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1. COASTAL PLAIN DRILLING AND THE NEW JERSEY SEA-LEVEL TRANSECT!?

Kenneth G. Miller23

ABSTRACT

A triad of processes controls the marine stratigraphic record: changes in sealevel, tectonics, and sediment supply. Whereas
the stratigraphic record may be objectively divided into sequences (unconformity-bounded units), the relative role of these
three processes on development of passive continental margin sequences remains controversial. Three tasks must be accom-
plished before extracting process from the passive margin signal: the sequences must be identified, dated, and the facies
changes within them mapped. The New Jersey Sea-level Transect (Ocean Drilling Program Leg 150X onshore drilling, Leg
150 slope drilling, and Leg 174A shelf drilling) has begun this task. The New Jersey Coastal Plain Drilling Project (Leg 150X)
has completed boreholes at Island Beach (total depth 1223 ft [372.7 m]; April-May, 1993), Atlantic City (total depth 1452 ft
[442.6 m]; June—August, 1993), and Cape May (total depth 1500 ft [457.2 m]; March—April, 1994). The papers contained in
this volume present detailed lithostratigraphic, well-log, core-log, magnetostratigraphic, biostratigraphic, chemostratigraphic
paleoenvironmental, and hydrogeologic studies conducted on these boreholes. This introductory chapter outlines the general
goals and strategies of onshore drilling in the context of the New Jersey Sea-level Transect, provides an overview of the mate-
rial recovered onshore by Leg 150X in 1993-1994, and discusses the nature of post-drilling studies and the need for future

work. Highlights of Leg 150X include the following:

1. Studies herein develop a chronology of late middle Eocene to middle Miocene onshore sequence boundaries, correlate
them with majod'80 increases, and confirm that these unconformities were formed by global sea-level lowerings.

2. Comparison of New Jersey sequences with the Exxon syntheses shows that the Exxon Eocene to middle Miocene
sequences are recorded on the New Jersey Margin where their ages are well constrained.

3. A sequence stratigraphic framework was obtained for the Paleocene to middle Miocene by integrating chronologic,
lithostratigraphic, well-log, core-log, benthic foraminiferal biofacies, and isotopic studies. These studies include ewvéluation
unconformities and flooding surfaces, delineating systems tract variations within sequences, and estimating water depth varia-

tions within sequences.

4. Other studies address hydrostratigraphy, pore-water quality, pore-water isotopic composition, clay mineralogy, silica
diagenesis, core-log/well-log integration, biostratigraphy, palynology, and climate.

THE NEW JERSEY SEA-LEVEL TRANSECT

Debates about the importance of tectonics vs. eustatic controls on
the sedimentary record have a long history. Suess (1885) attributed
sedimentary cycles to sea-level change, whereas Stille (1924), Gra-
bau (1936), and Sloss (1963) favored tectonic controls (see Fair-
bridge, 1961, for review). Studies at Exxon Production Research
(EPR; Vall et al., 1977; Haq et al., 1987) broke new ground both in
recognizing unconformities and in relating them to global sea-level
(eustatic) change. Vail et al. (1977) first used seismic profilestoiden-
tify sequences and to estimate the magnitude and ages of past sea-lev-
e changes. Haq et a. (1987) and Posamentier et al. (1988) extended
these studies to outcrops and well logs, providing a detailed Triassic
to Holocene chronology of sequences and eustatic changes. Thework
of EPR has remained controversia (Miall, 1991), in part because
most of the data on which it is constructed are not publicly available,
dthough portions have been released (e.g., Greenlee and Moore,
1988; Greenlee et al., 1988, 1992; Loutit et al., 1988).

Sequences are fundamental building blocks of the stratigraphic
record and may be objectively recognized (for discussion see
Christie-Blick et al., 1990), although the link between sequences and
eustasy iscontroversial. Eustasy, tectonics (including thermal subsid-
ence, isostasy, compaction, and flexure; see Reynoldset al., 1991 for
elaboration), and sediment supply are the primary processes that con-
trol the formation of sequences. However, the relative roles of these
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processes are not fully understood, and the relationship of sequences
and facies successions to sea level must be established through em-
pirical studies and modeling efforts (both forward and inverse; Rey-
noldset al., 1991).

There are two ways to extract the global sea-level signa from lo-
cal and regional sequence stratigraphic records of passive continental
margins. Both first require dating sequence boundaries on a given
margin that, in turn, provides a chronology of base-level lowerings
(Christie-Blick et al., 1990). In thefirst method, inverse models (e.g.,
backstripping of Watts and Steckler, 1979, or the geometrical tech-
niques of Greenlee et al., 1988) can be used to estimate relative sea-
level history; a eustatic component may be estimated by comparing
this chronology of sequences and relative sea-level history with other
margins, particularly those in other tectonic settings. In the second
method, global sealevel is estimated using independent techniques
(e.g., oxygenisotopic or atoll records; Imbrieet a ., 1988); thisrecord
is then compared to ages of sequence boundaries, facies variations,
and the relative sea-level record of agiven margin to evaluate the re-
sponse of sedimentation to a known forcing. This latter method is
mostly restricted to the younger (last 100 m.y. or so) record (Christie-
Blick et a., 1990).

In a series of meetings between 1987 and 1992 (Second Confer-
ence on Scientific Ocean Drilling, Imbrie et al., 1988; Sealevel
Workshop, Watkins and Mountain, 1990; Chapman Conference on
Long-term Sea level Change, Sahagian and Watts, 1991; and Sea
level Working Group, 1992), a consensus developed in the academic
community that borehole transects on passive margins are needed to
improve knowledge of the timing and magnitude of past eustatic
changes and their relationships to sequences. Three crucial time in-
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and the Paleocene-Eocene “Doubthouse World,” a time for which ddacies information that allows evaluation of sequence stratigraphic
bate continues over the existence of ice sheets. models (Posamentier et al., 1988). However, the most critical part of
The Oligocene to Holocene “Icehouse World” is a particularly in-Oligocene to Holocene sequences are found beneath the modern con-
teresting interval for sea-level studies because the timing of uncotinental shelf. Leg 174A will begin the task of shelf drilling with the
formities can be compared with a glacioeustatic proxy afforded byOIDES Resolution at outer shelf sites MAT8B (located near the
the 50 record. Oxygen isotope values recorded by foraminifers ar€OST B-2 well; Scholle, 1977) and MAT9B (located 3 km downdip
a function of the marine temperature and the sea®é@walue §,) of MAT8B; Fig. 1). TheJOIDES Resolution cannot be used to drill
in which the organisms lived. Glacioeustatic fluctuations cause glothe middle shelf Sites MAT4 through 7 or inner shelf Sites MAT 1
bal 3, changes that are recorded by benthic and planktonic foraminthrough 3 (Fig. 1); a supplementary platform (jack-up rig or semi-
fers; the challenge is to isolate the ice-volume signal from temperaubmersible) will be needed to complete this critical portion of the
ture and local isotopic changes. Following Pleistocene conventiortsansect.
(Shackleton and Opdyke, 1973), synchronous increases in both
benthic and low-latitude planktonic foraminife®%O signals can be
used as a proxy for pre-Pleistocene ice-volume changes. Miller et al. PREVIOUS ONSHORE RECORDS
(1987, 1991) and Wright and Miller (1992) identified 12 Oligocene—
early late Miocen@'0 increases, interpreted them as glacioeustatic The New Jersey Coastal Plain (Fig. 2) is the emergent part of a
lowerings, and correlated them with 12 sequence boundaries (= iglassic passive margin that formed following Triassic—Early Jurassic
ferred eustatic lowerings) of Haq et al. (1987; Fig. 3). Miller et al.rifting (Grow and Sheridan, 1988). Post-rift tectonics have been dom-
(1996b) identified one additional middle Miocene increase (Mi3ajnated by simple thermal subsidence, sediment loading, and flexure
14.4 Ma or 14.7 Ma using the time scales of Berggren et al., 1985 ¢watts and Steckler, 1979; Reynolds et al., 1991). Jurassic strata have
1995, respectively), and Pekar and Miller (1996) and Pekar et ahot been identified in the coastal plain, although very thick Jurassic
(Chapter 15, this volume) identified at least three additional smallestrata occur offshore in the Baltimore Canyon Trough. The coastal
amplitude Oligocene increases. plain did not form until the Cretaceous, when the crust attained suffi-
To address sequences and sea-level changes on a passive maigent flexural rigidity for offshore thermal subsidence to cause ac-
K.G. Miller, G.S. Mountain, and N. Christie-Blick designed the commodation onshore (Watts, 1982). The coastal plain consists of
“New Jersey Sea-level Transect” as a series of boreholes from the dmwer Cretaceous to Holocene strata that dip gently (<1°) seaward
shore New Jersey Coastal Plain across the shelf to the slope and @&l thicken downdip. The sediments are primarily unconsolidated si-
(Figs. 1, 2; see summary by Miller and Mountain, 1994). New Jerselciclastic sands and muds that were deposited in fluvial to shelfal en-
was chosen to be the first transect of a siliciclastic margin becausewfonments, with a strong deltaic influence in the Cretaceous and in
the excellent data available for planning (e.g., Greenlee et al., 1988 Miocene to Holocene (Owens and Sohl, 1969; Owens and Gohn,
1992), well-developed Oligocene—Holocene seismic geometrie$985). Paleowater depths generally increased from the mid- to Late
(Mountain, Miller, Blum, et al., 1994), relatively simple tectonic his- Cretaceous, attaining maximum water depths onshore in the early
tory (Steckler and Watts, 1982), and good biostratigraphic and SEocene. A general regression occurred over the last 50 m.y. and up-
isotope stratigraphic control (e.g., Sugarman et al., 1993). Thper Miocene—Holocene strata are primarily marginal marine to non-
transect continued one begun by Deep Sea Drilling Project (DSDRjarine. Cretaceous outcrops are exposed but weathered, whereas
Legs 93 and 95, which drilled on the lower slope and rise. Althougimuch of the Cenozoic record is derived from subsurface boreholes
this DSDP drilling was designed to test the “Vail sea-level curve,” iwhere strata are thicker and more marine.
failed to recover much of the critical Oligocene to middle Miocene New Jersey Coastal Plain siliciclastic strata have been studied
section (Poag, Watts, et al., 1987; van Hinte, Wise, et al., 1987). since the early 1800's (e.g., Lyell, 1845). Owens and Sohl (1969) first
The primary goals of the New Jersey Transect are (1) to date meecognized unconformity-bounded transgressive/regressive cycles in
jor “lcehouse” (Oligocene—Holocene) sequences, (2) to compare thhe coastal plain and attributed them to tectonic controls. Olsson and
timing of these sequences with ages predicted from the oxygen isoelleagues, using planktonic foraminifers and nannofossils to com-
tope proxy of glacioeustasy, (3) to estimate the amplitudes and ratpare New Jersey Coastal Plain Sequences to the Haq et al. (1987)
of the sea-level change, and (4) to evaluate sequence stratigraphécord, interpreted the transgressions and regressions in terms of glo-
models (e.g., the systems tracts of Posamentier et al., 1988). bal sea level (e.g., Olsson and Wise, 1987; Olsson et al., 1987; Ols-
The first step in the transect was to trace major sequences recampn, 1991). Unfortunately, previous studies have been hampered by
nized in seismic profiles from the shelf to the slope where they wermsufficient material for study (weathered outcrops and discontinu-
dated by Leg 150 (Fig. 1; Sites 902-904, 906; Mountain, Millerously sampled rotary wells and boreholes), and the roles of tectonics
Blum, et al., 1994; Miller et al., 1996b). Unfortunately, concerns overs. eustasy remain debatable.
the hazards of drilling (e.g., shallow gas) led to disapproval of Leg Lack of continuously sampled sections contributed to controver-
150 sites in less than 200 m water depth. No continuously cored sitgies about even the most basic stratigraphic interpretations. For ex-
are available on the modern shelf, the region most likely to recordmple, the first identification of Oligocene strata in the New Jersey
former sea-level and facies changes. The sedimentary expression@fastal Plain by Olsson et al. (1980) was not accepted at first, and the
sequences on the slope is muted, because of relatively uniform Olewer to middle Miocene Kirkwood Formation was poorly calibrated
gocene to Miocene lithologies (silty clays); in addition, the sites ar¢o the time scale until the advent of Sr-isotopic stratigraphy (Sugar-
too far downdip to be used to estimate the amplitudes and rates of retan et al., 1993). The USGS improved Tertiary stratigraphic corre-
ative sea-level change. Thus, Leg 150 drilling did not address two dditions in New Jersey in 1986 by continuously coring the ACGS#4,
the primary goals of the transect, estimating amplitudes/rates and ddays Landing borehole, attaining excellent recovery (Fig. 2; Owens
quence architecture. These goals can be addressed only by drilliegal., 1988). Drilling of this and other continuous boreholes at Belle-
updip across the modern shelf and coastal plain. plain (Sugarman et al., 1993), Allaire (Sugarman et al., 1991), and
The New Jersey Coastal Plain drilling project (Leg 150X; Fig. 2)Clayton (Gibson et al., 1993) provided material for integrated bio-
began in 1993 in concert with Leg 150 slope drilling. Drilling on- stratigraphic (Poore and Bybell, 1988), Sr-isotopic (Sugarman et al.,
shore not only provides another setting (one with shallow water ert993; Miller et al., 1990), and magnetostratigraphic studies (Miller et
vironments and low accommodation) in which to date specific seal., 1990). The success of these initial drilling efforts led to planning
quences, but it also provides shallow-water (neritic and shallowef the New Jersey Coastal Plain drilling project.
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Figure 1. Location map of the Middle Atlantic Margin showing Leg 150X onshore and Leg 150 slope boreholes (solid circles), scheduled boreholes (open cir-
cles; Bass River and MAT8B and 9B), and proposed boreholes (shaded circles; MAT 1 through 7B on shelf), and the Ewing multichannel seismic grid.

THE NEW JERSEY COASTAL PLAIN
DRILLING PROJECT

The onshore drilling program was sponsored by the National Sci-
ence Foundation, Earth Science Division, Continental Dynamics and
Ocean Drilling Programs. Drilling was a collaborative effort anong
Rutgers University, Lamont-Doherty Earth Observatory, the New
Jersey Geological Survey, and the Branch of Eastern Regional Geol-
ogy (BERG) of the USGS. The JOIDES planning committee en-
dorsed the onshore drilling as an Ocean Drilling Program (ODP) re-
lated activity that was designated Leg 150X. Three boreholes were
continuously cored by BERG drillersin 1993-1994 at I1sland Beach
State Park, Atlantic City, and Cape May. The onshore sites were lo-
cated asfar downdip as possible to maximize the thickness (and min-
imize the number of hiatuses) of the upper Oligocene to middle Mio-
cene section and to be close to offshore multichannel seismic ties
(Fig. 1). The siteswere chosen to maximize recovery of different por-
tions of the section. The Cape May borehol e recovered the most com-
plete and thickest Miocene section due to its downdip location; bore-
holes to the north penetrated a thinner Neogene section and progres-
sively older portions of the Paleogene.

The USGS BERG drillers used a Christensen core barrel to attain
good recovery from the unconsolidated coastal plain strata. Recovery
a Island Beach was outstanding (87% mean, 96% median) and al
contacts were recovered, except for the Cretaceous/Tertiary (K/T)

boundary; acomplete suite of slimline logs were obtained. Recovery

at Atlantic City (60% mean) was moderate because of difficult hole
conditions, but was excellent in the most critical sections (81% inthe
lower—middle Miocene interval between 390 and 937 ft [118.9 and
285.6 m]). Good gamma and neutron logs were obtained. The Cape
May borehole had good recovery (75% mean, 85% median), gamma,
and neutron logs.

At all three Leg 150X coastal plain boreholes, unconformities
were identified on the basis of physical evidence (including irregular
contacts, reworking, bioturbation, and major facies changes) and
well-log (gamma-ray peaks) characteristics, and paraconformities
were inferred from biostratigraphic and/or Sr-isotopic breaks. Recog-
nition of these surfaces allows identification of sequences. For the
nonmarine and near-shore sections (primarily the Miocene and
younger section), lithofacies interpretations provide the primary
means of interpreting paleoenvironments. For the neritic sections
(primarily the Paleogene), benthic foraminiferal biofacies studies
provide the primary means of interpreting paleoenvironments.

Facies changes within sequences (systems tracts) follow general
patterns in the New Jersey Coastal Plain (Owens and Sohl, 1969;
Owens and Gohn, 1985; Sugarman et al., 1993). Sequences onshore
typically consist of a basal transgressive glauconite sand overlain by
a coarsening-upward succession of regressive medial silts and upper
guartz sands (Owens and Sohl, 1969). The basal glauconite sand (=
condensed section of Loutit et al., 1988) is equivalent to the upper
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transgressive systems tract (TST) of Posamentier et al. (1988). The are deeper water and more complete in the southern part of New Jer-
overlying media silt is equivalent to the lower Highstand Systems sey, attaining progressively deeper paleodepths toward the depo-
Tract (HST), whereasthe upper quartz sands represent the upper HST center at Salisbury, Maryland (Owens and Gohn, 1985). Lower Mio-
(Sugarman et a., 1993). This results in a distinct gamma-log signa- cene sequences are best expressed at Cape May and Atlantic City
ture with “hot” zones at the base and low values at the top (SugarméWiiller et al., Chapter 14, this volume), whereas mid-upper Oli-
et al., 1993). gocene sequences are best represented at Atlantic City. By sampling
The facies successions vary somewhat from the Cretaceous &b multiple locations, the New Jersey Coastal Plain Drilling Project
Miocene, reflecting differences in paleodepth, provenance, and pregas successful in assembling a mosaic of coastal plain sequences that
ervation (Fig. 4). Miocene sequences consist of clay confining uniteecord latest Cretaceous to Holocene relative sea-level changes.
at the base with quartz sand aquifers at the top, deposited in inner to
middle neritic environments (Sugarman et al., 1993; Miller, et al., Island Beach
1994; Miller et al., Chapter 14, this volume). Oligocene sequences are
similar (Fig. 4), although they represent deeper water (inner to outer The Island Beach borehole is located directly updip of proposed
neritic) environments; in addition, recycled glauconite occurs in Oli-offshore shelf Sites MAT1-3 and a multichannel seismic grid collect-
gocene HSTS, obscuring the facies successions (Pekar and Milled by the R/\MMaurice Ewing in 1990 (Miller and Mountain, 1994;
1996; Pekar et al., Chapter 15, this volume). Expression of Eocene d€igs. 1, 2). This site recovered Oligocene to lower Miocene (“Ice-
quences is muted, reflecting deposition in the deepest paleodepthsuse”) sequences and is the only borehole drilled by Leg 150X that
(middle to outer neritic; Browning et al., Chapter 17, this volume)fully addresses Paleocene to Eocene (“Doubthouse”) sequences. Al-
Cretaceous sequences show distinct changes from basal glauconitiugh the Paleogene succession at Island Beach contains most nan-
medial silts, and upper sands (Sugarman et al., 1995b). nofossil (NP3, NP5, NP6, NP9 though NP22, NFZ5) and plank-
Because of local tectonic differences, not all sequences are repitenic foraminiferal (P1c though P6a, P6c through P21a) zones, dep-
sented at each site. The oblique-strike orientation of the three Lagsition was punctuated by numerous disconformities (Miller, et al.,
150X boreholes allows sampling of a different set of sequences 4894). The excellent recovery, well-developed facies, detailed Paleo-
each location. For example, middle Miocene and younger sequencgene biostratigraphy, Sr-isotope stratigraphy, and magnetostratigra-
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phy at Island Beach allowed dating of Cenozoic sequences and eval-
uation of vertical facies succession within sequences.

Surficial Units

The Cape May Formation at 1sland Beach consists of unconsoli-
dated sands, silts, clays, and gravels containing lignite and shell lay-
ers that are dated by radiocarbon accelerator mass spectrometer
(AMS) as Holocene (younger than 6 kaj| Fig. 5, back pocket|thisvol-
ume). The sequenceis adeepening upward succession of fluvial, bay-
estuarine, and near-shore facies that records the Holocene transgres-
sion (Miller, et d., 1994).

Miocene Kirkwood Formation

Owens et al. (1995) recently redefined the Kirkwood Formation,
previously recognized as the lower to middle Miocene sands and
claysin New Jersey (Sugarman et al., 1993), recognizing four forma-
tions increasing in age: Belleplain, Wildwood, Shiloh Marl, and
Kirkwood. These are equivalent to the Kirkwood 3, Kirkwood 2aand
2b, Kirkwood 1b, and Kirkwood laand Kirkwood O, respectively, of
Sugarman et al. (1993), Miller and Sugarman (1995), and this report.
In this paper, weretain the older use of the Kirkwood Formation and

gren et a. (1985). Figureis after Miller et a. (1996c).

Kwla sequence and the Kirkwood Formation in the restricted sense
of Owens et al. (1995; Fig. 5).

The 130-m-thick (427 ft) Kirkwood Formation at Island Beach
consists of successions of unconsolidated silty clay overlain by
sands. The facies represent diverse fluvial, near-shore, and inner ner-
itic (including prodelta) environments. Diatoms were used to corre-
late the Kirkwood Formation at Island Beach to lowermost middle to
lower Miocene, whereas Sr isotopes were used to date the lowermost
Kirkwood Formation recovered here as 21.8 Ma (early Miocene;
Miller, et al., 1994). Other age constraints are lacking for the Kirk-
wood Formation at Island Beach because of shallow-water and non-
marine facies; however, the lithostratigraphic subdivisions at Island
Beach can be correlated to the Atlantic City borehole, where they are
dated using Sr-isotopic stratigraphy (Sugarman and Miller, 1997).
These correlations allow evaluation of lateral facies changes in at
least three Miocene sequences, the Kirkwood 1a, Kirkwood 1b, and
Kirkwood 2a (Sugarman and Miller, 1997), corresponding to the
Brigantine, Shiloh Marl, and Wildwood Members, respectively.

Upper Oligocene Atlantic City Formation

The upper Oligocene Atlantic City Formation of Pekar et al.
(Chapter 8, this volume) at Island Beach consists of medium to coarse

applied Owens et al.’s (1995) terminology as members of the Kirkglauconitic quartz sands that grade downward into slightly clayey
wood Formation (see justification in Miller et al., Chapter 14, thismedium glauconite sand with occasional glauconite sandy clay (Fig.
volume; Fig. 2). Miller et al. (Chapter 14, this volume) name the mosb; Miller, et al., 1994). Biostratigraphic control on this section is

widespread unit the Brigantine Member, which corresponds to thpoor. By integrating biostratigraphy, Sr-isotopic stratigraphy, mag-
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netostratigraphy, and well-log correlations, Pekar and Miller (1996)
recognize at least one sequence at this site (06?); this sequenceisas-
signed to planktonic foraminiferal Zone P22 at other Leg 150X sites.

Oligocene Sewell Point Formation

At Island Beach, the Sewell Point Formation of Pekar et d.
(Chapter 8, thisvolume) consists of medium glauconite sand (Fig. 5;
Miller, et a., 1994). It has been divided into two sequences (O2 and
01) correlated to Zone P19-20 and P18, respectively (Pekar and
Miller, 1996; Pekar et al., Chapter 15, this volume). This formation
is entirely lower Oligocene at Island Beach, although the formation
includes upper Oligocene strata at other Leg 150X sites.

Eocene Absecon Inlet, Shark River, and Manasguan Formations

Excellent recovery, well-preserved and diverse microfossils, well
logs obtained on formation, and magnetostratigraphy at 1sland Beach
provide one of the best-dated records of Eocene sequences (Fig. 5):

1. The upper Eocene Absecon Inlet Formation (Browning et al .,
Chapter 18, this volume) and upper (?) to middle Eocene sec-
tion consist of occasionally pebbly glauconitic sandy clay and
clayey glauconite sand deposited in middle neritic (30—100 m)
paleodepths. Sequences occur from 697 to 710 ft (212.4-216.4
m) and 710 to 750 ft (216.4-228.6 m).

2. The middle to lower upper Eocene Shark River Formation
consists of sandy clay, glauconite sandy clays/clayey sands,

contains coarse sand and extensive biostratigraphic reworking
(Browning et al., 1996; Browning et al., Chapter 16, this vol-
ume); it was originally grouped with other upper Eocene strata
(Miller, et al., 1994), although subsequent studies identify it as
the Toms River Member of the Shark River Formation. Below
this, the Shark River Formation may be broken into sequences
by unconformities at 800 ft (243.8 m), 846 ft (257.9 m), and
857 ft (261.2 m; at the probable lower/middle Eocene bound-
ary). The boundary with the underlying Manasquan Formation
is either at 857 or 862 ft (262.7 m), the level of another discon-
formity (Browning et al., 1996; Browning et al., Chapter 17,
this volume).

. The thick (213 ft [64.9 m]) lower Eocene Manasquan Forma-

tion consists of clay, sandy clay, and porcellanitic clays (Fig.
5). It provides a record of the deepest water (primarily outer
neritic; 106-200 m paleodepth) environments attained in the
New Jersey Coastal Plain. Integrated magnetostratigraphy,
biostratigraphy, and benthic foraminiferal biofacies studies re-
veal that the Manasquan Formation may be broken into at least
four sequences (EE4; Fig. 5; Browning et al., 1996; Brown-

ing et al., Chapter 17, this volume). In addition, the deeper pa-
leodepths allowed generation of a stable isotopic record
spanning the upper Paleocene into the lower Eocene (Pak et
al., Chapter 23, this volume).

Paleocene Vincentown Formation and Hornerstown Equivalent

The upper Paleocene Vincentown Formation contains cyclic lam-
inations of clays and silts deposited in neritic environments (Fig. 5).

and clayey sand deposited in middle—outer neritic paleodepths represents at least two depositional sequences correlated with

(30-150 m). A sequence from 750 to 779 ft (22287.4 m)

Zones NP89 and NP56, respectively (Miller, et al., 1994).
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A lower Paleocene sequenceis represented by the downdip equiv- Two sequences (O5 and O6, both correlated with Zone P22; Pekar
aent of the Hornerstown Formation; it records laminated silts (Zones and Miller, 1996; Pekar et al., Chapter 15, this volume) are recog-
NP3, P1c) of the HST that are not preserved updip. The K/T contact nized in the upper Oligocene at this site. The boundary with the un-
was not recovered. The Maastrichtian glauconite sandy clay to clayey derlying Sewell Point Formation was not recovered, and the lower
sands are assigned to the undifferentiated Red Bank/Navesink For- part of Sequence O5 is tentatively placed in the lower formation.
mations (Miller, et a., 1994).

Oligocene Sewell Point Formation
Atlantic City
The Oligocene Sewell Point Formation of Pekar et al. (Chapter 8,

The Atlantic City site was the second borehole drilled as part of this volume) at Atlantic City is comprised of glauconite sands and
the New Jersey Coastal Plain drilling project. It focused on middle glauconitic silts, lacking the quartz sand of the overlying formation
Miocene to Oligocene “Icehouse” and middle—upper Eocene “Doubt(Fig. 5; Miller, et al., 1994). The Oligocene section thus coarsens up-
house” sequences. Lower and middle Miocene sequences are wséiction at this site. Three sequences (02, O3, and O4 correlated with
expressed and dated at this site. Middle and upper Oligocene séenes P1920 and P21&b, and P21b, respectively; Pekar and Miller,
gquences are the best preserved of the three Leg 150X boreholes. TI#96; Pekar et al., Chapter 15, this volume) are recognized in the
presence of mid-Oligocene strata at Atlantic City and its absencBewell Point Formation at Atlantic City.
downdip at Cape May are attributed to minor differences in subsid-
ence histories between locations (Miller, et al., 1994). Upper Eocene Absecon Inlet Formation

Surficial Units The upper Eocene Absecon Inlet Formation is stratotypified at At-
lantic City (Browning et al., Chapter 18, this volume), where it is

The section from 12 to 53 ft (3.7-16.2 m) was deposited in neacomprised of uniform dark gray silty clay representing one sequence

shore/estuarine environments and is correlated with the upper(@ig. 5).

Pleistocene to Holocene Cape May Formation (Fig. 5). The strati-

graphic interpretation of the section between 53 and 388 ft (16.2 arididdle Eocene Shark River Formation

118.3 m) at this site is uncertain because of poor fossil control (the

strata are nonmarine; Miller, et al., 1994) and no recovery from 293 The Shark River Formation at Atlantic City consists of three

388 ft (89.3-118.3 m). Miller, et al. (1994) interpreted the upper 135lithostratigraphic units (Fig. 5):

ft (41.1 m) of the borehole to represent the Pleistocene to Holocene

Cape May Formation, the interval from 135 to 223 ft (41.1-68.0 m) 1. Uniform clays with subordinate glauconite sands contain

as the middle (?) Miocene Cohansey Formation, and the interval be- mixed biostratigraphic markers. This unit (Sequence E9 of

low this to 293 ft (89.3 m) as the Kirkwood Formation (Fig. 5). In Browning et al., Chapter 17, this volume) may correlate with

contrast, Owens et al. (1995) interpreted the interval from 53 to 293 the Exmore Boulder Bed of Poag et al. (1992) and may reflect

ft (16.2—89.3 m) as the Cohansey Formation based on regional map-  the influence of an impact event(s).

ping, which indicates that the Cohansey Formation was deeply chan- 2. Uniform glauconitic sandy clay is assigned to Sequence E8 of

neled at this location. Browning et al. (Chapter 17, this volume).
3. Carbonate clay to clayey chalk is assigned to Sequence E7 of
Miocene Kirkwood Formation Browning et al. (Chapter 17, this volume).
Recovery of the uppermost part of the 706-ft-thick (215.2 m) low- Cape May

er to middle Miocene Kirkwood Formation was poor, but recovery

for the Kirkwood Formation between 390 and 937 ft (118.9 and 285.6 The Cape May borehole recovered the most complete, thickest,
m) was excellent. The sand, silt, and clay facies in the Kirkwood Forand most reliably dated Miocene section because of its basinal
mation at Atlantic City represent diverse fluvial, near-shore, and neffdowndip) position. The lower Oligocene is best represented at this
itic (including prodelta) environments (Miller, et al., 1994). Faciesborehole, although upper Oligocene strata are better represented at
interpretations of the Kirkwood Formation at Atlantic City are pre-Atlantic City. Facies changes within uppermost Oligocene to middle
sented by Sugarman and Miller (1997) and Miller et al. (Chapter 14Mliocene sequences (systems tracts) are distinct. The bases of the se-
this volume). Several coarsening-upward sequences can be recagrences contain shell beds (typically21ft [0.3-0.6 m] thick) that

nized on the basis of lithofacies breaks, gamma log changes, and prade upward to clays/silts (typically 4%0 ft [4.6-27.4 m] thick)
atuses. These sequences correspond to confining silty clays at t#wed sands (typically 4020 ft [12.2-36.6 m] thick). Capping the
base and aquifer sands at the top. We recovered thick shell beds in M&cene sequences are indurated zones that may reflect subaerial ex-
lower to middle Miocene Kirkwood Formation that yielded Sr- posure. A major change in depositional regime from shelfal to deltaic
isotope ages of these Miocene sequences (Miller, et al., 1994; Millelomination occurred at Cape May between ~22 and 21 Ma.

and Sugarman, 1995; Sugarman et al., Chapter 12, this volume). The

shell beds are similar to the “Calvert Cliffs” of Maryland, although Surficial Units

our studies show them to be thicker and more continuous than those

in the Maryland sections (Miller and Sugarman, 1995); in addition, The upper part of the borehole-@57 ft [0-108.8 m]) is poorly

the interval from 25 to 18 Ma that is not represented in Maryland islated, because it represents fluvial-estuarine and marginal marine en-

well represented at Atlantic City (Fig. 5). vironments (Fig. 5; Miller, et al., 1996a). The upper (?) Pleistocene to
Holocene Cape May Formation<b ft; 0-23 m) consists of alter-
Upper Oligocene Atlantic City Formation nating organic-rich clays and shelly sands deposited in an inlet-marsh

environment (Miller, et al., 1996a). Lower Pleistocene inlet sands
The upper Oligocene section at Atlantic City is used to stratotyp¢75-90 ft [22.9-27.4 m]) and underlying lower estuarine clays+(90
ify the upper Oligocene Atlantic City Formation (Fig. 5; Pekar et al., 140 ft [27.4-42.7 m]) are tentatively assigned to the Cape May For-
Chapter 8, this volume). It is comprised of dominant glauconiticmation (Fig. 5; Miller, et al., 1996a). Thick (14867 ft [42.7108.8
guartz sands with subordinate glauconite sands (Miller, et al., 1994n]), poorly fossiliferous estuarine sands and clays were thought to be
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Pliocene based on stratigraphic correlation (Miller, et al., 1996a), al- COMPARISON OF ONSHORE
though dinocyst studies (de Verteuil, Chapter 11, this volume) indi- AND OFFSHORE STUDIES
cate that they are probably upper Miocene. Dinocysts also indicate

that the section from 90 to 140 ft (27.4-42.7 m) is Miocene. Sequence geometries are most clearly developed in the Oli-

. . ) gocene—Holocene sequences beneath the modern New Jersey conti-

Miocene Kirkwood Formation nental shelf (Greenlee et al., 1988, 1992; Miller and Mountain, 1994);

. . . . onshore sequences represent only the updip part of these sequences.

_Asat the other_snes, th? Kirkwood Formation consists of SUCCER 4 ndaries between sequences beneath the modern New Jersey shelf
slons of unconsolidated silty (_:Iay and sands (Fig. 5). Four m'ddlﬁ/ere identified by seismic reflector terminations, traced to the slope,

Miocene sequences representing 258 ft (78.6 m) were recovered, U5y gated at Sites 96204 and 906 (Fig. 1). Consequently, the slope

cluding the Kirkwood-Cohansey sequence (-IAMa; the young-  jtes can be used to date these shelf sequences. Similarly, the coastal

est fo_ssmferous middle Miocene sequence sampled in Ne_w J_erse%,ain boreholes have been used to date coeval sequences; however,
the Kirkwood 3 sequence (1313.7 Ma as dated at Atlantic City; , qirect seismic ties are available at present for Island Beach, Atlan-

Miller, et al., 1994), a previously unknown sequence (Kw2c; Fig. 54, City, or Cape May.

~1.4'3_14'8 Ma), ar.ld _the Kirkwood 2b sequence (3383 Ma; The first step in both onshore and offshore studies has been to de-

Miller, et al., 1996a; Miller and Sugarman, 1995). velop a detailed chronology of sequences. Oligocene to middle Mio-
Th? thick lower Miocene section (56_5 ft; 172.2 m) repre_sents agene chronologic control for the Leg 150 slope boreholes is provided

least five well-developed sequences (Miller, et al., 1996a; Miller an y integrating Sr-isotopic stratigraphy (Miller et al., 1996b) and mag-

Sugarman, 1995). netostratigraphy (Van Fossen and Urbat, 1996) with planktonic fora-

miniferal (Snyder et al., 1996), nannofossil (Aubry, 1996), dinocyst

(de Verteuil, 1996), and diatom (Burckle, 1996) biostratigraphy (see

synthesis in Miller et al., 1996c¢). Similarly, onshore chronologic con-

- X ) ; ~ttol for the Oligocene to middle Miocene is provided by integrating
shelly, sandy silts and clays (shelf environments); medial rnlSr-isotopic stratigraphy (Miocene, Sugarman et al., Chapter 12, this
caceous, carbonaceous, laminated clay-silts and fine sandg),me. Oligocene, Pekar et al., Chapter 15, this volume) and mag-
épgr?gsgguesn:illrtgr](g];g?rb %?i#&?gg;‘é%&g?dde{j sands and C‘i‘fétostratigraphy (Van Fossen, Chapter 22, this volume) with fora-

; : S miniferal (Liu et al., Chapter 10, this volume), nannofossil (M.-P.

2. Athick (716-850 ft [216.4:259.1 m]) sequence, which is 18.6 a1y i Miller, et al., 1994, 1996a), dinocyst (de Verteuil, Chapter

to 19.5 Ma (Kwlc; Fig. 5), was not previously identified else- 1 s yolume), and diatom (Burckie, Chapter 13, this volume) bio-

where in New Jersey. ti h h E h | ; B :
3. Kirkwood 1b (856942 ft [259.1287.1 m]; ~20.1 Ma) is a Zir;!%ﬁag{e?sni?c’e:ﬁd fgeﬂ]?scvéf’u”nﬂ’ecggy is addressed by Browning

coarsening-upward sequence of basal clays and upper sands. our chronolo : / ;
- ) : gy of Oligocene to middle Miocene onshore and
4. Kirkwood 1a (9421062 ft [287.£323.7 m], 20.420.9 Ma) is lope sequences shows that the unconformities correlate well with

a coarsening-upward sequence separated from Kirkwood 1.5 5150 increases, confirming that these sequence boundaries
by a major disconformity indicated by gamma logs, facieSyere formed during global sea-level lowerings (Fig. 3; Miller et al.,
Sh'ft% and_an |rr_egular surface at the contact, although there E%b). Comparison of onshore and offshore sequences with those of
no discernible hiatus between these sequences. Hagq et al. (1987) shows that Oligocene to middle Miocene Exxon se-
5. The Iowermo_st Miocene ("'23"22'.7 Ma) Kirkwood O se- guences are recorded on the New Jersey Margin where their ages are
qguence consists of neritic glauconite sands. well constrained (Fig. 3; Miller et al., 1996b).
The second step in onshore studies has been to develop a sequence
stratigraphic framework for different parts of the Cenozoic by inte-

. . . grating chronologic, lithostratigraphic, well log, core log, benthic
At Cape May, the upper Oligocene Atlantic City Formation of Pe<o» miniferal biofacies, and isotopic studies. These studies include

Kar et al. (Chapter 8, this volume) consists of interbedded laminat&g o ation of unconformities and flooding surfaces, delineating sys-

clays, glauconitic quartz sands and sandy clay, and clayey quUaNzogens tract variations within sequences, and estimating water depth

glr?su;sotnritee Lf;ggrsp(g?éf;sgﬂc;tirﬁg gle t%??;;tggi\f'viiﬁrrzn;r:ig';ggm%riations within sequences. Miocene sequence stratigraphic frame-
. ' - ' 'works are presented by Sugarman et al. (Chapter 12, this volume),
kar and Miller, 1996; Pekar et al., Chapter 15, this volume). P y Sug ( P )

Miller et al. (Chapter 14, this volume), Miller and Sugarman (1995),
. . . and Sugarman and Miller (1997), and the Oligocene framework is de-
Oligocene Sewell Point Formation veloped by Pekar and Miller (1996) and Pekar et al. (Chapter 15, this
. . L i volume). Browning et al. (Chapter 17, this volume) and Browning et
The Oligocene Sewell Point Formation is stratotypified at Capg). (Chapter 18, this volume) provide an integrated framework for the
May (Pekar et al., Chapter 8, this volume), where it consists Ofgcene of the New Jersey Coastal Plain including the Leg 150X
clayey, silty fine-grained glauconite sands and sandy clays (Fig. Shoreholes, the Allaire borehole, and the ACGS#4 borehole. Liu et al.
Pekar and Miller (1996) and Pekar et al. (Chapter 15, this volumglhapter 19, this volume) evaluate the Paleocene sequences at Island
recognize three lower (O1, 02, and O3) and two upper (O5 and Geach. The final goal of these studies is to produce a Cenozoic rela-
partim) Oligocene sequences in the Sewell Point Formation at thife sea-level record of the New Jersey Coastal Plain by applying
site. The lower Oligocene unconformably overlies the upper Eocengaodeling techniques to the empirical record of sequences and water
depth changes.
Upper Eocene Absecon Inlet Formation The onshore boreholes have provided a wealth of material for oth-
er investigations. These range from evaluations of clay mineralogy
The upper Eocene at Cape May comprises uniform, neritic clay@/anderaveroet and Deconinck, Chapter 4, this volume; Van Valken-
(Zone P15P17; Miller, et al., 1994). Browning et al. (Chapter 18, burg et al., Chapter 5, this volume), silica diagenesis (McHugh,
this volume) were able to recognize two sequences, E10 and ElCQhapter 3, this volume), core log/well log integration (Metzger et al.,
within the upper Eocene Absecon Inlet Formation at Cape May.  Chapter 6, this volume), additional paleontological studies (Bybell

1. The Kirkwood 2a sequence (6505 ft [198.+217.9 m];
17.0-18.1 Ma as dated at Atlantic City; Miller and Sugarman,
1995) is a classic coarsening-upward sequence with bas

Upper Oligocene Atlantic City Formation

10



and Self-Trail, Chapter 9, this volume; Gohn, Chapter 21, this vol-
ume), palynology and climate (Sugarman et al., 1995a), pore-water
quality (Pucci et a., Chapter 24, this volume), and pore-water isoto-
pic composition (Szabo et al., Chapter 25, this volume).

Although we have been successful in both coastal plain and slope
drilling, we note that the shelf must be drilled to evaluate the full
range of facies variations within sequences, to develop the database
needed to estimate relative sea-level changes, and to evaluate fully
the response of margin sedimentation to sea-level changes. Leg 174A
will begin these efforts by drilling two sites on the outer continental
shelf. However, only by drilling on the inner and middle shelf (Sites
MAT1 through 7; Fig. 1) can the full range of facies be sasmpled and
the New Jersey Transect completed.
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