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ABSTRACT

Five depositional sequences in the coastal plain of New Jersey are correlated with the middle Maestrichtian to mid-
dle Eocene record at DSDP Site 605. Four of these sequences correlate closely with sea-level sequences TP1, TP2, TE1,
and TE2 of Vail and others (1977). A middle to upper Maestrichtian sequence is also correlated with Site 605. A type 1
unconformity separates sequences TP1 and TP2.1. At Site 605 this unconformity is associated with seismic reflector
A*(?). In the coastal plain type 2 unconformities are associated with sequences KMl (middle to upper Maestrichtian),
TP2.1.2.2, 2.3, TE1.2, and 2.1.

Between the coastal plain and Site 605, in the Baltimore Canyon Trough, the sequence record is incomplete because
an unconformity separates the upper Campanian from the lower Eocene. This unconformity, named the East Coast Se-
quential Unconformity (ECSU), developed through sequential submarine erosion events which began in latest Campa-
nian time and ended in earliest Eocene time. This erosion resulted from a cool, southward-flowing current system that
alternately scoured (1) middle shelf to upper slope environments during high stands of sea level, and (2) various slope
environments during low stands of sea level. This mechanism of erosion is distinct from and possibly in addition to other
erosive mechanisms operating along the margin at this time, such as subaerial exposure along the inner shelf or canyon
cutting along the slope.

INTRODUCTION

Site 605 is located on the upper continental rise 156
km (97 mi.) southeast of Atlantic City, New Jersey (Fig.
1). The hole was spudded in 2194 m of water, washed
to 154 m sub-bottom depth, then continuously cored to
816.7 m. The site, which is near U.S. Geological Survey
multichannel line 25, the baseline for the "New Jersey
transect," was positioned to provide data which would
link DSDP holes with outcrops, existing wells on land,
and wells along the continental shelf (Fig. 2). The objec-
tives were to obtain a better understanding of (1) the re-
lationship between coastal plain, shelf, slope and rise
deposits; (2) the origin of apparent unconformities visi-
ble on seismic profiles; and (3) the history of sea-level
fluctuations. The nearly complete middle Maestrichtian
to middle Eocene section is divided into lithologic Units
II, III, IV, and V (Figs. 3, 4). Unit II consists of 153 m
of middle Eocene biosiliceous, nannofossil chalk rich in
foraminifers, radiolarians, and diatoms (van Hinte, et
al., 1985). Unit III contains 214 m of lower Eocene,
greenish gray, nannofossil limestone with varying amounts
of foraminifers and calcified radiolarians. Upper Paleo-
cene, dark greenish gray, clayey nannofossil-foraminif-
eral limestone (marl) comprises 176 m of Unit IV. Unit V,
a lower Paleocene to middle Maestrichtian, olive gray,
clayey, nannofossil foraminiferal limestone, is 77 m thick.

Site 605 lies directly offshore of the coastal plain of
New Jersey, where a well-known Maestrichtian to middle
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Eocene section is present (Olsson, 1980). In the coastal
plain, deposition of sands, silts, and clays occurred for
the most part in shelf environments. Glauconite is ubi-
quitious and is extremely abundant in some units. The
entire section consists of alternating transgressive and
regressive formations for which much biostratigraphic
and paleoenvironmental data are available (Charletta,
1980; Olsson, 1980; Olsson and Nyong, 1984). Most of
these biostratigraphic data are based on planktonic for-
aminifers, little on calcareous nannofossils. Thus it has
not been possible to make comparisons of Tertiary nan-
nofossil data between the New Jersey onshore and off-
shore sections. Futhermore, without nannofossil data it
is difficult to constrain the chronostratigraphic extent of
hiatuses in the coastal plain and at Site 605. In order to
alleviate the lack of nannofossil data in the coastal plain,
Paleogene well samples from the New Jersey coastal plain
were studied for their nannofossil content, and range
charts were prepared (Jiang and Wise, this volume). As
a consequence, it is now possible to make a fairly de-
tailed comparison of Site 605 with the coastal plain and,
thereby to provide a better understanding of the geolog-
ic history of this segment of the western Atlantic passive
margin.

STRATIGRAPHY AND BIOSTRATIGRAPHY

The stratigraphic record at Site 605 contains an excep-
tionally complete middle Eocene to lower upper Maes-
trichtian section (van Hinte et al., 1985). Oceanic reflec-
tor Horizons Ac and A*(?) were correlated by nannofos-
sil biostratigraphy with the time scale of Berggren et al.
(1985) as 49.5 Ma and 60 Ma, respectively, thus con-
firming the prediction of Vail et al. (1980). The correla-
tion of reflector Horizon A* into Site 605 from Site 387,
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Figure 1. A. Location of Leg 93 sites. B. Geologic map of outcropping of Tertiary strata on New Jersey slope (after
Robb et al., 1981) showing location of Site 605 and U.S.G.S. line 25 (dotted line).

where it was defined (Tucholke, 1979), is regarded here
as tenuous. At Site 387 Horizon A* is associated with
an uppermost Maestrichtian marly chalk. Since this re-
flector has not been traced on seismic lines to Site 605,
we refer to the strong lower Paleocene reflector here as
A*(?) (Fig. 2). The record at Site 605 has partially ful-
filled the objective of the "New Jersey transect" of the

Deep Sea Drilling Project, which is to develop a dipwise
transect of a passive margin from the coastal plain to
the abyssal plain. Such a transect would help document
the presence, nature, and age of unconformities, their
relationship to seismic discontinuities, and their relation-
ships to sea-level fluctuations. The closest area with a
well-known stratigraphic record that can be compared
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to Site 605 is the coastal plain of New Jersey. In the
coastal plain of New Jersey, Maestrichtian to middle Eo-
cene formations have been dated by planktonic forami-
niferal biostratigraphy (Olsson, 1964, 1969, 1980; Petters,
1977; Koch and Olsson, 1977). In order to constrain
more tightly the ages of formational boundaries and
unconformities in the coastal plain, nannofossil biostra-
tigraphy has been applied (Jiang and Wise, this vol-
ume), so that a detailed comparison can be made with
Site 605.

Correlations between Site 605 and New Jersey Coastal
Plain

In the coastal plain of New Jersey, the Maestrichtian
to middle Eocene section consists of six depositional se-
quences which record sea-level events on the western At-
lantic margin (Fig. 4). Each sequence begins with a trans-
gressive lithologic unit which was deposited during a rise
in sea level. The sequence ends with a regressive unit
which records a shoaling of the sea at the top of the se-
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Figure 2. Original profile (A) and interpreted line drawing (B) of a segment of U.S.G.S. multichannel line 25 showing locations of Sites 605 and 612 projected onto the line. (After Poag, Watts, et
al., in press, frontispiece.)
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Figure 3
Note

Lithologic log of Site 605 for the Maestrichtian to middle Eocene section. Suggested correlation of sea-level sequence curve is shown,
close correlation of silt-enriched interval in the upper Paleocene with coastal-plain Vincentown Formation interval.

quence. The sequences are separated by unconformities
which are recognized on physical and biostratigraphic
evidence (Fig. 4). The Maestrichtian section in the coastal
plain consists of the Mt. Laurel-Wenonah, Navesink,
Redbank-New Egypt-Tinton, and Hornerstown forma-
tions (Fig. 4).

Navesink Formation (Maestrichtian)

Site 605 terminated in the middle Maestrichtian Glo-
botruncana stuarti Zone (Jansen and Kroon, this vol-
ume). In the coastal plain, the Navesink Formation falls
within the G. stuarti and G. contusa zones (Figs. 4, 5).
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Figure 4. Comparison of New Jersey coastal plain stratigraphy, biostratigraphy, and paleobathymetry with lithostratigraphy, biostratig-
raphy, and magnetostratigraphy of Site 605. Magnetostratigraphy after Bruins et al. (this volume). Onlap-offlap curve for Tertiary
sequences after Vail et al. (1977). Cretaceous sequences derived from New Jersey coastal plain (Olsson, 1980). N.f. = Nβphrolithus
frequens, L.q. = Lithraphidites quadratus. History = polarity record.
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Two useful planktonic species found at Site 605 and in
the coastal plain are Hedbergella holmdelensis Olsson
and H monmouthensis (Olsson). Hedbergella holmde-
lensis ranges from near the Campanian/Maestrichtian
boundary in the coastal plain into the middle Maestrich-
tian (Olsson, 1964). It gives rise to H. monmouthensis,
which first appears in the uppermost part of the Nave-
sink Formation above the G. stuarti/G. contusa zonal
boundary. At Site 605 H. monmouthensis is observed in
Section 605-68-1, within the Racemiguembelina fructi-
cosa Zone, and H. holmdelensis is observed in Section
605-71-4, within the G. stuarti Zone. Hedbergella mon-
mouthensis first occurs, then, somewhere between these
two samples, probably near the base of the G. contusa
Zone. Its first occurrence falls within the nannofossil
Lithraphidites quadratus Zone.

Redbank-New Egypt-Tinton Formations
(Maestrichtian)

The Navesink Formation is a transgressive glauconitic
clay which was deposited during a Maestrichtian rise in
sea level. It is the lower part of a sequence which ends
with deposition of the regressive Redbank, New Egypt,
and Tinton formations (Figs. 4, 5). The Redbank, an in-
ner to middle shelf sand, is replaced downdip and along
strike by the New Egypt, a shelf facies consisting of glau-
conitic silt and clay. The top of the sequence is capped
in places by the Tinton, a glauconitic sandstone. Sphe-
roidally weathered blocks within the Tinton Formation
and a burrowed surface at the top of the New Egypt
Formation indicate an unconformable contact with the
overlying Hornerstown Formation. Racemiguembelina
fructicosa first appears in the Shrewsbury Member of
the Redbank Formation, thereby indicating that this for-
mation extends from the G. contusa Zone into the R.
fructicosa Zone (Figs. 4, 5). At Site 605 the first appear-
ance of R. fructicosa occurs within the lower part of
Core 69 (Jansen and Kroon, this volume). Clay-rich for-
aminifer-nanno fossil limestone was deposited at Site 605
in lower bathyal depths during this Maestrichtian depo-
sitional sequence (Saint-Marc, this volume). Depositional
and environmental changes noted in the coastal plain
might be expressed at Site 605 in subtle lithologic change
or in benthic foraminiferal assemblages, but this is be-
yond the scope of this chapter.

Hornerstown Formation (Maestrichtian)

In the coastal plain of New Jersey, nearly pure deposits
of glauconite overlie the Maestrichtian sequence just de-
scribed. These uppermost Maestrichtian to middle Pa-
leocene deposits are known as the Hornerstown Forma-
tion. They were deposited in two depositional sequences,
but because of the very high concentrations of glauco-
nite the two sequences cannot be separated by physical
criteria. Nevertheless, biostratigraphic data show that a
hiatus separates the older latest Maestrichtian to earliest
Paleocene sequence from a middle Paleocene sequence.
The lowermost part of the Hornerstown contains the
uppermost Maestrichtian nannofossil Nephrolithus fre-
quens Zone (Fig. 5). At Site 605 this zone lies within the
upper 75% of the planktonic foraminiferal R. fructicosa

Zone. Abathomphalus mayaroensis, which occurs rarely
at Site 605, has not been identified in the basal Horner-
stown, although all of the more frequent and common
species which are associated with it at Site 605 also oc-
cur in the Hornerstown. Jansen and Kroon (this vol-
ume) note that this uppermost Maestrichtian zonal spe-
cies is very rare at Site 605. Nevertheless, its total range
here is the same as the more frequent R. fructicosa, and
hence they use the R. fructicosa Zone as a more useful
zone for biostratigraphic correlation in this region. Con-
sequently, the lowermost part of the Hornerstown is cor-
related with the upper part of the worldwide A. mayaro-
ensis Zone.

The Hornerstown Formation is a very interesting unit
because it spans the Cretaceous/Tertiary boundary. In
outcrops where vertebrates, molds of invertebrate mega-
fossils (ammonites, mollusks, etc.), and dinoflagellates
establish that the basal beds of the Hornerstown Forma-
tion are uppermost Cretaceous (Maestrichtian), there is
no discernible physical break separating Cretaceous from
Paleocene beds (Koch and Olsson, 1977). The formation
is a homogeneous unit that formed in a shallow shelf
environment where glauconitized fecal pellets accumu-
lated as residual concentrations. As these beds are traced
into the subsurface, they become more clayey and con-
tain minor amounts of silt. They disappear along strike
to the south where, in Delaware and Maryland, they are
replaced by the Paleocene sands of the Brightseat and
Aquia formations.

The lowermost Paleocene beds identified in the Horn-
erstown Formation are placed in the Subbotina pseudo-
bulloides Zone (Plb). The basal Paleocene zones, the
Guembelitria cretacea Zone (P0 of Smit, 1982) and the
"Globigerina" eugubina Zone (PIa) have not been iden-
tified as being present in the Hornerstown Formation
(Fig. 4) because the interval between P lb and the R.
fructicosa Zone has not been thoroughly sampled. Koch
and Olsson (1977) noted an unsampled interval of 10 ft.
in well cores between Zone P lb and the Cretaceous. At
Site 605, a complete Cretaceous/Tertiary boundary sec-
tion was believed penetrated but unfortunately the core
shattered (Fig. 6) just above the boundary, and parts of
the basal Paleocene were apparently lost (van Hinte et al.,
1985). Smit and van Kempen (this volume) have identi-
fied P0 and P lb in Section 605-66-1, but "G." eugubina
is missing.

The terminal Cretaceous extinction event of calcare-
ous plankton is recorded at Site 605 and in the coastal
plain. The Cretaceous beds of the Hornerstown Forma-
tion also contain the so-called "bone bed" (Richards and
Gallagher, 1974), a concentration of various marine ver-
tebrate and invertebrate species. The "bone bed" records
the terminal Cretaceous extinction event of the marine
vertebrates and invertebrates that died out simultane-
ously with the planktonic foraminifers and calcareous
nannofossils.

The Maestrichtian and lower Paleocene section at Site
605 has been placed in lithostratigraphic Unit V, an olive
gray, clayey, nannofossil-foraminiferal limestone which be-
comes silty in its upper part (van Hinte et al., 1985). The
upper part of this unit contains the Subbotina trinidad-
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Figure 5. Correlation of Cretaceous New Jersey coastal plain formations with Site 605. Planktonic forami-
niferal zones as used by Jansen and Kroon (this volume).

ensis (Pic) Zone (Saint-Marc, this volume). The Moro-
zovellα uncinαtα Zone (P2) is poorly defined, and the
M. αngulαtα Zone (P3a) is not identified. Paleocene cal-
careous nannofossil zones in Unit V include Cruciplαco-
lithus tenuis (CPlb) and Chiαsmolithus dαnicus (CP2).
A hiatus separates Unit V from Unit IV; the upper part
of CP2 and the lower part of the overlying Ellipsolithus
mαcellus Zone (CP3) is missing (Lang and Wise, this
volume). Oceanic reflector A*(?) has been identified with
the top of Unit V (van Hinte et al., 1985) and therefore
it is associated with this lower Paleocene hiatus.

In the coastal plain a hiatus is also present in the
Hornerstown between the early and upper Paleocene beds
(Fig. 4). The M. uncinαtα Zone (P2) and the upper part
of the S. trinidαdensis Zone (Pic) are missing. Most of
the nannofossil CP2 and CP3 zones are missing. The

unconformity and hiatus associated with oceanic reflec-
tor A*(?) can therefore be traced from Site 605 into the
coastal plain. The reflector marks the top of deposition-
al sequence TP1 of Vail and others (1977, 1980).

Vincentown Formation (upper Paleocene)

In the coastal plain, the upper Paleocene deposition-
al sequence includes the upper part of the Hornerstown
Formation and Vincentown Formation, an inner shelf
calcareous sand which was deposited during the shoal-
ing phase of the sequence (Fig. 4). The Hornerstown
Formation contains the Morozovellα αngulαtα Zone (P3a)
and the lower part of the Plαnorotαlites pusillα pusillα
Zone (P3b). The Vincentown falls within the upper part
of P3b and the P. pseudomenαrdii Zone (P4). Nanno-
fossil zones CP4 through CP7 are contained within the
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Figure 6. Sections 605-66-1, 605-64-1, and 605-44-5, showing breaks associated with the Cretaceous/Tertiary boundary, seismic reflector A*(?), and
the Paleocene/Eocene boundary, respectively.

sequence. An unconformity, where the lower part of the
M. velascoensis Zone is missing, separates the Vincen-
town from the sequence above.

At Site 605, P3b and P4 are well developed. A hiatus
is suggested between P4 and P5 (see Saint-Marc, this
volume). A very useful species for correlation within Zone
P4 is Morozovella acutispira, which becomes extinct in
the middle part of the zone (Petters and Olsson, 1979).
It is a very common to abundant species in the coastal
plain and it exhibits an abrupt extinction within the lower
part of the Vincentown Formation. Examination of sam-
ples from Site 605 show that here too it is very common.
Its extinction level falls within Core 49. This level appar-
ently coincides with the extinction of M. conicotrun-
cana, which is a less common species in 605 and in the
coastal plain.

The upper Paleocene at Site 605 is placed in litho-
stratigraphic Unit IV, a dark greenish gray, clayey, nan-
nofossil-foraminiferal limestone (van Hinte et al., 1985).
Minor amounts of quartzose silt in Cores 46 to 56 corre-
late with the Vincentown sand. In the subsurface of the
coastal plain, the Vincentown grades into a quartzose
silt facies. This suggests that some of the silt was depos-

ited as far out as the 605 site. Unit IV and its correlative
Hornerstown and Vincentown formations are deposition-
al sequence TP2.2 of Vail and others (1977).

Upper Paleocene-Lower Eocene Formations

In the coastal plain subsurface a gray clay, silt, and
sand unit separates the Vincentown and the Manasquan
formations. This unit is first identified in this study as
distinct from the Vincentown Formation, with which it
is included on physical logs. The unit is barren of nan-
nofossils but contains rare foraminifers that suggest an
upper Morozovella velascoensis Zone (P6a). A hiatus
with P5 and possibly an upper portion of P4 missing is
suggested (Fig. 4). A sharp change in lithology in the
overlying Manasquan Formation may indicate an uncon-
formable contact. The uppermost Paleocene unit is cor-
related with depositional sequence TP2.1 of Vail et al.
(1977).

Overlying the upper Paleocene sequence in the coastal
plain are the glauconitic sands, silts, and marls of the
Manasquan and Deal formations (Fig. 4). These units
were deposited in outer shelf to upper slope environ-
ments (Charletta, 1980; Olsson, 1980). The Deal becomes
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the dominant lithology in the subsurface of the coastal
plain where it becomes increasingly clayey; it extends
from the lower Eocene to the middle Eocene. It is very
rich in microfossils, including foraminifers, coccoliths,
dinoflagellates, and abundant siliceous microfossils (ra-
diolarians, diatoms, sponge spicules). Both in microfos-
sil content and in lithology the Deal is similar to litho-
stratigraphic Units II and III in Hole 605. The Lower
Eocene part of the Deal is equivalent to Unit III (Fig.
4), which contains planktonic foraminiferal Zones P6
through CP9 and nannofossil Zones CP8 through CPU
(Fig. 4). In the coastal plain, planktonic foraminiferal
Zones P6 to the basal part of P9 and nannofossil Zones
P9 to CPU are present in the lower Eocene sequence
(Jiang and Wise, this volume).

The lower Eocene sequence in the coastal plain is sep-
arated from the middle Eocene by a hiatus (Fig. 4).
Zones P10 and CP12 are missing, as well as parts of P9,
PI 1, CPU, and CP13. No apparent hiatus is present at
Site 605 (Applegate and Wise, this volume). Seismic re-
flector Ac, a diagenetic horizon (Tucholke, 1979), lies
above the lower/middle Eocene boundary. The lower
Eocene sequence is identified as depositional sequences
TE1.1 and TE1.2 of Vail et al. (1977). More detailed
analysis is necessary to determine whether these two se-
quences can be separated in the coastal plain and Hole
605.

The middle Eocene sequence in the coastal plain is
less well known because it is mostly subsurface in distri-
bution and there are relatively few wells where it has been
sampled. Glauconitic sands and argillaceous mudstones
were deposited in middle shelf environments. The simi-
larity of the Deal with Unit II was noted above. The
middle Eocene sequence is contained within planktonic
foraminiferal Zones P l l to P14 and nannofossil Zones
CP13 and CP14 (Jiang and Wise, this volume), thus es-
tablishing the equivalency of this sequence in the coastal
plain and in Hole 605 (Fig. 4). This indicates that se-
quences TE2.1 and TE2.2 is at least partially developed
here.

Sequences

This analysis shows that there is a close correlation
between the depositional sequences of the coastal plain
of New Jersey and Site 605 and the sequences of Vail et
al. (1977, 1980). It further shows that seismic reflector
A*(?) is associated with an unconformity at Site 605 and
that this unconformity is also present in the coastal plain.
Biostratigraphic evidence indicates that an unconformi-
ty is also present in the uppermost Paleocene. Thus it is
clear that Vail sequences TP1, TP2, TE1, and TE2 are
documented in this part of the western Atlantic margin
(Fig. 4). The details of Upper Cretaceous sequences are
not shown by Vail and others. Nevertheless, in this chap-
ter three sequences are designated: two Campanian se-
quences, KC1 and KC2; and one Maestrichtian, KM1.
Maestrichtian sequence KM1 is correlated with Site 605.

In the New Jersey coastal plain all of the sequences,
except TP1, begin with transgressive glauconitic clays
and silts and end with regressive sands. Although in

New Jersey TP1 does not contain a regressive sand, far-
ther south in the coastal plain of Maryland and Dela-
ware the clayey, silty sands of the Brightseat Formation
are present in the upper part of the sequence.

At Site 605, lithologic changes that possibly correlate
with the coastal plain sequences are evident. Sequence
KM1 (only the upper part is present) has a fairly high
clay content. A reduction in clay content occurs at the
beginning of TP1 (Fig. 3). Low clay and high carbonate
content are associated with the lower part of sequence
TP1 and silt-rich limestones with the upper part (Fig. 3).
The high terrigenous as well as increased glauconite con-
tent of the Danian sediments of Site 605 can be ex-
plained in several ways (van Hinte et al., 1985). These
include effects of a terminal Cretaceous meteorite im-
pact, a drop in sea level, normal current activity, and
outbuilding of a local delta. Although the silt content is
high in this interval, it should be pointed out that silt in-
tervals also occur in the upper Paleocene section of Site
605. In the upper Paleocene in sequence TP2.2, the in-
terval with increased silt content correlates closely with
the Vincentown Formation in New Jersey and the Aquia
Formation in Maryland, Virginia, and Delaware. These
sandy units become more silty as they are traced into the
coastal plain subsurface (Hansen, 1974; Olsson, 1980).
Thus, it would appear that the source of terrigeneous
silt at Site 605 in the upper Paleocene is from the coastal
plain, and that the silt was transported to Site 605 dur-
ing the regressive phase of TP2.2. The high silt content
in TP1 at Site 605, it would appear, is related in a simi-
lar way to the regressive Brightseat Formation. Other
silt intervals (Fig. 3) in the Paleocene of Site 605 possi-
bly correlate with sequences TP2.1 and TP2.3.

Silt is present in only minor amounts in the lower Eo-
cene of Site 605 and is absent in the middle Eocene. The
general lack of silt during the early Eocene may be due
to a higher sea level at this time (Charletta, 1980; Miller
and Katz, in press; Fig. 4) which reduced the amount of
silt that could be transported to Site 605. The near ab-
sence of braarudosphaerids in nannofossil Zones CP10
and 11 (Applegate and Wise, this volume) also suggest a
diminution of nearshore influences because of high sea
levels.

During coring at Site 605, the core broke up at three
horizons: at the Paleocene/Eocene boundary, at Horizon
A*(?), and at the Cretaceous/Tertiary boundary (Fig. 6).
The break at the Paleocene/Eocene boundary is associ-
ated with a lithologic change from a dark greenish gray,
clay-rich, nannofossil limestone in the Paleocene to a
pale greenish gray to yellowish grayish green, foramini-
fer-bearing, clay-rich nannofossil limestone in the lower
Eocene. This lithologic contrast is also evident in the
subsurface of the New Jersey coastal plain, where dark
gray glauconitic clays and silts in the Paleocene give way
to light yellowish gray clays, silts, and fine sands of the
lower Eocene.

The break at Horizon A*(?) (Fig. 6) falls at a change
in lithology from a dark greenish gray, silt-rich to clayey,
foraminiferal-nannofossil limestone below A*(?) to a
light gray, clayey, nannofossil limestone above. In the
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coastal plain subsurface, dark greenish gray glauconitic
clays occur above and below the unconformity correlat-
ed with Horizon A*(?).

The break at the Cretaceous/Tertiary boundary (Fig. 6)
falls within Lithologic Unit VI. The silt content increases
above the boundary, although the break is most proba-
bly related to the terminal Cretaceous mass extinction
level and possibly to a boundary clay that may have
washed away during coring (van Hinte, et al., 1985).

As noted by Applegate and Wise (this volume) there is
no visually apparent lithologic break between the middle
Eocene (Unit II) and the lower Eocene (Unit III). The
boundary is defined by a sharp decrease in biogenic sili-
ca in the lower Eocene immediately below the middle
Eocene. In the coastal plain subsurface of New Jersey,
as noted above, both the middle and lower Eocene are
very similar lithologically and are placed in one litho-
logic unit, the Deal Formation. The Deal contains abun-
dant foraminifers and coccoliths, and varying amounts
of siliceous microfossils which include radiolarians, dia-
toms, and sponge spicules.

In summary, a comparison of Site 605 and the coastal
plain of New Jersey shows that depositional sequences
recognized in the coastal plain correlate closely with Site
605. Unconformities in the coastal plain correlate with
unconformities at Site 605; one in particular correlates
with reflector Horizon A*(?). In turn, the depositional
sequences of Vail and others (1977) for the Paleocene
and the early and middle Eocene are confirmed in this
area. Some close lithologic similarities are also evident
between Site 605 and the New Jersey coastal plain. This
confirmation shows that the sea-level cycles established
by Vail and others affected the western Atlantic margin
from Site 605 into the coastal plain. Rises and falls of
sea level were synchronous between the coastal plain and
Site 605.

THE EAST COAST SEQUENTIAL
UNCONFORMITY (ECSU)

Wells drilled in the Baltimore Canyon Trough, how-
ever, do not contain the nearly complete record that is
present at Site 605 and in the coastal plain. A large Maes-
trichtian and Paleocene hiatus is present in the Balti-
more Canyon Trough (Olsson, 1980; Poag, 1980). Up to
six depositional sequences in the Maestrichtian and Pa-
leocene are not preserved there. These sequences cannot
be missing because of a single erosional event; the re-
cord in the coastal plain and at Site 605 shows that this
is not possible. Furthermore, U.S.G.S. seismic line 25
shows distinct pinching out of Maestrichtian and Paleo-
cene units (Poag and Schlee, 1984; Mountain and Tu-
cholke, 1985). Consequently, an alternate explanation is
required.

Between the coastal plain and Site 605 in the Balti-
more Canyon Trough the COST B-2 and B-3 wells and
all exploration wells have encountered a large unconformi-
ty separating lower Eocene strata from Campanian to
lower Maestrichtian strata (Fig. 7). In some places, up-
per Paleocene beds are present. Drilling at Site 612 also
encountered this unconformity (Poag, Watts, et al., in
press; Thome and Watts, 1984). This unconformity is not

unique to the Baltimore Canyon Trough. It occurs along
the western Atlantic margin from at least the Southeast
Georgia Embayment to the Grand Banks (Fig. 8). In
general, erosion began sometime during the Campanian
and ended in the early Eocene. In some cases the hiatus
of the unconformity has been enlarged by local tecton-
ics (principally salt diapirs and igneous intrusions).

Site 384 (Fig. 8), which is located on the southeast
Newfoundland Ridge adjacent to the Grand Banks in
4000 m water depth, is similar to Site 605 in that it con-
tains a nearly complete Maestrichtian to Eocene record
(Figs. 7, 8). Between Site 384 and Adolphus D-50 (Fig.
8) which also has a nearly complete Maestrichtian to
Eocene record, an Eocene to Campanian hiatus is present
(Fig. 8). The extent of the hiatus varies from small to
large in the Scotian Shelf and the Georges Bank. In the
Southeast Georgia Embayment, a middle Paleocene to
middle Maestrichtian hiatus is present.

The record in the coastal plain shows that the western
Atlantic margin experienced numerous sea-level rises and
falls (Fig. 8). Furthermore, comparison of the Site 605
stratigraphic record with that for the coastal plain (Fig. 4)
demonstrates a close agreement with the sea-level cycles
of Vail and others (1977). It is apparent, therefore, that
the large hiatus along the western Atlantic margin is not
due to a single event, but must be a result of multiple
events which led sequentially to the hiatus. We, there-
fore, refer to this unconformity as the East Coast Se-
quential Unconformity (ECSU). We believe that this un-
conformity was caused largely by submarine erosion by
a major current system flowing roughly parallel to the
margin. The area affected by this erosion extends from
upper slope to middle shelf paleoenvironments. At the
beginning of a cycle, as sea level rises, the current sys-
tem shifts landward over upper slope to middle shelf en-
vironments, scouring the sea bottom (Fig. 9). Deposi-
tion here is largely nonexistent, and large parts of the
bottom are subjected to erosion. Deposition occurs land-
ward of this zone in the coastal plain and seaward on the
lower slope to abyssal plain. Toward the end of each cy-
cle, regression occurs in the coastal plain. At the end of
each cycle, as sea level falls, subaerial erosion occurs in
the coastal plain and the current system shifts seaward
and scours upper slope environments (Fig. 9). During
subsequent cycles the process is repeated; this leads to a
sequence of unconformities, the ECSU.

The ECSU current system is envisioned as being simi-
lar in nature and behavior to the modern Gulf Stream.
Pinet and Popenoe (1985) interpret unconformities in
seismic reflection records of the Blake Plateau as due to
scour by the ancestral Gulf Stream. Buried channeled
topography in the Neogene record indicates that during
high stands of sea level, the Gulf Stream shifted land-
ward over the Blake Plateau and the Florida Hatteras
Slope, scouring submarine channels. During times of
lower sea level, the Gulf Stream shifted its position sea-
ward, eroding the outer part of the Blake Plateau and
the adjacent continental slope. Shifts in the position of
the current axis involved several hundred kilometers of
horizontal displacement. Pinet and Popenoe envision a
vigorous and persistent Gulf Stream circulation initiated
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Pennsylvania

Figure 7. Chart showing the extent of the East Coast Sequential Unconformity (ECSU) in the Baltimore Canyon Trough. Data for explora-
tion wells in Baltimore Canyon Trough from open file reports of Minerals Management Service. Data for the Maryland and Virginia
coastal plain from Hazel and others (1984). Data for Site 612 from Watts and Thorne (1984).
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Figure 8. Chart showing the extent of the East Coast Sequential Unconformity (ECSU) along the western Atlantic margin. Data from Canadi-
an shelf wells from Doeven (1983). MOH = Mohawk B-93, TRIU = Triumph P-50, ONON = Onondaga E-84, PRIM = Primrose A-41,
MISS = Missisauga H-54, MIC = Mic Mac H-86, HERON = Heron H-73, OSPR = Osprey H-84, ADOL = Adolphys D-50; B-2, B-3,
G-l, G-2, GE-1, = COST wells.
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Coastal plain Baltimore Canyon Trough Lower slope and rise

Sea level rise

Subaeria!

erosiOn

Sea level fall

Figure 9. Model for the erosion of the ECSU as inferred from the stratigraphic record of the western Atlantic mar-
gin. Circled dots indicate current activity.

during early Tertiary time over the Blake Plateau, which
led to a thin, discontinuous record of Cenozoic deposits
replete with unconformities. They also envision that be-
fore Gulf Stream circulation began, waters from the Gulf
of Mexico began flowing into the Atlantic during Cam-
panian time across southern Georgia and northern Flor-
ida, through the so-called Suwannee Strait. As this cur-
rent entered deeper water over the western edge of the
Blake Plateau basin it deposited its sediment load, there-
by building up a thick depositional mound.

Tucholke and Mountain (1979) and Mountain and
Tucholke (1975) also recognize submarine erosion as a
major factor in shaping the stratigraphic record in the
continental rise and slope of the western Atlantic mar-
gin during the Oligocene. Abyssal current erosion oc-
curs on the rise and lower slope during general sea-level
high stand, whereas during general low stand shelf-slope
erosion occurred.

The ECSU has the characteristics of major subma-
rine erosion controlled by sea-level fluctuations. The dis-
continuous record of the Maestrichtian and the Paleo-
cene supports the idea of a patchy stratigraphic record
left by episodes of submarine erosion. The Maestrichti-
an-Paleocene interval of erosion indicates that a power-
ful current system operated along upper slope to middle
shelf environments along the western Atlantic margin.

The Paleocene section of Site 605 is about five times
thicker than that of the coastal plain, 200 m at Site 605
versus about 42 m in the coastal plain. Sedimentation
rates of Paleocene depositional sequences at Site 605 are
up to five times greater than in the coastal plain (Fig.
10). The higher sedimentation rates at Site 605 suggest
that sediment scoured from the shelf and upper slope re-
gions was transported downslope and accumulated on
the lower slope, rise, and elsewhere. As noted previous-
ly, the quartzose silt in the Paleocene section at Site 605
can be correlated with sand and silt formations in the
coastal plain. This shows that, in the Paleocene, silt and
clay were transported from shelf environments to slope

environments. The abundance of ichnofabrics in the
Maestrichtian and Paleocene of Site 605 (Wetzel, this
volume) might be explained by increased nutrients trans-
ported with these sediments. Careful study of seismic
lines is needed to identify channels or canyons that may
have funneled sediments from the shelf down the slope.
Also facies study of Maestrichtian and Paleocene slope
deposits will lead to a better understanding of the source
and transportation of sediment. The ECSU current sys-
tem became effective near the end of Campanian time
and ceased to be effective at the beginning of Eocene
time. What was the origin of this system; why did it be-
gin, why did it end, and where did it come from?

PALEOBIOGEOGRAPHY AND
PALEOCEANOGRAPHY

The paleobiogeographic affinity of Site 605 is impor-
tant to determining the paleoceanography of the western
Atlantic basin during formation of the ECSU. A semi-
quantitative study by Nyong (1984) of the distribution
of planktonic foraminiferal species at a number of Deep
Sea Drilling Project sites in the western Atlantic basin
led him to the conclusion that during the Campanian
and early Maestrichtian, the boundary between Tethyan
and transitional waters lay in a southwesterly direction,
roughly paralleling the western Atlantic coastline. Jan-
sen and Kroon (this volume) noted a mixture of cold-
water and warm-water species in their study of late Maes-
trichtian planktonic foraminifers of Site 605. They con-
cluded that the western North Atlantic was dominated
by a warm-water gyre system, but that a cooler water
mass was present in the vicinity of Site 605. Davids'
(1966) analysis of Maestrichtian planktonic foraminifers
from outcrops around the North Atlantic, Mediterra-
nean, Gulf of Mexico, and Caribbean identified Globo-
truncαnα αrcα as a cool-water species and G. αegypticα
(identified as G. gαgnebini) as a warm-water species. He
concluded that the western Atlantic margin lay within a
temperate biogeographic province. Gradstein and Srivas-
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Figure 10. Comparison of the rates of accumulation between the New Jersey coastal plain and Site 605.

tava (1980) in their study of Labrador Sea and Baffin
Bay wells also regarded G. area as a cool-water species.

In order to more clearly define the paleobiogeographic
affinity of Site 605, data from upper Maestrichtian lo-
calities of Davids (1966) in New Jersey, the Gulf coast,
and the Caribbean were analyzed by cluster and factor
analysis with data from Site 605 and Site 111 in the
North Atlantic (Fig. 11). The analyses were performed
on two data sets, one being abundances of species of
Globotruncana and the other abundances of planktonic
foraminiferal genera. Eight samples from 6 localities, 16
species of Globotruncana, and 17 genera were analyzed.
Q-mode cluster analysis of foraminiferal species shows
that samples from Site 605 have a higher affinity with
the New Jersey coastal plain and Site 111 than they do
with low-latitude localities in Mexico and Trinidad (Fig.
12A). R-mode factor analysis distinguishes two groups
which have paleobiogeographic importance (Fig. 12B).
One group consists of two species, Globotruncana area
and G. contusa, which form the core of a cool-water as-
semblage. Globotruncana area is the dominant species
in this group; its abundance increases northward and
reaches 78% in Hole 111A. A second group forms the
core of a warm-water assemblage. It consists of G. aegy-

ptica, G. falsostuarti, G. stuarti, G. stuartiformis, G.
tricarinata, and G. rosetta. Globotruncana aegyptica is
the dominant species in this group, reaching nearly 64%
of the assemblage at the Trinidad locality. These two
groups dominate the Globotruncana assemblages, usu-
ally comprising over 80% of all Globotruncana species.
A third group, which includes Abathomphalus mayaro-
ensis, is a rare cosmopolitan assemblage.

Another way of analyzing the paleobiogeographic af-
finity of a locality is to compare the total percentage of
all species of the warm-water and cool-water assemblages.
For instance, warm-water species in Trinidad (Table 1)
constitute about 83% of the total, cool-water species
less than 1%. In contrast, at Site 605 the warm-water
group totals about 17%, whereas the cool-water group
comprises up to 65% of the total assemblage. At Site
111, the cool-water group totals nearly 86% and the
warm-water group only 13%. Table 1 shows that a dis-
tinct gradient in warm to cool localities, or vice versa, is
evident in these two groups.

Q-mode cluster analysis of planktonic genera reveals
a close affinity between Site 605, New Jersey, and Site
111 (Fig. 13A). R-mode factor analysis separates two
groups which have paleobiogeographic significance, a
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Transitional

Site 111

G. aegyptica—G. rosetta —
G. stuarti gr.

Transitional

Site 111

Globotruncana —
Rugoglobigerina —
Globigerinelloides

Pseudoguembelma -
Pseudotextularia —

Heteroheli×

Figure 11. Paleobiogeographic maps of warm- and cool-water forami-
niferal assemblages in the late Maestrichtian. Inferred circulation
is shown. Boundary between transitional and Tethyan provinces af-
ter Nyong (1984). A. Globotruncana species. B. Planktonic genera.

warm-water group with Heterohelix, Pseudoguembelina,
and Pseudotextularia as the dominant genera and a cool-
water group with Globotruncana, Rugoglobigerina, and
Globigerinelloides as the dominant genera (Fig. 13B).
Table 1 shows an inverse relationship of the total per-
centage of genera in each of the two groups similar to
that of the warm- and cool-water species of Globotrun-
cana.

The factor/cluster analyses of planktonic foramini-
fers establish that Site 605 and the New Jersey coastal

plain were under a strong cool-water influence during
late Maestrichtian time. The biogeographic analysis of
Nyong (1984) indicates that cool-water influence began
earlier, in the Campanian to early Maestrichtian. Nan-
nofossil biogeographic analysis in offshore wells, eastern
Canada, indicates the onset of a cooling trend in the
early Maestrichtian in the northwest Atlantic, a trend
which is related to the opening of the Labrador Sea
(Doeven, 1983).

Strong cool-water influence southward from the north-
ern Atlantic along the western Atlantic margin is also
suggested by the occurrence of the late Maestrichtian
high-latitude genus Nephrolithus (Fig. 14). In summary,
paleobiogeographic reconstructions (Figs. 11, 14) indi-
cate that a cool-water system began operating along the
western Atlantic margin during late Campanian to early
Maestrichtian time. The nature and strength of this sys-
tem was sufficient to scour and erode this margin during
late Campanian to early Eocene time.

The source of cool water was either in the region of
the Labrador Sea or in that of the Norwegian-Green-
land Sea, perhaps both. A marine connection through
these seas to the Arctic Ocean is regarded as occurring
during Paleocene and Eocene time (Gradstein and Srivas-
tava, 1980; Talwani and Eldholm, 1977). Nevertheless,
the paleobiogeographic data indicate that cool waters
flowed far south along the western Atlantic margin. It is
envisioned that epicontinental flow of Arctic waters to
the Atlantic began during the early stages of the open-
ing of the Labrador Sea and perhaps the Norwegian-
Greenland Sea as well. These waters flowed along the
western Atlantic margin, perhaps diverted there by a
strong clockwise gyre of Tethyan warm waters in the cen-
tral North Atlantic. Why this system ceased along the
western Atlantic margin in early Eocene time is uncer-
tain. A high sea level during the early Eocene and a ma-
jor turnover of abyssal benthic foraminiferal species at
the Paleocene/Eocene boundary (Tjalsma and Lohmann,
1982) may perhaps be related to its demise.

SUMMARY

The East Coast Sequential Unconformity (ECSU) was
formed by the merging of numerous unconformities which
had developed during each depositional sequence. A
chronostratigraphic chart (Fig. 15) of the ECSU illus-
trates the merging of hiatuses from the coastal plain and
Site 605 into a single large hiatus. This chart contrasts
with the chronostratigraphic chart of Vail et al. (1984),
which shows idealized sequences in that there is no con-
tinuity within the sequences bounding the ECSU. The
fact that sequences are divided into two parts by the
ECSU argues for a mechanism for erosion in addition
to subaerial exposure or canyon cutting. Also, the EC-
SU cannot be regarded as a downlap surface with a con-
densed section because at Site 605, the basin was not
starved of sediment. In fact, accumulation rates were
higher there than in the coastal plain (Fig. 10). Con-
densed sections actually occur in the coastal plain in the
lower glauconite beds of the Paleocene sequences, where
rates of accumulation are less than 1 cm/103 yr. These
condensed sequences conform with the concept of Vail
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Table 1. Distribution of late Maestrichtian warm-water and cool-water foraminiferal assem-
blages in the western North Atlantic region.

Total <7o of
assemblage

Globotruncana species

Warm-water
Cool-water

Total

Planktonic genera

Warm-water
Cool-water

Total

Trinidad

82.9
0.39

83.3

73.9
18.1

92.0

Mexico

79.9
8.37

88.3

71.4
22.0

93.4

Gulf
Coast
(EG)

56.4
24.3

80.9

78.1
14.5

92.6

New Jersey

NJ 7

33.3
50.7

84.0

44.0
22.6

66.6

NJ 8

28.5
52.9

81.4

37.0
56.3

93.3

North Atlantic

Section
605-66-4

17.3
65.3

82.6

50.0
40.8

90.8

Section
605-68-1

22.0
42.0

64.0

36.4
59.5

95.9

Hole
111A

13.1
85.9

99.0

22.1
65.0

87.1

Note: See Figs. 11, 12, and 13.

et al. (1984) in that they occur within a sequence and
thus between unconformities. A condensed section may
be present in the upper Paleocene sequence TP2.3 at
Site 605 (see Saint-Marc, this volume).

Unconformities in the coastal plain and at Site 605
conform with type 1 and type 2 unconformities of Vail
et al. (1984). A type 1 unconformity caused by a combi-
nation of subaerial and marine erosion separates the lower
and middle Paleocene sequences TP1 and TP2.1; it is
associated with reflector A*(?) (Fig. 16). According to
Vail et al. (1984) a type 1 unconformity develops when
the rate of sea-level fall is greater than the rate of subsi-
dence at the shelf edge. Another type 1 unconformity
may be associated with sequence TP2.3. Type 2 uncon-
formities, which are associated with sequences KM1,
TP2.1, 2.2, and TE1.2, and 2.1 in the coastal plain (Fig.
15), are due to subaerial exposure of the landward por-
tion of the shelf. They develop when the rate of sea-level
fall is less than the rate of subsidence at the shelf edge.
The hiatuses associated with type 1 and 2 unconformi-
ties in the coastal plain may merge with nondepositional
hiatuses which are developed at the base of a sequence.
The nondepositional hiatus results when sea level does
not reach the coastal plain until some time after the rise
commences. A slow rate of sea-level rise leads to this
type of hiatus. Nondepositional hiatuses occur with se-
quences TP2.2, 2.3, and TE2.1 and possibly with TP1
(Fig. 15).

Drilling at Site 605 has helped clarify some of the prob-
lems in recognizing the sequences of Vail et al. (1977) in
the Baltimore Canyon Trough. Stratigraphic modeling
of the western Atlantic margin using data from the
COST B-2 and B-3 wells of the Baltimore Canyon led
Watts and Thome (1984) and Thorne and Watts (1984)
to question the usefulness of the sequence analysis tech-
nique of Vail et al. (1977, 1980, 1984). They emphasized
that few unconformity-bounded sequences could be iden-
tified in continental shelves and that sequence bounda-
ries are best defined on continental slopes or where there
is active continental tilting. Using the record of the B-2
well, they derived a long-term sea-level curve that con-
tained three cycles separated by sea-level falls in the Pa-

leocene and in the Oligocene. It is not surprising that
they were led to these conclusions, because they were an-
alyzing a well where the major portion of the Maestrich-
tian and Paleocene sections are missing because of the
ECSU. Integration and correlation of the coastal plain
section and the section at Site 605 show, indeed, that se-
quences and their boundaries can be recognized and cor-
related across the Baltimore Canyon Trough. Neverthe-
less, the studies of Watts and Thorne (1984) and Thorne
and Watts (1984) point out the difficulties that may be
encountered in applying sequence stratigraphy in a ba-
sin where an active current system is affecting the pres-
ervation of the stratigraphic record. Data from wells,
outcrops, and seismic sections are needed to thoroughly
analyze the sequence stratigraphy of a basin.

Considerable attention has been directed at understand-
ing the magnitude of sea-level change from Late Creta-
ceous times to the present. These studies have calculated
sea-level changes based on subsidence history of passive
margins (Hardenbol et al., 1981; Watts and Steckler,
1979; Watts and Thorne, 1984), mid-ocean-ridge volume
changes (Pitman, 1978; Kominz, 1984), seismic stratig-
raphy (Vail et al., 1977), and continental hypsometry
(Bond, 1979). Estimates of sea-level elevations at the maxi-
mum high stand in the late Cretaceous range from 100 m
to over 300 m above present sea level. Watts and Steckler
and Watts and Thorne have focused their analyses on
subsidence calculations on the COST B-2 Well in the
Baltimore Canyon Trough. Curves generated from these
studies show maximum elevations in the Late Cretaceous
near 100 m above present sea level.

The studies just mentioned are not constrained by
paleoecologic criteria because few detailed analyses are
available. Recently, Olsson and Nyong (1984) developed
a paleoslope model of Campanian to lower Maestrichti-
an benthic foraminifers in the coastal plain of New Jer-
sey and Delaware. They (Nyong and Olsson, 1984) ex-
tended this model to the Baltimore Canyon Trough and
the western Atlantic basin using wells and Deep Sea Drill-
ing sites. The paleoslope model shows the downdip geo-
graphic distribution of foraminifers in nearshore deposits
in the coastal plain to abyssal environments in the At-
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Figure 13. A. Q-mode cluster analysis of planktonic genera using Pearson correlation coefficient. See Fig. 11 for locations. B. R-
mode factor analysis showing grouping of planktonic foraminiferal genera. Genera abbreviations: ABT = Abathomphalus, BCH
= Bucherina, GBL = Gublerina, GLB = Globigerinelloidβs, GLT = Globotruncana, GMB = Guembelitria, GTR = Globo-
truncanella, HTR = Heterohelix, PLN = Planoglobulina, PSG = Pseudoguembelina, PST = Pseudotextularia, RCM = Ra-
cemiguembelina, RGL = Rugoglobigerina, TRN = Trinitella.
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90°

Figure 14. Paleobiogeographic map showing distribution of latest Maes-
trichtian calcareous nannofossil genus Nephrolithus. After Thier-
stein (1981) and modified to include data from Doeven (1983) and
from Site 605.

lantic. Maximum sea-level elevation based on the pa-
leoslope model in the late Campanian was approximately
80 m above present-day sea level. These estimates are
taken on the outcrop belt in the coastal plain, which is
about 20 m in elevation. Sea-level elevations may have
been less because uplift in the coastal plain caused by
flexture (Watts, 1981) is not considered in these esti-
mates. Kominz's (1984) re-evaluation of the effect on
sea level of changes in mid-ocean-ridge-crest volumes
shows maximum possible sea-level elevations at 80 Ma
(Campanian) of 365 m and minimum elevations of 45 m.

The paleodepth curve shown in Figure 4 for the coastal
plain is from the paleoslope model and other studies
(Olsson, 1980). It indicates sea-level variations of 40 to
100 m during the Campanian to the middle Eocene. The
long-term trend shows an overall fall in sea level of about
40 m. Superimposed on this trend are short-term changes
which are similar to the high-order cycles of sea-level
variations developed by Vail et al. (1977). Of note is the
early Eocene high stand of about 120 m. This high stand
is also suggested by benthic foraminiferal changes in
Site 612 (Miller and Katz, in press) and by nannofossil
changes in Site 605 (Applegate and Wise, this volume).
The paleodepth record in the coastal plain and the close
correlation of sequences here and at Site 605 with the se-
quences of Vail and others support eustasy as a mecha-
nism for short-term sea-level change, as proposed by Vail
and others.

v//////×////7//^

Figure 15. Model showing how the stratigraphic sequences of the New Jersey coastal plain and Site 605 relate to
the East Coast Sequential Unconformity (ECSU) in the Baltimore Canyon Trough. Type 1 and type 2 uncon-
formities (Vail et al., 1984) are noted for the coastal plain and Site 605.
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Figure 16. Segment of U.S.G.S. multichannel line 25 at Site 605 showing correlation of seismic horizons with Tertiary sequences of Vail et al. (1977).
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