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Drilling and Dating New Jersey
Oligocene-Miocene Sequences: Ice Volume,
Global Sea Level, and Exxon Records

Kenneth G. Miller,” Gregory S. Mountain, the Leg 150 Shipboard
Party, and Members of the New Jersey Coastal
Plain Drilling Project

Oligocene to middle Miocene sequence boundaries on the New Jersey coastal plain
(Ocean Drilling Project Leg 150X) and continental slope (Ocean Drilling Project Leg 150)
were dated by integrating strontium isotopic stratigraphy, magnetostratigraphy, and
biostratigraphy (planktonic foraminifera, nannofossils, dinocysts, and diatoms). The ages
of coastal plain unconformities and slope seismic reflectors (unconformities or stratal
breaks with no discernible hiatuses) match the ages of global 'O increases (inferred
glacioeustatic lowerings) measured in deep-sea sites. These correlations confirm a causal
link between coastal plain and slope sequence boundaries: both formed during global
sea-level lowerings. The ages of New Jersey sequence boundaries and global 580
increases also correlate well with the Exxon Production Research sea-level records of Haq
et al. and Valil et al., validating and refining their compilations.

Eustatic (global sea level) changes exert one
of the primary controls on the stratigraphic
record (1, 2), although controversy surrounds
the age, magnitude, and mechanism of these
changes (3). Vail et al. (4) and Haq et al. (5)
reconstructed eustatic history by applying se-
quence stratigraphy to a global array of pro-
prietary Exxon Production Research (EPR)
data comprising seismic profiles, wells, and
outcrops. Previously released EPR seismic data
demonstrated that Oligocene to Recent se-
quences are well defined beneath the New
Jersey shelf, although the age control on these
sequences was poor (*1 million years or
worse) (6). To improve understanding of sea-
level change, we collected additional mul-
tichannel seismic data (cruise Ew9009) and
traced seismic sequences from the New Jersey
shelf to the slope (7). These sequences were
dated at four slope sites drilled during Ocean
Drilling Project (ODP) Leg 150 (8) (Fig. 1).
Drilling onshore at Island Beach, Atlantic
City, and Cape May, New Jersey (ODP Leg
150X; Fig. 1), provided additional ages and
facies of these same sequences in much shal-
lower paleodepths (9). This report synthesizes
Leg 150 and Leg 150X chronologic studies of
Oligocene to middle Miocene sequences that
are preserved onshore and have the clearly
visible seismic reflection terminations off-
shore. We compare the stratigraphic record of
the New Jersey sequence with published 830
records (Figs. 1 and 2) and with the inferred
eustatic record of Haq et dl. (5).
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Deep-sea 8'20 records provide a proxy for
ice volume and sea-level (glacioeustatic)
changes during the Oligocene to Recent
“Icehouse World” (10, 11). Glaciomarine
sediments near Antarctica and deep-sea ox-
ygen isotopic records (10, 11) indicate that
large ice sheets have existed in Antarctica
since the earliest Oligocene [~35 million

years ago (Ma) (12)]. Because ice preferen-
tially sequesters light oxygen isotopes, fluc-
tuations in ice volume cause changes in
global seawater 830 (3,). These global
changes are recorded by benthic and plank-
tonic foraminifera along with variations in
seawater temperature and local isotopic
composition. Comparisons of benthic and
low-latitude (nonupwelling) planktonic fo-
raminiferal 3'80 records can be used to iso-
late ice volume effects from local isotopic
and temperature changes (13). Using this
strategy, Miller et al. (10) and Wright and
Miller (14) identified 12 Oligocene to Mio-
cene benthic foraminiferal 8'80 increases
(all >0.5 per mil); these increases culminat-
ed in 8'80 maxima that were used to define
zones Qil to OiZb and Mil to Mi7 (Figs. 1
and 2 and Table 1). Six of the 8'%0 increases
are also recorded by tropical or subtropical
planktonic foraminifera; the other six lack
suitable low-latitude isotopic records. Miller
et al. (10) interpreted coeval increases in
benthic and planktonic 880 records as the
consequence of glacioeustatic lowerings of
~30 to 80 m. On the basis of the ODP Site
747 8'80 record (Fig. 1), we suggest that the
Mi3 increase (13.4 to 14 Ma; Table 1) can
be split into two increases (Mi3a and Mi3b).
We assume that all 13 Oligocene to early-
to-late Miocene 3'80 increases (Figs. 1 and

2) reflect million-year scale increases in ice
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Fig. 1. Comparison of the timing of middle Miocene reflectors on the New Jersey slope with three benthic
foraminiferal $'80 records (units are per mil). Zones Mi1b to Mi6 are oxygen isotopic zones associated
with the 880 increases. Reflectors m5.2 to m1 are dated on the New Jersey slope. Two independently
dated sets of stippled lines are shown: (j) lines are drawn through inflections in the 380 records; (i) ages
of the reflectors are shown as best estimates (lines) and error bars (boxes) ( Table 1). Oxygen isotope data
for ODP sites 563 (western North Atlantic), 608 (eastern North Atlantic), and 747 (Indian sector, Southern
Ocean) are generated on Cibicidoides spp. after Wright and Miller (74). Inset map shows locations of the
onshore and offshore drilling sites.
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volume, although additional low-latitude
planktonic foraminiferal 3!%0 data are need-
ed to confirm this (15).

Oligocene to Recent seismic reflections
beneath the New Jersey shelf exhibit ero-
sional truncation, onlap, downlap, and top-
lap and are thus objectively identified as
sequence boundaries (4, 6, 8). We traced
these sequence boundaries from the shelf to
the slope, using both EPR and Ew9009 mul-
tichannel seismic data including Red, Tus-
can, Yellow-2, Pink-2, and Green (6) plus
Ochre, Sand, True Blue, Pink-3, and
Green-2 (8). To simplify the nomenclature
and incorporate reflections restricted to the
slope, we use a unified alpha-numeric
scheme (ol, m6; Figs. 1 and 2 and Table 1)
based on the results of ODP Leg 150 (8).

We derived time-depth relations for cor-
relating seismic profiles to the boreholes
from three sources: the velocity log from the
Continental Offshore Stratigraphic Test
(COST) B-3 well, semblance velocities
from analysis of Ew9009 Common Depth
Point (CDP) stacks on the adjacent shelf,
and sonobuoy data from the continental
rise (8). Synthetic seismograms derived
from log (8) and core physical properties
data (16) were used to evaluate these cor-
relations. The sedimentary expression of se-

quence boundaries on the slope is muted
because of relatively uniform Oligocene to
Miocene lithologies (silty clays) (8), and
several reflectors are associated with a cor-
relative conformity (17). Still, many se-
quence boundaries are associated with hia-
tuses or increased sand content immediately
above the boundary, both of which yield
impedance contrasts (8) and consequently
seismic reflections.

We developed the Oligocene to middle
Miocene chronology on the slope by inte-
grating Sr isotopic stratigraphy (17) and
magnetostratigraphy (18) with planktonic
foraminiferal (19), nannofossil (20), dino-
cyst (21), and diatom (22) biostratigraphy
(Table 1). We do not discuss late Miocene
to Recent history here because (i) the chro-
nology of the upper Miocene slope sections
is still uncertain, (ii) Pliocene strata are
poorly represented in the slope boreholes,
and (iii) the recovered Quaternary sections
were restricted to the middle Pleistocene
(stages 15 to 5.5) and Recent (23).

Onshore boreholes recovered fossilifer-
ous Oligocene to middle Miocene strata;
younger strata were mostly unfossiliferous
and undateable (9, 24). We identified un-
conformities (sequence boundaries) in the
onshore boreholes using physical stratigra-
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sequences; cross-hatched areas indicate uncertain ages. Sequences TA4.4 to TB3.1 are from Haq et al.
(6), and arrows are drawn at the inflection points in their inferred eustatic record.
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phy, including erosional contacts, rework-
ing, bioturbation, major facies changes,
gamma-ray peaks, and paraconformities in-
ferred from biostratigraphic and Sr isotopic
age breaks. Onshore sequences consist of
basal transgressive deposits (Transgressive
Systems Tracts; glauconitic in the Oligo-
cene; occasionally shelly in the Miocene)
that progressively shallow upsection to me-
dial silts and upper sands (High-Stand Sys-
tems Tracts); low-stand deposits are not
found on the coastal plain but are restricted
to beneath the shelf and slope (6). Miocene
onshore sequences were named Kw0 to Kw-
Cohansey (9, 25), whereas Oligocene se-
quences were termed O1 to O6 (26). Age
control for the Miocene onshore sections
relies primarily on Sr isotopic stratigraphy
with an age resolution of *0.4 million years
for the early Miocene and *0.9 million
years for the middle Miocene (27). Diatom
and planktonic foraminiferal biostratigra-
phy supplements Miocene onshore control
(9, 25). We derived age control for Oligo-
cene onshore sections by integrating mag-
netostratigraphy, biostratigraphy (plank-
tonic foraminifera and nannofossil), and Sr
isotopic stratigraphy, with a resulting strati-
graphic resolution of better than *0.5 mil-
lion years in most cases.

There is excellent correlation between
the timing of the major Oligocene to mid-
dle Miocene slope reflectors dated at the
Leg 150 slope sites and glacioeustatic low-
erings inferred from the 8!80 record (Figs. 1
and 2 and Table 1). Reflectors ol, mb6,
m5.6, m5.2, m5, m4, m3, m2, and ml cor-
relate with the Oil, Mil, Mila, Milb, Mi2,
Mi3a, Mi3b, Mi4, and Mi5 880 increases,
respectively (Figs. 1 and 2 and Table 1).
This similarity confirms a link between se-
quence boundaries traced from the shelf
and glacioeustatic changes. Of the reflec-
tors, only m5.4 does not appear to have a
corresponding 8'80 increase. Of the 8'%0
increases, only Qi2b and Qi2 fail to have
equivalent reflectors because Oligocene
seismic resolution is limited by the thin
section and concatenated reflections on the
slope (Fig. 2).

Detailed comparison of the ages of slope
reflectors and their corresponding error es-
timates with three of the middle Miocene
benthic foraminiferal 3!80 records used to
define the Mi zones (Fig. 1) shows remark-
ably similar ages for the 830 inflections
and reflectors. This comparison indicates
that the sequence boundaries formed during
intervals of rapid glacioeustatic fall, as pre-
dicted by various models (28).

This link between offshore New Jersey
sequences and 8'80 records is further
strengthened if one compares the slope se-
quences with their correlative onshore
counterparts (Fig. 2). Early to middle Mio-
cene onshore sequence boundaries correlate
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well with major 8'%0 increases (24, 25)
(Fig. 2 and Table 1), indicating that these
unconformities were formed by global sea-
level lowerings. Oligocene Oil, Oi2, and
Qi2b 380 increases also correlate with on-
shore sequences O1, O3, and OS5, respec-
tively (26). Sequence boundaries O2, O4,
and O6 may correlate with minor 85O
increases noted in recently published
records (29).

The onshore and offshore sequences
compare well with each other and with the
3180 record. The exceptions are as follows:
(i) The Kwlc sequence boundary correlates
with the m5.4 slope reflector but with no
3!80 change within 1 million years. Either
Kwlc or m5.4 sequences are the result of a
local lowering of base level, or they may
correlate with a minor 8'%0 increase at
about 21 Ma (14). (ii) The Kw2c sequence
boundary has no definite offshore counter-
part. We are uncertain of the significance of
this sequence boundary onshore because it
has been recovered at only one borehole
(Cape May). (iii) The Oligocene onshore
boreholes record sequences not resolved on
slope seismic profiles because of slope sedi-
ment starvation.

Although the record of Haq et al. (5)
has come under criticism as a reliable in-
dicator of eustatic change (3), there is
excellent correlation between the record
of Haq et al. and the New Jersey records in
both the number and ages of Oligocene to
middle Miocene sequences (Fig. 2 and Ta-
ble 1). Comparison of the ages of the two
independent sets of sequences shows the
following essentially identical ages: TB2.6
and m2 sequences (~12.6 Ma); TB2.5 and
m3 (~13.6 Ma); TB2.3 and m5 (16.5 to

Table 1. Comparison of Sr isotope—based age estimates of Oligocene—
middle Miocene seismic reflectors, New Jersey continental slope with on-
shore sequences (24, 26), oxygen isotopic increases (70, 74), and the se-
quences of Haq et al. (5). The column labeled Best uses the older (1985) time

16.9 Ma); and TBI1.5 and m5.6 (22 Ma).
The ages of the Oligocene TB1.4 and mo,
TB1.3 and O6, TB1.2 and O5, TB1.2 and
O3, TB4.5 and O2, and TB4.4 and Ol
sequences are similar when they are cor-
rected for differences in the time scale
used in each study (30). The record of Haq
et al. (5) also compares well with the §'°0
increases (Table 1). However, on the basis
of our correlation to the New Jersey se-
quences and 3'%0 records, there are dif-
ferences compared to the ages of several
other of the Miocene sequences of Haq et
al. (Table 1). It appears that TB3.1 (10.5
Ma), TB2.4 (15.5 Ma), and TB2.2 (17.5
Ma) correlate with ~11-Ma, 14.8-Ma, and
18.5-Ma slope reflectors and with the
~11.4-Ma, 14.4-Ma, and 18.5-Ma 8'%0
increases, respectively (Table 1). The mi-
nor differences in age (Table 1) among the
sequences of Haq et al., New Jersey slope
reflectors, and the 8'%0 increases are gen-
erally within the errors in dating the mar-
gin sequences. For example, differences in
age between the 8'%0 inflections and the
New Jersey sequences are less than 0.6
million years in all cases but one (Table
1); differences with the record of Haq et al.
are larger because the latter relied on well
cuttings [particularly on the New Jersey
margin (6)] and not on continuously cored
boreholes.

We suggest that the ages of the §'%0O
increases (inflections on Table 1) provide
the best estimates on the timing of Oligo-
cene to Miocene eustatic falls and that un-
conformities (including seismic sequence
boundaries) are formed during falls in sea
level. Our records show that deposition re-
sumed in the coastal plain by the time of the

scale, whereas the column labeled BKSA95 provides the ages of sequences

lowest low stand (maximum 830 values;
Fig. 2). Our margin chronologic resolution is
insufficient to evaluate small leads and lags
(<1/4 of a cycle or a resolution of better
than 0.25 to 0.5 million years) between eu-
static falls and the timing of unconformities
or hiatuses on the New Jersey margin. Reyn-
olds etal. (31) used forward modds to predict
that the unconformities begin to form on
old, slowly subsiding margins such as New
Jersey early in the fall of sea level (before the
inflection and the maximum rate of fall).
We cannot yet evaluate at what point in a
eustatic fall the unconformities begin to form
on this margin.

Although it is not possible to evaluate
fully the age errors in the EPR records, ours
can be specified. Stratigraphic resolution is
coarse in some intervals (for example, re-
flectors m5 and m5.4 have age uncertainties
of at least 0.9 and =1.1 million years,
respectively; Table 1), whereas others are
well dated by integrating Sr isotopic, mag-
netostratigraphic, and biostratigraphic data.
For example, the small uncertainty in the
age of reflector m6 (23.8 = 0.2 Ma) allows
a precise and unequivocal correlation with
the Mil oxygen isotopic increase (inflec-
tion at 23.8 Ma; Fig. 2).

Given that some reflectors and sequenc-
es have age errors of greater than 0.5 mil-
lion years, one could argue that the corre-
lations shown on Figs. 1 and 2 are at best
fortuitous and, at worse, are beyond the
precision of the geochronology that we
have used. Using this argument, Miall (3)
claimed that stratigraphic resolution may
not be sufficient to document precise cor-
relation and causal links between sequences
and the global synthesis of Haq et al. (5). In

using the new (1996) time scale of Berggren et al. (12). We obtained corrected
ages of Hag et al. (5) by linearly interpolating ages between TB1.4 corrected
for time scale differences (24.2 versus 25.5 Ma), the revised age of the TB1.1
sequence of 32.2 Ma (30), and the revised age of TA4.4 of 35.9 Ma (30).

Age estimate (Ma) 3120 Haq et al.
Slope Onshore Age/
reflector Best (error) BKSA95 sequence Zone Maxmum Sequence corrected
inflection
age
m1 (Tuscan) ~11  (10.5-11.3) ~11.5 Mi5 11.3-11.4 TB3.1 10.5
m2 (Yellow-2) 12,5 (12.5-12.6) 12.7 Kw-Coh? Mi4 12.6-12.8 TB2.6 12.5
mS (Blue) 13.6 (12.8-13.6) 13.6 Kw3 Mi3b 13.5-13.6 TB2.5 13.8
4 (Pink-2) 14.8 (13.8-15.0) 14.7 Kw2c Mi3a 14.1-14.4* TB2.4 15.5
m5 (Green) ~16.9 (16.3-18.0) ~16.6 Kw2b Mi2 16.1-16.3 TB2.3 16.5
m5.2 (Ochre) 18.2 (18.0-18.4) 17.7 Kw2a Mitb 18.1-18.5 TB2.2 17.5
m5.4 (Sand) 19-20 (18.4-20.6) 18.8-19.8 Kwic ?minor ?20.6-21.1* TB2.1 21.0
m5.6 (True blue) ~22 (21.6-22.5) 21.8 Kwia,b Mita 21.8-22.4 TB1.5 22.0
me6 (Pink-3) 23.8 (23.6-24.0) 23.8 KwO Mid 23.5-23.8 TB1.4 25.5/24.2
06 ?minor 26.0-26.2¢ TB1.3 26.5/26.3
05 Oi2b 28.0/28.2 TB1.2 28.4/29.4
04 ?minor ?
03 Oi2 31.56-32.0 TB1.1 30.0/32.2
02 ?minor ? TB4.5 33.0/34.4
o1 (Green) 35.8-36.7 (32-36.7) Of Oif 35.8-36.0 TA4.4 36.0/35.9

“Not a formal isotopic zone.

1094

SCIENCE ¢ VOL. 271 -

23 FEBRUARY 1996



contrast, we propose that it is unnecessary
to demonstrate that every event correlates
with a resolution of better than 0.5 mil-
lion years. We have anchored key strati-
graphic levels (such as reflectors m1 to m4
and m6) to a precise chronology and re-
port a similar number of events in both
the margin and 8'%0 records, indicating
that unconformities (sequence bound-
aries) correlate with glacioeustatic lower-
ings. By firmly dating the sequences and
providing error estimates for these ages,
we provide a template of Oligocene to
Miocene sequences that will be compared
with records from other margins.
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Self-Assembling Dendrimers

Steven C. Zimmerman,* Fanwen Zeng, David E. C. Reichert,
Sergei V. Kolotuchin

Hydrogen bond-mediated self-assembly is a powerful strategy for generating large struc-
tures from smaller subunits. The synthesis of molecules containing two isophthalic acid
units covalently attached to a rigid aromatic spacer is described. By normal pairing of
carboxylic acids into hydrogen-bonded dimers, these molecules self-assemble in organic
solvents to form either a series of linear aggregates or a cyclic hexamer. These molecules
were linked to the core of a family of polyether dendrimers, which caused the hexamer
to be formed preferentially. The stability of the hexamer depended on the generation
number of the dendrimer. The largest of these hydrogen-bonded macromolecular as-
semblies is roughly disk-shaped with a 9-nanometer diameter and a 2-nanometer thick-
ness. Its size and molecular mass (34,000 daltons) are comparable to that of small

proteins.

One of the hallmarks of biological orga-
nization is the noncovalent assembly of
large structures from smaller subunits. The
self-assembly strategy not only minimizes
the energy invested in synthesis, it maxi-
mizes the accuracy with which the sub-
units can be produced, and therefore bet-
ter guarantees the structural fidelity of the
ultimate assembly. The same reasoning
and principles have been applied recently
to the construction of abiotic structures,
where the chemical synthesis of com-
pounds with nanometer dimensions re-
mains a formidable challenge (1). Among
the most notable nanoscale compounds
synthesized to date are the dendrimers, a
group of highly branched macromolecules
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emanating from a central core to a periph-
ery that becomes more dense with increas-
ing generation number (2-5). A wide
range of dendrimers have been prepared
through iterative synthesis.

Dendrimers can be made in multigram
quantities, and their large size and control-
lable peripheral functionality make them
ideal building blocks for assembling larger
nano- and mesoscopic structures in solution
(2). For example, amphiphilic compounds
wherein a hydrophobic dendrimer resides at
one end of a hydrophilic polyethyleneoxide
polymer aggregate in aqueous solution (4)
and act as surfactants (6). Likewise, the
hydrophobic linker in dumbbell-shaped ar-
borols stack to form rod-shaped assemblies,
resulting in gel formation in aqueous solu-
tion (7). Meijer and co-workers recently
reported that dendritic block copolymers
with amphiphilic character self-assemble to
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