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11. PALYNOLOGICAL DELINEATION AND REGIONAL CORRELATION OF LOWER THROUGH
UPPER MIOCENE SEQUENCESIN THE CAPE MAY AND ATLANTIC CITY BOREHOLES,
NEW JERSEY COASTAL PLAIN?

Laurent de Verteuil?

ABSTRACT

Dinocyst and strontium isotopic stratigraphies from two boreholes are integrated to develop a fine chronology for the lower
through upper Miocene succession in New Jersey. These results represent the best constrained and most detailed subdivision of
New Jersey Miocene strata to date, including the first confirmed record of upper Miocene deposits in the New Jersey Coastal
Plain. The latter is based on dinocyst stratigraphy calibrated to the 1995 Neogene time scale of Berggren and co-authors (Zone
DNS8; ~11.0 to 8.5 m.y.), and appears to date the early development of a proto-Delaware River system.

More specificaly, 16 third-order stratigraphic sequences are delineated in the New Jersey Miocene succession. There is
excellent agreement between Sr-isotopic ages and independently derived dinocyst datums for the nine lower to lower middie
Miocene sequences (Kw0 to Kw3a). The Kw0 sequence contains the oldest known Miocene sediments in the middle Atlantic
coastal plain (~23.6 m.y.) and represents the basal Miocene transgression following the well-established and widespread |atest
Oligocene regression. Within the upper middle Miocene, Sr-isotopic ages are consistently younger than those inferred from
dinocysts (by ~1.5 m.y.; Kw3b and Chl sequences); this caibration problem is due to unresolved complexities in global geo-
chronology. The upper Miocene New Jersey chronology is based solely on dinocyst stratigraphy and comprises four sequences
delineated at the Cape May Site only (Ch3 to Ch6).

Direct dinocyst correlations permit the first detailed comparison of this record with classic neritic sequences in Maryland
and Virginia. There are clear one-to-one equivalents for most sequences but the upper Miocene correlations need refinement.
The integration of the Salisbury Embayment and New Jersey records yields 19 third-order Miocene sequences of 0.2-1.0 m.y.
duration. Most intrasequence hiatuses are 0.1-0.5 m.y. duration; the only notable exception is the ~1.5 m.y. Kw0/Kw1a hiatus
(22.2-20.8 m.y.).

Second-order glacioeustatic trends inferred from &80 records agree in timing and magnitude with lithostratigraphic rela-
tionships in the coastd plain: lower Miocene pal eoenvironments deepen upsection to a maximum in the Kw2c/SE5 sequence
(~14.5 m.y.); the major 13.0-14.5 5'80 increase is marked by successive regressive facies relationships, culminating with the
onset of deposition of the Choptank and Cohansey formations (~13 m.y.). Comparison of the &0 proxy of third-order gla-
cioeustasy (e.g., Mil-Mi7 events) with the Miocene sequences suffers from calibration and resolution problems that still con-
front both systems. The uneven correlation is nevertheless sufficiently good to suggest the primacy of glacioeustasy for
determining the timing and architecture of Miocene sequences on the U.S. Atlantic Margin.

Two dinocyst datums, the lowest occurrence of Exochosphaeridium insigne and highest occurrence of Cordosphaeridium
cantharellus, are used to divide the Sumatradinium soucouyantiae Interval Zone into three subzones (DN2a, DN2b, and DN2c).

INTRODUCTION Transect drilling onshore in the New Jersey coastal plain targeted
the proximal expression of the Oligocene—Miocene sequence record

The New Jersey Sea L evel Transect project was undertaken to re- on this margin (Miller, et al., 1994a, 1996a; Fiy. Ih this paper, |
cover, date, and characterize Oligocene to Neogene icehouse se- integrate dinocyst stratigraphy with Sr-isotopic ages from Sugarman
quences beneath the modern coastal plain and continental shelf/dope et al- (Chapter 12, this volume) to develop a chronology for Miocene
(Miller and Mountain, 1994). Dinoflagellate cysts (dinocysts) pro- sequences in the Cape May and Atlantic City boreholes (Fig}. 2
vide the primary Neogene biostratigraphic control at transect sites. show that lower to middle Miocene deltaic sequences in the two bore-
De Verteuil and Norris (1996a) calibrated dinocyst events in the holes (Kwl, Kwz, etc.; Miller et al., Chapter 14, this volume), as well
Baltimore Canyon Trough and Salisbury Embayment to the Ceno- as newly delineated upper Miocene sequences, are time-equivalent
zoic time scale of Berggren et al. (1995; hereafter BK SA95) by inte- with classic shallow marine to marginal marine sequences in Mary-
grating dinocyst stratigraphy, calcareous biostratigraphy, strontium land and Virginia (Fig. 5). Comparing the record from these two dep-
isotopic (Sr) stratigraphy, magnetostratigraphy andwell log andseis-  ©Sitional systems with Miocer®®0 zones of Miller et al. (1991; Fig.
mic stratigraphy from the Salisbury Embayment and Ocean Drilling 5), suggests that the timing of deve’lopmer!t and relative paleodepths
Program (ODP) Leg 150 sites (see Mountain, Miller, Blum, Poag, of sequences on the United States’ Atlantic margin is controlled by
and Twichell, 1996). Consistent dinocyst stratigraphies and excellent second-order and third-order glacioeustasy and is relatively indepen-
core-to-seismic ties permit confident site-to-site sequence correla dent of sediment supply. The Miocene sequences discussed in this pa-
tions and allowed de Verteuil and Norris (unpubl. data) to devlopa ~ Per can also be correlated, through dinocyst stratigraphy (de Verteuil

Miocene sequence chronostratigraphic framework for the New Jer- and Norris, 1992, 1996a, unpubl. data), to the regional framework of
sey continental slope and shelf. seismic sequences offshore New Jersey (Greenlee et al., 1988, 1992;

Mountain, Miller, Blum, Poag, and Twichell, 1996).

*Miller, K.G, and Snyder, SW. (Eds.), 1997. Proc. ODP, Sci. Results, 150X:

College Station, TX (Ocean Drilling Program). MATERIALSAND METHODS
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Tables 1, 2). The Cape May site is at 38°581524°53.00W (Miller, De Verteuil and Norris (1996a) used the HODap$tatodinium

et al., 1996a) and the Atlantic City site at 39°22\4274°25.24N biffii to define the base of thehiropteridium galea Zone (DN1)
(Miller, et al., 1994a). Sample numbers indicate their level in feet irwhich spans the Oligocene/Miocene boundary. The upper boundary
the borehole as logged. of Zone DN1 is defined by the HO Ghiropteridium galea. Distato-

For each sample, between 10 and 30 g of dried sediment was treditrium biffii is present only in one sample (CM1295; 394.7 m), so
ed with 20% HCI for at least 2 hr at room temperature and pressutkat in the Cape May borehole Zone DNL1 is provisionally delineated
(rtp), 45% HF for at least 5 hr at rtp, followed by 2 hr in 10% HCl inover 208.5 ft (63.6 m) between samples CM1284.7 and CM1076.2
a ~85°C water bath. Samples were washed to neutrality with distille¢891.6 and 328 m). In generblpmotryblium vallum/plectilum com-
water before addition of each successive reagent.L@eupodium plex, Apteodinium spp.,Spiniferites spp., andOperculodinium cen-
spore tablet (batch #710961) was added to each sample at the startrofarpum group are common in assemblages in Zone DN1 and few
acid maceration. Residues were subjected to 30 to 45 seconds intawa have their LOs within this interval.
ultrasonic bath (Blackman HT1.9 tank, at 23 kHz) and then sieved at By integrating limited Sr-isotopic and planktonic foraminiferal
15 pm using Nitex (nylon) screen. Residues were stained and moumtata, Miller et al. (1996b) estimated the position of the Oligocene/
ed as described in de Verteuil and Norris (1996a). Miocene boundary at an unconformable lithic break at 1180 ft (359.7

The abundance of specimens in slides scanned usingaRE-  m; Fig. 4). The only dinocyst event associated with this horizon is the
tive is categorized qualitatively as follows: rare = taxon occurs in th&lO of Deflandrea phosphoritica in sample CM1183.2 (360.6 m).
assemblage, although specimens are seldom encountered when s¢arsewhere Deflandrea phosphoritica ranges into the lower lower
ning a slide; present = at least one specimen is encountered in fddiocene (Brinkhuis et al. 1992; de Verteuil, 1996); its absence in the
short-axis traverses of a slide; common = a few specimens are empper part of Zone DN1 in the Cape May borehole is, therefore, pre-
countered in one short-axis traverse of a slide; abundant = at least asumably the result of an unsuitable paleoenvironment.
specimen is encountered in most fields of view. The HO ofChiropteridium galea in sample CM1076.2 (328 m)

The dinocyst taxa used to determine stratigraphic relations in thaéelineates the upper boundary of Zone DN1, close to an unconform-
two boreholes are tabulated (Tables 1, 2). Dinocyst events are recorble lithic break at 1062 ft (323.7 m; Fig. 4). The HOS aligod-
ed as lowest occurrences (LOs) or highest occurrences (HOs). Agaum amiculum, Homotryblium vallunvplectilum complex, and
relationships for each borehole were determined using the dinocystembranophoridium aspinatum are slightly lower, in sample
zonation of de Verteuil and Norris (1996a) as calibrated to th€M1093.5 (333.3 m). Dinocysts are rare in sample CM1067.4
BKSA95 time scale, augmented by Sr-isotopic age estimates (SugdB25.3 m), below the 1062 ft (323.7 m) unconformity, and the ab-
man et al., Chapter 12, this volume). Dinocyst taxonomy follows daence ofchiropteridiumgalea in the low diversity assemblage may
Verteuil and Norris (1996a, 1996b, 1996c). be the result of preservational bias.

The Sumatradinium soucouyantiae Zone (DN2) is present in the
RESULTS Cape May borehole over a 292.4-ft (89.1 m) interval from 1067.4 to
775 ft (325.3236.2 m; samples CM1067.4 to CM775). The most
Dinocyst Stratigraphy common taxa in Zone DN2 atengulodinium machaeophorum,
Soiniferites spp.,Operculodinium spp., andSystematophora placa-
Cape May cantha. In the lower part of Zone DNZBolysphaeridium zoharyi is
_ present over a 100 ft (30.5 m) interval (samples CM1037.5 to

One hundred samples were analyzed from the upper Cenozoic igm937.1; 316.2285.6 m), which represents its lowest occurrence
terval of the Cape May borehole (Fig. 4; Table 1). Almost all the sanyt this site. At the base of Zone DN2, in sample CM1061 (323.4 m),
ples were productive, although dinocyst diversity in most samples i&pteodinium spiridoides and Cribroperidinium tenuitabulatum are
moderate to low. Preservation varies from good to poor. common, andmpagidinium minor begins a stratigraphically re-
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Figure 2. Age/depth model for the Cape May borehole integrating dinocyst stratigraphy with Sr-isotopic ages from Sugarman et a. (Chapter 12, this volume).
Circled “L” indicates a dinocyst lowest occurrence (LO) and circled “H” indicates a highest occurrence (HO) for this Hdisthstes are indicated by dog-
legs on the line of correlation and are represented by gray bars. The first column on the left shows the dinocyst zensscamd shows the unconformable

stratigraphic breaks and informal sequence terminology.

stricted showing. The overlying sample at 1056.5 ft (322 m) yielded
common Membranilarnacia? picena and the LO of Sumatradinium
soucouyantiae; the latter is an excellent marker for the base of Zone
DN2. In the lower part of Zone DN2, the LO of Cerebrocysta satch-
dliaein sample CM1025.8 (312.7 m) and the LO of Sumatradinium
hamulatumin sample CM1013.2 (308.8 m) are also noteworthy.
Sample CM937.1 (285.6 m) lies above an unconformity at about
942 ft (287.1 m) and yielded the LO of Exochosphaeridiuminsigne.
The HO of Cordosphaeridium cantharellusis ~90 ft (27.4 m) higher
in sample CM846.6, close to a major unconformable lithic break at
850 ft (259 m). The HO of Soveracysta conerae is aso in sample
CM846.6 (258 m) and the HO of Cerebrocysta satchelliaeis in the
overlying sample CM837 (255.1 m). The upper boundary of Zone
DN2 is delineated by the HO of Exochosphaeridiuminsigne in sam-
ple CM775 (236.2 m), just below the unconformity at 764 ft (232.9).
The concurrent range of Exochosphaeridium insigne and Cor-
dosphaeridium cantharellus is an important chronostratigraphic
event in the middle Atlantic Coastal Plain and Baltimore Canyon
Trough (Mountain, Miller, Blum, et a., 1994; de Verteuil and Norris,
1996a, unpubl. data). Consequently, three informal subzones of the
Sumatradinium soucouyantiae Interval Zone (DN2) are defined here-
in (Fig. 5). Subzone DN2a is the interval from the HO of Chiropte-
ridium galea to the LO of Exochosphaeridium insigne. Subzone

DN2b isthe interval between the LO of Exochosphaeridiuminsigne
and the HO of Cordosphaeridium cantharellus. Subzone DN2c isthe
interval between the HO of Cordosphaeridium cantharellus and the
HO of Exochosphaeridiuminsigne.

The Cousteaudinium aubryae Zone (DN3) is a “gap” zone be-
tween the HO oExochosphaeridium insigne and the LO of_aby-
rinthodinium truncatum. In the Cape May borehole, Zone DN3 was
delineated in an 84-ft-thick (25.6 m), unconformity-bound unit be-
tween 764 and 680 ft (232.6 and 208.5 m; samples CM763.2 to
CM®684). Cousteaudinium aubryae has an acme in the upper part of
Zone DN3 in samples CM701.2 and CM697 (213.7 and 212.4 m).
Zone DN3 in the Cape May borehole is otherwise noteworthy only
for the premature HO ofApteodinium spiridoides in sample
CM701.2 (Table 1); this species usually ranges into the upper part of
Zone DN4 in this region (de Verteuil and Norris, 1996a; de Verteuil,
1996).

The LO of Labyrinthodinium truncatum modicum in sample
CM673 (205.1 m) marks the base of istatodinium paradoxum
Zone (DN4), which extends for 55 ft (16.8 m) to the H®stato-
dinium paradoxum in sample CM618 (Table 1). The most common
taxa in Zone DN4 argingulodinium machaeophorum, Operculod-
inium centrocarpum group, Spiniferites spp., andSystematophora
placacantha.
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Figure 3. Age/depth model for the Atlantic City Borehole integrating dinocyst stratigraphy with Sr-isotopic ages from Sugarman et al. (Chapter 12, this vol-
ume). Circled “L” indicates a dinocyst lowest occurrence (LO) and circled “H” indicates a highest occurrence (HO) forhtbie.bdiatuses are indicated by
doglegs on the line of correlation and are represented by gray bars. The first column on the left shows the dinocystthersess;@mtishows the unconform-

able stratigraphic breaks and informal sequence terminology.

The interval between 615 and 576 ft (187.5 and 175.6 m) in the
Cape May boreholeis marked by sandy faciesand poor core recovery
(Miller, et a., 1996a). A single sample from within this interval
(CM610; 185.9 m) contained a lean, nondiagnostic dinocyst assem-
blage. Thus, additional sampling may confirm the present provisional
inclusion of thisinterval in Zone DN4 (Fig. 4).

The upper boundary of the Batiacasphaera sphaerica Zone (DN5)
in the Cape May boreholeis clearly delineated by the HO of System-
atophora placacantha in sample CM515 (157 m). This level aso
marks the HO of Apteodinium tectatum. The latter event, combined
with the absence of Habibacysta tectata, which hasits FAD in the up-
per half of the zone (de Verteuil and Norris, 1996a), indicates that
only the lower part of Zone DN5 is present in the Cape May borehole.
Specimens of the Cyclopsiella elliptica/granosa complex are present
to common within the 103-ft-thick (31.4 m) Zone DN5 interval.

The Selenopemphix dionaeacysta Zone (DN6) is another “gap”
zone, corresponding to the interval between the Hstdmatophora
placacantha and the LO o€annosphaeropsispassio. In the Cape May

lower of which is more clay-rich than the upper, separated by an un-
conformity at approximately 420 ft (128 m; Fig. 4; Miller et al., Chap-
ter 14, this volume). The lower cycle contains some noteworthy di-
nocyst datums including the LOs ®finovantedinium harpagonium
andTrinovantedinium papulumin sample CM497.2 (151.5 m), the LO
of Habibacysta tectata in sample CM484.5 (147.7 m), and the LO of
Nematosphaeropsisrigida in sample CM433 (132 m). Ti@yclopsiel-
la elliptica/granosa complex is present to common in this lower cycle
and has its HO for the borehole in sample CM417.5 (127.3 m). The up-
per Zone DNG6 cycle contains the LOEfymnodinium delectabile in
sample CM405 and the LO ®&finovantedinium glorianumin sample
CM396 (120.7 m; Table 1). Providing that the LGCahnosphaerop-
sispassio in sample CM347 (105.8 m) is not delayed, the last two da-
tums represent downward range extensions from de Verteuil and
Norris’ (1996a) records for the Baltimore Canyon Trough and Salis-
bury Embayment (but see chronology discussion below; Fig. 2).

A single sample from 347 ft (105.8 m) belongs to @amno-
sphaeropsis passio Zone (DN7), based on the presence of rare spec-

borehole, Zone DN6 was delineated over a 140-ft-thick (42.7 m) inteimens of the eponymous species in sample CM347. The overlying
val between samples CM497.2 and CM358 (151.5 and 109.1 m; Figample CM341.5 (104 m) contains a marginal marine assemblage
4; Table 1). This interval comprises two coarsening-upward cycles, thtbat does not includéannosphaeropsis passio. The next higher three
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Figure 4. Integrated stratigraphic correlation for the Cape May and Atlantic City boreholes, based on dinocysts, Sr-isotopes, lithology, disconformities, and geo-
physical logs. All depths are in feet; black dots show the positions of palynology samplesin Tables 1 and 2. Individual columns show dinocyst zones, depths of
disconformity surfaces, and informal sequences terminology. Bracketed dinocyst zones indicate that the presence of the zoneis inferred, although the zonal taxa
were not recorded. Values for Sr-isotopic ages from Sugarman et a. (Chapter 12, this volume) are indicated by horizontal arrows at the level of sampling. The
correlations shown are discussed in the text.
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Figure 5. Integrated Miocene alostratigraphy for the middie U.S. Atlantic Coastal Plain, showing the temporal relationships between the composite sequence
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BKSA95 follows de Verteuil and Norris (1996a). The record of coastal plain sequences is compared at right with the time-adjusted &80 isotopic record from
ODP Site 747 (Oslick et al., 1994). Dashed arrows at the left of the column represent 8180 increase inflection points reported in Miller et al. (Chapter 14, this
volume) from a stacked and smoothed composite of Atlantic 520 records.
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samples (CM335.2, CM 326, and CM323; 102.2, 99.4, and 98.5 m)
are from a lignitic nonmarine interval barren of dinoflagellates. All
five samples belong to a shallowing-upward unconformity-bound
unit between 357 and 322 ft in the Cape May borehole (108.8 and
98.1 m; Miller, et al., 1996a).

Theinterval between 318 and 217 ft (96.9 and 66.1 m) belongsto
the Palaeocystodinium golzowense Zone (DN8). The upper bound-
ary of Zone DN8 ismarked by the HO of Sumatradinium soucouyan-
tiaein sample CM217. This event and the HO of Palaeocystodinium
golzowense in the same sample may be dightly premature as aresult
of the increasingly margina marine nature of the depositional envi-
ronments. The HOs of Erymnodinium delectabile and Hystrichos-
phaeropsis obscura, also in sample CM217, are clearly premature,
because the usually coeval HO of Labyrinthodinium truncatum is
significantly higher in sample CM112 (34.1 m). At the base of the
Zone DNS8 interval the LOs of Achomosphaera andalousiensis,
Geonettia clineae, and a new species Pyxidinopsis are in sample
CM318 (96.9 m).

There are two distinct sedimentation cycles within the Zone DN8
interval that are clearly delineated on the lithologic and gamma-ray
logs (Fig. 4; Miller, et a., 1996a). The boundary between them is
marked by a pebble bed and unconformity at 274 ft (83.5 m). In the
lower cycle, Polysphaeridium zoharyi is present in significant
amounts and Geonettia clineae is rare or absent; in the upper cycle
the situation isreversed (Table 1).

The remainder of the sampled interval, from ~210 to 90 ft (64—
27.4 m), belongs to the middle upper Miocene. The premature HO of
Hystrichosphaeropsis obscura in sample CM217 (66.1 m) prevents
formal delineation of the Hystrichosphaeropsis obscura Zone (DN9)
in the Cape May borehole. The presence of Labyrinthodinium trun-
catum modicum in sample CM 112 (34.1 m), however, indicates that
this level is not younger than Zone DN9 (de Verteuil and Norris,
19964). In view of the environmentally truncated range tops in sam-
ple CM217 and the absence of taxa such as Barssidinium evangelin-
eae and Operculodinium? eirikianum, which regionally first appear
in Zone DNY, the interval from samples CM207 to CM92 (63.1-28
m) is here delineated as undifferentiated Zone DN8/9.

The undifferentiated Zone DN8/9 interval comprises two distinct
cycles recognizable on the basis of lithology and gamma-ray log re-
sponse (Fig. 4; Miller, et a., 1996a). The lower cycle consists of in-
terbedded muddy sands and cleaner sands and extends to the uncon-
formity at 140 ft (42.7 m). Dinocyst diversity islow in thisunit (sam-
ples CM207, CM197, CM185, CM176.9, CM166.9, CM158,
CM148, and CM142) and Polysphaeridium zoharyi is the only spe-
cies that is consistently present. The base of the overlying cycle is
marked by acoarse sand and pebble bed that gradesrapidly into acar-
bonaceous clay with lignitic horizons. Dinocyst assemblages in this
interval have extremely low diversity and Polysphaeridium zoharyi
is gtill persistently present. In addition, however, Pyxidinopsis sp. is
present to common in these marginally marine assemblages. The as-
semblages in which Pyxidinopsis sp. is most common occur above
and below a lignite horizon at 116 ft (35.4 m; samples CM112,
CM102, and CM92), indicating that this species could exploit mar-
ginal marine deltaic environments such as interdistributary bays or
brackish lagoons.

Atlantic City

During the Miocene at the Atlantic City site, depositiona envi-
ronments were more proximal and updip than at the Cape May site.
Dinocyst assemblages in the 30 analyzed samples reflect this differ-
ence: diversity is moderate to low; preservation is fair to good; and
in the upper part of the borehole samples lack even organic palyno-
facies. Despite this, it was possible to delineate a sound dinocyst
stratigraphy for much of the Mioceneinterval (Fig. 4).

The unconformable Oligocene/Miocene boundary in the Atlantic
City boreholeis at 913 ft (278.3 m; Fig. 4; Miller et a., Chapter 14,
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thisvolume). Lean dinocyst assemblages just below the unconformi-
ty (samples AT919 and AT916.5; 280.1 and 279.3 m; Table 2) are
characterized by Apteodinium spiridoides, Chiropteridiumgalea, and
Homotryblium vallum/plectilum complex. Rare specimens of an un-
identified species of Glaphyrocysta in sample AT916 (279.2 m),
however, argue against thisinterval belonging to the upper upper Oli-
gocene to lower Miocene Distatodinium biffii Zone (DN1). Thisis
supported by Sr-isotopic age control, which indicates that this inter-
val is middle upper Oligocene (Fig. 4; Sugarman et a., Chapter 12,
thisvolume; Miller et a., Chapter 14, this volume).

Sample AT898.3 (273.8 m) is from a glauconitic sandy unit be-
tween the unconformity at 914 ft (278.6 m) and another at 881 ft
(268.5 m; Fig. 4). Organic matter israre in the residue and dinocysts
are absent. Sr-isotopic age control suggests that thisinterval is equiv-
dent to Zone DN1 (Fig. 4).

The Sumatradinium soucouyantiae Zone (DN2) is present in the
Atlantic City borehole over a 140-ft-thick (42.7 m) interval from
samples AT879 to AT739.5 (267.9-225.4 m; Fig. 4; Table 2). Inthe
absence of Exochosphaeridium insigne, which is not present in the
borehole, the upper boundary of Zone DN2 is delineated by the HO
of Cordosphaeridium cantharellus. Even the occurrence of Cor-
dosphaeridium cantharellus is sporadic in these proxima facies
(Table 2). Above thislevel, asingle occurrence of rare specimens of
Cerebrocysta satchelliae, in sample AT723.9 (220.6 m), indicates
that Zone DN2 equivalent strata probably extend to the unconformity
at 666 ft (203 m; Fig. 4; de Verteuil and Norris, 1996a). The proximal
deltaic environment of the Zone DN2 interval is reflected in the di-
nocyst assemblages. above ~825 ft (251.5 m) Lingulodinium
machaerophorum, Heteraulacacysta campanula and species in the
Paralecaniella-Ascostomocystis group become relatively common,
and diversity islow.

A shift to somewhat more open marine dinocyst assemblages oc-
curs abruptly from sample AT655.9 (199.9 m), right above the un-
conformity at 666 ft (203 m), as recorded in increased abundances of
Apteodinium spiridoides, Pentadinium laticinctum, Sumatradinium
soucouyantiae, and Systematophora placacantha (Table 2). The
Couteaudinium aubryae Zone (DN3) is defined from the HO of Exo-
chosphaeridium insigne to the LO of Labyrinthodinium truncatum
(de Verteuil and Norris, 1996a). In the Atlantic City borehole, Zone
DN3isdelineated between unconformities at 666 and 512 ft (203 and
156.1 m; Fig. 4). Sr-isotopic stratigraphy supports placing the bound-
ary between Zones DN2 and DN3 at 666 ft (203 m; Fig 4; Miller et
a., Chapter 14, thisvolume). The upper boundary is delineated based
on the LO of Labyrinthodinium truncatum modicum in sample
AT503.2 (153.4 m), just above the unconformity at 512 ft (156.1 m;
Fig. 4; Table 2).

In sample AT503.2 (153.4 m), the presence of Labyrinthodinium
truncatum modicumwithout Labyrinthodinium truncatum truncatum
suggeststhat it belongsto Zone DN4 (de Verteuil and Norris, 1996a).
The HO of Distatodinium paradoxum, which defines the upper
boundary of Zone DN4, however, is below this level in sample
AT526 (Table 2). The dinocyst assemblage and palynofacies from
sample AT503.2 (160.3 m) areindicative of strong deltaic/nonmarine
influence, which may account for the absence of Distatodinium par-
adoxum. Based on this, and strong support for a lower middle Mio-
cene position from the Sr-isotopic stratigraphy, the interval between
512 and 470 ft (156.1 and 143.3 m) is here included in Zone DN4
(Fig. 4).

Dinocyst assemblages and palynofacies above the 470 ft (143.3
m) unconformity, such as from sample AT460 (140.2 m), are more
diverse and indicative of open marine conditions. The occurrence of
Habibacysta tectata, Trinovantedinium harpagonium, and System-
atophora placacantha confirm the presence of the Batiacasphaera
sphaerica Zone (DN5; Table 2). Furthermore, the occurrence of
Habibacysta tectata indicates the presence of the upper part of Zone
DNS5 (de Verteuil and Norris, 1996a), in agreement with the Sr-isoto-
pic stratigraphy (Fig. 4). The HO of Systematophora placacantha in
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Table 1. Occurrence data for selected dinoflagellate taxa from the Cape May borehole.

Cape May Borehole
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Notes: Sample numbers reflect the sample depths in feet in the borehole. The qualitative terms rare, present, common, and abundant are defined in the methods section. Taxonomy
follows de Verteuil and Norris (1996a, 1996b, 1996¢).
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sample AT394.9 (120.4 m) delineates the upper limit of Zone DN5in
the Atlantic City borehole (Table 2), although the zone probably ex-
tends as high as the unconformity at 370 ft (112.8 m; Fig. 4). Above
thislevel, six samples between 292 and 121 ft (89 and 36.9 m) yield-
ed no dinocysts or palynofacies (Table 2), indicating extreme oxida-
tion of the original organic content of these sands.

A single sample from the gray clay bed just above the unconfor-
mity at 53 ft (16.2 m; sample AT46.9; 14.3 m) yielded palynofacies
strongly dominated by terrestrial phytoclasts and plant membranes
with only rare dinocysts, indicating a nearshore, marginal marine
environment. The low diversity dinocyst assemblage is dominated
by Polysphaeridium zoharyi, suggesting a (sub)tropical climate.
Filisphaera microornata is the only stratigraphically useful di-
nocyst in sample AT46.9; it indicates a Zone DN9 position or above
(de Verteuil and Norris, 1996a).

Miocene Sequence Correlations

Prior to Leg 150X drilling at the Island Beach, Atlantic City, and
Cape May sites, Sugarman et al. (1993) delineated three lower and
middle Miocene sequencesin the subsurface Kirkwood Formation of
New Jersey, which they called Kirkwood 1, 2, and 3. The ACGS-4
and Belleplain State Forest boreholes, and the Wildwood 198A well,
provided primary reference sections for their sequences (Fig. 1). De
Verteuil and Norris (1996a) showed that in the ACGS-4 borehole the
Kirkwood 1 sequence belongs to Zone DN2 and the Kirkwood 2 se-
quence belongs to Zone DN3. Cross-correlation of diatom and di-
nocyst stratigraphy in Maryland reference outcrops (East Coast Dia-
tom Zonation or ECDZ of Andrews, 1988; de Verteuil and Norris,
1996a) suggeststhat the Kirkwood 3 sequencein the Belleplain bore-
hole belongsto lower Zone DN6 and possibly upper Zone DN5 (vis.
lower ECDZ6 and possibly ECDZ5; Sugarman et al., 1993). A sam-
plefrom 41.7 ft (12.7 m) in the Belleplain borehole, above the Kirk-
wood 3 sequence, belongs to dinocyst Zone DN6 (de Verteuil and
Edwards, 1992), supporting this suggestion.

Stratigraphic data from Leg 150X boreholes resulted in refine-
ment of the Kirkwood sequence framework and terminology (KwO,
Kwla, Kwlb, Kwlc, Kw2a, Kw2h, Kw3 and Kirkwood-Cohansey;
Miller and Sugarman, 1995; Miller, et al., 1996a; Miller et al., Chap-
ter 14, this volume). New dinocyst stratigraphic correlations in the
present paper have produced further refinements (Kw2a', Kw2a’,
Kw3a, Kwa3b). In addition, the name Kirkwood-Cohansey sequence
iscumbersome, and dinocyst stratigraphy indicatesthat this sequence
a Cape May (Zone DNG6) is correlative with Cohansey Sand facies
updip at Belleplain State Forest (Fig. 1). Therefore, since the Kirk-
wood-Cohansey seguence of Miller and co-workers probably repre-
sents the lowest sequence of the Cohansey Sand, | use instead the
name Cohansey 1 sequence (Chl).

The present paper provides the first robust evidence for upper
Miocene sequences in New Jersey overlying the middle Miocene
Cohansey Sand (vis. Zone DN8 and DN8/9 unitsin Cape May bore-
hole). Herein, | informally refer to these upper Miocene sequences
as the upper Cohansey Sand and introduce terminology for individ-
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lineated the Kw0O sequence at Atlantic City from 913 to 888 ft
(278.4-270.7 m) on the basis of lithostratigraphy and Sr-isotopic
stratigraphy. A single palynological sample from within this interval

(sample AT898.3) is barren but the interval is inferred to belong to
Zone DNL1 (Fig. 4).

Kwla Seguence

Dinocyst stratigraphy indicates that the Kwla sequence at Cape
May extends from 1062 to 942 ft (3232B7.1 m) corresponding to
the lower part of Zone DN2 below the LO Bkochosphaeridium
insggne (Subzone DN2a; Fig. 2), in agreement with the lithostrati-
graphic, biofacies and sequence analysis of Miller et al. (Chapter 14,
this volume). At Atlantic City the Kwla sequence delineated by Miller
et al. (Chapter 14, this volume; 888l1 ft [270.7#225.9 m]) also be-
longs to Subzone DN2a (Fig. 4; Table 2). In the lower part of the Kirk-
wood 1 sequence in the ACGS-4 borelttlechosphaeridiuminsigne
is absent from Zone DN2 (unnamed allounit; de Verteuil and Norris,
1996a). This indicates that the unnamed allounit at ACGS-4 is the
Kwla sequence, in agreement with Sr-isotopic age estimates (Sugar-
man et al., 1993). Thus, in the New Jersey coastal plain, the Kwla se-
quence corresponds to the interval between the HEDiobpteridium
galea and the LO oExochosphaeridiuminsigne.

Kwlb Sequence

The Kwlb sequence at Cape May extends from 942 to 850 ft
(287.1259.1 m;Miller et al., Chapter 14, this volume). This corre-
sponds to the interval from the LO Bkochosphaeridium insigne
(937.1 ft [285.6 m]) to the HO dfordosphaeridium cantharellus
(846.6 ft, [258 m]), that is, to Subzone DN2b. SpecimenSanf
dosphaeridium cantharellus in sample CM846.6 have shorter pro-
cesses than is usual and may represent morphological instability at
the top of the species’ range. Alternatively, its HO just above the
KW1b upper boundary may be due to reworking, or else may indicate
that the Kwlb sequence includes a clay-rich confining unit up to
about 830 ft (253 m). In the absenceEabchosphaeridium insigne
in the Atlantic City borehole, this concurrent range interval cannot be
delineated there. Miller et al. (Chapter 14, this volume) included the
interval from 741 to 666 ft (225:203 m) in the Kwlb sequence at
Atlantic City (Fig. 4). The absence Bkochosphaeridiuminsigne in
this interval may be explained by the presence of proximal, sandy fa-
cies. Alternatively, the interval in question may be age equivalent to
the upper part of the Kwla sequence at Cape May, a possibility for
which the Sr-isotopic data provide equivocal support (Sugarman et
al., Chapter 12, this volume; Fig. £xochosphaeridium insigne is
also absent in the ACGS-4 borehole although Sr-isotopic dates from
the upper 100 ft of the lower Kirkwood sequence of Sugarman et al.
(1993), indicate age equivalence with the Kwlb and upper Kwla se-
quences at Cape May. In summary, in neritic or deeper environments,
the range concurrence dixochosphaeridium insigne and Cor-
dosphaeridium cantharellus is within the Kwlb sequence.

ual sequences (Ch2—-Ch6; Fig. 4). Lithofacies in these upper Midwlc Sequence

cene units comprise mixed sands, silts and clays, deposited in mar-

ginal marine and nearshore deltaic/estuarine environments (Miller et Dinocyst stratigraphy in the Cape May borehole delineates an im-
al., Chapter 14, this volume). They are so similar to the underlyingortant break at 764 ft (232.9 m), between samples CM775 and
Cohansey Sand facies that it is presently uncertain whether they c@M763.2 (236.2 and 232.6 m), corresponding to the boundary be-

be distinguished (and mapped) on the basis of lithology alone.

Kirkwood Sequences
KwO Sequence

tween Zones DN2 and DN3 (Fig. 4; Table 1). Miller et al. (Chapter
14, this volume) included the interval from 850 to 710 ft (259.1
216.4 m) in the Kwlc sequence at Cape May and interpreted the in-
durated horizon at 764 ft (232.9 m) as an intrasequence flooding sur-
face. Based on regional stratigraphic relationships at the Zone DN2/

The KwO sequence at Cape May extends from 1180 to 1062 PN3 boundary (de Verteuil and Norris, 1996a, unpubl. data), | inter-
(359.8-323.8 m; Miller et al., Chapter 14, this volume) and belongspret the same horizon as the upper boundary of the Kwlc sequence

to the upper part of Zone DN1 above the HMeflandrea phos-

(Fig. 4). Thus, the Kwlc sequence was deposited during Subzone

phoritica (Fig 4; Table 1). Miller et al. (Chapter 14, this volume) de- DN2c, between the HO &@ordosphaeridium cantharellus and the
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Table 2. Occurrence data for selected dinoflagellate taxa from the Atlantic City borehole.

Atlantic City Borehole
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Notes: Sample numbers reflect the sample depths in feet in the borehole. The qualitative terms rare, present, common, and abundant are defined in the methods section. Taxonomy

follows de Verteuil and Norris (1996a, 1996b, 1996c).

HO of Exochosphaeridiuminsigne. Limited Sr-isotopic data give an
age close to 19 m.y. for the Kwlc sequence as understood herein
(Sugarman et a., Chapter 12, this volume). Dinocyst and Sr-isotopic
stratigraphy both indicate that the Kwlc sequence is not present in
the Atlantic City borehole (Fig. 4).

Kw2a Sequence
The dinocyst stratigraphic results from this study indicate a need

to revise the Kw2 sequence terminology of Miller et . (Chapter 14,
thisvolume). In the Cape May borehole, the interval from 764 to 680
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ft (232.9-207.3 m) belongsto Zone DN3 (see above). The indurated
sand and overlying shell bed at 680 ft (207.3 m), overlying Zone
DNS3, can be readily interpreted as a sequence boundary as opposed
to the maximum flooding surface favored by Miller et a. (Chapter
14, this volume). These authors interpret the underlying facies suc-
cession, from 710 ft (216.4 m), as a deepening-upward transgressive
systems tract. Palynofaciesin samples CM701.2 and CM697 (213.7
and 212.4 m) are dominated by terrestrial macrophyte phytoclasts,
however, and indicate shallowing-upward deltaic influence. Thus,
the unconformity at 680 ft marks the upper boundary of the Kw2a se-
quence as understood herein, with the lower boundary placed at 764



ft (232.9 m; Fig. 4). Within this interval thereis alithologic and Sr-
isotopic break at 710 ft (216.4 m), which Miller et al. (Chapter 14,
this volume) interpret as the lower boundary of their Kw2a sequence
and which ishere viewed as separating alower Kw2a' sequence from
an upper Kw2a'' sequence (Fig. 4). The Kw2a' sequence between 764
and 710 ft is characterized by poor recovery (Miller, et a., 1996a),
but samples CM741 and CM721.1 (225.9 and 219.8 m) are dominat-
ed by a marine amorphous organic matter with low dinocyst abun-
dance and diversity and very little pollen. Given the general deposi-
tional setting, this palynofacies indicates shallowing upwards marine
deposition without deltaic influence. Although in general regressive
relationship to one another, therefore, the Kw2a' and Kw2a'" units
still appear to be genetically distinct and, on the basis of Sr-isotopic
stratigraphy, are separated by an approximately 1 m.y. hiatus(Fig. 4).
It is worth noting here that the same alostratigraphic succession
within Zone DN 3 is present in the Salisbury Embayment (de Verteuil
and Norris, 1996a; see below).

Inthe Atlantic City borehole Zone DN3is present from 666 to 512
ft (203-156.1 m; Fig. 4). The monotony of the gammalog and the Sr-
isotopic ages within this interval suggest that only the younger,
Kw2a'" sequenceis present (Fig. 4).

Kw2b Sequence

Miller et al. (Chapter 14, this volume) placed the upper boundary
or the Kw2a sequence at 615 ft (187.5 m) in the Cape May borehole.
Dinocyst stratigraphy in this study indicates that the sequence bound-
ary occurs at 680 ft (207.3 m), coincident with Zone DN3/DN4
boundary. The lower boundary of the Kw2b sequenceistherefore ex-
tended downtothislevel (Fig. 4). Recovery at Cape May between 615
and 576 ft was poor (187.5 and 175.6 m; Kw2b sequence of Miller et
al., Chapter 14, thisvolume). Only one palynology sample was avail-
able from this interval (sample CM610, 185.9 m; Zone DN4/5 see
above) but Sr-isotopic dates suggest age equival ence with upper Zone
DN4 using the zonation age calibration of de Verteuil and Norris
(1996a). The sequence stratigraphic context of the unconformity at
615 ft isuncertain: it may represent either a distinct sequence bound-
ary of regional significance or alocal intrasequence erosional surface.
At Atlantic City, the Kw2b sequence (512-540 ft [156.1-143.3 m])
was provisionaly included in Zone DN4 based on asingle sampleand
the Sr-isotopic data (sample AT503.2, see above; Fig. 4). At both
sites, therefore, the Kw2b sequence belongs to Zone DN4.

Kw2c Sequence

The Kw2c sequence was only penetrated in the Cape May bore-
hole (576-503 ft [175.6-153.3 m]; Miller et al., Chapter 14, thisvol-
ume). It belongs there to the lower part of Zone DN5 (see above) and
has a Sr-isotopic-based age of about 14.5 m.y. (Fig. 4). The absence
of lower Zone DN5 strata in the Atlantic City borehole supports the
view that the Kw2c sequence is not represented there.

Kw3a and 3b Sequences

Miller et a. (Chapter 14, this volume and references therein) rec-
ognized a single middle Miocene Kw3 sequence in the subsurface of
the New Jersey coastal plain. Dinocyst stratigraphy, however, shows
unambiguously that, at Cape May and Atlantic City, the Kw3 se-
quence of those authors comprises an older sequence (Kw3a) and a
second, younger sequence (Kw3b; Fig. 4). The lower, Kw3a se-
quenceis only represented in the Atlantic City borehole (470-370 ft
[143.3-112.8 m]) and belongs to the upper part of Zone DN5, which
includes the species Habibacysta tectata (see above; Fig. 4). Qualita
tive palynofacies from samples AT460 through AT394.9 within the
Kw3a sequence, indicate progressive shallowing upward and in-
creased terrestrial influence (macrophyte phytoclasts) from an initial
open marine middle neritic environment (common marine amor-
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phous organic matter, relatively diverse dinocysts, low diversity pol-
len). This palynofacies succession indicates the presence of a full
transgressive/regressive cycle as suggested by Miller et al. (Chapter
14, thisvolume).

The upper, Kw3b sequence, on the other hand, is present only in
the Cape May borehole (503-432 ft [153.3-131.7 m]) and belongsto
Zone DNG6 (Fig. 4). Open marine dinocyst assemblages in the lower
part of the Kw3b sequence exclude the possibility that the absence of
Systematophora placacantha in these assemblages results from eco-
logical exclusion, and so confirm the DN6 zonal affinity. Qualitative
palynofacies (samples CM497.2 through CM433) show the same
transgressive/regressive trends within the Kw3b sequence as ob-
served in the Kw3a sequence, but with more oxidation in the upper,
sandy, progradationa highstand facies.

Cohansey Sequences

In the Cape May borehole, the interval from 432 to 90 ft (153.3—
27.4m) contains six unconformity bound cyclesthat are recognizable
with the help of dinocyst stratigraphy, abundance patterns, and pa-
lynofacies. An approximately equivalent but more sand-prone suc-
cession in the Atlantic City borehole, containing perhaps four cycles
recognizable on the basis of lithostratigraphy and wirelinelog stratig-
raphy only, is present from 370 to 53 ft (112.8-16.2 m; Fig. 4). Six
palynology samples from this interval are barren and in the absence
of either foraminiferal or Sr-isotopic data precise correlation of the
two boreholes is not attempted. Thus, the informal Cohansey se-
quences are described from the Cape May site only.

Ch1 Sequence (=Kw-Cohansey)

At Cape May the Chl sequence is represented from 421 to 357 ft
(128.3-108.8 m) and belongs to Zone DN6 (Fig. 4). The lithologic
and benthic foraminiferal biofacies succession was described by
Miller et a. (Chapter 14, this volume; as Kw-Cohansey sequence);
the gamma log also shows the first fining and then coarsening-
upward trace characteristic of New Jersey Miocene transgressive/
regressive cyclesdiscussed by Miller et al. (Chapter 14, thisvolume).
Dinocysts are rare to present and diversity is low within this se-
quence, and palynofacies are dominated by terrestrial kerogen that
shows indications of oxidation.

Ch2 Sequence

The Ch2 sequence is a thin, marginal marine unit present from
357 to 322 ft (108.8-98.1 m; Fig. 4). At the base, it grades from a
laminated clay and silty fine micaceous sand, with carbonaceous hor-
izons (357-342 ft [108.8-104.2 m]), to a more sandy clay with lig-
nitic layers (Miller, et al., 1996a). sample CM 407 from near the base
contains a well-preserved terrestrial macrophyte dominated palyno-
facies and protoperidinioid dominated dinocyst assembl ages, bothin-
dicative of an inner neritic environment. The presence of Canno-
sphaeropsis passio in this sampleindicates that at least the lower part
of the Ch2 sequence belongs to Zone DN7 (Table 1). Dinocysts are
rareto absent in the upper part of the sequence due to extremely mar-
ginal marine conditions.

Ch3 Sequence

The Ch3 sequence is amainly medium to coarse sand with a uni-
form gamma-log profile, and is present from 322 to 274 ft (98.1-83.5
m; Fig. 4). The presence of Achomosphaera andalousiensis near the
base of the Ch3 sequence indicates that it belongs to Zone DN8 (see
above). Kerogen preservation is poor in the Ch3 sands, but the inter-
val is notable for a minor acme of Polysphaeridium zoharyi, a di-
nocyst that is absent or rare lower in the Miocene section (Table 3).
Polysphaeridium zoharyi is an opportunistic extant species and clas-
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sicindicator of tropical to subtropical embaymentsand lagoons (Wall
et a., 1977; de Verteuil and Norris, 1996¢); its presence in the Ch3
sequence is consistent with its occurrence in other Zone DN7 and
lower Zone DN8 assemblages from offshore New Jersey (de Ver-
teuil, 1996).

Ch4 Sequence

The base of the Ch4 sequence is marked by a pebble and coarse
sand bed at 274 ft (83.5 m), which grades rapidly into auniform, mi-
caceous, fine to very fine clay-rich sand (Miller, et a., 1996a).
Slightly increased gamma val ues with respect to the underlying Ch3
sequence reflect the increased clay content (Fig. 4). The upper
boundary of the Ch4 sequence occursat ~210 ft (64 m) and is marked
by a decrease in gamma values and corresponding decrease of the
clay fraction (Fig. 4). The Ch4 sequence clearly belongs to Zone
DNB8 (see above) but unlike the Ch3 sequence, it lacks Polysphaerid-
ium zoharyi and is characterized by common Geonettia clineae
(Table 1). De Verteuil and Norris (1996¢) inferred a mesotrophic,
warm-temperate, opportunistic ecology in low sedimentation, neritic
environments for Geonettia clineae.

Ch5 Sequence

The Ch5 sequence (210-140 ft [64-42.7 m]) is a rather uniform
silty medium sand that fines upward into an organic-rich medium to
fine sand with carbonaceous and clayey horizons. The gamma-log
values are uniformly low and decrease dightly upsection, perhapsre-
flecting the increased carbonaceous content (Fig. 4). Qualitative pa-
lynofaciesindicate initial middle to inner neritic environments (210—
200 ft [64-61 m]; mixed terrigenous and marine kerogen with com-
mon dinocysts), followed by transgression (200-190 ft [61-58 m];
marine amorphous kerogen), followed by increasing highstand pro-
gradation/regression (190-140 ft [58—-42.7 m]; dark recycled gelified
kerogen grading into more fresh but degraded penecontemporaneous
structured terrestrial phytoclasts; upward decrease in dinocyst abun-
dance and diversity). The Ch5 sequence belongs to undifferentiated
Zone DN8/9 as explained above. Geonettia clineae, common in the
underlying sequence, is absent from the Ch5 sequence. Instead
Polysphaeridium zoharyi reappearsin the record at Cape May (Table
1), perhapsindicating a more proximal, less saline environment rath-
er than any marked warming.

Ch6 Seguence

The Ch6 sequence (140-90 ft [58-27.4 m]) isthe uppermost Mio-
cene sequence represented at Cape May (Fig. 4). Radiocarbon ages
indicate that overlying sediments are upper Quaternary (Miller, etdl.,
1996a). The presence of Labyrinthodinium truncatum truncatum in
sample CM112 (34.1 m) indicates that the Ch6 sequence is not
younger than middle late Miocene (Zone DN9). The base of the Ch6
sequence is marked by a pebble and coarse sand interval (140-135 ft
[58-41.1 m]) that grades rapidly into an irregularly laminated, mica-
ceous silty clay with some shells and carbonaceous horizons (Miller,
et al., 1996a). The gamma-log values clearly show the increased clay
content of the Ch6 sequence and palynofacies from this interval are
thoroughly dominated by well-preserved structured macrophyte phy-
toclasts (i.e., land plant tissues). This and the low diversity dinocyst
assemblages dominated by Polysphaeridium zoharyi, Spiniferites
spp. and undescribed Pyxidinopsis sp., confirm a marginal marine
estuarine-like environment.

CHRONOLOGY AND ACCUMULATION RATES

In this section | integrate the dinocyst stratigraphy, calibrated to
the BKSA95 time scale by de Verteuil and Norris (1996a), with Sr-
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isotopic stratigraphy from Miller et a. (Chapter 14, thisvolume), and
Sugarman et a. (Chapter 12, this volume), to develop a chronology
for Miocene deposition in New Jersey (Figs. 2, 3). Thereis excellent
agreement between the dinocyst and Sr-isotopic ages for the lower
and lower middle Miocene (Zone DN2-DN5), particularly for the
Cape May borehole, resulting in asimilar chronology asthat present-
ed by Miller et a. (Chapter 14, thisvolume) for these sites. Older age
calibrationsfor Zones DN6 and DN7 (de Verteuil and Norris, 1996a),
with respect to younger Sr-isotopic ages produced from the Kw3b
and Ch1 sequences (Sugarman et al., Chapter 12, thisvolume), result
in some discrepancy for the middle Miocene between the two inde-
pendent dating methods. Sr-isotopic ages are not available for the up-
per Miocene.

The error associated with the Sr-isotopic dates ranges from + 0.6
m.y. to £ 1.2 m.y. but is+ 0.6 m.y. for most of the lower and lower
middle Miocene (Sugarman et al., Chapter 12, this volume). The er-
rors associated with age estimates of regional LO and HO dinocyst
events range from £ 0.5 m.y. to £ 1.5 m.y. (de Verteuil and Norris,
19964); of course most events in the present material will be some-
what premature (HOs) or delayed (LOs) due to proximal facies and
erosion; indeed some are markedly so (e.g., HO of Distatodinium
paradoxum; Figs. 2, 3). Thus, although the position and duration of
the shorter hiatuses between individual sequencesisnot precise (gray
barsin Figs. 2 and 3), they are included in the models because some
time is unrepresented by rock at each erosional break. Similarly, the
average accumulation rates for individual sequences or stratigraphic
intervals based on these models (uncorrected for compaction and ig-
noring erosion), must be viewed as crude estimates of overall sedi-
ment accumul ation/preservation rather than true sedimentation (pro-
cess) rates. They are most useful for comparing depocenter move-
ment, sediment bypass and other basin-scale phenomena on a
regional basis.

In the Cape May borehole, the base of the KwO sequenceis of ear-
liest Miocene age (~23.6 m.y.) and Sr-isotopes from the underlying
upper Oligocene sequence suggest that the Oligocene/Miocene hiatus
represents lessthan 1.0 m.y. (Fig. 2). Up to 2.0 m.y. may be unrepre-
sented by record at the Atlantic City site, although amuch shorter hi-
atus can also be inferred from the available Sr-isotopic ages (Fig. 3).
The age of the KwO sequence based on both sites is from ~23.6 to
22.2 my. (2.2 m.y.), indicating the presence of a nearly complete
record of the basal Miocene transgression in New Jersey. KwO accu-
mulation at Cape May averaged ~26 m/Ma.

The Kwla, Kwlb, and Kwlc sequences were all deposited over a
~1.8 m.y. interval between ~19 m.y. and 20.8 m.y. (Figs. 2, 3). The
agreement in ages between the model sfor thetwo sitesisremarkable,
particularly the coincidence of the hiatus where the Kwlc sequence
isnot preserved at Atlantic City. The combined accumulation rate for
al three sequences at Cape May is ~50 m/Ma; at Atlantic City the
Kwla and Kwlb alone have a comparable rate of 68 m/Ma. As
shown, the LO and HO of Exochosphaeridiuminsigne and the HO of
Cordosphaeridium cantharellus each correlate with the position of a
Kw1 sequence boundary (Table 1; Fig. 2). Their positions along the
line of correlation in the Cape May mode (Fig. 2) strongly suggest
that at this site the overall Kw1 record is amost uninterrupted (short
duration hiatuses). De Verteuil and Norris (1996a) estimated the HO
of Exochosphaeridiuminsigne datum at 20.5 m.y. and using their es-
timate it plots above/left of the line of correlation through the Cape
May strontium data (Fig. 2). The HO of Exochosphaeridiuminsigne
istherefore probably better estimated as 20.0 m.y.

In addition to the Kwlc sequence, Sr-isotopic ages suggest that
the Kw2a' sequenceisalso missing from the Atlantic City record; this
resultsin a~2 m.y. hiatus (17.8-19.8 m.y.; Fig. 3). At both sites the
upper age of the Kw2a" sequence is quite well constrained by Sr-
isotopes and the LO of Labyrinthodinium truncatum at ~16.8 m.y.
The HO of Exochosphaeridiuminsigne at ~19 m.y. provides alower
limit for the onset of Kw2a' deposition, athough the actual timing is
likely dightly younger (Fig. 2). Using both age/depth models, | esti-



mate Kw2a' deposition from ~18.8-18.0 Ma, and Kw2a'’ deposition
from ~17.9-16.8 Ma, with less than 0.2 m.y. of unrepresented time
between the two sequences (Figs. 2, 3). These estimates result in av-
erage accumulation rates of 21 m/Mafor the Kw2a' sequence and 43
m/Mafor the Kw2a'' sequence at Atlantic City.

The Kw2b sequence dates from the lower part of Zone DN4 at
Cape May (~16.5 m.y.) and Sr-isotopic ages for the upper part of this
sequence at both sites cluster around 15.5-16.0 Ma, or wholly within
Zone DN4. The upper boundary of Zone DN4 is defined by the HO
of Distatodinium paradoxum, but this event is premature in both
models (falls below the line of correlation), suggesting taphonomic
and/or paleoecological exclusion.

The Kw2c sequence is present only at Cape May and the Kw3a
sequence only at Atlantic City (Fig. 4). There is excellent agreement
on thereciprocal timing of preserved record and hiatuses between the
two siteswithin the Zone DN5 interval. The Kw2c sequence (~15.0—
14.2 m.y.) is constrained by Sr-isotopes and the LO of Habibacysta
tectata event (Fig. 2), while at the Atlantic City site, a hiatus is
present from ~15.5 to 14.0 m.y. and no lower Zone DN5 strata are
present (Fig. 3). A hiatus between 14.2 m.y. and 13.2, based on the
HO of Systematophora placacantha, corresponds to the missing
Kw3a sequence at Cape May (Fig. 2). The same upper Zone DN5 in-
terval is represented at Atlantic City by the Kw3a sequence (14.0—
13.2 m.y.), and is tightly constrained by the LO of Habibacysta tec-
tata, the HO of Systematophora placacantha, and four Sr-isotopic
ages (Fig. 3).

Age control for the remaining middle and upper Miocene se-
quences comes solely from the Cape May section and in the present
model is restricted to dinocyst datum calibrations from de Verteuil
and Norris (1996a). Providing that the LO of Cannosphaeropsis pas-
sio at Cape May is not delayed, the Kw3b and Ch1 sequences both
belong to Zone DNG6 (Fig. 2). Alternatively, the Chl sequence may
be Zone DN7 equivalent, as suggested by the presence of Erymnod-
inium del ectabile and Trinovantedinium glorianum (Table 1). For the
present, however, | favor a Zone DNG interpretation for the Chl se-
quence because paynofacies within it (e.g., samples CM405 and
CM396) contain mixed marine amorphous, terrestrial structured, and
relatively diverse dinocyst components, and so Cannosphaeropsis
passio should not be ecologically excluded. This interpretation re-
sultsin both sequences being deposited over lessthan 0.5 m.y. (13.2—
12.8 m.y.), with an unresolved hiatus between them (Fig. 2). The av-
erage accumul ation rate for the combined Kw3b/Chl interval at Cape
May is~ 110 m/Ma, more than twice that of any of the other Miocene
sequences at either site.

Eight Sr-isotopic ages from the Ch1 sequence cluster around 11.9
m.y. (Fig. 2) and so fall below the dinocyst-based line of correlation
in the present Cape May age model. The rate of increase of oceanic
875r/86Sr decreased in the middle Miocene resulting in less precise age
estimates that are represented by error bars of +1.2 m.y. in Figure 2
(Miller et a., 1991; Odlick et a. 1994). The consistency of the Sr-
isotopic data, however, indicatesthat the offset between the Sr and di-
nocyst stratigraphies results from calibration differences. These may
arisein small part from minor differences between the CK92 (Cande
and Kent, 1992; used by Odlick et al., 1994), and the BKSA95 (used
by de Verteuil and Norris, 1996a) time scales, but are principally due
to unresolved complexities in upper middie Miocene global magne-
tobiostratigraphy and geochronology (e.g., Aubry, 1993; Berggren
1993; Miller et al., 1994b; Berggren et a., 1995).

The Ch3 and Ch4 sequences belong to Zone DN8 and are con-
strained by the LO of Achomosphaera andalousiensis (~10.5 m.y.)
and the HOs of Palaeocystodinium golzowense and Sumatradinium
soucouyantiae (both ~8.6 m.y.). Although the Ch5 and Ch6 sequenc-
esmay also belong to Zone DN8, as discussed above, the present age
model conservatively assumes that they belong to Zone DN9. There
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(Fig. 2). The HO ofLabyrinthodinium truncatum (~7.4 m.y.) pro-
vides the upper control point and is thought to be slightly premature.
Using this age model, average accumulation rates within the Ch3 to
Ch6 interval were about 25 m/Ma.

SALISBURY EMBAYMENT CORRELATIONS

De Verteuil and Norris (1996a) defined 12 informal allostrati-
graphic units from outcrops in Maryland and Virginia and related
them to dinocyst stratigraphy in the reference sections. They further
used dinocyst stratigraphy to extend allostratigraphic correlations
into the subsurface and recognized 15 Miocene third-order sequences
in the Salisbury Embayment. With the present study it is possible for
the first time, via dinocyst stratigraphy, to establish detailed correla-
tions between these Miocene stratigraphic sequences in Maryland
and Virginia and those in New Jersey (Fig. 5). This section compares
these two records (i.e., mainly deltaic in New Jersey and mainly shal-
low marine embayment in Maryland/Virginia), and synthesizes a
composite of Miocene sequences for the middle Atlantic Coastal
Plain. Thus, the present study refines and expands upon the tentative
strontium-based sequence correlations of Miller and Sugarman
(1995). Salisbury Embayment localities and stratigraphy referred to
below are discussed in detail in de Verteuil and Norris (1996a), and
the localities are illustrated in Figure 1.

No lowest Miocene Zone DNL1 strata have yet been reported from
Maryland, Virginia, or Delaware, so there are no confirmed KwO se-
quence equivalents there. The SE1 allounit is8r thick at its ref-
erence section at Popes Creek (Fig. 1). This interval was incomplete-
ly sampled by de Verteuil and Norris (19964, fig. 8) and apparently
belongs to Zone DNZCordosphaeridium cantharellus and Exocho-
sphaeridium insigne are present in the middle of the interval, and
Exochosphaeridiuminsigne alone is present at the top. This suggests
that both Subzone DN2b and Subzone DN2c, equivalent to the Kwlb
and Kwlc sequences, are present at Popes Creek. What is not known
is whether Subzone DN2a, equivalent to the Kwla sequence, is
present at the SE1 allounit reference section.

The Je32-04 borehole in Delaware is located updip from the Cape
May site and contains an excellent Zone DN2 interval (Fig. 1). The
LO of Exochosphaeridium insigne and HO ofCordosphaeridium
cantharellus datums are clearly delineated in the Je32-04 borehole
(de Verteuil and Norris, 19964, fig. 14, table 6). Using lithostratigra-
phy and a clear offset in the gamma log at 236 ft (72 m) we delineated
a lower, unnamed allounit, within Zone DN2 but below the SE1 al-
lounit. The upper boundary of this unnamed allounit coincides with
the LO ofExochosphaeridium insigne in the Je32-04 borehole, con-
firming its equivalence to the Kwla sequence at Cape May. Reexam-
ination of the dinocyst data shows that the HCafdosphaeridium
cantharellus event in the Je32-04 borehole coincides with a positive
increase in gamma values at ~208 ft (63.4 m). This increase is now
interpreted as an unconformable lithic change equivalent to the
Kwl1b/Kwlc contact at Cape May.

From the above, it is clear that the SE1 allounit is equivalent to at
least the Kwla and Kwlb sequences in New Jersey. It also seems
likely that Subzone DN2a, Kwla-equivalent strata will be found in
the Virginia/Maryland subsurface. For consistency in nomenclature,
therefore, the SE1 allounit is herein recognized as comprising the
SE1la, SE1b, and SE1c sequences (Fig. 5).

The SE2 and SE3 allounits in the Salisbury Embayment belong to
Zone DNa3. In the Calvert Cliffs they are separated by the PP-0 dis-
conformity of Kidwell (1984) and are exposed at Fairhaven and
Chesapeake Beach respectively (Fig. 1). Neither dinocyst nor diatom
stratigraphy is able to resolve the hiatus between the SE2 and SE3 al-
lounits and de Verteuil and Norris (1996a) interpreted the PP-0 dis-

is no control on the duration of hiatuses in the Ch3-Ch6 intervatonformity as an intrasequence flooding surface. They correlated the
(322-90 ft [98.127.4 m]) and minimal missing record is assumedcombined SE2/SE3 interval with the Kirkwood 2 sequence of Sugar-
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man et al. (1993). My results from the Cape May borehole support
correlation respectively of the SE2 and SE3 allounits with the Kw2a'
and Kw2a'" sequences as understood herein (Fig. 5). Thus, the PP-0
disconformity in Maryland may after al represent a sequence bound-
ary as thought by Kidwell (1984; 1989) and Ward (1984; 1992), al-
though genetic interpretations of both it and the Kw2a/Kw2a"
boundary in New Jersey are still being debated. Sr-isotopic agesfrom
SE2 and SE3 in Maryland range from 16.9 to 17.9 m.y. (£ 0.6 m.y.;
Miller and Sugarman, 1995), in excellent agreement with Kw2a'"" Sr-
isotopic ages (Miller et a., Chapter 14, this volume; Fig. 4) and with
the age calibration of Zone DN3 (de Verteuil and Norris, 1996a).
The DN4, lower DN5, and upper DN5 zonal units discussed above
andin deVerteuil and Norris (1996a), permit astraightforward and el-
egant correlation of the Kw2b, Kw2c, and Kw3a sequences with dlo-
units SE4, SE5, and SE6 (Fig. 5). There is good agreement between
Sr-isotopic ages for these unitsin the Calvert Cliffs (Miller and Sug-
arman, 1995) and their correlativesin New Jersey as determined from
dinocyst stratigraphy. There are some stratigraphic and diagenetic
complications in the Maryland strontium data as discussed by Miller
and Sugarman (1995), but in generd the correlations are superb.
Other middle Miocene dlostratigraphic correlations between
Maryland and New Jersey areless straightforward, although the basic
pattern is clear enough. In New Jersey the Kw3b and Chl sequences
belong to Zone DN6. In Maryland the conformable Drumcliff and
Saint Leonard members of the Choptank belong to Zone DN, as
does alenticular sand body below the Drumcliff Member informally
named the Governor Run Sand by Kidwell (1984). These three units
together comprise the SE7 alounit of de Verteuil and Norris (1996a)

to the SE9 allounit. Thus, the lower Zone DN8, SE9 allounit (un-
named clay unit of de Verteuil and Norris, 1996a; SM-0 and SM-1 se-
quences of Kidwell, 1997), which does not cont&homosphaera
andalousiensis (de Verteuil and Norris, 1996a), is apparently not rep-
resented in the Cape May borehole (Fig. 5).

Environmental shortening of dinocyst ranges in the upper Mio-
cene of the Cape May borehole (ekystrichosphaeropsis obscura;
Fig. 2) limits the confidence that can be attached to the present, con-
servative, age model. With this in mind, detailed upper Miocene se-
quence correlations with the Maryland/Virginia record should per-
haps not be belabored. The correlations indicated in Figure 5 follow
directly from the present Cape May age model, which adopts a face
value interpretation of the dinocyst data, and the Salisbury Embay-
ment upper Miocene age model of de Verteuil and Norris (1996a).
Given the chronostratigraphic position of the Ch3 sequence above the
SE9 allounit, it seems reasonable to correlate the Ch3 sequence and
the Ch4 sequence with the SE10 allounit, and the CH3/Ch4 uncon-
formity with the SM-2 unconformity of Kidwell (1997). Accepting
a Zone DN9 or older position for the Ch5 and Ch6 sequences, based
on the presence dfabyrinthodinium truncatum in upper Ch6, sug-
gests equivalence with the SE11 allounit, which comprises the Wind-
mill Point beds of the Saint Marys Formation. The undated and enig-
matic channelized estuarine unit directly overlying the pSM uncon-
formity of Kidwell (1989, 1997), and analyzed at the Ranch Club
sections south of Little Cove Point by de Verteuil and Norris (1996a),
may be an upper Miocene equivalent of the Ch5 sequence. The ab-
sence ofBarssidinium evangelineae and Operculodinium? eiriki-
anum from the Ch6 sequence, prevents unequivocal correlation with

and Kidwell's CT-0 sequence. Sr-isotopic ages from the Drumclifthe Windmill Point beds (SE11 allounit), but in view of the marginal
Member in Maryland (Miller and Sugarman, 1995) are consistentnarine Ché6 facies at Cape May, this interpretation is nevertheless
with the Zone DN6 age calibration from de Verteuil and Norrisreasonable (Fig. 5). The alternative hypothesis (not illustrated) is that
(19964a). As discussed, however, Sr-isotopic ratios from the Chl séie entire Ch3-Ch6 interval belongs to Zone DN8 and is equivalent
guence in the Cape May borehole yielded younger dates that shoutithe SE10 allounit, which thus far, has only been documented in the
correspond to lower Zone DN7 (Fig. 2). Ranch Club sections of the Calvert Cliffs (de Verteuil and Norris,
Upon first inspection, there does not appear to be any obvious996a; Kidwell, 1997). The two Zone DN10 sequences of the SE12
allostratigraphic equivalent to the Kw3b sequence from Cape May iallounit (Eastover Formation; Ward and Blackwelder, 1980; Ward,
the Maryland Calvert succession. Given the presence and chronb992) have not yet been recognized in New Jersey.
stratigraphic position of the Kw3b sequence, however, the strati-
graphic relationships of the Governor Run Sand in Maryland acquire
added significance. It now seems likely that the regional CT-0 uncon-
formity does not diverge from the base of the Drumcliff Member to
include the Governor Run Sand, as interpreted by Kidwell (1984, fig.
7), butinstead lies between the Drumcliff and the Governor Run units Some combination of glacioeustasy and regional tectonics is re-
along a contact that she interpreted as a diastem. The Drumcliff/Siponsible for the punctuated recorded of Miocene sequences on the
Leonard interval thus constitutes a single, unambiguous transgreg:S. Atlantic margin. Basin scale tectonics determined the local ac-
sive/regressive cycle (sequence) that is here correlated with the Chimulation and preservation of Miocene sequences, as shown by dip
sequence at Cape May. reversals, uneven thicknesses and patchy distributions (Ward and
The lower, erosional boundary of the Governor Run Sand repreBlackwelder, 1980; Kidwell, 1984; Ward and Strickland, 1985:
sents an older unconformity equivalent to the Kw3a/Kw3b contact abowars et al., 1992; Miller et al., 1996c; de Verteuil and Norris,
Cape May, and the sand itself constitutes the remnant of a separa@96a, Miller et al., Chapter 14, this volume). Thus, Miller et al.
sequence, rather than a lowstand or early transgressive facies of {{@hapter 14, this volume) stress that in order to fully sample the New
Drumcliff/St. Leonards sequence as interpreted by de Verteuil andersey record of sequences, both strike and dip borehole transects are
Norris (1996a; or incised valley fill of the CT-0 sequence, as internecessary; de Verteuil and Norris (1996a) had the same realization
preted by Kidwell, 1984, 1989, 1997). The SE7 allounit is thereforgvorking in Maryland and Virginia.
divided here into a lower SE7a sequence and an upper SE7b se-Three mechanisms of basin tectonics have been proposed: (1) re-
quence, which, at the Scientists Cliffs reference section, respectivedittivation of deep faults associated with continental rifting, either by
comprise the Governor Run Sand and the Drumcliff/St. Leonard degithospheric compressional stress or flexure (Brown et al., 1972; Mix-
ositional cycle (Figs. 1,5). on and Newell, 1977; Ward and Strickland, 1985; Mixon et al., 1992;
Both the Ch2 sequence and the SE8 allounit belong to Zone DNJe Verteuil and Norris, 1996a); (2) passive crustal flexure in response
and are clearly broadly correlative. The upper part of the SE8 allae sediment loading (Pazzaglia and Gardner, 1994; Miller and Sugar-
unit, however (i.e., Shattuck-beds-21), contains some complex man, 1995; Miller et al., Chapter 14, this volume); (3) crater forma-
stratigraphy near the BGandE site and may comprise more than otién by extra-terrestrial impact and subsequent compensation tecton-
depositional sequence (Fig. 1; de Verteuil and Norris, 1996a; Kidics and infill sediment loading (Poag et al., 1994; de Verteuil and
well, 1997). The presence Athomosphaera andalousiensisin the  Norris, 1996a). With the possible exception of intraplate stresses
Ch3 sequence at Cape May (Table 1), nevertheless indicates that {li8oetingh, 1988), however, these tectonic processes could not gen-
Ch3 sequence belongs to the upper part of Zone DN9 and so coresrate all the short-duration intrasequence hiatuses that have now been
lates to the SE10 allounit, and not to either the upper SE8 allounit efiapped and correlated from the coastal plain to the continental slope

SEQUENCE RECORD AND
MIOCENE GLACIOEUSTASY
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(papers in this volume and Mountain, Miller, Blum, Poag, and the proximal Cohansey Formation overlies the Kirkwood Formation
Twichell, 1996). (Ch1, Ch2). Little paleoenvironmental data are available for SE9 (un-
De Verteuil and Norris(1992; 1996a) compared the record of Mio- named clay of de Verteuil and Norris, 1996a), although the clay fa-
cene sequencesin Maryland and Virginiawith the Exxon Cycle Chart cies and fairly diverse dinocyst assemblages suggest open embay-
(Haqg et al., 1988), and concluded that second-order glacioeustasy was ment deposition below normal wave base. However, the inner neritic,
the dominant control on basin fill history. Other stratigraphers have wave/tidal-influenced facies of the lower Saint Marys Formation
recently cited evidence for positive correlations between Miocene (SE10) are coeval with an additional increas&'® values (Mi6).
180 increases and hiatuses in the New Jersey coastal plain and off- In New Jersey at Cape May, the Ch3 and Ch4 sequences record shal-
shore Baltimore Canyon Trough (Sugarman et a., 1993; Miller and lowing with respect to the underlying Ch2 and the extensive Ch2/Ch3
Mountain, 1994; Miller and Sugarman, 1995; Miller, et al., 1996; hiatus is commensurate with the magnitude of the Mi5 event (Fig. 5).
Miller et a., Chapter 14, this volume). The causal relationship be- There is, therefore, excellent stratigraphic evidence for a direct re-
tween corrected Oligocene—Mioce¥t#0 maxima, polar ice develop- lationship between second-order glacioeustasy and middle Atlantic
ment and sea-level drawdown, is by now difficult to dispute (e.g.coastal plain sequence stratigraphy. While promising, however, cor-
Miller et al., 1991; Wright and Miller, 1992) and suggests a mecharelations between individual coastal plain Miocene sequences and
nism for the generation of basin-wide unconformities (Posamentier ¢hird-orderd'®O events are less straightforward. There is very good
al., 1988). Because the ages and number of Miocene sequences in élggeement between the Mi6 event and the regionally important mid-
coastal plain are revised herein, and are better constrained than predie/upper Miocene unconformity (Fig. 5; Tuscan reflector, Greenlee
ously, it is important to reevaluate Miller and co-workers’ thesis thaet al., 1988), and the climactic M&®O increase is a tightly con-
the Miocene third-order sequence stratigraphy of the middle Atlantistrained reference event as described. Importantly, the regressive
margin is controlled primarily by glacioeustasy. Mi3a and Mi3b events agree well with the successive shallowing of
ODP Site 747 from the Kerguelen Plateau in the southern Indiathe Kw2c/SE5, Kw3a/SE6, and Kw3b/SE7a sequences, but the timing
Ocean, provides one of the best lower through lower upper Miocerie off. The lower Miocene sequences are even less easily interpreted.
5'80 records presently available (Wright and Miller, 1992). Oslick et This is to be expected: except for the big Kw0/Kwla and Ch2/
al. (1994) used Sr-isotopic ratios in planktonic foraminifers, andCh3 hiatuses, all the other hiatuses are inferred to be less than 1.0
magnetostratigraphy (Heider et al., 1992), to recalibrated the Site 747.y. duration and most are significantly less than 0.5 m.y. duration.
080 record to the CK92 geomagnetic polarity time scale. For the in€learly the calibration uncertainties for both the strontium and di-
terval between 25 m.y. the CK92 and BKSA95 time scales are nocyst stratigraphy, and tB&0O glacioeustasy proxy, aeach of the
identical to withint 0.1 m.y. so direct comparison of the adjustedsame temporal order as the hiatuses themselves. One finds difficulty,
Site 747580 with the Salisbury Embayment/New Jersey sequencetherefore, in avoiding the “event for every occasion” syndrome dis-
is possible (Fig. 5). | also illustrate the ages of maj@-increase cussed by Miall (1992).
inflections as determined by Miller et al. (Chapter 14, this volume), The Atlantic margin Miocene sequences are nevertheless distin-
based on a stacked and smoothed composite Atlantic benthic forguishable by their fossil content, superposition, and stacking patterns
miniferal 5**0 record (Wright and Miller, 1994). The offset between (Walther's Law), so that one to three sequences are bracketed within
o0O-increaseinflections in the stacked composite and the Site 7471 to 2 m.y. time intervals. Unless one takes the position, therefore,
record (i.e., slightly below the label&#0O maxima), is between 0.2 that most or all of these sequences are of an order of magnitude short-
and 0.6 m.y. and thus very good (Fig. 5). er duration (~10,00€50,000 yr), so that roughly 90% of the coastal
The general trend in Miocer®?O values present in the Site 747 plain Miocene is without record, one must accept the conclusion that
data have been well documented globally (e.g. Miller et al., 1987these unconformity-bound sequences are indeed temporally correla-
Woodruff and Savin, 1991). These are (1) a gradual ~@%#@.de- tive from site to site. Two lines of evidence further indicate that the
crease through the early Miocene; (2) a more rapid ~®5%%.de-  middle Atlantic margin Miocene record comprises third-order se-
crease in the latest early Miocene that persisted into the early middégiences (0-41.0 m.y. duration). First, the incremental increase of
Miocene; (3) a dramatic stepwid¥O increase of ~1.5%o over ~1.5 strontium ratios within individual sequences is compelling evidence
m.y. in the early Serravallian; (4) uneven gradual ~0&% in- for their extended duration, based on comparisons with strontium re-
crease through the rest of the middle Miocene and into the early latgessions from continuous oceanic records (Miller et al., 1991;
Miocene (Fig. 5). These trends provide a sound proxy for secon@®slick et al., 1994; Figs. 2, 3). Second, consistent stacking patterns
order glacioeustasy in the Miocene and are overprinted by higher frever several biozones (i.e., second-order transgression/regression
quency, third-order events on the scale of-0.Q m.y. trends) would not be observed at multiple sites if individual records
Lithostratigraphic and paleontological trends in New Jerseyconsisted of randomly preserved fourth- and fifth-order events.
Maryland, and Virginia are in excellent agreement with the second- This line of reasoning supports the view that a limited number of
order base level changes inferred from¥8@ record. In New Jersey, third-order events, synchronous to within 50,000 yr, were responsible
the Kirkwood Formation deepens upward from the Kwl sequences for the development of an equal number of margin-wide unconformi-
the Kw2 sequences (see above; Miller et al., Chapter 14, this volumejes. A few events of this scale have been identified in Atl&¥t@
in Maryland the Calvert formation deepens in SE2 and SE3 with raecords and are convincingly argued to be associated with periods of
spect to SE1. The deepest paleodepths of the Maryland Miocene wekatarctic polar ice buildup (Wright and Miller, 1992; Fig. 5). The
attained during deposition of the upper Plum Point Marls and Calvediear relationship between Miocene second-odd& fluctuations
Beach members of the Calvert Formation (i.e., allounits SE4, SE&nd Atlantic margin stratigraphy, strongly supports the postulated
SEB6), with maximum depths occurring in the SE5 allounit (Gibsonlink between sequence development and glacioeustasy. At present,
1971; Gernant, 1971; Kidwell, 1984; 1989; Ward, 1992; de Verteuihowever, there are more third-order Miocene sequences on the mid-
and Norris, 1996a). Preliminary results on benthic foraminiferal biodle Atlantic margin than there are recognized significant (~0.5%o)
facies (Miller et al., Chapter 14, this volume), and dinocyst-faciesb'®O increases; conversely, in ma¥fO records there are more
palynofacies (de Verteuil, unpubl. data), indicate that the same relamaller scale increases (~0.2%o) than preserved third-order sequenc-
tionships hold for the Kw2b, Kw2b, and Kw3a sequences. es (Fig. 5). Because not all the mid$iO increases produced basin-
The sequences deposited during Zone DN6 represent the firstale stratigraphic sequences, either more detdit€drecords are
transgressions following the major ~15 m.y.5'#0 increase (Mi3, needed to identify additional “significant” events, or additional ele-
Mi4; Fig. 5) and represent dramatic basinward lithofacies shifts imments, such as intraplate stresses, were contributing to third-order
both Maryland and New Jersey. In Maryland the Choptank Formabase-level changes. Thus, although the present results point towards
tion (SE7, SE8) overlies the Calvert Formation, while in New Jerseyhe paramountcy of glacioeustasy as a driving mechanism of Mio-
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cene sequence architecture, they cannot confirm a straightforward
causal link between Miocene glacioeustasy and third-order sequence
development. In view of its obviousrational appeal and the clear lim-
itations to our present chronostratigraphic resolution, there remains,
however, strong incentive to pursue this theory.

CONCLUSIONS

In this study, | integrated dinocyst and Sr-isotopic stratigraphy
from the Cape May and Atlantic City boreholes to delineate and de-
velop achronology for 16 Miocene sequencesin New Jersey. For the
lower and lower middle Miocene, there is excellent agreement be-
tween dinocyst stratigraphy calibrated to the BK SA95 time scale and
the independent Sr-isotopic ages (Figs. 2, 3). Sr-isotopic ages from
the upper middle Miocene (Zones DN6 and DN7) are consistently
younger than those determined from the dinocyst calibrations of de
Verteuil and Norris (19964). | attribute this amost entirely to unre-
solved magnetostratigraphic and biostratigraphic problems in global
geochronology during this interval. Dinocyst stratigraphy provides
the only age control for the upper Miocene in New Jersey.

The upper four Cape May sequences represent the first confirmed
upper Miocene units in New Jersey; their estuarine/fluvio-deltaic
character appear to date the early stages in the development of the
Delaware River system. On the other hand, the Kw0 sequence is the
oldest Neogene unit recorded to date from the middle Atlantic margin
and likely represents a depositional response to the basal Miocene
transgression. Possibly only two major hiatuses (>1.0 m.y.) are
present in the combined record from both boreholes: the first, Kw0/
Kw1la hiatus, corresponds to a prolonged 0 increase leading up to
the Mila event; the second, Ch2/Ch3 hiatus, is due to depleted ac-
commaodation at the close of the middle Miocene and forced regres-
sion associated with the high-magnitude Mi5 event.

Regional dinocyst stratigraphy developed by de Verteuil and Nor-
ris (1996a) permits the first detailed Miocene sequence correlations
between deltaic faciesin New Jersey and neritic coastal embayment
faciesin Maryland, Virginiaand Delaware (Fig. 5). A total of 19 Mio-
cene sequences are documented from the middle Atlantic coastal
plain. The poor lower lower Miocene record in the Salisbury Embay-
ment isbalanced by preservation inthe upper Miocene. Thereis, how-
ever, excellent agreement in the number and timing of sequencesin
the two depositional systems, with the Kw0/Kw1a hiatus (22.2-20.8
m.y.) representing the only major break in the combined succession.
Locally, tectonically controlled erosion or accommodation affectsin-
dividual sections, so that although some localities contain expanded
records for individual sequences, no sections contain all sequences.
This tectonic overprinting, however, cannot mask the punctuated
record of sequences, separated by short-duration hiatuses (0.1-0.5
m.y.), which characterizes the Miocene of this margin.

The Salisbury Embayment and New Jersey depositional systems
both show excellent correlation in timing and magnitude with sec-
ond-order glacioeustatic trends inferred from 3180 stratigraphy. Al-
though someties seem clear enough, correlations between third-order
sequences and the 380 record are hampered, on both sides, by cali-
bration and resol ution problems. The punctuated record of sequences
that arerelatively independent of sediment supply, separated by mar-
gin-wide erosional unconformities, is nevertheless best explained as
athird-order glacioeustatic effect.
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