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ABSTRACT

Planktonic foraminiferal biostratigraphic study of Leg 150X boreholes at 1sland Beach, Atlantic City, and Cape May pro-
vides good biostratigraphic control for Eocene and older strata, limited control on Oligocene strata, and little control on
Miocene strata. Upper Cretaceous to Eocene assemblages are open marine faunas, and most of the standard tropical/subtropical
planktonic foraminiferal zones are represented in the Leg 150X boreholes. Oligocene planktonic foraminiferal assemblages are
low in diversity, many marker taxa are absent, and standard planktonic foraminiferal zonations are difficult to apply. This
reflects a shallow depositional paleoenvironment and local/global climatic cooling. Some lower Miocene intervals contain for-
aminifers, although the shallow depositional environment (inner neritic) excludes most marker taxa. Sediments younger than
middle Miocene lack age-diagnostic foraminifers. The presence of most Late Cretaceous to Eocene zones indicates that hia-
tuses are short in duration. The turning point is during the Eocene/Oligocene transition: since the beginning of the Oligocene,
depositional breaks are more frequent and their duration islonger. Thismay reflect larger, more rapid sea-level changes, consis-

tent with increasing ice volume.
INTRODUCTION

The New Jersey Coastal Plain Drilling Project, Ocean Drilling
Program (ODP) Leg 150X, completed three boreholes (Island Beach
and Atlantic City in 1993 and Cape May in 1994) that penetrated a
total of 4175 ft (1272.5 m) of sediments and recovered 3166.4 ft
(965.1 m) of core (Miller et a., 1994a, 1994b; Miller, et al., 1996;
Fig. 1). The oldest sediments recovered were uppermost Cretaceous
at I1sland Beach, upper middle Eocene at Atlantic City, and upper
Eocene at Cape May. At Island Beach, drilling penetrated ~35 ft
(10.7 m) of Upper Cretaceous, 108 ft (32.9m) of Paleocene, 379 ft
(115.5m) of Eocene, 225 ft (68.6 m) of Oligocene, and ~427 ft (130.2
m) of Miocene sediments. At Atlantic City, drilling penetrated 271 ft
(82.6 m) of middle and upper Eocene, 273 ft (83.2 m) of Oligocene,
and 768 ft (234.1 m) of Miocene strata. At Cape May, 140 ft (42.7 m)
of upper Eocene, 180 ft (54.9 m) of Oligocene, and 823 ft (250.9 m)
of Miocene were penetrated. Pliocene and younger sediments of var-
ious thickness were also recovered from the three boreholes.

In general, the Cretaceous to Eocene sections have better bio-
stratigraphic control than younger sediments owing to deposition in
predominantly open marine paleoenvironments. Biostratigraphic
correlations of Oligocene strataare limited because of the rare occur-
rence of marker speciesin shallow marine paleoenvironments, atem-
perate pal eoclimate, morefrequent sea-level fluctuations, resultingin
hiatus devel opment and poor preservation of microfossils. The Mio-
cene sediments were mostly deposited in shallow marine to prodelta
environments. Detailed planktonic foraminiferal biostratigraphic
study of the Mioceneis not possible due to the absence of planktonic
foraminiferal index taxa. Sediments younger than Miocene are basi-
cally barren of planktonic foraminifers. Therefore, systematic chro-
nologic study and direct stratigraphic correlation of the Miocene and
younger sediments must rely on strontium isotopic, diatom, and di-
nocyst stratigraphic studies.
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The objectives of this study are to (1) present detailed planktonic
foraminiferal biostratigraphic correlation of the Paleogene sediments
for the borehole sections, (2) provide biochronological control of the
sedimentary sequences and major hiatuses, (3) study planktonic for-
aminiferal assemblage successionsin atemperate pal eoenvironment,
and (4) demonstrate the rel ationship of sea-level eventswith paleoen-
vironmental change.

MATERIAL AND METHODS

Sample sizes used in this study range from 10 to 50 cm?® depend-
ing on the abundance of microfossils in the sediment. One 10- and
20-cm?® fresh sample was taken from each core (5-10 ft) onsite for
preliminary biostratigraphic investigation. After initial examination,
additional samples were obtained at the Rutgers Core Laboratory
where the cores were temporarily stored. Sampleswere processed by
various micropaleontological techniques according to lithology and
concentration of microfossils. Samples were soaked in 3% hydrogen
peroxide for afew hoursto overnight to remove organic material fol-
lowed by washing through a sieve with a 63-um mesh. For some
clay-rich samples, boiling in ~3% sodium carbonate,(Cg) solu-
tion and then washing in warm tap water through a sieve with 63-um
openings proved to be an efficient procedure. After washing, the sam-
ples were dried at ~50°C in an oven. Less fossiliferous samples (usu-
ally Oligocene and Miocene) were floated in tetrachloroethylene to
concentrate microfossils. After such treatment, microfossils are con-
centrated, and most specimens are clean and without obvious dam-
age. Samples were weighed before and after processing to obtain
grain size data. The larger size fraction was obtained by separation of
>250-um (medium sand) from 63- to 250-um-size (fine sand) frac-
tion using a 250-um sieve. The grain-size data are by-products of mi-
cropaleontological study and proved to be useful quantitative esti-
mates of lithology. Because grain size directly reflects porosity and
permeability of the formations, it was used in recognizing subsurface
geohydrologic units (Miller et al., 1994a, 1994b; Miller, et al., 1996).

Initial biostratigraphic studies were conducted using a binocular
stereo light microscope at ¥880x magnification. Specimens were
picked and mounted on Curtin micropaleontologic slides for follow-
up study and permanent preservation. Representative specimens of
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Figure 1. Location map of the New Jersey Coastal Plain Drilling, showing
three ODP Leg 150X boreholes, two USGS boreholes that were previously
drilled, and one borehole to be drilled in 1996.

the stratigraphically important species were examined using scan-
ning electronic microscopy (SEM) at 300x or higher magnification
to observe the detail s of fine architecture, and most importantly, wall
texture.

The generic classification used in this study followsto alarge ex-
tent that of Loeblich and Tappan (1988). Wall texture classification
isalso applied whenever possible (Olsson et d., 1992). Over-splitting
of taxa is minimized. Some controversial taxa are defined based on
type materials deposited in museum-type collections rather than by
description alone, because the terminology for microscopic fine ar-
chitecture has been updated significantly since the wide application
of SEM techniques in micropal eontologic study.

Taphonomy may greatly affect biostratigraphic and taxonomic
studies. Dissolution may remove al or at least somefragile microfos-
sils from sediments. Recrystallization may obscure test morphology,
leading to taxonomic inaccuracy and therefore an erratic biostrati-
graphic control. More frequently, replacement of the original test
walls with pore-water calcium carbonate (in the case of planktonic
foraminifers) will give a stable isotopic (Sr, C, and O) signature that
differsfromthe original test. Unfortunately, there are no unequivocal
criteria currently available for describing preservationa status. We
apply afive-fold preservation classification in this study:

1. Excellent (E): origina wall test, without alteration and recrys-
tallization, >90% of empty (not infilled) and unbroken tests;
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2. Good (G): origina wall test, little recrystallization, >70% un-
broken tests;

3. Moderate (M): obvious recrystallization of wall tests recog-
nized as sugary surface and color change because of deposi-
tion of calcite crystals on test surface, but without obvious
dissolution, >50% unbroken tests;

4. Poor (P): recrystallized, partially dissolved test walls and
>50% broken tests; and

5. Very poor (VP): heavily recrystallized and significantly dis-
solved tests.

In addition, we used barren (B) in Tables 1-6 for barren samples.
Barren samples may result from diagenetic removal or paleoenvi-
ronmental exclusion. In preservational States 1-3, the origina as-
semblage is preserved. In States 4 and especially 5, fragile and
small planktonic foraminifers are absent due to preferential remov-
d. In this case, when using fragile and rare species as marker taxa,
bio-stratigraphic designation is not reliable. Occurrences and rang-
es of planktonic foraminifers are presented in a series of tables as
appendices.

BIOSTRATIGRAPHY

We used the planktonic foraminiferal zonation of Berggren and
coworkers (Berggren et a., 1985; Berggren and Miller, 1988; Berg-
gren at al., 1995) exclusively as the biostratigraphic framework in
this study. This framework proved to be more suitable for the Paleo-
cene and Eocene than for the younger sedimentsin the onshore bore-
holes. The standard planktonic foraminiferal biostratigraphic
schemes were established in tropical/subtropical regions. Diachro-
nous occurrence or absence of some deeper and warmer water taxain
the temperate New Jersey shallow shelf may cause ambiguous bio-
stratigraphic correlation. The planktonic foraminiferal biostratigra-
phy for the Oligocene and Miocene istherefore less accurate because
of absence or rare occurrences of the marker species that to alarge
extent, were excluded from thistemperatelocation. In these cases, we
used secondary markerswhose rangeswere calibrated by Berggren et
a. (1995) to the Geomagnetic Polarity Time Scale (GPTS). Nanno-
fossil biostratigraphy, strontium stable isotopic ages, and paleomag-
netic polarity chrons are also used to evauate the reliability of the
planktonic foraminifera biostratigraphy.

Island Beach

Island Beach borehole penetrated Holocene to Upper Cretaceous
sediments and is the only Leg 150X borehole that recovered Upper
Cretaceous to lower Eocene strata.

Upper Cretaceous (Navesink and Red Bank Formations)

The Cretaceous/Tertiary (K/T) boundary was lost in an unrecov-
ered interval between 1183.5 and 1188 ft (360.8 and 362.2 m). Ap-
proximately 35 ft (10.7 m) of Upper Cretaceous sedimentswere pen-
etrated in the |sland Beach borehole. A total of 27 species belonging
to 11 genera were identified (Table 1). Twenty-four species disap-
pear in the uncored interval encompassing the K/T boundary. Two
taxa, Gansserina gansseri and Planoglobulina carseyae, occur only
in one sample (1200.0 ft [365.9 m] and 1193 ft [363.7 m]) within the
Upper Cretaceous. The single occurrence of Planoglobulina car-
seyae may result from the Signor-Lipps effect (Signor and Lipps,
1982), whereas the earlier disappearance of the former taxon may ei-
ther be caused by the same effect or its true earlier extinction as ob-
served in some Gulf Coast, Alabama, sections (Olsson and Liu,
1994). Only one species, Guembelitria cretacea, occurs above and
below the Cretaceous/Pal eocene contact. Small species such asthose
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Table 1. Late Cretaceous—Paleocene planktonic foraminifer ranges in the Island Beach borehole section.

Taxon\sample depth (ft):

M 1166.0

M 1164.8
P3 M 11643
P3 M 11630
Pda M 11617
Pda M 1160.8
P4da G 1158.0
Pda G 1155.0
P4b E 11495
P4c G 11431
Pic G 11411
P4c G 1138.0
P4c M 11350
P4c G 11305

Pic P

Preservation:

Planktonic foraminifer zone:

Plc G 11835
Plc M 11750
Plc G 1167.8

P;
P;

1120.5

? VP 11119

? VP 11049
P5 G 1097.0
P5 G 10935
P5 G 1087.0
P5 G 1086.0
P5 G 1080.0
P5 G 10759

P4c VP 1115.0
P5 G 10745
P6a G 1071.6

Archeoglobigerina blowi
Ganserina gansseri
Globigerinelloides prairiehillensis
Globigerinelloides subcarinata
Globotruncana aegyptiaca
Globotruncana arca
Globotruncanella citae
Globotruncanella havanensis
Globotruncanella petal oidea
Guembelitria cretacea
Hedbergella holmdelensis
Hedbergella monmouthensis
Heterohelix globulosa
Heterohelix navaroensis
Heterohelix reussi

Heterohelix striata
Planoglobulina carseyae
Pseudotextularia costulata
Pseudotextularia elegans
Pseudotextularia palpebra
Rugogl obigerina hexacamerata
Rugogl obigerina macrocephala
Rugogl obigerina multispina
Rugogl obigerina rugosa
Rugoglobigerina scotti

Rugogl obigerina subcircumodifer
Rugogl obigerina subpennyi
Acarinina coalingensis
Acarinina mckannai

Acarinina nitida

Acarinina soldadoensis angulosa
Acarinina sold. soldadoensis
Acarinina subsphaerica
Chiloguembelina crinita
Chiloguembelina midwayensis F X
Chiloguembelina wilcoxensis
Eoglobigerina eobulloides F X
Globanomalina albeari
Globanomalina chapmani
Globanomalina compressa F X X X X
Globanomalina ehrenbergi
Globanomalina imitata X
Globanomalina ovalis
Globanomalina planoconica
Globanomalina pseudomenardii
Globoconusa daubjergensis X X
Igorina pusilla F
Igorina tadjikistanensis
Morozovella acuta
Morozovella acutispira
Morozovella aequa
Morozovella angulata
Morozovella apanthesma
Morozovella conicotruncata F X
Morozovella formosa gracilis
Morozovella subbotinae
Morozovella velascoensis
Parasubbotina pseudobul loides X X
Parasubbotina sp. X
Praemurica inconstans
Praemurica praeangulata
Praemurica uncinata X X
Pseudohastigerina wilcoxensis
Subbotina linaperta

Subbotina triangularis
Subbotina triloculinoides L X X X X|[X X
Subbotina velascoensis
Wbodringina hornerstownensis X X X X

XXXXX XXX XXXXXXXXXXX X |uK G 12208
XXX XX XXXXXXXXXXXXXX X |uK G 12180
XXX XX XXXXXXXXXXXXXXXX UK G 1200.0
XXX XXX XXX XXX XXX XX XXX x|uK G 11930

rerreeecccce rereeeXereeee-— — |[uK G 1188.0
x
x
[

X X
X X
X X
X X

XXX

XXX
XX

XXX
XXX X

X

x
x
x
x
x
x

XX m XX
XX X XX
XX X XX
XX X XX
XX X XX
x
x
x
x
X X XX
X X XX
XX X X XX
X X XX
X X XX
X X XX
X X XX

x
x
X X
X X
X X
X X
X X
X X
x
x

x
x
XXX X
X X
X X
xXxX X
X X
r X
x
x
x
x

XX XXXX X XX
X XXXX
XX

XX
XXX XXX
X XXXX

XXX
XXX

x

XX
X
XXX
XXX
XXX
XXX
X
X
X
X
X
X
X X
X
X
X XXmT
X XXX

Notes: E = excellent; G = good; M = moderate; P = poor; VP = very poor; B = barren; F = first or lowest occurrence; L = last or highest occurrence. K = Cretaceous. X = present.

of Heterohelix, Globigerinelloides, Rugoglobigerina, Guembelitria,
and some globotruncanids are most abundant in the uppermost Cre-
taceous. Large taxa, typically dwellers of tropical/subtropical open
marine environments (e.g., Rosita, Planoglobulina, Racemiguem-
belina, and Ventilabrella) are not observed. Direct biostratigraphic
correlation with standard Upper Cretaceous planktonic foraminiferal

zones is difficult because of the absence of the late Maastrichtian
marker species Abathomphalus mayaroensis, as is the case in other
uppermost Cretaceous sectionsin the U.S. Atlantic coast (Olsson and
Wise, 19874). The absence of this deep-water and open-ocean dwell-
er isperhapsaresult of environmental exclusion from shallow marine
environments rather than an upper Maastrichtian hiatus. In fact, the
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occurrence of Hedbergella monmouthensis indicates that the section
at Island Beach is upper Maastrichtian (Olsson and Wise, 19874). If
the highest occurrence of Gansserina gansseri at 1200 ft (365.9 m) is
areal datum level as in some Gulf Coast sections (Olsson and Liu,
1994), the interval between 1200 and 1188 ft (365.9 and 362.2 m)
may correlate with the uppermost Maastrichtian.

Paleocene

Paleocene sediments were recovered only in the Iland Beach
borehole. Although Paleocene sediments are punctuated by possible
hiatuses (Miller et al., 1994b), all Paleocene planktonic foraminiferal
zonesin the zonal scheme of Berggren and coworkers (Berggren and
Miller, 1988; Berggren et al., 1995), except PO, Po and Pla—b, are
recognized (Fig. 2; Table 1).

Lower Paleocene (Hornerstown Formation)

The base of Paleocene in the Island Beach borehole was recog-
nized by the presence of amoderately preserved Danian Subzone P1c
planktonic foraminiferal assemblage at 1183.5 ft (360.8 m). Three
samples from 1183.5, 1175, and 1167.8 ft (360.8—-356.0 m) contain
Subzone Plc taxa, including Globoconusa daubjergensis,
Chiloguembelina midwayensis, Eoglobigerina eobulloides, Globan-
omalina compressa, Parasubbotina pseudobulloides, and Subbotina
triloculinoides (Table 1). The lowest occurrence (LO) of Globanom-
alina compressa defines the base of Subzone P1c (Berggren et al.,
1995). Guembelitria cretacea also occurs in these strata. It has not
been previously observed in Subzone P1c (Liu and Olsson, 1992).
The presence of this speciesin Subzone P1c in Island Beach section
may provide the linkage between this K/T survivor to the triserial
taxain younger strata.
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Two samplesfrom 1166.0 and 1164.8 ft (355.5 and 355.1 m) con-
tainaZone P2 assemblage. Preservation of microfossils are moderate
to poor because of dissolution. The marker for the base of Zone P2,
Praemurica uncinata, first occurs at 1166 ft (355.5 m; Table 1). Oth-
er taxa occurring in this sample are Chiloguembelina midwayensis,
Eoglobigerina eobulloides, Globanomalina imitata, G. planocom-
pressa, G. compressa, Parasubbotina pseudobulloides, and Subboti-
natriloculinoides (Table 1).

Upper Paleocene (Vincentown Formation)

Zone P3 (from the LO of Morozovella angulata and/or Igorina
pusilla to the LO of Globanomalina pseudomenardii) is represented
by a condensed interval. Three samples from an interval of less than
2 ft (1163-1164.3 ft [354.6-355.0 m]) contain a Zone P3 assem-
blage. However, this zone cannot be subdivided into subzones. Ac-
cording to Berggren et al. (1995), Subzones P3aand P3b are separat-
ed by the LO of Morozovella velascoensis and/or Igorina albeari. In
the Island Beach borehole, the former taxon occurs only in two sam-
ples from the upper part of Zone P4. The latter taxon was not recog-
nized. The LOs of Igorina pusilla and Morozovella angulata are at
1163.0 ft (354.6 m). Another species, Morozovella conicotruncata,
usually occurs slightly above the base of Zone P3. At Island Beach,
thelowest occurrence of M. conicotruncatais 1.3t (0.4 m; at 1164.3
ft [355.0 m]) below the lowest occurrences of Igorina pusilla and
Morozovella angulata. This places the 1164.3- to 1163.0-ft interval
(355.0-354.6 m) in Zone P3 equivaent. Subzone P3b istherefore ei-
ther not separable from P3a or represented by a hiatus in the Island
Beach borehole (Fig. 2). Planktonic foraminiferal taxa occurring in
thisinterval aredisplayedin Table 1.

Zone P4 is defined as the total range of Globanomalina pseudo-
menardii (Berggren and Miller, 1988; Berggren et a., 1995). Globa-
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nomalina pseudomenardii occursin the 1161.7- to 1115.0-ft interval
(354.2-339.9 m), whereas definitive Zone P5 starts at 1097 ft (334.5
m; discussed below). The absence of G. pseudomenardii in the
1111.9-1097 ft (339.0-334.5 m) interval may either be due to poor
preservation of planktonic foraminifers or extinction of the taxon.
Zone P4 can be further subdivided into three subzones. Subzone P4a
corresponds to the total range of Acarinina subsphaerica or to thein-
terval from the LO of G. pseudomenardii to the highest occurrence
(HO) of Acarinina subsphaerica; the HO of the latter is at 1155 ft
(352.1 m). Subzone P4b extends from the HO of A. subsphaerica to
the LO of A. soldadoensis; the latter appears at 1143.1 ft (348.5 m).
However, only one sample (at 1149.5 ft [350.5 m]) contains a Zone
P4b assemblage. The disconformity at 1148 ft (350.0 m) isassociated
with the P4b/c subzonal boundary. Subzone P4c ismarked by the LO
of A. soldadoensis at base. Thetop of Zone P4 ismarked by either the
HO of G. pseudomenardii or the LO of Morozovella subbotinae
(Berggren et al., 1995; Fig. 2).

The biostratigraphy of the 1115.0-1093.5 ft (339.9-333.4 m) in-
terval requires additional discussion. The Zone P4 marker (Globan-
omalina pseudomenardii) islast observed at 1115.0 ft (339.9 m) and
the LO of Morozovella subbotinaeis at 1093.5 ft (333.4 m; Table 1;
Fig. 2). Three samples were studied between these levels. Among
them, two (at 1111.9 and 1104.9 ft [339.0 and 336.9 m]) have very
rare planktonic foraminifers, and a definitive stratigraphic designa
tionisdifficult. The sample at 1097 ft (334.5 m) ismore fossiliferous
but it contains neither G. pseudomenardii nor M. subbotinae. Be-
cause the Zone P4/P5 boundary is primarily defined as the HO of G.
pseudomenardii, this sample should belong to Zone P5. However, the

ments in borehole sections at Island Beach, Atlantic
City and Cape May (legend same as Fig. 1).

biostratigraphic zonation of the interval between 1115.0 and 1097.0
ft (352.1 and 334.5 m) is uncertain.

Species occurring in Zone P4 are common open-marine taxa (Ta
ble1). Theorigina diversity may have been higher, because dissolu-
tion may have removed some fragile species and recrystallization
also makes identification of some species difficult.

Zone P5 has recently been revised by Berggren et al. (1995) from
earlier definitions (Berggren et a ., 1985; Berggren and Miller, 1988).
It is now redefined as the interval from the HO of Globanomalina
pseudomenardii to the HO of Morozovella velascoensis, which ap-
proximates the top of the Paleocene. As stated above, Zone P5 cannot
be unequivocally separated from Zone P4 based on planktonic fora-
miniferal biostratigraphy alone because of the rare occurrence of mi-
crofossilsbetween 1111.9 and 1104.9 ft (339.0 and 336.9 m) at Island
Beach. Definitive Zone P5 starts at 1097.0 ft (334.5 m; Table 1; Fig.
2). Asaresult of therare occurrence, the observed highest occurrence
of the primary marker species, M. velascoensis at 1135 ft (346 m), is
apparently not the true extinction level of the taxon, and the top of
Zone P5 should lie above this level in the Island Beach section. Sec-
ondary datum eventsfor thetop of Zone P5 includethe HO of M. acu-
taand L O of the Pseudohastigerina wilcoxensis. Both arein asample
at 1074.5 ft (327.6 m) in the basal Manasguan Formation. The LO of
P. wilcoxensisis not directly calibrated to the time scale. In addition,
the species concepts of P. wilcoxensis among workers are inconsis-
tent, and its ageis controversial (Speijer and Samir, 1997). This sam-
pleistreated as belonging to Zone P5, because it contains M. acuta,
athough nannofossil biostratigraphy (M.-P. Aubry, in Miller, et al.,
1994b) indicates a basal Eocene designation. Because of improved
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preservation, the diversity of planktonic foraminiferal assemblagesin
Zone P5 is higher than in Zone P4 (Table 1).

Eocene

Eocene sediments were encountered in all three boreholes (Fig.
3). However, only in the Island Beach borehole were lower Eocene
strata penetrated. Middle and upper Eocene stratawere reached in the
Atlantic City and Cape May boreholes.

The Eocenein the Island Beach borehole spans from 1074.5 ft (?)
to at least 697 ft (327.6-212.5 m). Planktonic foraminiferal assem-
blages in Eocene sediments are abundant, diverse, and generally well
preserved. Asaresult, biostratigraphic resolution is significantly bet-
ter than for Oligocene and younger strata. Asin other temperate shal-
low marine sections, the dominant taxa are acarininids and subbot-
inids, whereaswarm-water morozovellidsarelesscommon (Table 1).
The taxa of the Turborotalia cerroazulensis lineage are common in
the upper middle and upper Eocene. Pseudohastigerina, Globanoma-
lina, Chiloguembelina, Guembelitria, and primitive globigeriniids
occur frequently in finer (63-150 um) fractions.

Lower Eocene (Manasguan Formation)

lithologic change from firm shelf clay (Manasquan Formation) to
middle neritic glauconitic sand and sandy clay (lower Shark River
Fm.) at 861.8 ft (262.7 m) and an additional disconformity at 857 ft
(261.3 m; Fig. 3; Browning et al., Chapter 17, this volume). Based on
integrated magnetobiostratigraphy which places the Chron C22n/
C21r boundary near 85855 ft (261.3260.7 m), the latter break
correlates with the Zone P9/P10 and lower/middle Eocene bound-
aries (Browning et al., Chapter 17, this volume). Planktonic foramin-
iferal assemblages are diverse in the Manasquan Formation outer ner-
itic clays, but diversity drops significantly in middle—outer neritic
glauconitic sands of the lower Shark River Formation (Table 2).

Middle Eocene (Shark River Formation)

The middle Eocene in the Island Beach borehole consists of ~83
ft (25.3 m) of middle—outer neritic sediments. All middle Eocene
(sub)zones in the zonal scheme of Berggren and coworkers (Berg-
gren et al., 1985, 1995; Berggren and Miller, 1988) are recognized,
although some zones (P13/14) are not differentiated due to the ab-
sence of marker species (Fig. 3). There is a significant diversity de-
crease in planktonic foraminiferal assemblages from at least 14 to ap-
proximately nine species from the early to middle Eocene. Taxa that
disappear include mostly acrininids and morozovellids. This change

The lower Eocene in the Island Beach borehole consists of ~166 diversity results from a shallowing from outer to middle neritic pa-
ft (48.8 m) of glauconitic silty clay that was deposited in outer neritideoenvironments. Poor preservation (recrystallization in porcellanite)
paleoenvironments (Browning et al., Chapter 17, this volume). All ofs another factor affecting diversity in some New Jersey middle
the lower Eocene planktonic foraminiferal (sub)zones in the zondtocene sections (e.g., ACGS#4; Poore and Bybell, 1988; Miller et
scheme of Berggren and coworkers (Berggren et al., 1985, 1994al., 1990), although porcellanites are restricted primarily to the lower
Berggren and Miller, 1988) were recognized, except that uppermoftocene at Island Beach (Table 2).
middle Eocene Zone P9 is not separable from basal middle Eocene The Zone P10/P11 boundary is between 825.0 and 820.9 ft (251.5

Zone P10 because of the absencelaitkenina nuttalli (the LO of

and 250.3 m) based on the LOGibbigerinatheka mexicana kugleri

H. nuttalli defines the base of Zone P10 and approximates the loweirt a single sample at 820.9 ft (250.3 m; Fig. 3). Taxa identified in

middle Eocene boundary).

Zone P10 includedcarinina bullbrooki, Chiloguembelina crinita,

Planktonic foraminiferal biostratigraphy places the base of ZondPlanorotalitesrenz, Pseudohastigerinawilcoxensis, Subbotina fron-

P6 and the base of the Eocene above the H@bobzovella acuta at

tosa, S linaperta, andS. lozanoi (Table 2).

1074.5 ft (327.6 m, discussed above). The top of Zone P6 occurs be- Zone P11 extends from the LO®lobigerinatheka mexicana ku-
tween 981 and 975 ft (299.1 and 297.3 m), where the Zone P7 markgteri at 820.9 ft (250.3m) to the HO bforozovella aragonensis at
speciesM. aragonensis first appears. Zone P6 is divided into two 809.0 ft (246.6 m). Diversity increases slightly mainly because of oc-

subzones (P6a and P6b) based on the LK. dérmosa formosa at

currences of additional morozovellid species and improved preserva-

1018.0 ft (310.4 m). Preservation of foraminifers is moderate becausien. Taxa includeAcarinina bullbrooki, Chiloguembelina crinita,
of infilling of calcite crystals within tests and/or calcite overgrowth Globigerinatheka subconglobata subconglobata, Guembelitria co-
on the test surface. Nearly 30 taxa were recognized in this intervllmbiana, Morozovella aragonensis, M. spinulosa, Pseudohastigeri-

(Fig. 3; Table 2).
Zone P7 is recognized as the interval from the LM afozovella

aragonensisto the HO oM. formosa formosa at 882 ft. (268.9 m). A

na wilcoxensis, Subbotina frontosa, andS linaperta (Table 2).
Zone P12 in the Island Beach borehole is characterized by excel-
lent preservation and a diverse assemblage of planktonic foramini-

slight diversity decrease is observed in this interval. This decreasefisrs. The zone was defined (Berggren et al., 1995) on the HO of
caused by the extinction of some acrininid, globanomalinid, morozoMorozovella aragonensis to the LO of Globigerapsis beckmanni.
vellid, and subbotinid species that evolved during the middle Paledrhe former is at 809 ft (246.6 m), whereas the latter was not observed
cene (Zone P34) radiation (Table 2). Preservation of microfossils isin the three boreholes. Because of the abser@kobiger apsis beck-

moderate, similar to the Zone P6 assemblages.

manni, whose HO defines the top of Zone P13, Zones P13 and P14

Zone P8 is by definition a gap zone that ranges from the highesre not separable at Island Beach borehole. According to Berggren et

occurrence oMorozovella formosa formosa to the lowest appear-

al. (1995), the HO oAcarinina bullbrooki is equivalent to the LO of

ance ofPlanorotalites palmerae. The former is at 882 ft (268.9 m) G. beckmanni at 40.5 Ma in Chron C18r. The HO A&fbullbrooki is
and only one specimen of the latter was observed at 875 ft (266.8 mjsed as an alternative for the base of Zone P13 equivalent. At Island
Therefore, only two samples (879 and 878.3 ft [268.0 and 267.8 mBeach, the abrupt disappearance of this species occurs between 767

represent Zone P8 in this borehole.

The base of Zone P9 is defined by the L®laihorotalites palm-
erae, and the top of Zone P10 is the LOGIDbbigerinatheka mexica-
na kugleri. These two zones are separated by the LBaotkenina

and 762 ft (233.8 and 232.3 m; Table 2; Fig. 3), marking the base of
Zone P13 equivalent.

The base of Zone P15 is defined by the LPafticulasphaera
semiinvoluta, which is at 750 ft (228.7 m) at Island Beach. The HO

nuttalli (Berggren and Miller, 1988; Berggren et al., 1995). This zon-of Morozovella spinulosa at 757 ft (230.8 m), which should be slight-
al boundary corresponds to the lower/middle Eocene boundary. Thse younger than the LO d®. semiinvoluta, indicates a Zone P14 or
single specimen dPlanorotalites palmerae was observed at 875 ft basal P15 equivalent (Fig. 3; Table 2). This abnormal sequence of da-
(266.8 m), whereald. nuttalli is absent from the Island Beach bore- tum events can be explained differently. One possibility is that the de-
hole (Table 2). It is therefore impossible to separate Zone P9 fromayed LO ofP. semiinvoluta is caused by the Signor-Lipps effect
P10 and, thus, the lower/middle Eocene boundary cannot be precis¢fignor and Lipps, 1982), because only two samples in the whole sec-
located by planktonic foraminiferal biostratigraphy. There is a sharpion contain this species. The other explanation is that this section
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Table 2. Eocene-Oligocene planktonic foraminifer ranges in the Island Beach borehole section.

Taxon\sample depth (ft):
Preservation:

Planktonic foraminifer zone:

G 10745
G 1071.6
G 1068.1
G 1065.0
G 1060.0
G 1057.0
G 1055.3
G 1044.0
M 1035.0
G 1022.0
G 1018.0
M 1000.0
M 997.4
M 986.0
M 981.0
M 975.0
M 964.0
M 947.0
M 935.0
G 925.0
G 9025
M 894.2
E 8820
E 879.0
G 8783
E 875.0
M 851.0
G 8440
M 825.0
G 8209
G 813.0
G 809.0
E 800.0
E 793.0
E 788.0
E 7820
E 7780
E 7720
E 767.0

P5

P6a
P6a
P6a
P6a

P6b

P6b

pP7

P7

pP7

P7

pP7

P7

pP7

P8
P8
P9

P10

P10

P11
P11
P11

P12
P12

P12
P12

P12

P12

P13-14 E 762.0
P13-14 E 757.0

P15

E 750.0
E 7440
E 7380

P15
P15

P16-17 E 7310
P16-17 E 728.0
P16-17 E 700.0
P16-17 E 698.4

P19

P19
P19

P 658.0
G 6183
M 609.0

P20-21a E 577.8

G 517.0

Acarinina aspensis

Acarinina bullbrooki
Acarinina primitiva
Acarinina pseudotopilensis
Acarinina soldadoensis angulosa
Acarinina s. soldadoensis
Acarinina wilcoxensis
Chiloguembelina crinita
Chiloguembelina cubensis
Chiloguembelina wilcoxensis
Globanomalina chapmani
Globanomalina ovalis
Globigerina praebulloides
Globigerinatheka mexicana kugleri
Globigerinatheka s. subconglobata
Globorotalia carcoselleensis
Guembelitria columbiana
Hantkenina alabamensis
Igorina broedermani
Morozovella acuta
Morozovella aequa
Morozovella aragonensis
Morozovella edgari
Morozovella formosa formosa
Morozovella formosa gracilis
Morozovella lehneri
Morozovella lensiformis
Morozovella quetra
Morozovella spinulosa
Morozovella subbotinae
Paragloborotalia opima nana
Planorotalites palmerae
Planorotalites pseudoscitula
Planorotalites renzi
Porticulaspsis semiinvoluta
Preatenuitella praegemma
Pseudohastigerina micra
Pseudohastigerina wilcoxensis
Subbotina corpulenta
Subbotina cryptomphala
Subbotina frontosa

Subbotina hornibrooki
Subbotina linaperta
Subbotina lozanoi

Subbotina velascoensis
Truncorotal oides rohri
Turborotalia ampliapertura
Turborotalia cerroazulensis
Turborotalia pessagnoensis
Turborotalia pomeroli
Turborotalia pseudoampliapertura
Zeauvigerina aegyptiaca

XXX X XX X

XXX XXXX X
XXX XXXX X
XXX XXXX X
XXX XXXX X

X X
XX
X X
XX
XXX

X X X X

x
x
x
x

X X X X X
X X X X X
X X X X X

XXX XXXX X X |P6a

X X XXXX X x |Pea

XXXX X X |P6a
XXXX X x |Péa

X X

X X

x

X X X X X

XXX X X |P6a
XXXX X X |P6b

XX

XX X X X

X X

x

XXX X

XXXX X X |P6b

XX XX

X X

XX XXX X |P6b
XXX XXX X% |P7

X XX m

XXX XXX

XX

XXX XXX

XXX X XX

XXX XXX

X Xr X

XXX X XX

XXX XXX

XXX X XX

XXX XXX

X XX XX
XXX XXX

XX
XX

XX

x

XX

XX

X X
XX
X X

XX XXX
XX XX
XX XX
XX XX
XX X

Note: See Table 1 for definitions.
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suffers from stratigraphic mixing that results from reworking, an in-
terpretation supported by nannofossil studies (Miller et al., 1994b;
Browning, et al., Chapter 16, this volume) and regiona correlations
(see Snyder et a., 1996). According to M.-P. Aubry (in Miller et .,
1994b), the 779-750 ft (237.5-228.7 m) interval is stratigraphically
mixed. Zone NP19-20 nannofossil species (such as Isthmolitus re-
curvus) co-occur with the NP17-18 nannofossil assemblage (M .-P.
Aubry, in Miller et a., 1994b). Based on the mixed occurrence of
nannofossils, the upper part of the Shark River Formation at Island
Beach (779-750 ft [237.5-228.7 m]) and at Atlantic City (1390—
1352 ft) is considered a mixed layer (Miller et a., 1994b; Fig. 3). A
mixed layer of this age has been found in severa places along the
North Atlantic coast and slope sections and is interpreted as the Ex-
more impact breccia (Poag and Aubry, 1995). If this is indeed the
case, this interval contains mixed Zone P14-15 microfossil assem-
blages, and the abnormal datum events can be explained.

Upper Eocene (Absecon Inlet Formation)

Zone 15 straddles the middle/upper Eocene boundary. The upper
Eocene includes the upper part of Zone P15 and Zones P16 and P17.
None of the three zones can be precisely separated by primary mark-
ersat |dland Beach because of the absence of Cribrohantkeninainfla-
ta, whose total range defines Zone P16. According to Berggren et al.
(1995), the HO of Porticulasphaera semiinvolutais slightly younger
than the LO of Cribrohantkenina inflata (35.3 vs. 35.5 Ma). The
former was observed at 738 ft (225.0 m). Therefore, the 750- to 738-
ft interval is assigned to Zone P15 equivaent based on a secondary
criterion. In the zonal scheme of Berggren and coworkers (Berggren
and Miller, 1988; Berggren et a., 1995), the highest occurrence of
Turborotalia cerroazulensis defines the base of Zone P18, which ap-
proximates the Eocene/Oligocene boundary. In the Island Beach
borehole, this event is at 731 ft (222.9 m). However, specimens of
Hantkenina al abamensiswere found from asample at 698.4 ft (212.9
m). The HO of Hantkenina alabamensis should dightly postdate the
HO of Turborotalia cerroazulensis, asit does at the stratotype section
at Massignano (Coccioni et al., 1988). The HO of H. alabamensisis
used here to recognize the Eocene/Oligocene boundary. Therefore,
Zones P16-17, and thus the upper Eocene, range to 698.4 ft (212.9
m) in the borehole (Fig. 3).

Oligocene (Sewell Point and Atlantic City Formations)

Most Oligocene samples from the | sland Beach boreholes are bar-
ren or contain scarce planktonic foraminifers (Table 2). The basal
Oligocene planktonic foraminiferal Zone P18 is defined on the HO of
Turborotalia cerroazulensis to the HO of Pseudohastigerina micra
by Berggren and coworkers (Berggren and Miller, 1988; Berggren et
d., 1995). The HO of Pseudohastigerina micra and the HO of Hant-
kenina alabamensis are in the same sample at 698.4 ft (212.9 m), and
this sampleisassigned to Zone P17, as discussed above. The absence
of taxathat indicate Zone P18 may suggest a basal Oligocene hiatus.
Nevertheless, application of absence criteriain these poorly fossilif-
erous strata should be taken with caution. Samples below 658 ft and
above 697 ft (200.6 and 212.5 m) are not fossiliferous, and their bio-
stratigraphy istherefore equivocal. A sample at 658 ft (200.6 m) does
not contain Pseudohastigerina micra and other diagnostic taxa,
which would suggest an age younger than Zone P18. The single oc-
currence of Turborotalia ampliapertura at 618.3 ft (188.5 m) places
this sample and the 658- to 618.3-ft interval (200.6-188.5m) in Zone
P19. Sr-isotopic results of 31.1-31.5 Main the lower Absecon Inlet
Formation between 750 and 697 ft (228.7 and 212.5 m) a so point to
aZone P19 equivaent age (Fig. 4).

The early/late Oligocene boundary, which is also the Zone P21a/
P21b boundary, is marked by the HO of Chiloguembelina cubensis,
which isat 577.8 ft (176.2 m). This sample can be assigned to either
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Zone P20 or Subzone P21a. The next fossiliferous sample at 517 ft
(157.6 m) has no stratigraphically diagnostic taxa. It should be late
Oligocene based on strontium isotope results (Pekar et al., Chapter
15, this volume; Table 2; Fig. 4). The 517- to 577.8-ft interval
(157.6-176.2 m) cannot be zoned because of lack of microfossils.

All stratigraphically younger samples from the Island Beach bore-
hole do not bear age-diagnostic taxa, and planktonic foraminiferal
biostratigraphic correlations are not possible.

Atlantic City

Middle Eocene (Shark River Formation)

The Eocene in the Atlantic City borehole spans from the base of
the core (1452 ft [442.7 m]) to 1181 ft (360.1 m). The absence of
Morozovella aragonensis (whose HO defines the base of Zone P12)
from the oldest sample at 1451.8 ft (442.6 m) indicatesaZone P12 or
younger age. Other evidence supporting this age assignment is the
presence of M. lehneri and Turborotalia cerroazulensis pomeroali at
the base of the borehole (1451.8 ft; Table 3). According to Berggren
et a. (1985), the first occurrence of M. lehneri (43.5 Ma) and the last
occurrence of M. aragonensis (43.6 Ma) are nearly synchronous, and
the first occurrence of T. cerroazulensis pomeroli is younger than
both. Recognition of an advanced specimen of M. Iehneri and T. cer-
roazulensis pomeroli at 1451.8 ft (442.6 m) places the base of the
borehole in the lower part of Zone P12 equivaent (Fig. 3). Asat Is-
land Beach, the Zone P13 marker species, Globigerapsis beckmanni,
is absent. Therefore, Zones P12-14 are not differentiated. The abun-
dant occurrence of Acarinina bullbrooki (which disappears else-
where at the level of the LO of G. beckmanni) to 1352 ft (412.2 m)
suggests an equivalence of Zone P12 age from the base to this level.
However, the 1390- to 1352-ft interval (423.8-412.2 m) at Atlantic
City correlates with the mixed layer (779-750 ft) at Island Beach.
The microfossil assemblages consist of reworked and in situ taxa.
The possibility of the 1352- to 1390-ft interval (412.2-423.8 m) be-
longing to Zone P15 cannot be ruled out. Nannofossils indicate that
the section above 1390 ft (423.8 m) may be upper Eocene (Zone
?NP18 or NP19-20; M.-P. Aubry in Miller et al., 1994b) and are thus
equivalent to Zone P15 or younger.

A surface at 1352 ft (412.2 m) separates definite Zone P15 (silty
clay) below from the mixed interval (glauconitic clayey sands)
above. The species of Acarinina, Morozovella, Planorotalites, and
Truncorotal oides show abrupt disappearances at this hiatus (Table 3;
Fig. 3). These sudden disappearances support the scenario of amixed
layer of impact origin.

Upper Eocene (Absecon Inlet Formation)

The base of Zone P15 (upper middle Eocene) ismarked by theLO
of Porticulasphaera semiinvoluta and the sudden disappearance of
the species of Acarinina, Morozovella, Planorotalites, and Truncor-
otaloides at 1348 ft (411.0 m; Table 3). Asat Island Beach, the upper
Eocene (approximately Zones P15-17) at Atlantic City cannot be di-
vided into the standard planktonic foraminiferal zones because of the
absence of Cribrohantkenina inflata (marker for the total range Zone
P16) in the section. According to Berggren et al. (1995), three other
bioevents are slightly younger than this event and can be used to ap-
proximate the base of Zone P16 equivalent: the HOs of Porticulas-
phaera semiinvoluta and Turborotalia pomeroli followed by the LO
of T. cunialensis. In the Atlantic City borehole, these events occur in
the expected order (i.e., at 1288, 1295, and 1265 ft [392.7, 394.8, and
385.7 m]). We approximate the base of Zone P16 by using the HO of
T. pomeroli because this species is the most common taxon. The HO
of Globigerapsis index is at 1187.3 ft (362.0 m). This datum event
should be dlightly older (34.3 vs. 34.0 Ma) than the LO of Cribro-
hantkenina inflata (= thetop of Zone P16; Berggren et a., 1995). The
next sample at 1182.7 ft (360.4 m) is the youngest one containing a



late Eocene planktonic foraminiferal assemblage and the only one
containing aZone P17 assemblage. Very likely, Zone P17 isnot fully
developed at this site or the equivalent strata representing it were
eroded away during the formation of the Eocene/Oligocene discon-
formity at 1181 ft (360.1 m). The Eocene/Oligocene boundary corre-
sponds to the depositional hiatus at 1181 ft (360.1 m). Up to 48 taxa
are recognized in the upper Eocene in this borehole (Table 3).

PLANKTONIC FORAMINIFERAL BIOSTRATIGRAPHY

Upper Oligocene (Atlantic City Formation)

The upper Oligocene lies between 1109 and 914 ft (338.1 and
278.7 m), where a hiatus separates the upper Oligocene Atlantic City
Formation from the lower Miocene Kirkwood Formation. Thisisthe
thickest upper Oligocene section of the three Leg 150X boreholes.
Subzone P21b ranges between 1109 ft (338.1 m; HO of Chiloguem-
belina cubensis) and 1078.0 ft (328.7 m; HO of Paragloborotalia

opima opima) (Fig. 4). Preservation of microfossils is moderate. A
total of 13 taxa are recognized, and they are mostly |ong-ranging glo-
bigeriniids. (Table 4).

Zone P22 spans from 1072.9 to 914 ft (327.1-278.7 m), the thick-
est of all three Leg 150X sites. Preservation of microfossils ranges
from poor to good. Diversity is relatively low (a total of 23 taxa) be-
cause of deposition in an inner to middle neritic paleoenvironment
(Pekar et al., Chapter 15, this volume). Globorotaloids, primitive
globorotaliids, tenuitellids, and globigerinids are the common forms.
The upper Oligocene and lower Miocene strata are not separable bio-
stratigraphically because of lack of marker taxa. The occurrence of
Subbotina euapertura at 920.0 ft (280.5 m) suggests a Zone P22 age
at this level. Sr-isotopic age estimates indicate that a disconformity at
914.4 ft (278.7 m) marks the Oligocene/Miocene boundary (Pekar et
al., Chapter 15, this volume).

Lower Oligocene (Sewell Point Formation)

The lower Oligocene at Atlantic City spans the 1181- to 1104-ft
interval (360.1-336.6 m). The early Oligocene planktonic foramin-
iferal assemblageinthisborehole, asat Island Beach, is characterized
by a significant diversity drop of more than half of the Eocene taxa
(>40 to ~20 species). The survivors are mostly small, oligotrophic,
long-ranging taxa. Owing to a more oceanic depositional environ-
ment, the diversity of planktonic foraminiferal assemblagesin Atlan-
tic City borehole Oligocene is much higher than that at Island Beach
(Table 4).

The basal Oligocene (1181-1178 ft [360.1-359.1 m]) is barren of
planktonic foraminifers. The poorly preserved assemblage from 1178
ft (359.1 m) contains no diagnostic planktonic foraminiferal species.
Thefossiliferousinterval from 1175 to 1139 ft (358.2-347.3 m) con-
tains a moderately preserved assemblage. This interval is probably
equivalent to either Zone P19 or P20. As pointed out earlier, absence
criteriaare not reliable for zonation of these poorly fossiliferous stra-
ta. Theinitial occurrence of Tenuitella juvenilis at 1145 ft (349.1 m)
may indicate the presence of early Oligocene Zone P20. Sr-isotopic
results (30.4 Maat 1178.2 ft [359.2 m]; 28.1 Maat 1164.5 ft [355.0
m]; 28.3 Maat 1140.9 ft [347.8 m]; Pekar et a., Chapter 15, thisvol-
ume) are also consistent with an early Oligocene age at thislevel. The
planktonic foraminiferal assemblage is characterized by oligotrophic

Miocene

Lower Miocene (Kirkwood Formation)

Sr-isotopic studies (Miller, et al., 1994a; Miller et al., 1994b;
Miller and Sugarman, 1995; Sugarman et al., Chapter 12, this vol-
ume) indicate that the lower Miocene (91642 ft [278.8156.1
m]; KwO through Kw2a sequences) is separated from the middle
Miocene by a disconformity at 512 ft (156.1 m). The lower part of

taxa such as the species of Globigerina, Globorotaloides, Tenuitella,
and Paragloborotalia opima nana (Table 4).

Subzone P21a spans the interval from the LO of Globigerina an-
gulisuturalis to the HO of Chiloguembelina cubensis. Those two da

the lower Miocene (88820 ft [270.7#250.0 m]) contains a well-

preserved early Miocene planktonic foraminiferal assemblage. The

middle 810- to 666-ft interval (247-203.0 m; Kwlab sequences)
contains few planktonic foraminifers. The upper E&BB2 ft

[203.0-156.1 m]) inner shelf silty clay (Kw 2a) contains a low diver-
sity, but well-preserved early Miocene planktonic foraminiferal as-
semblage. Most members of the early Miocene assemblage are non-
diagnostic taxa such as thoseGatapsydrax, Globigerina, Globi-
gerinoides, primitive Globorotalia, and Globoquadrina. As such,

tum events embrace the 1135.0- to 1109.0-ft interval (346.0-338.1
m) at Atlantic City. The planktonic foraminiferal assemblageissim-
ilar to that of Zone P19-20 with small species, such as those of
Chiloguembelina, Globigerina, Subbotina, and Tenuitella, as major
components (Table 4; Fig. 4).
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Table 3. Eocene planktonic foraminifer rangesin the Atlantic City borehole section.

Taxon\sample depth (ft):
Preservation:
Planktonic foraminifer zone:

P12 M 1370.0

P15 E 1348.0
P15 E 13420
P15 E 1338.0
P15 E 13334
P15 M 1330.0
P15 M 1326.0
P15 M 1318.0
P15 E 1311.0
P15 E 1303.4
P16 E 1295.0
P16 G 1288.0
P16 E 1282.0
P16 E 1273.0
P16 E 1265.8
P16 G 1259.8
P16 M 1254.8
P16 G 12479
P16 M 1240.0
P16 E 1226.3
P16 G 1221.0
P16 G 1216.0
P16 G 1204.0
P16 G 1198.0
P16 G 1190.0
P16 M 1187.3
P17 M 1182.7

Acarinina bullbrooki
Acarinina crassata
Acarinina densa
Acarinina mathewsae
Acarinina primitiva
Acarinina pseudotopilensis
Acarinina spinuloinflata
Cassigerinella winniana
Catapsydrax dissimilis
Catapsydrax unicavus
Chiloguembelina cubensis
Chiloguembelina victoriana
Globigerina(?) danvillensis
Globigerina(?) medizzai
Globigerina ouachitaensis
Globigerina praebulloides leroyi
Globigerina p. praebulloides
Globigerinatheka mexicana
Globigerinatheka senni
Globigerinatheka subconglobata
micra
Globigerinatheka subconglobata
Globigerapsisindex
Globorotalia increbescens
Globorotal oides carcoselleensis
Globorotal oides suteri
Guembelitria columbiana
Hantkenina alabamensis
Hantkenina dumblei
Hantkenina liebusi
Hantkenina primitiva
Igorina broeder mani
Morozovella lehneri
Morozovella spinulosa
Paragloborotalia opima nana
Planorotalites pseudoscitula
Porticulasphaera semiinvoluta
Praetenuitella praegemma
Pseudohastigerina micra
Pseudohastigerina sharkriverensis
Subbotina angiporoides
Subbotina corpulenta
Subbotina cryptomphala
Subbotina eocaena
Subbotina euapertura
Subbotina frontosa
Subbotina galavisi
Subbotina linaperta
Subbotina lozanoi
Subbotina tapuriensis
Tenuitella clemenciae
Tenuitella gemma
Truncorotal oides collactea
Truncorotal oides libyaensis
Truncorotal oides rohri
Truncorotal oides topilensis
Turborotalia ampliapertura
Turborotalia bolivariana
Turborotalia cerroazulensis
Turborotalia cocoaensis
Turborotalia cunialensis
Turborotalia possagnoensis
Turborotalia pomeroli
Turborotalia pseudoampliapertura
?Turborotalia wilsoni

xx |P12 G 1419.9
XX |P12 M 1414.0
x> |P12 M 1409.5
XX |P12 M 1404.0
xx |P12 M 1398.2
xx |P12 M 1390.0
x> |P12 M 1383.1
xx P12 M 1375.0

XX |P12 G 14250

x
x
x

XX XXX XXX P12 M 1437.0
x

XX XXX XXX P12 M 1451.8
XX XXX XXX P12 M 1450.0
XX XXX XXX |P12 M 1446.0
XXXXXXXX P12 M 14423
XX XXX XXX |P12 M 1439.0
XX XXXXXXXXX P12 M 1430.0

XX XXX
XX XXXXX
XX
x
x
x
XX Xr

XX
XX
XX
XX
XX
XX

x

x

x
XX X X XX
XX X X XX
XX X X XX
XX X X XX
XX X X XX
XX X X XX
XX X X XX
X X X XX

XX
X X
XX
X X
X X

x
XX
XX XX
XX XX

x
x

X
XXX X
xX X
X X X

X XXX XX X X
X XXX XX X X
X XXX XX X X
X XXX XX X X
X XXX XX X X
X XXX XX X X
X XXX XXXX X
X XXX
X XX

XX

XX

X X
X XXX

XX

x
x
x
x
x
x
-

X X
XX
X X
XX
X X
XX
XX
XXX

X X XX XXX
X X XX XXX
X X XX XXX
X X XX XXX
X XXXX XXX
XX XXXX XXX
XX XXXX XXX

XXX X
XXX X
XXX X
XXX X
XXX X
XXX X
XX X
XX XXXX

XX XX X

X X
XX
X X
XX
X X
XX
XXX X
XXX X
XX
XXX X
XXX X
XX X
XX
XX X
XXX

x

X X
XX
X X
XX

x

x

xx |P12 M 1362.4
—r P12 M 1353.9

XXX
Xrr
x
x
x

x
x

X X XXX X
X X XXX X
XXX XXX
XXX XXX
X XXXX XXX XX
XXX XXX XX
XXX XXXXXX
XXX XXXXX
XXX XXXX X
XXX XXXXX
XXX XXXXX
XXX X X XXXXXX
m XXXX XrXXXX
XXX X XXX
XXX X X X
XXX X X
XXX X x
XX
XXX
XXX

X X X XX
XXX

XX X XX
XXX X XX
XXX X XX

XXX

XX XX
XX
XX
X XX X
XX Xr
XX
XX
XX
xXr

rr
x

x
x
x
x
x
x
x

XX

XXXXX XX
X X

XXX XX XX
XX
XX
XX
X

XX XXX T
XXX XXX X
XXX XXX X
XXXXXXX X
XXX X X
XX X XX
XX X XX
XX X XX
XXXXX XX

XX XXX XXX X
X X

X XXXX XXX

X ™ XX XXX
XXX XX XX
XXXXX XX
XXXXX XX
XXXXX XX
XXXXX XX
XXXXX XX
XXX X XX
XXX
XXrr

x
-
XXX
X
x
X
x
x
-
XXX
XX

XX
rr

XXX

r— XX
XXX
X
-

X XX XX
x

Note: See Table 1 for definitions.

biostratigraphy cannot go beyond recognizing that the strataare low-
er Miocene. (Table 4).

Middle Miocene (Kirkwood Formation 2b, 3 and Cohansey
Formation?)

The top of the middle Miocene at Atlantic City is tentatively
placed at the 232 ft (70.7 m) disconformity based on lithostratigraph-
ic correlation (Miller et al., 1994a). The middle Miocene is therefore
280 ft thick (85.4 m, from 512 to 232 ft [156.1-70.7 m]) at this site.
The lower part (512-410 ft [156.1-125.0 m]) hasfew planktonic for-
aminifers because of deposition in shallow inner shelf palecenviron-
ment, as evidenced by low diversity of benthic foraminifersand avir-
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tual absence of planktonic foraminifers. The upper part (410-232 ft
[125.0-70.7 m]), including the unrecovered interval from 291 to 391
ft (90.5-119.2 m), is predominantly quartzose fine to medium sand,
which was deposited in a marginal marine environment. Diagnostic
planktonic foraminiferal species were not observed in thisinterval.

Cape May
Eocene

Upper Eocene (Absecon Inlet Formation)

Coring at Cape May ended at 1500 ft (457.3 m) within the newly
named upper Eocene Absecon Inlet Formation (Browning et al.,
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Table 4. Oligocene-Miocene planktonic foraminifer ranges in the Atlantic City borehole section.

Taxon\sample depth (ft):

Preservation:

Planktonic foraminifer zone:

B  1180.1

P19-20 P

1178.0

11725

P19-20 B

1170.1

P19-20 P

1166.8

P19-20 P

1162.0

P19-20 M

1158.0

P19-20 M

1156.0

P19-20 M

1149.5

P19-20 M

1145.0

P 1138.0

P2la

1135.0

M
E
E
M
M
M
G
M
M
M
M
M
M
G
G
G
M
M
P
)
B

P2la
P21a

1130.0

1124.0

P2la

1118.7

P2la

1114.0

1109.0

P2la

1102.3

1099.0

P21b

1091.0

P21b
P21b

1082.8

1078.0

1072.9

1062.1

1055.0

1053.0

P22

1014.6

P22

1013.0

P22

1010.0

P22

1000.9
999.8

989.0

P22

P22
P22
P22
P22
P22
P22
P22
P22

980.0

977.0

P

M 9580

P
B
P
p

§

§

922.3

920.0
917.5

M

P22

M 916.0

909.8

900.5

885.0

P

880.0

876.5

G
p

M1 G

878.0
872.3

N4=

864.0

N4=M1 P

855.8

N4=M1 P

854.2

N4=M1 G

848.0

B

650.8

644.0

m. Mio. E

521.0

m. Mio. E

Cassigerinella chipolensis
Catapsydrax dissimilis
Catapsydrax unicavus
Chiloguembelina cubensis
Globigerina anguliofficialis
Globigerina angulisuturalis
Globigerina angustiumbilicata
Globigerina brazieri
Globigerina brevis
Globigerina ciperoensis
Globigerina fariasi
Globigerina martini
Globigerina ouachitaensis
Globigerina praebulloides leroyi
Globigerina p. praebulloides
Globigerina selinis
Globigerina woodi
Globigerinoides primodius
Globoguadrina baroemoensis
Globorotalia (J.) acrostoma
Globorotalia mayeri
Globorotalia permicrus
Globorotalia (J.) semivera
Globorotal oides sp.
Globorotaloides suteri
Paragloborotalia opima nana
Paragloborotalia opima opima
Praetenuitella praegemma
Subbotina angiporoides
Subbotina eocaena

Subbotina euapertura
Tenuitella clemenciae
Tenuitella gemma

Tenuitella juvenilis

Tenuitella munda

Tenuitella praeturritilina

XXX

x

XXX
XXX
XXX

X X

x

x |P19-20 G

XXX x

XXX

XX XXX

X7

XXX
XXX
XXX

X X

X X

X XXX XX XX XX X |P2la

XXX

XXXX X

-

XX
XXX X

X X

x | P21b
X x| P22

X X
XX

X X

x | P22

x

XXXX X

XXX X

X X

X

XXX Q.

X X

. cf.

x

XX

x

X X

XX

Note: See Table 1 for definitions.
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Chapter 18, this volume). Because of a more down-dip location, the Globigerinoides has its LO at 1222.7 ft (372.8 m). Preservation is
upper Eoceneis the most fossiliferous among the three borehol e sec- poor in the lower part, good in middle and moderate toward the top.
tions, and a more reliable biostratigraphy is possible. The interval

from the base of the core to 1473 ft (449.1 m) does not contain any Miocene

marker speciesthat allow separation of Zones P15 and P16. The high- . . .

est occurrence of Turborotalia pomeroli at 1451 ft (442.4 m) andthe ~ Lower Miocene (Kirkwood Formation 0, 1a, 1b, 1c and 2a)

LO of T. cunialensisat 1473 ft (449.1 m) indicate that thisinterval is The thickest lower Miocene (118615 ft [359.8-187.5 m]) sed-
equivalent to lower Zone P16. The highest occurrence of Globiger- iments were penetrated at Cape May. The lower part (KWO) consists
apsisindex at 1392 ft (424.4 m) suggests an upper Zone P16 correla- of predominantly glauconitic quartz sands between 1180 and 1062 ft
tion for this sample. Although still not fully developed, Zone P17 is (359.8 and 323.8 m). Planktonic foraminiferal assemblages have low
the thickest among all three boreholes. It extends from an unconfor- diversity and poor to moderate preservation (Table 6).

mity at 1385-1360 ft (422-314.6 m), where another unconformity The middle part of the lower Miocene (83M62 ft [259.1+323.8
separates the upper Eocene from the lower Oligocene Zone P18 (Fig]) is a complete megasequence broken into several sequences
4). A total of 38 taxa are recognized from the recovered upper part ¢kwla, 1b, 1c). The middle shelf clay from 1062 to 917 ft (359.8

the upper Eocene (Table 5). 279.6 m; Kwla) is an coarsening-upward sequence. Its lower part
(1062-967 ft [359.8-294.8 m]) contains well-preserved, relatively
Oligocene high diversity (26 species identified) planktonic foraminiferal assem-

blages (Table 6). The presenceGbbigerina angulisuturalis sug-
gests an early Miocene age (Zone M1 of Berggren et al., 1995, and
The lower Oligocene in the Cape May borehole is 90 ft thick (27.4N5 of Kennett and Srinivasan, 1983). This interval is equivalent to
m; 1360-1270 ft [414.6:387.2 m]) based on planktonic foraminiferal the 888-818 ft (270.7#249.1 m) clay at Atlantic City and represents
biostratigraphy. The four samples (1354.3, 1353.7, 1352.0, and 13%te deepest water sedimentation in the Miocene. A middle neritic pa-
ft [412.9, 412.7, 412.2, and 411.9 m]) above the unrecovered intervidoenvironment is inferred.
(1360-1354.5 ft [414.6413.0 m]) all contain a well-preserved Zone  The upper part of the lower Miocene is alternating sands and silty
P18 assemblage characterized by the common occurrence dhys with sporadic microfossils. Small long-ranging tax&lkati-
Pseudohastigerina micra. The HO of Turborotalia ampliapertura gerina andTenuitella predominate. The middle (Kwlc) is represent-
(used as the top of Zone P19) is at 1275 ft (388.7 m), above a barred by a hiatus at Atlantic City. The Kw 2a unit is significantly thinner
interval between 1294 and 1276 ft (394.5 and 389.0 m). Only onat Cape May (95 ft, 6510 ft [29.0 m, 187.5216.5 m]) than at At-
specimen of this taxon was observed. Planktonic foraminiferal biokantic City (154 ft, 512666 ft [47.0 m, 156:4203.0 m]).
stratigraphy places the 1350- to 1275.9-ft interval (41388.7 m) in The lowest occurrence dbloboconella praescitula at 678 ft
Zone P19. The observed highest occurrencilafotina angiporoi- (206.7 m) indicates that Kw2a (74®15 ft [216.5187.5 m]) is upper
desis at 1271.9 ft (387.8 m), indicating a thin Zone P20 equivalentower Miocene Zone M3 (Berggren et al., 1995) or Zone N6 (Kennett
between 1275 ft (388.7 m) and a major disconformity at 1270 fand Srinivasan, 1983). Otherwise, planktonic foraminiferal bio-
(387.2 m). However, both Sr-isotope (Pekar et al., Chapter 15, thigratigraphy suffers from absence of marker species and rare occur-
volume) and dinocyst data (de Verteuil, Chapter 11, this volume) inrence of other taxa. Strontium isotopes provide the most precise chro-
dicate that strata between 1304 and 1270 ft (397.6 and 387.2 m) arelogic control for the lower Miocene.
upper Oligocene. This inconsistency remains unsolved. Preservation . . .
of microfossils is poor in this interval because of recrystallization and/iddle Miocene (Kirkwood 2b, 2¢, 3 and Kirkwood-Cohansey?
dissolution. The disconformity at 1270 ft (387.2 m) separates ZonEOrmations)
P20 from the upper Oligocene Zone P21b (Fig. 4; Table 5). Zone The lower part of the middle Miocene at Cape May correlates well

Lower Oligocene (Sewell Point Formation)

P21a is missing. with the Atlantic City borehole except that the 576- to 503-ft sands
. o . (175.6-153.4 m) dated as ~334 Ma using Sr-isotopes are not
Upper Oligocene (Atlantic City Formation) present at Atlantic City. Below the 576-ft disconformity (175.6 m),

The upper Oligocene in the Cape May borehole is also ~90 ft thicthe silty clay contains few fossils. A low diversity planktonic fora-
(27.4 m; 12761180 ft [387.2359.8 m]) based on planktonic fora- miniferal assemblage in more clayey sediments is observed from the
miniferal biostratigraphy. The Oligocene/Miocene boundary cannoKw3 sequence (503132 ft [153.4-131.7 m]) in contrast to the barren
be unequivocally recognized due to a lack of marker species. Stratgquivalent (476390 ft [143.3-118.9 m]) at Atlantic City. These dif-
graphic correlation and Sr-isotopic age estimates both place tHerences in lithofacies as well as in planktonic foraminiferal appear-
boundary at 1180 ft (359.8 m). ance result from changing paleoenvironment: the Cape May Site was

The highest occurrence dfaragloborotalia opima opima at more oceanic than the Atlantic City Site in the late middle Miocene,
1249.7 ft (381.0 m) separates the upper Oligocene into Subzone P24lthough both were inner shelf to marginal marine in nature.
and Zone P22. Preservation of microfossils is excellent in Subzone As in other sections, the sediments younger than middle Miocene
P21b except near disconformities at the top and bottom. In well-prexre unfossiliferous, and planktonic foraminiferal biostratigraphy can-
served intervals,Globigerinoides primordius and Globorotalia not be applied to those sediments.
pseudokugleri occur. The lowest occurrence d&loborotalia
pseudokugleri in basal Subzone P21b (1261.9 ft [384.7 m]) is unex-
pected, because this event occurs in middle Biozone P22 in deep-sea DISCUSSION
sections (Berggren et al., 1995). It may be that the Cape May speci-
mens are precursors of well-developed representatives of the taxon. The three boreholes drilled at Island Beach, Atlantic City and

Late Oligocene planktonic foraminiferal diversity is relatively Cape May were designed to penetrate Cenozoic sediments deposited
low. Most samples have only-8 taxa of globigerinids and tenuitel- in different paleoenvironmental settings to evaluate the timing and
lids, although a total of 16 species are identified (Table 5). This loumagnitude of sea-level change on this passive continental margin
diversity is caused by deposition in a middle—inner neritic paleocenvi¢Miller, Chapter 1, this volume). A comparison of variations in sedi-
ronment and the oligotrophic nature of the late Oligocene ocean. Timentary paleoenvironments among the three sites will provide infor-
Zone P22 assemblage is similar to that of Subzone P21b, except tiadtion for fulfilling this purpose.
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PLANKTONIC FORAMINIFERAL BIOSTRATIGRAPHY

Table 5. Eocene planktonic foraminifer rangesin the Cape May borehole section.
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Upper Cretaceous tional break. Benthic foraminiferal biofacies study (Liu et al., Chap-
ter 19, this volume) also indicates a constant middle- to outer-shelf
The ~35 ft (10.7 m) of Upper Cretaceous bioturbated silty clay paleoenvironment across this contact. Nannofossils identify another
and clayey glauconite sands penetrated at |sland Beach are similar to hiatus by the absence of Zone NP7 associated with disconformity at
outcrop sections in the New Jersey Coastal Plain (Owens and Sohl, 1148 ft (350 m; Miller et al., 1994).
1969; Olsson and Wise, 1987a, 1987b; Owens et d., Chapter 2, this
volume). Glauconite represents sediment accumulation in middle— Eocene
outer shelf environments. Planktonic foraminiferal assemblages in
the glauconitic sediments are characterized by small taxa and lack of The lower Eocene Manasquan Formation (212.5 ft thick [64.8 m])
large tropical/subtropical open-marine forms (eRpsita, Planoglo- at Island Beach has uniform outer-shelf silty clay in the lower part
bulina, Racemiguembelina, and Ventilabrella). Both lithologic and  and clay in the upper part. The whole formation is fossiliferous.
biologic parameters point to stable middle—outer shelf sedimentatioRlanktonic foraminiferal assemblages displayed the highest diversity
of all Leg 150X sections with the occurrence of many pelagic taxa.
The Cretaceous/Tertiary Boundary An outer-shelf paleoenvironment is inferred (Browning et al., Chap-
ter 17, this volume). From other subsurface wells and boreholes, Ols-
Unfortunately, the K/T boundary falls within an unrecovered in-son (1991) recognized three hiatuses within the lower part of plank-
terval between 1184.25 and 1188 ft (361.1 and 362.2 m). This unré&nic foraminiferal Zone P6, PP8 and lower P9, respectively. The
covered interval displays a distinct gamma-ray log peak. This elevahiatus in lower Zone P6 is equivalent to the 1076 ft (328.0 m) hiatus
ed gamma-ray value may result from high concentration of glaucdn the uppermost Paleocene at Island Beach. The other two are not
nite sand or a lithified (phosphatized?) layer that occurs atecognized in the borehole by using planktonic foraminiferal bio-
disconformities in drilled boreholes in New Jersey Coastal Plairstratigraphic study alone. However, integrated magnetobiostrati-
(Owens et al., 1995). The continuity of the K/T boundary at Islandyraphic and benthic foraminiferal biofacies studies indicate at least
Beach therefore cannot be evaluated based on the borehole dé&dar hiatuses (Browning et al., Chapter 17, this volume) that correlate
alone. However, the nature of the sedimentary regime during the Kiith the base of Zones P6a, P6b, P7, and P9.
T transition can be inferred from New Jersey Coastal Plain expo- The middle Eocene is represented by the Shark River Formation
sures. In outcrop sections, the Hornerstown Formation straddles tflewer and upper), which is 83 ft (25.3 m; 8629 ft [262.8-237.5
K/T boundary. There is no physical break suggesting a depositionat]) at Island Beach and at least 100 ft (32.8 m; ¥4382 ft [442.7
hiatus across the K/T boundary (Olsson, 1991). However, fromd12.2 m]) thick at Atlantic City. All planktonic foraminiferal zones
planktonic foraminiferal data alone, a depositional hiatus may be irer equivalents (P10 to lower P15) are present, although precise zona-
dicated because the basal Paleocene planktonic foraminiferal Zonsn is difficult because of the absence of marker taxa and presence
PO and B have not been identified in the New Jersey Coastal Plairof a mixed layer. Browning et al. (Chapter 17, this volume) recognize
These two zones are very short in duration (~30 and 270 k.y., Berthree Shark River sequences at Island Beach on the basis of biofacies
gren et al., 1995), and their absence may be attributed to a depositi@md magnetobiostratigraphy (a fourth is recognized at the ACGS#4
allerosional hiatus, a condensed section, or mixing of the sedimentsorehole drilled at Mays Landing, New Jersey): (1) at the base of the
Leaching out of calcareous microfossils is another possibility. A reShark River (associated with the disconformable Zone P9/P10
cent dinoflagellate biostratigraphic study on the K/T boundary sedsoundary); (2) within the lower Shark River (associated with the dis-
tion exposed at Compton Quarry near Perrineville, New Jersegsonformity between Zone P10 and Zone P11); and (3) at the base of
shows that all K/T boundary dinoflagellate zones are present (Dhe upper Shark River (associated with the disconformable Zone P11/
Habib, pers. comm., 1994). Therefore, at least some of the K/P12 boundary).
boundary sections in the New Jersey Coastal Plain may have a bio- All three boreholes penetrated all or part of the newly named up-
stratigraphically continuous transition from the Maastrichtian to theper Eocene Absecon Inlet Formation, which has a thin clay layer at
basal Danian. the base and thick silty clay on top. At Island Beach, the major part
As in all other sections, a significant turnover of planktonicof the Absecon Inlet Formation is a glauconitic sand with clays in the
foraminiferal assemblages in the borehole section is obviousipper part. This lithofacies change results from difference in paleo-
Twenty-four of the 27 latest Maastrichtian species disappear at trenvironmental setting: middle shelf at Island Beach and outer shelf at
KI/T boundary. This reflects the severity of the end-Maastrichtiamtlantic City and Cape May. Thickness of the upper Eocene section
catastrophe. is 48 ft (14.6 m) at Island Beach, 169 ft (51.5 m) at Atlantic City, and
more than 140 ft (42.7 m) at Cape May (coring terminated within the
Paleocene upper Eocene). In a coastal plain borehole drilled by the USGS at
Mays Landing (ACGS#4), it is 77 ft thick (23.5 m; Owens et al.,
As in other subsurface sections in New Jersey, the lower Pale@988). However, in up-dip sections, upper Eocene strata are usually
cene Hornerstown Formation equivalent is glauconitic silty clay, andnissing (Olsson, 1991). The diversity of planktonic foraminiferal as-
the upper Paleocene contains glauconitic silts and clays that asemblages is lowest at Island Beach, but increases toward Atlantic
equivalent to the Vincentown Formation. By comparing the outcrogCity and Cape May. This down-dip progressive thickening of sedi-
sections with Deep Sea Drilling Project (DSDP) Site 605, Olsson antients and the increase in planktonic foraminiferal diversity are con-
Wise (1987a, 1987b) recognized three Paleocene unconformities sistent with increasingly oceanic paleoenvironments.
the New Jersey Coastal Plain. Sediments representing upper Subzone
P1c through lower Zone P3 are usually missing in outcrop exposures. Oligocene
The significance of drilling at Island Beach is the recovery of sedi-
ments equivalent to these Paleocene planktonic foraminiferal zones. Oligocene strata in New Jersey were not recognized until the
At Island Beach, only one hiatus is recognized between Subzone P1880’s (Olsson et al., 1980; Owens et al., 1988). Drilling at three on-
and Zone P2. The hiatus is marked by shell beds, discoloration shore sites recovered thick and well-developed Oligocene sequences
glauconite sand, and poor preservation of microfossils, which mighh New Jersey. Thickness of the Oligocene is 192 ft (58.5 m:;58%/
result from subaerial exposure. However, no terrestrial sediment wdis[212.5-154.0 m]) at Island Beach, 267 ft (81.4 m; 14814 ft
observed. This hiatus should be short in duration because planktorf60.1-278.7 m]) at Atlantic City, and 180 ft (54.9 m; 138080 ft
foraminiferal biostratigraphy does not support a significant deposif414.6-359.8 m]) at Cape May. From Island Beach through Atlantic
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Table 6. Oligocene-Miocene planktonic foraminifer ranges in the Cape May borehole section.
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City to Cape May, the Oligocene becomes progressively more fossil-
iferous. However, the thickest and most complete sectionisinthe At-
lantic City borehole. Although precise separation is not possible, the
stratigraphic equivalents of al Oligocene planktonic foraminiferal
zones are recognized at Island Beach and Atlantic City. At Cape
May, Zones P20-21a are not represented and the upper Oligocene
(Zones P21b—-22) is thinner than at Atlantic City. The Island Beach
section hasthe lowest planktonic foraminiferal diversity and is most-
ly barren of upper Oligocene microfossils, indicating a shift of sedi-
mentary setting from middle neritic to inner neritic. The Atlantic City
and Cape May Oligocene sections show a similar regressive pattern
upsection. Oligocene planktonic foraminiferal biostratigraphy in the
three boreholes is less reliable than in the Eocene. In addition, Oli-
gocene hiatuses have longer durations than those in the Eocene
(Browning et al., Chapter 17, this volume; Pekar et al., Chapter 15,
this volume). We attribute this to larger, more rapid glacioeustatic
changesin the Oligocene.

Miocene

The Miocene planktonic foraminiferal assemblages and litholo-
giesvary dramatically among the three borehol e sections. At the up-
dip Island Beach site, a few Miocene intervals contain estuarine
benthic foraminiferal taxa and diatoms, but no planktonic foramini-
fers are observed. At Atlantic City, clayey lower Miocene sections
and oneinterval of the middle Miocene contain low-diversity plank-
tonic foraminiferal assemblages that provide approximate strati-
graphic control. Small specimens of Tenuitella and Globigerina are
major components of the assemblage. An inner to inner middle nerit-
ic or prodelta paleoenvironment can be inferred. At the down dip
Cape May Site, the lower Miocene contains a relatively diverse as-
sembl age because of the addition of Neogl oboquadrina and Globoro-
talia, and afew intervals of the middle Miocene contain nondiagnos-
tictaxa. In general, planktonic foraminifers and nannofossils provide
little stratigraphic control in the Miocene onshore sections and age
control relies on Sr-isotopic stratigraphy supplemented by diatom
biostratigraphy (Sugarman et al., 1993; Sugarman et al., Chapter 12,
thisvolume; Miller et d., 1994b; Miller and Sugarman, 1995). How-
ever, the presence of these marine microfossils indicates a more oce-
anic (inner part of middle neritic) paleoenvironment at Cape May.

CONCLUSIONS

Planktonic foraminiferal biostratigraphic studies of the Leg 150X
boreholes reveal planktonic foraminiferal assemblage replacements
and changes in sedimentary regime in the latest Mesozoic and early

gocene transition, again correlating with global cooling and ice-sheet
development (Miller, 1992). Since the beginning of Oligocene, hia-
tuses have been more frequent and of longer duration. These, along
with a significant increase in components of marginal marine sedi-
ments in the Oligocene, indicate larger, more rapid sea-level changes,
consistent with larger changes in global ice volume. Latitudinal ther-
mal gradients increased in the Oligocene—Miocene, and tropical/sub-
tropical taxa were excluded from the now temperate New Jersey
shelf.
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