in
r, is
me
and

concentrated in the upper Eocene. Calcium carbonate content
creases towards the Oligocene at Site 904, as at Site 903 (Fig. 7)

Foraminifers are common in the upper Eocene (Zones NP19−20)
and constitute 5%–20% of the sediment. The outline of their test
noted by red rims and except for a few intervals in which sparry c
cite occurs, foraminiferal tests are partially to completely filled wit
opal-CT (Plate 3). In contrast to Sites 903 and 902, dolomite and 
roan carbonates are rare at Site 904, except for an interval that
tends from 470 to 446 mbsf (middle Eocene Zones NP15−16 to mid-
dle Eocene Zone NP16; Mountain, Miller, Blum, et al., 1994).

Middle Eocene sediment is characterized by foraminiferal abu
dances that range between 5% and 20%. Carbonate diagenes
patchy because some foraminifers still preserve their primary cem
tation whereas others have been partly replaced by sparite an
opal-CT (Plate 3). Silica cement is the most prevalent type.

Diatom and radiolarian tests occur in the upper Eocene, but o
their ghosts, revealed by the outline of the tests that are filled w
opal-CT and/or chert, are noted downhole (Plate 3). The increa
dissolution with depth of the opaline tests is consistent with the p
gression of silica diagenesis with burial (Riech and von Rad, 19
Thein and von Rad, 1987). Opaline tests are evident until 490 mb
below this depth, ghosts predominate. Opal content of the Eoc
ranges from 8% to 45%, with higher percentages for the midd
Eocene, as at Site 903 (Fig. 7). Physical properties measurem
show a significant increase of 0.4 g/cm3 in bulk density values at
525.24 mbsf that correlate with a decrease in water content and
rosity (Mountain, Miller, Blum, et al., 1994). Lithologically, these
changes correlate with an increase in former fluid migration pa
ways downhole and, presumably, with increased silica cementat
of the matrix.

Unconformities

Three unconformities are associated with the Eocene at Site 
(Fig. 7). The youngest unconformity, which is also lithologically th
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most evident, separates upper Eocene from upper Oligocene sedi-
ment (Mountain, Miller, Blum, et al., 1994; Aubry et al., 1996). The
contact at 341.21 mbsf separates glauconitic sandy silty clay above
from biosiliceous nannofossil chalks below. Sediment 40 cm below
this contact is characteristic of the late Eocene, as described in the
section above. The only difference is the occurrence of glauconite,
which is 5% more abundant than in the rest of the Eocene section.
Glauconite grains occur in clusters with minor detrital quartz and for-
aminifers. The clusters are associated with abundant patches of dark-
stained micrite. Foraminifers are filled with two types of cement: Si,
Cl, Ca, Al, Mg, Na, and K (in order of decreasing abundances) and
Si, Al, and minor Mg, Na, Cl, K, and Fe. Most glauconite grains are
surrounded by a yellowish diagenetic halo. The matrix is stained by
former fluid pathways and shows evidence of alteration. The matrix
is composed of Si, Al, Ca, Cl, K, Fe, and minor Mg, and Na. The
glauconite content of the sediment, diagenetic halos, fluid pathways,
and detrital quartz progressively decrease downhole from the uncon-
formable surface. Abundant dark brown glauconite characterizes the
upper Oligocene sediment above.

The second unconformity, at 423 mbsf, separates middle Eocene
(Zone NP16) from upper Eocene (Zone NP18; Mountain, Miller,
Blum, et al., 1994; Aubry et al., 1996). This unconformity also occurs
in DSDP Site 612 and onshore wells, which suggests that it is wide-
spread throughout the margin (Poag and Low, 1987; Poag and Aubry,
1995; Miller et al., 1994). Sediment immediately beneath the uncon-
formity contains foraminifers with well-preserved tests and the ma-
trix contains minor fluid pathways. Analyses of the matrix reveal that
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Figure 5. Biogenic opal and calcium carbonate content vs. depth for Site
906. Biostratigraphic nannoplankton zones and age of one major unconfor-
mity (double lines) that separates upper Eocene from upper Oligocene sedi-
ment. Poor core recovery did not permit closer sampling intervals.
it is composed predominantly of Si with minor Al, Ca, Cl, Mg, and
Na. Some foraminifers maintain their primary cementation, but their
tests are commonly filled with opal-CT or chert. Below the unconfor-
mity, down to 427 mbsf, the sediment contains broad fluid pathways
over 10% of the matrix surface and clusters of foraminifers that sug-
gest reworking (Fig. 8).

The oldest unconformity separates upper lower Eocene Subzone
NP14a from middle Eocene Subzone NP15b (Mountain, Miller,
Blum, et al., 1994; Aubry et al., 1996) at ~550 mbsf. Core recovery
was poor at this interval. This unconformity was also documented at
DSDP Sites 612, 613, and 605 (Poag and Low, 1987; Olsson and
Wise, 1987) and onshore boreholes (Miller et al., 1990; Miller et al.,
1994). Sediment immediately below the unconformity is character-
ized by abundant fluid pathways that extend over 90% of the matrix
(Plate 4). This is rather unusual, even for the early Eocene, where
former fluid migration routes commonly occur as a result of silica dia-
genesis. Former fluid pathways are composed predominantly of Si
some Ca and minor Al. The matrix is very rich in silica, which at some
intervals constitute 100% of the sediment.

Sediment above the unconformity is also characterized by abun-
dant fluid pathways; but, in contrast to the sediment below, it con-
tains numerous foraminifers that have been extensively altered and
tend to be clustered, giving the appearance of reworking (Fig. 9). For-
aminifers are filled with almost pure silica and SEM analyses show
that foraminiferal tests are filled with recrystallized quartz (Plate 5).
This indicates that silica diagenesis has gone one step further from
opal-CT to quartz. White patches observed in petrographic thin sec-
tions of the matrix are rich in Si, Cl, and Ca, and contain minor Al,
Na, Mg, and Fe.

Sediment Above the Ejecta Layer

The ejecta layer composed of tektites, microtektites, and shocked
quartz and feldspar occurs at Site 904 between 415.79 and 415.74
mbsf (McHugh et al., 1996b). As at Sites 902, 903, and 906, re-
worked middle Eocene foraminifers are mixed with upper Eocene
sediment. At Sites 903 and 904 the reworked middle Eocene foramin-
ifers occur above the ejecta layer. However, at Site 904, middle
Eocene foraminifers occur for another 21 m above the layer (Moun-
tain, Miller, Blum, et al., 1994; McHugh et al., 1996b). As at Site 903,
the calcium carbonate of the sediment decreases for 10 m above the
ejecta to the lowest values observed for the Eocene (32.8% at 404.55
mbsf); but the decrease, as at Site 903, began prior to the ejecta being
deposited (Fig. 7). Abundant fluid pathways, opaque minerals, and an
8% increase in the opal content characterize the sediment for 1 m
above the ejecta layer. An increase in pyrite, quartz, and glauconite
was also documented 20 cm above the ejecta at Site 904 (Mountain,
Miller, Blum, et al., 1994).

DISCUSSION

Diagenesis of Coastal Plain and Slope Sites

Differences are noted in the diagenetic transformation and miner-
al composition of the sediment with progressive distance from the
shoreline. The upper and middle Eocene of the coastal plain Atlantic
City borehole are contrasted and compared to the upper and middle
Eocene of the slope Sites. Only a small section of the lower Eocene
at Site 904 is comparable to the lower Eocene of Island Beach. Gen-
erally, coastal plain sediment has undergone numerous episodes of
carbonate diagenesis as documented in the tests of foraminifers: dis-
solution and recrystallization of the original test, infilling by micrite,
finely crystalline sparite, rare replacement by dolomite and ferroan
carbonates, and almost complete dissolution of tests. This type of ce-
mentation is more typical of the near-shore and near-surface environ-
ment, where pore-fluid flow rates are more active than in the offshore
35
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burial environment (James and Choquette, 1983; 1984). More tests
need to be conducted to determine the influence, if any, of meteoric
fluids in the diagenetic transformations. Such influence has been ex-
tensive in the Eocene porcellanites exposed on the coastal plain.
Here, practically all calcium carbonate has presumably been removed
and the silica rich matrix has been completely recrystallized into an
amorphous cement.

The transport of terrestrial sediment to the coastal plain and slope
Sites is manifested in the occurrence of abundant detrital quartz and
minor feldspar and mica. Glauconites form in the shallow-marine en-
vironment. They are particularly characteristic of the continental
shelf at water depths between 60 and 500 m with optimum water
depths of formation at 200 m (Odin and Matter, 1981). Most of the
glauconite found below 200 m of water depth is likely to have been
transported from shallow water (Odin and Matter, 1981).The occur-
rence of glauconites at the slope sites suggests shallow-water trans-
port, and its correlation with quartz also suggests transport of terrig-
enous sediment. The range in colors of the glauconite grains, from
different shades of green to brownish yellow and reddish brown at
one location, indicates that the grains have been oxidized at different
rates (Odin and Matter, 1981). Brown glauconites in lower Eocene
sediment at Island Beach suggest sediment reworking (Pekar et al.,
Chapter 15, this volume). The occurrence of brown glauconites at the
slope Sites suggests sediment reworking and transport from shallow
water. The occurrence of gray glauconites at the Atlantic City bore-
hole indicates an even more extensive diagenetic transformation to
silica.

One of the major differences between the coastal plain and the
slope carbonate diagenesis is the occurrence of coarsely crystalline
ferroan carbonates and dolomite filling the foraminiferal tests at
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Figure 6. Biogenic opal and calcium carbonate content vs. depth for Site
902. Biostratigraphic nannoplankton zones and age of major unconformity
(double lines) that separates upper Eocene from upper Oligocene sediment.
Clusters of foraminifers occur at 740.1 mbsf, and their occurrence appears to
correlate to higher calcium carbonate values.
36
slope Sites 903 and 902. Less nucleation of crystallites and coarser
crystal forms are typical of the burial environment where pore-fluid
flow rates are very low (Choquette and James, 1987; Buddemeier and
Oberdorfer, 1986). Finely crystalline sparry calcite is common in the
coastal plain, which suggests more active pore-fluid flow. The occur-
rence of ferroan carbonates in the slope is an indication of the greater
reducing nature of the pore fluids. The reducing conditions in which
Fe and Mn tend to be preferentially picked up during diagenesis are
brought about by the stagnation of the oxidizing waters and/or the
thermal decomposition of organic matter in the sediment (von Rad
and Botz, 1987).

Fewer episodes of carbonate diagenesis are observed at Site 904
than at Site 903; this is indicated by the foraminiferal tests that com-
monly maintain their primary cementation and are rarely filled with
sparry calcite or ferroan carbonates. The carbonate content of middle
and upper Eocene sediment at Sites 904 and 903 is similar so that the
local variations in carbonate diagenesis between these two locations
must have been caused by other reasons, including slower pore-fluid
flow rates. Another indication of slower pore-fluid flow rates from
the coastal plain to Sites 903 and 904 can be interpreted from the min-
eralization of microfractures. Coastal plain microfractures are always
filled with silica suggestive of more active fluid flow. Microfractures
are partly mineralized at Site 903 and rarely filled with silica at Site
904.

The silica diagenetic alterations in the slope biosiliceous chalks
show a progression with increased burial from weakly silicified
chalks to strongly silicified calcareous porcellanites. The diagenetic
transformations are manifested by the dissolution of opaline silica
tests, by opal-CT filled foraminiferal tests, by silica impregnating the
matrix in a diffuse or patchy manner, and by the occurrence of mi-
crofractures caused by volume reduction after loss of crystallization
water from the biogenic opal. Although silica diagenesis in the coast-
al plain is evident by the dissolution of opaline silica tests, microfrac-
turing as a result of volume reduction is not as pervasive as at the
slope. Coastal plain sediment contains an abundance of detrital min-
erals and less calcium carbonate (25%–45% less) than the slope
periments and studies of the Monterey Formation and other deep
drilling sites have shown that the host sediment has an effect on
rate at which the silica diagenetic transformations occur (Kastne
al., 1977; Isaacs, 1982; Hinman, 1990). The occurrence of detr
minerals and clay would tend to retard the opal-A to opal-CT tran
formation and enhance the opal-CT to quartz transformation, whe
as the occurrence of calcite would have the opposite effect. Res
from these studies suggest that mineral composition of coastal p
sediment has influenced the diagenetic path so that microfractur
and other features such as conchoidal surfaces, which are commo
the lower slope calcareous porcellanites (McHugh et al., 1993), 
rare to absent on the coastal plain where clay and detrital minerals
abundant. In addition, upper to middle coastal plain sediments at 
lantic City generally contain less opal than the slope sites.

In contrast to the coastal plain sediment, terrigenous and shallo
water sediment transport manifested by the occurrence of silt-si
detrital quartz and glauconite is minor at the slope sites and occ
predominantly in upper Eocene sediment. The influx of terrigeno
sediment correlates with a decrease in the calcium carbonate 
opal content of the chalks and these changes in sedimentation 
terns are consistent with a gradual shift from an Eocene pelagic, 
bonate-dominated margin to an Oligocene hemipelagic, siliciclast
dominated margin.

Diagenesis of the Sediment at Unconformable Surfaces

The most striking diagenetic transformations at the continen
slope Sites occurred in upper Eocene sediment beneath the un
formable surface with the upper Oligocene (Fig. 10). The Eocene b
siliceous chalks have been transformed to an idiotopic mosaic of 
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Table 5. Hole 906A petrology.

Notes: Nannos = nannofossils, Dolo/Fe = dolomite/iron carbonates, Foram = foraminifers, and Glauco = glauconite. W/ = with, fp = fluid pathways, frcts = fractures, ortho = orthogo-
nal, ab. = abundant, nm = no measurements obtained. Grain sizes of thin section samples are silt to clay. Dolo/Fe, diatoms/radiolarians, foram, glauco, opaques, quartz, and matrix
= 100% of thin section. The calcium carbonate is expressed as wt%, assuming all the carbonate present in the sample was calcite (see “Methods” section, this chapter). In some
instances the estimated biogenic silica doesn’t match the opal wt%.

Depth
(mbsf)

Age
(nannos-forams)

CaCO3
(wt%)

Opal
(wt%) Dolo/Fe

Diatoms/
radiolarians Foram Glauco Opaques Quartz Matrix Description

564 late Eocene NP19/20 53.74 9.42 0 Ghosts-10 10 0 10 5 65 Matrix: micrite and opal; forams: few
and filled w/opal; ab. ghosts of rads?; 
frcts 10% parallel and oblique to 
bedding.

P16-17

564.2 late Eocene NP19/20 44.84 11.36 0 Ghosts-10 5 5 10 10 60 Matrix: micrite and chert; forams: fe
and filled w/opal; ab. ghosts of rads? 
one large burrow (1mm); frcts 10% 
parallel and oblique to bedding.

P16-17

565.5 late Eocene NP19/20 42.43 12.33 1 Ghosts-10 5 5 10 5 64 Matrix: micrite and chert; forams: fe
and filled w/opal;ab. ghosts of rads? 
frcts 10% parallel and oblique to 
bedding. 

P16-17

583 late Eocene NP19/20 43.74 12.31 0 Ghosts-10 5 5 10 5 65 Matrix: micrite and chert; forams: fe
and filled w/opal;ab. ghosts of rads? 
frcts 10% parallel and oblique to 
bedding. 

P15-17

586 late Eocene NP19/20 49.79 11.26 5 Ghosts-10 10 5 20 0 50 Matrix: micrite and chert; forams: fe
and filled w/opal,and dolo.; ab. ghosts 
of rads? frcts 20% parallel, oblique, 
and ortho to bedding. 

P15-17

587 late Eocene NP19/20 44.46 11 0 Ghosts-10 10 5 15 5 55 Matrix: micrite and chert; forams: few
and filled w/opal; fp 20%; frcts 50% 
parallel, oblique, and ortho to bedding; 
ab. ghosts of rads?

P15-17

593 late Eocene NP19/20 40.21 14.79 0 Ghosts-15 10 5 10 10 50 Matrix: micrite and chert; forams: fe
and filled w/opal; fp. 5%; frcts 5% 
parallel to bedding; ab. ghosts of rads?

P15-17

594 late Eocene NP19/20 37.21 16.23 0 Ghosts-15 10 5 15 0 55 Matrix: micrite and chert; forams: fe
and filled w/opal; fp. 5%; frcts 10% 
oblique to bedding; ab. ghosts of rads?

P15-17
lomite crystals. The micrite matrix has been completely replaced by
dolomite rhombs, and dolomicrite and also contains kaolinite clay.
However, the allochems have been preserved, although they have un-
dergone several episodes of diagenesis. Analyses of petrographic re-
lations based on the unimodal distribution of the dolomite rhombs,
the planar crystal boundaries, and the relation of the allochems and
matrix to the dolomite mosaic suggest slow grain growth under high-
ly saturated dolomitizing fluids at low temperature. This interpreta-
tion is based on the classification proposed by Sibley and Gregg
(1987). Dilution of seawater with meteoric waters and/or lowering of
the SO4 content of the sediment (Tucker and Wright, 1990) are two
of the possible mechanisms that may have contributed to dolomite
precipitation.

Stratigraphic relations indicate that the uppermost dolomite bed is
only a few centimeters thick. The sediment below the contact is not
associated with mass-wasting. However, the silty clays and dark
brown glauconite that occur in the Oligocene sediment above the un-
conformity at all slope sites, indicate terrigenous sediment transport
and reworking from shallow water where the glauconites commonly
form (Odin and Matter, 1981; Pekar et al., Chapter 15, this volume).
Altered glauconite grains, detrital quartz, clay, and increased fluid
pathways beneath the unconformity at Site 904 suggest minor sedi-
ment reworking and transport from shallow water for the late Eocene.
More geochemical analyses need to be conducted to determine more
precisely the source of the dolomitization fluids. However, the pro-
cesses that occurred at this contact are unlike any others observed for
the Eocene sediment, and the unconformity, which was documented
at all slope sites (Mountain, Miller, Blum, et al., 1994), documents a
major change in the sedimentation of the margin.

There is no evidence for sediment transport at the unconformable
surface that separates middle Eocene Zone NP17 from Zone NP16 at
Site 903. However, the increase in foraminifers and carbonate dia-
genesis, the abundance of former fluid routes, and the occurrence of
Zone NP16 nannofossil taxa in Zone NP17 suggest increased fluid
activity and sediment reworking. Reworking of sediment suggested
by clusters of foraminifers and a minor increase in pore-fluid activity
are associated with the unconformity that separates middle Eocene
Zone NP16 from upper Eocene Zone NP18 at Site 904. Middle
Eocene Zone NP17 is missing at Site 904 (Aubry et al., 1996) and
present at Site 903, which suggests slope erosion associated with the
unconformity.

The oldest unconformity that separates upper lower Eocene Sub-
zone NP14a from middle Eocene Subzone NP15b at slope Site 904 is
associated with (1) sediment reworking (above), (2) abundant fluid
pathways suggestive of increased pore-fluid flow activity (above and
below), (3) an increase in silica diagenesis from opal-CT to quartz,
and (4) the occurrence of kaolinite (Fig. 9).

Analyses of the matrix and former fluid pathways in sediment
above and below the unconformities that separate the uppermost mid-
dle Eocene and the lower/middle Eocene suggest that the fluids orig-
inated from a local source within the Eocene sediment. The element
composition of the matrix is the same as that of the fluid routes. The
only difference is that calcium and/or silica tend to be concentrated
within the darker stained pathways. EDX analyses show that chloride
occurs in Eocene sediment and that its occurrence may be related to
the diffusion of evaporites from deeper sources. Pore-fluid analyses
of the slope sites also detected an increase in Cl and Ca with depth,
and this increase was related to possible migration of brines from
greater depths (Mountain, Miller, Blum, et al., 1994).

In general, evidence for physical processes such as increased
former fluid migration routes and minor sediment reworking are
common to the sediment associated with the Eocene unconformities.
However, the chemical and physical changes increase in complexity
from the late middle Eocene to the upper Eocene/upper Oligocene
boundary. The diagenetic transformations that culminate in complex-
ity at the upper Eocene/upper Oligocene boundary occurred in re-
37
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Description

hy reworked- dolo rhombs in matrix forams: patchy to 

 patchy fluids
 patchy fluids
 patchy fluids
 patchy fluids
 patchy fluids
 patchy fluids; bigger forams (.5 mm)
 patchy fluids
 patchy fluids
 patchy fluids
 patchy fluids

arite; fp 30%

or filled w/ opal

- forams ghosts; reworked?
- forams ghosts; reworked?
ite; fp 50%- nothing unusual-reworked?
rite; fp10%- reworked?
rite; fp10%- pocket of forams-reworked?
 10%
 10% patchy, frctrs 10%

dolo; fp10%- pocket of forams - reworked?
rite; fp10%
d sparite; no fp or frctrs
ite; no fp or frctrs
ite; no fp or frctrs
ite; 40% fp rich in calc. frctrs 10% within fp-possible 

ite; 40% fp rich in calc. frctrs 10% within fp
 opal, and dolo; rad ghosts; 20% fp rich in calc. frctrs 

o; rad ghosts; no fp or frctrs.
 and opal; rad ghosts; 10% fp rich in calcite; frctrs 5%.
 and opal; rad ghosts; 10% fp rich in calcite; frctrs 5%.
 and opal; rad ghosts; 20% fp rich in calcite.
d sparite; rad ghosts; 10% fp.
d sparite; rad ghosts; 30% fp- 10% frcts.
d ghosts; 30% frcts. within fp. 
 fp, rads ghosts.
illed w/opal, few w/ sparite; fp 10%-rads.ghosts.
illed w/opal, few w/ sparite; fp 10%, rads ghosts.
calc. few w/opal, fp 20%, rads ghosts; opaques

led w/sparite and opal, fp 10%, diatom ghosts.
led w/opal, fp 10%, diatom ghosts?

illed w/opal, fp & frcts 10%, diatom/rads ghosts?
y calc.; few w/opal, fp & frcts 10%, diatom ghosts? 

me filled w/opal, no fp, diatom ghosts? filled with opal.
me filled w/opal, no fp, diatom ghosts? filled with opal.

ome filled w/opal, no fp, diatom ghosts? filled with opal
ome filled w/opal, no fp, diatom ghosts? filled with opal
ome filled w/opal, no fp, diatom ghosts? filled with opal
ome filled w/opal, no fp
Table 6. Hole 904A petrology.

Depth
(m)

Age
(nannofossils)

CaCO3
(wt%)

Opal
(wt%) Dolo/Fe Diat/rads Foram Glauco Opaques Quartz Matrix

341 late Eocene NP 19−20 37.11 14.06 5 15 15 10 10 10 35 Pockets of forams, glauco, and qtz; fp patc
opal, sparite, primary.

342 late Eocene NP 19−20 39.57 15.22 0 15 10 10 5 5 55 Forams all ghosts and filled w/ opal; fp 10%
345 late Eocene NP 19−20 35.94 15.67 0 15 10 5 5 5 60 Forams all ghosts and filled w/ opal; fp 10%
346 late Eocene NP 19−20 34.73 12.92 0 15 15 5 10 5 50 Forams all ghosts and filled w/ opal; fp 10%
351 late Eocene NP 19−20 40.31 11.53 0 15 15 0 10 0 60 Forams all ghosts and filled w/ opal; fp 10%
354 late Eocene NP 19−20 46.73 9.47 0 15 20 0 20 0 45 Forams all ghosts and filled w/ opal; fp 10%
356 late Eocene NP 19−20 49.77 7.55 0 10 20 2 5 0 63 Forams all ghosts and filled w/ opal; fp 10%
361 late Eocene NP 19−20 48.41 10.43 0 10 10 0 5 0 75 Forams all ghosts and filled w/ opal; fp 20%
363 late Eocene NP 19−20 42.16 13.1 0 10 10 5 5 5 65 Forams all ghosts and filled w/ opal; fp 20%
366 late Eocene NP 19−20 44.82 11.12 0 15 10 2 10 0 63 Forams all ghosts and filled w/ opal; fp 20%
369 late Eocene NP 19−20 35.40 13.21 0 10 10 2 10 3 65 Forams all ghosts and filled w/ opal; fp 20%
372 late Eocene NP 19−20 43.00 15.12 0 10 10 2 10 0 68 Forams all ghosts and filled w/ opal; fp 20%
375 late Eocene NP 19−20 42.29 8.97 0 10 10 5 10 2 63 Forams all ghosts and filled w/ opal; fp 20%
378 late Eocene NP 19−20 43.90 9.91 0 15 15 5 10 5 50 Forams all ghosts and filled w/ opal; fp 20%
381 late Eocene NP 19−20 42.78 10.72 0 15 20 5 10 5 45 Forams all ghosts and filled w/ opal; fp 20%
385 late Eocene NP 19−20 42.02 10.9 0 15 20 2 10 2 51 Forams all ghosts and filled w/ opal and sp
388 late Eocene NP 19−20 41.66 8.71 0 10 20 5 10 5 50 Forams all ghosts and filled w/ opal; fp 30%
391 late Eocene NP 19−20 37.91 10.85 0 10 5 0 10 0 75 Patchy matrix? fp10%
395 late Eocene NP 19−20 43.29 12.34 0 10 5 2 10 5 68 Patchy fp. 20%−detrital qtz-forams ghosts 
398 late Eocene NP 19−20 45.88 10.12 0 10 5 2 10 5 68 Patchy fp 20%-detrital qtz-forams ghosts
401 late Eocene NP 19−20 39.98 12.82 0 10 5 5 10 10 60 Patchy fp 20%-detrital qtz-forams ghosts
405 late Eocene NP 19−20 32.8 11.81 0 10 5 2 10 5 68 Patchy fp 20%-detrital qtz-forams ghosts
408 late Eocene NP 19−20 33.26 15.71 0 15 5 0 10 2 68 Patchy fp 20%-detrital qtz-forams ghosts
411 late Eocene NP 19−20 34.14 19.29 0 10 5 0 15 0 70 Forams: well prsrvd, filled w/opal; fp 40%
414 late Eocene NP 19−20 34.59 16.44 0 10 5 0 20 0 65 Forams: well prsrvd, filled w/opal; fp 60%
416.85 late Eocene NP 19−20 37.52 11.01 0 15 15 0 15 0 65 Forams: well prsrvd, filled w/opal and spar
417.04 late Eocene NP 19−20 42.94 8.63 0 10 15 0 15 0 60 Forams: well prsrvd, filled w/opal, and spa
417.07 late Eocene NP 19−20 48.21 NM 0 15 15 0 10 0 60 Forams: well prsrvd, filled w/opal, and spa
418 late Eocene NP 19−20 53.94 10.65 0 10 10 2 10 0 68 Forams: well prsrvd forms, filled w/opal, fp
423 late Eocene NP 18 48.60 19.03 0 10 10 1 10 0 69 Forams: well prsrvd forms, filled w/opal, fp
423.7 m.m. Eocene NP 16 48.66 20.05 2 15 15 0 8 0 60 Forams: well prsrvd, filled w/opal, sparite, 
427 m.m. Eocene NP 16 39.85 23.09 0 15 5 0 5 0 75 Forams: well prsrvd, filled w/opal, and spa
430 m.m. Eocene NP 16 34.36 28.49 2 15 8 0 10 0 65 Forams: well prsrvd, filled w/opal, dolo, an
433 m.m. Eocene NP 16 46.96 15.56 0 15 5 0 5 0 75 Forams: well prsrvd, filled w/opal and spar
436 m.m. Eocene NP 16 43.48 16.86 0 15 5 0 5 0 75 Forams: well prsrvd, filled w/opal and spar
439 m.m. Eocene NP 16 41.20 16.13 0 10 5 0 10 0 75 Forams: well prsrvd, filled w/opal and spar

iron carb.
443 m.m. Eocene NP 16 49.54 18.43 0 10 10 0 5 0 75 Forams: well prsrvd, filled w/opal and spar
446 m.m. Eocene NP 16 48.40 21.13 2 10 5 0 3 0 80 Forams: well prsrvd, filled w/sparry calcite

10% within fp
449 m.m. Eocene NP 16 47.94 22.81 2 15 5 0 3 0 75 Forams: well prsrvd, filled w/opal, and dol
452 m.m.EoceneceneNP15−16 47.37 15.12 2 15 10 0 3 0 70 Forams: well prsrvd, filled w/sparite, dolo,
458 m.m.EoceneceneNP15−16 52.45 21.3 5 10 20 0 5 0 60 Forams: well prsrvd, filled w/sparite, dolo,
461 m.m.EoceneceneNP15−16 64.89 11.69 5 10 20 0 5 0 60 Forams: well prsrvd, filled w/sparite, dolo,
462 m.m.EoceneceneNP15−16 44.67 13.66 5 15 15 0 5 0 60 Forams: well prsrvd, filled w/dolo, opal, an
468 m.m.EoceneceneNP15−16 45.54 16.43 10 15 15 0 10 0 50 Forams: well prsrvd, filled w/dolo, opal, an
469 m.m.EoceneceneNP15−16 38.03 21.17 1 15 10 0 4 0 70 Forams: well prsrvd, most filled w/opal, ra
472 m.m.EoceneceneNP15−16 44.69 17.93 0 15 10 0 5 0 70 Forams: well prsrvd, most filled w/opal, no
475 m.m.EoceneceneNP15−16 45.82 20.68 0 10 10 0 5 0 75 Forams: well prsrvd, uniaxial cross, most f
478 m.m.Eocenecene NP15 44.74 19.26 0 10 10 0 5 0 75 Forams: well prsrvd, uniaxial cross, most f
483 m.m.Eocenecene NP15 55.91 18.81 0 5 10 0 10 0 75 Forams: well prsrvd, most filled w/ sparry 

possibly iron carbonates.
486 m.m.Eocenecene NP15 49.51 19.84 0 10 5 0 5 0 80 Forams: well prsrvd, uniaxial cross, few fil
489 m.m.Eocenecene NP15 42.47 21.47 0 10 5 0 5 0 80 Forams: well prsrvd, uniaxial cross, few fil

filled with opal; frctrs 10%; fp 10%.
490 m.m.Eocenecene NP15 47.37 20.52 0 10 10 0 5 0 75 Forams: well prsrvd, uniaxial cross, most f
496 m.m.Eocenecene NP15 59.76 14.74 0 0 10 0 5 0 85 Forams: well prsrvd, recrystallized to sparr

filled with opal.
503 m.m.Eocenecene NP15 52.09 20.75 0 10? 5 0 5 0 80 Forams: well prsrvd, some uniaxial cross so
510 m.m.Eocenecene NP15b 45.75 27.03 0 10? 5 0 5 0 80 Forams: well prsrvd, some uniaxial cross so
513 m.m.Eocenecene NP15b 44.50 29.97 0 10? 5 0 5 0 80 Forams: well prsrvd, some uniaxial cross s
516 m.m.Eocenecene NP15b 44.64 18.98 0 10? 5 0 5 0 80 Forams: well prsrvd, some uniaxial cross s
520 m.m.Eocenecene NP15b 46.55 20.8 0 10? 5 0 10 0 75 Forams: well prsrvd, some uniaxial cross s
523 m.m.Eocenecene NP15b 51.23 16.6 0 10 0 5 0 85 Forams: well prsrvd, some uniaxial cross s
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sponse to the changing character of the fluids and surficial sediment.
Sediment progradation, that increased in the middle Oligocene and
contributed to the transport of terrigenous sediment further offshore,
has been correlated to a global δ18O increase and a regional cooling,
to a long-term sea level lowering, and to possible tectonics (Miller et
al., 1996b). These observations suggest that large-scale, diagenetic
changes in deep sea slope sediment occur in response to long-term,
margin-wide events such as the Oligocene eustatic lowerings.

Sediment Associated with the Ejecta Layer

Sediment reworking and diagenetic transformations are associat-
ed with the interval of correlative age to the ejecta layer at the Atlan-
tic City borehole section (1352–1390 ft [412.2–423.8 m]). Eviden
that fluids were more active is noted at ~1354 ft (412.8 m) where
sediment is marked by a dark stained matrix, patchy cementation
traclasts, broken foraminiferal tests, glauconites replaced by sil
and abundant pyrite and detrital minerals.

At the slope Sites 903 and 904, abundant fluid pathways and a
crease in quartz, glauconite, pyrite, and opal content of the sedim
occur immediately above the ejecta layer (20–100 cm). These ob
vations suggest that mineralogical and diagenetic changes assoc
with the ejecta were minor at the slope. The occurrence of rewor
middle Eocene foraminifers in upper Eocene sediment at all sl
sites, including Site 904 where the reworked foraminifers extend
21 m above the ejecta layer, suggests that a middle Eocene sour
sediment was exposed upslope. The middle Eocene foraminif
sources have been related to slope failures associated with the
Eocene Chesapeake Bay impact event (McHugh et al., 1996b).

CONCLUSIONS

Numerous episodes of carbonate diagenesis are recorded in
coastal plain sediment. These types of transformations are typica
the near-shore and near-surface environment where pore fluids
more active. Pore-fluid activity decreases offshore towards the m
dle slope at Site 904 where cementation is patchy; some microfo
still maintain their primary tests and microfractures are not miner
ized. Deep-burial conditions and more extensive diagenetic react
than at Site 904 are manifested in the sediment at upper slope 
903 and 902 where coarsely crystalline ferroan carbonates are c
mon. Silica diagenesis at the slope sites shows a progression 
depth of burial from weakly silicified chalks to strongly silicified ca
careous porcellanites that contain microfractures. In contra
coastal-plain silica diagenesis has been influenced by less opal 
tent and an abundance of clay and detrital minerals, and does
show the features that are typical of the slope sediment such as
tensive microfracturing.

Sediment adjacent to the uppermost middle Eocene and the lo
middle Eocene slope unconformities indicate that sediment rewo
ing was minor, but that the diagenetic transformations were ext
sive. The source of the fluids appears to be local from within 
Eocene, and the cementation of the sediment associated with t
unconformable surfaces indicates that pore fluids were more ac
near the unconformities. Lithological and cementation changes 
most evident at the unconformable surface between the upper Eo
and the upper Oligocene where sediment beneath the unconfor
recorded extensive diagenetic alterations. These observations su
that diagenetic transformations in the slope sediment are to a g
extent influenced by large-scale sedimentation changes in the ma
such as the switch from Eocene pelagic carbonate to Oligocene h
pelagic siliciclastic sediments. The more accentuated sea-level l
erings that occurred in response to global cooling and possible tec
ics (Miller et al., 1996b) from the early Eocene to the Oligocene c
tributed to the changes in mineral content, fluid character, a
diagenetic transformations at the slope sites.
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Figure 8. Sediment below middle/upper Eocene unconformity at Site 904.
A. Foraminiferal clusters. Tests are filled with opal (o), ferroan carbonates
(fc), and pyrite (bar = 1 mm; cross-nicols, 423.7 mbsf. B. Minor dark-
stained patches occur in the matrix (bar = 1 mm; cross-nicols, 423.7 mbsf).
42
Figure 9. Unconformity between the lower middle Eocene and the middle
middle Eocene at Site 904. Sediment above the unconformity is character-
ized by extensive alteration of foraminiferal tests to quartz (q) and former
fluid migration routes. White patches (bottom right of photo) are rich in sil-
ica and chloride and stain the matrix (bar = 1 mm; cross-nicols, 546 mbsf).
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Figure 10. Summary figure showing lithology, age, biostratigraphic nannoplankton zones, and interpretation of sediment above and below unconformities at all
slope sites.
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Plate 1. Thin sections of interval with mixed biostratigraphic markers at Atlantic City, 1354 ft (45 m). 1. Disrupted matrix with isotropic minerals (m), detrital
quartz (q), pyrite (p), intraclasts (i), and dark stains (bar = 1 mm; cross-nicols). 2. Same thin section as 1 (plane light). 3. Cluster of broken and altered foramin-
ifers rimmed by dark-stained matrix (bar = 1 mm). 4. Glauconite grains have undergone extensive alteration. Northeast corner of center grain has been altered to
silica (bar = 250 µm; cross-nicols).
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Plate 2. Upper Eocene beneath unconformable surface with the upper Oligocene at Site 903, 1064 mbsf. 1. Thin section (cross-nicols) of idiotopic mosaic of
euhedral to subhedral dolomite rhombs. Foraminiferal test filled with large sparry calcite crystal and ferroan dolomite rhombs (dark-stained; bar = 250 µm). 2.
SEM backscatter micrograph shows differences in chemical composition of zoned dolomite rhombs and matrix (bar = 20 µm). 3. EDX analysis of matrix. 4.
EDX analysis of calcium-rich core in dolomite rhomb.
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Plate 3. Thin sections showing silica diagenesis at Site 904. 1. Upper Eocene foraminiferal tests are well preserved and filled with opal (o). The matrix is com-
monly stained with light to dark patches (bar = 1 mm; cross-nicols, 356 mbsf). 2. Middle Eocene foraminifers still maintain their primary cementation (pseudo
uniaxial cross). Note fluid pathways and microfractures (bar = 1 mm; cross-nicols, 459 mbsf). 3. Middle Eocene matrix with silica ghosts (g) and dark-stained
former fluid-routes forming orthogonal intersections (bar = 1 mm; cross-nicols, 483 mbsf).
46



EFFECTS OF RELATIVE SEA-LEVEL CHANGES ON DIAGENESIS
1

2

3 4
Plate 4. Lower middle Eocene below unconformable surface with middle middle Eocene at Site 904 (559 mbsf). 1. Photomicrograph of matrix with extensive
former fluid migration pathways (bar = 1 mm; cross-nicols). 2. SEM backscatter micrograph of former fluid routes (bar = 1 mm). 3. Dark-stained matrix is rich
in calcium and silica. 4. Matrix is rich in silica with minor aluminum and calcium.
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 µm
3

1 2

4

Plate 5. Middle middle Eocene above unconformable surface with lower middle Eocene at Site 904 (546 mbsf). 1. SEM micrograph of altered foraminiferal
test (bar = 40 µm). 2. SEM micrograph (backscatter) of same foraminiferal test as 1, showing opal-CT lepispheres and white platy cements (bar = 40). 3.
SEM micrograph of white platy cements showing recrystallyzed quartz and kaolinite plates (bar = 1 mm). 4. EDX analysis of white cements.
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