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Large, rapid global sea-level changes challenge the paradigm of stable Late Cretaceous
greenhouse climates, even during peak intervals of global warmth. Sequence stratigraphic
studies on the New Jersey margin yielded evidence of large and rapid sea-level lowerings
in the Santonian to early Campanian. The duration and rate of such fluctuations can only
be explained by glacioeustatic change. Interpretation of deep-sea benthic foraminiferal
oxygen isotopic records and interregional correlations of sequence stratigraphic records
provides evidence for the glacioeustatic origin of Santonian to early Campanian
sequences.
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INTRODUCTION TO THE DISSERTATION
This thesis provides a detailed analysis of global changes in sea level and
paleotemperature during the Campanian-Santonian. Late Cretaceous paleotemperature
estimates based on δ18Ο data suggest ice-free greenhouse climate conditions (e.g.,
Jenkyns et al., 1994; Clarke and Jenkyns, 1999; Huber et al., 2002; Wilson et al., 2002,
Bice et al., 2006). Huber et al. (1995) proposed that the Santonian-Campanian (85-78
Ma) interval was one of the warmest episodes in the Late Cretaceous based on an
interpretation of δ18Ο benthic foraminifera. Sea-level studies of Upper Cretaceous strata
on the New Jersey coastal plain indicate large and rapid sea-level fluctuations with rates
that are greater than 25 m per 1 Myr even during the Santonian-Campanian. Miller et al.
(2003, 2005) suggested that such changes on the New Jersey coastal plain can only be
caused by glacial growth and decay. If the ice-volume changed, then global oxygen
isotopic values should have increased at the sequences boundaries. Thus, the correlation
of δ18Ο and sea-level records can potentially reveal the cause of sea-level fluctuations.
However, δ18O records for the Santonian-Campanian interval are limited to the DSDP
Site 511 low-resolution (~1 Myr) benthic foraminiferal record (Huber et al., 2005) that
prevents resolution of short term (less then 1 Myr) cooling events.
Two recent oxygen isotopic studies of Ocean Drilling Project (ODP) Site 1258
(Moriya et al., 2007) and Site 1259 (Bornemann et al., 2008) provided high-resolution
d18O records but yielded contradictory interpretations of global δ18Ο increases and sealevel changes in the Late Cretaceous. Moriya et al. (2007) suggested no evidence of ice
sheets in mid-Cenomanian based on multiple species analysis of benthic foraminifera
δ18Ο. Miller et al. (2008) reexamined their data and suggested that benthic foraminiferal
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δ18Ο data of Moriya et al. (2007) are found overprinted by analysis of multiple species
with very large vital and diagenetic effects. Bornemann et al. (2008) interpreted highresolution benthic foraminifera δ18Ο analysis paired with TEX86 (evaluation of
temperature versus ice volume) as an indicator of global cooling and ice formation in the
mid Turonian. This event correlates with the global the mid-Turonian sea-level fall first
detected by Vail et al. (1977) and Haq et al. (1987) and verified by Miller et al. (2005).
Verification of Santonian-Campanian paleoclimate (85-78 Ma) is particularly
important for investigation of sea-level changes and requires parallel investigation of
paleotemperature, ice-volume, and sea-level records.

While previous studies have

obtained sea-level records from continental margins and δ18Ο records from deep sea
sites, there has not been a parallel investigation of paleotemperature, ice-volume and sealevel record for the Santonian-early Campanian interval. In these studies I obtain benthic
foraminiferal δ18Ο in the Santonian-early Campanian interval with much higher
resolution than previously available. I correlate sea-level records from geographically
distributed continental margins and estimate paleotemperature and ice-volume during
sea-level falls. I interpret possible causes of eustasy in a greenhouse climate by asserting
the following hypothesis:

Hypothesis:
Moderate-sized ice sheets grew and melted during the Late Cretaceous peak of
warmth in the Santonian-early Campanian (85-78.8 Ma) and produced large and rapid
sea-level fluctuations. Oxygen isotopic analyses and sea-level reconstructions provide
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proxies for evaluation of the glacioeustatic origin of sea-level falls. Synchronous changes
in δ18Ο and global sea-level records indicate the possible existence of ice sheets.
Null Hypothesis:
The large and rapid sea-level fluctuations detected on continental margins were
produced by mechanisms other than glacioeustasy. These mechanisms are associated
with large and intensive water mass uptake from the global ocean in a short period of
time and do not include variations in ground-water storage (Jacobs and Sahagian, 1993)
or there is the mechanism for any thermal expansion of seawater.

BACKGROUND
The Late Cretaceous has been reconstructed as a Greenhouse world with warm
polar climates and most studies have assumed the absence of polar ice sheets (e.g., Bice
et al., 2006, Huber et al., 2002).

Estimated low latitude SST’s during the Santonian-

Cenomanian period (85-100 Ma) range from 32°C to 41°C (Bice et al., 2006). This study
was based on the δ18Ο and Mg/Ca data interpretation for paleotemperature and
biomarker δ13C for CO2 estimates. The hottest bottom water temperature of 20 °C during
the Late Cretaceous was reported for the latest Cenomanian and earliest Turonian, very
warm to warm paleotemperatures, averaging 12°C were reported for the middle
Campanian, with gradual cooling to an average of 9°C during the Maastrichtian (Huber
et. al., 2002). The estimates of the paleolatitudinal gradient are 0.10°. That is very low in
comparison with the modern one of 0.4°C (Huber et. al., 2002).
At the same time, detailed sea-level studies indicate large (tens of meters), and
rapid (<Myr) Late Cretaceous global sea-level variations. Pitman and Golovchenko
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(1983) noted that the only mechanism that can explain such rapid eustatic changes is
glacioeustasy. Based on sea-level records and his reinterpretation of the δ18Ο record,
Matthews (1984) postulated the presence of intermittent ice sheets in the Cretaceous.
Stoll and Schrag (2000) interpreted Cretaceous bulk isotopic fluctuations as reflecting
growth and decay of ice sheets.

Miller et al. (2003, 2004, 2005) interpreted Late

Cretaceous sea-level variations as reflecting the growth and decay of small to medium ice
sheets (10-15 x 106km3) (Fig. 3).

This interpretation predicts that seawater δ18Ο

variations of 0.15‰ to 0.5‰ occurred in the Late Cretaceous.
The paleoceanographic community has remained skeptical of the Matthews-StollMiller hypothesis (Moryia et al., 2007, Ando et al., 2009 for a rejection and Miller et al.,
2009 and Bornemann et al., 2009 for a reply) and assumed the absence of polar ice
sheets. However, there are two reasons that may not warrant this assumption. First, there
is no direct evidence (e.g., IRD, tills) of glaciation near Antarctica older than 33 Ma, but
indirect evidence suggests formation of glaciers in Antarctica prior to that time
(Browning et al., 1996; Tripati et al., 2005). In fact, it took many years of drilling to find
direct evidence of Antarctic glaciation in the Oligocene (see summaries in Zachos et al.,
1992; Miller et al., 1991). Second, Late Cretaceous climate studies have only provided a
broad scale (essentially, million years) view of the high latitude climate. Short cool
intervals are likely to be missed (Royer et al., 2004)
Parts of the Late Cretaceous provide an opportunity to recover the short-term
eustatic pulses (<1 Myr) and to evaluate their triggering mechanisms (Miller et al., 2003,
2004, Gale et al., 2002). Previous studies of the Santonian-Campanian based on low
resolution δ18Ο record (Huber et al., 2002) indicate a potential correlation between major
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δ18Ο increases and sea-level falls (Miller 2004, 2005, Mizintseva et al., 2009). The
Santonian-Campanian oxygen isotopic record can be improved with much higher
resolution sampling allowing a significantly improved correlation with the short-term
sea-level record. The interpretation of the δ18Ο record has to take into account the
uncertainties associated with the fact that the oxygen isotopic composition of
foraminiferal calcite is dependent on both the temperature and oxygen isotopic
composition of seawater.

The Mg/Ca ratio provides an independent estimate of

paleotemperature (e.g., Rosenthal et al., 1997). The paired studies of δ18Ο and Mg/Ca
allow one to distinguish between δ18Ο of paleotemperature and δ18Ο of seawater (the
latter is a proxy for glacioeustasy). Estimates of the ice volume can also be gained from
the continental record of rapid global sea level changes. Correlation of the continental
records of sea-level falls and δ18Ο increases is evidence for short glacial intervals.

OBJECTIVES
My research is designed to directly address the Late Cretaceous sea-level enigma
by: 1) generation of high-resolution δ18Ο and Mg/Ca data for the Santonian-early
Campanian stage; 2) correlation of global the Santonian-early Campanian sequence
stratigraphic records from the U.S. Western Interior, the New Jersey coastal plain, and
Russian Platform; and 3) evaluation of different causal mechanisms triggering sea-level
falls under greenhouse climate conditions.
In the first chapter of my thesis, I present a detailed overview of the New Jersey
coastal plain sequence stratigraphy for the Santonian-early Campanian interval.

I

conduct detailed litho- and paleobathymetric and biostratigraphic analyses of the

6
Merchantville Formation sequences in four New Jersey coastal plain coreholes (Sea Girt,
Ancora, Millville, and Bass River). The integrated sequence stratigraphic analysis
identifies three sequence boundaries within the Merchantville Formation that were dated
using calcareous nannoplankton biostratigraphy. The interregional correlation of
Merchantville sequence boundaries indicates their close association with the SantonianCampanian cooling events and sea-level falls. The major concerns in these studies are the
resolution of oxygen isotopic record and the age control on global sea-level events. I
propose further investigation of Late Cretaceous sea-level to obtain a higher resolution
δ18O record and to improve the global correlation of the Late Cretaceous sequences.
In the second chapter, I correlate the Santonian-early Campanian sea-level record
obtained on the New Jersey coastal plain with the deep-sea benthic foraminifera
δ18Ο record. I performed geochemical analyses on well-preserved benthic foraminifera
from the upper Coniacian to lower Campanian sections (~81.5-87 Ma) of Deep Sea
Drilling Program (DSDP) Site 511 (Falkland Plateau) with much higher resolution than
was previously obtained. The oxygen isotope record shows increases associated with
global cooling and possible ice growth. The sea-level reconstructions based on the
geochemical proxies are very close to eustatic estimates from the New Jersey coastal
plain. Close agreement of the New Jersey coastal plain sea-level record, the oxygen
isotope increases, and sea-level reconstructions based on the geochemical properties of
seawater provides an indirect evidence of short glacioeustatic episodes in the Late
Cretaceous greenhouse.
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The third part of the dissertation is the interregional correlation of Santonian-early
Campanian sequences. The Mancos Shale was proposed for detailed geochronological
studies and high-resolution (1-5 Myr) correlation (e.g. Leckie et al., 1997). However, the
expected results were not obtained from the studies and led me beyond the borders. An
additional area for Santonian-early Campanian sea-level reconstructions were the
Voronezh anticline on the Russian Platform, Russia (e.g. Sahagian et.al., 1996). This
studies yielded reliable results and provided the basis for the interregional correlation.
The timing of the Russian platform sequences correlates with that of the Santonian to
Campanian sequences of the New Jersey coastal plain in a nearly one-to-one
correspondence. The intercontinental correlation suggests that sea-level changes affecting
the New Jersey margin in the Santonian-Campanian had an interregional cause.
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EXPLANATORY NOTES
These explanatory notes provide details about 1) the criteria used to define sequence
boundaries; and 2) the method used to derive age estimates for sequences and the
durations of hiatuses across sequence boundaries. Included here are a detailed description
of the biostratigraphic zonation employed with the primary species used to distinguish
zones and the ages of tops and bottoms of zones (Hardenbol et al., 1998). These
biostratigraphic data are repotted on updated age-depth plots along with previously
published Sr isotopic data (Miller et al., 2004, Miller et al., 2006). The ages are updated
to the 2008 Geologic Time Scale (Ogg et al. (2008)).
I defined sequence boundaries in the Merchantville Formation at ODP 174AX
Millville, Ancora, Bass River and Sea Girt coreholes. Sequence boundaries were
identified on the basis of physical stratigraphy and hiatuses. The commonly recognized
criteria are shifts in lithofacies, surfaces with evidence for erosion, gamma log increases,
changes in benthic foraminiferal biofacies, foraminifera number, and hiatuses across the
surface. This follows criteria previously used to identified sequence boundaries in the
New Jersey costal plain (e.g., Browning et al., 2008).
At Ancora, the basal Merchantville I sequence (MEI) is not identified. The
Merchantville II sequence boundary (MEII) is recognized by the presence of a gamma
log peak, and an abrupt shift in lithofacies from a quartz sand below to a clayey
glauconite sand above. The basal Merchantville III sequence boundary (MEIII) is
associated with a gamma log peak, an increase in foraminiferal number, and an age break
(Fig. 1 and 9).
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The basal MEI sequence boundary at Bass River is recognized by a gamma log peak
and a shift in lithofacies across a distinct surface from quartz glauconite sand below to
glauconite sand above. The basal MEII sequence boundary is identified by a shift in
lithofacies from glauconite sand below to glauconite sandy clay above and decreasing
gamma log values. The basal MEIII sequence boundary is recognized by a gamma log
peak, and an increase in foraminiferal number (Fig. 2).
At Millville the MEI sequence is not identified. The basal MEII sequence boundary is
associated with a gamma log peak, and lithofacies shift from quartz glauconite sand
below to glauconite sand above. The basal MEIII sequence boundary is associated with a
gamma log peak, an increase in foraminiferal number, and a hiatus (Fig. 3 and 9).
The basal MEI sequence boundary at Sea Girt is identified by the lithofacies shift
from quartz glauconite sand below to glauconite sand above, and an irregular surface.
The basal MEII sequence boundary is defined by the presence of a gamma log peak and a
lithofacies shift from slightly sandy clay below to clayey glauconite sand above. The
basal MEIII sequence boundary is associated with a gamma log peak, an increase in
foraminiferal number, and a lithofacies shift from slightly sandy clay below to clayey
glauconite sand above (Fig. 4). The table below lists the features observed at the
Merchantville sequence boundaries in each corehole (Millville, Ancora, Bass River and
Sea Girt):

Merchantville

Ancora

Bass River

Millville

Sea Girt

Sequences
Me I

gamma ray pk.

lithofacies shift
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Me II

Me III

lithofacies shift

irregular contact

gamma ray incr. lithofacies shift

gamma ray incr. gamma ray pk.

lithofacies shift

lithofacies shift

lithofacies shift

foram# increase, gamma ray pk

gamma ray pk.

gamma ray pk

age

break, foram # increase foram # increase lithofacies shift

gamma ray pk.

age break,

foram # increase

The calcareous nannofossil zonal scheme of Hardenbol et al. (1998) is used for
biostratigraphic zonation.
Nannofossil Zone
CC19

Nannofossil Markers
HO

Stages

Marthasterites Campanian

Time in Ma
80.97 Ma

furcatus
CC18

LO

of

Broinsonia Campanian

83.50 Ma

parca parca
CC17

LO of Calculites

Santonian

84.32 Ma

obscurus

CC16

LO Lucianorhabdus Santonian
cayeuxii

84.9 Ma
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At the Millville corehole nannofossil Zones CC16-18 were identified. Zone CC16 was
identified based on the appearance of Arkhangelskiella cymbiformis and Calculites ovalis
at 1254 ft. At 1250 ft the lowest occurrence (LO) of Broinsonia parca expansa and
Calculites obscurus indicates Zone CC17 from 1250-1228 ft. The LO of Broinsonia
parca parca at 1228 ft indicates Zone CC18 from 1228-1202 ft. The biostratigraphic age
estimates are:

Millville
1200 ft

HO of

Age
CC19

80.97 Ma

CC18

83.50 Ma

LO of Calculites CC17

84.32 Ma

Marthasterites
furcatus
1228 ft

LO of
Broinsonia
parca parca

1250 ft

obscurus
Broinsonia
parca expansa
1254 ft

Arkhangelskiella CC16
cymbiformis
Calculites ovalis

15
At the Bass River corehole the Merchantville sequences are assigned to Zones CC1620 (Santonian-lower Campanian) (Miller et al., 2004).

Zone CC16 is identified by

primary zonal criteria LO of Calculites ovalis 1674 ft and supplementary criteria,
presence of Lucianorhabdus cayeuxii at 1683.5 ft. Zone CC17 is identified by the LO of
Calculites obscurus and the presence of Calculites ovalis at 1670.7 ft. Zone CC18 is
identified by the HO of Marthasterites furcatus at 1659.5 ft. The table below, is from the
Bass River site report (Miller et al., 1998) shows the distribution of species used for
zonation.

Occurrences of Cretaceous nannoplankton in the Bass River borehole
1488 ft

CC19/CC20

Broinsonia

Campanian

Englishtown/Woodbury

Campanian

Woodbury

Campanian

Woodbury

Campanian

Woodbury

parca
Calculites
obscurus
1520 ft

CC19/CC20

Broinsonia
parca
Calculites
obscurus

1560 ft

CC19/CC20

Broinsonia
parca
Calculites
obscurus

1581.6 ft

CC19/CC20

Broinsonia

16
parca
Calculites
obscurus
1604.9 ft

CC19/CC20

Broinsonia

Campanian

Woodbury

Campanian

Woodbury

Campanian

Woodbury

Campanian

Merchantville

Sant./Camp.

Merchantville

parca
Calculites
obscurus
1620 ft

CC19/CC20

Broinsonia
parca
Calculites
obscurus

1639.9 ft

CC19/CC20

Broinsonia
parca
Calculites
obscurus

1659.9 ft

CC18

Calculites
obscurus
Marthasterite
s furcatus

1670.7 ft

CC17

Calculites
obscurus
Calculites
ovalis

17
1676 ft

CC16

Calculites

Santonian

Merchantville

Santonian

Cheesequake

ovalis
1683.5 ft

CC16

Lucianorhabd
us cayeuxii

The nannofossils analysis in the Bass River Site Report do not specify LO of
Broinsonia parca parca but instead identify Zone CC18 by HO of Marthasterites
furcatus. Appearance of Broinsonia parca above Marthasterites furcatus identifies Zones
CC19/20.

1659.5 ft

Bass River

Age

HO of Marthasterites CC18

80.97 Ma

furcatus
1670.7 ft

LO

of

Calculites CC17

84.32 Ma

obscurus
Calculites ovalis
1674 ft

Calculites ovalis

CC16

1683.5 ft

Lucianorhabdus

CC16

84.9 Ma

cayeuxii

At Sea Girt, zonal assignment is less certain. Samples from 964.4 to 1060 ft (293.95 to
323.09 m) were initially assigned to upper Santonian Zone CC17 based on the absence of
Eprolithus florilus (Miller et al., 2006). Reevaluation and comparison with Bass River,
the Sea Girt samples are assigned from 1050.6-998.5 ft to Zones CC16 by use of the
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presence of Lucianorhabdus cayeuxii and the samples from 998.5-964.4 ft are assigned to
Zone CC17 based on the LO of Calculites obscurus at 998.5 ft. The LO of Broinsonia
parca parca at 964.4 ft identifies the base of Zone CC18. The HO of Marthasterites
furcatus at 901.0 ft identifies the base of Zone CC19.. The Merchantville I and II
sequences at Sea Girt are assigned to Zone CC17, and MEIII is assigned to Zones CC 1819. The ages of MEIII upper boundary vary at Ancora, Bass River, and Millville sites.

901.0 ft

Sea Girt

Age

HO of Marthasterites

80.97 Ma

furcatus
964.4 ft

LO of Broinsonia parca CC18

83.50 Ma

parca
998.5 ft

LO

of

Calculites CC17

84.32 Ma

obscurus
1050.6 ft

Lucianorhabdus

CC16–CC17

84.9 Ma

cayeuxii

The age depth plots incorporate the biostratigraphic data and strontium isotopic age
estimates. Sr-data is from the site reports augmented by additional Sr isotopic data from
Sea Girt, Bass River, and Ancora. All ages are reported to the 2008 Geologic Time Scale
(Fig. 5, 6, 7, 8; Ogg et al., 2008).
Sr-isotope age errors were calculated for each point by use of a Sr isotope age
resolution table provided by K.G. Miller (personal communication, 2013) (Table 1). The
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errors were plotted on the age-depth graphs as a thin lines on the sides of the data points
(Fig. 5-8).
Though Sr isotopes are consistent with biostratigraphic ages in the shallower portions
of the sequences identified here, they, tend to diverge in the deeper sequences. For,
example, Sr in the lower Englishtown, MEIII, and MEII sequences below 740.5 ft/225.5
m at Ancora diverge from 0-7 Myr. Large differences between biostratigraphic and Sr
isotopic ages must be due to diagenetic alternations of carbonates (Fig. 5, grey points). At
Bass River, the most of the Sr age estimates are different from biostratigraphic ages by 56 Myr (Fig. 6). At Millville, 5 of 7 points diverge by 1 to 5 Myr (Fig. 7). At Sea Girt, ages
of 8 out of 11 Sr isotope data points differ from biostratigraphic estimates by 2-11 Myr
(Fig. 8).
The age of MEI is constrained at Bass River and Sea Girt, where it is associated with
LO of Lucianorhabdus cayeuxii (84.90 Ma) and at Bass River with Sr isotope age of
85.22 ±0.6 Ma. The age of MEI sequence (85.5-84.5 Ma) has a correspondingly large
error of ±1 Myr.
The age of MEII is well constrained by two biostratigraphic datum levels, which
consistently appear in most of the studied locations. They are LO of Calculites obscurus
(84.32 Ma) and LO of Broinsonia parca parca (83.50 Ma). Only at Bass River, the LO of
Broinsonia parca parca was not identified (Miller et al., 2006). The age estimate for
MeII is 84.5-83.5 Ma with an error of ±0.5 Myr.
The age of MEIII is based on HO of Marthasterites furcatus (80.97 Ma) and Sr
isotope ages. At Ancora no Sr isotope data points are valid for the MEIII sequence. At
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Millville and at Bass River Sr isotope age is reliable only in single points of 75.77±0.5
and 76.23±0.5 respectively. At Sea Girt Sr isotope ages are valid in multiple points:
Sea Girt
Sr age

Sr error

77.92

0.69829

77.68

0.6983

80.23

0.91311

The age of the MeIII sequence is 81-76 Ma with an error of ±0.5 Myr. A hiatus is
identified between the MeII and MeIII sequences with duration a 2.5 Myr, and it is
assumed that there is a hiatus of at least 0.1 Myr between the MeI and MeII sequences
(Fig. 9). This is based on the assumption that continuous deposition across the sequence
boundary is unlikely at Sea Girt and Bass River given hiatuses at correlative levels at
Millville and Ancora.
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FIGURE CAPTIONS
Figure 1 Analysis of Merchantville sequence boundary features at Ancora borehole
Figure 2 Analysis of Merchantville sequence boundary features at Bass River borehole
Figure 3 Analysis of Merchantville sequence boundary features at Millville borehole
Figure 4 Analysis of Merchantville sequence boundary features at Sea Girt borehole
Figure 5 Age-depth plot for Merchantville sequences at New Jersey Coastal Plain Site
Ancora. Biostratigraphic nannofossils data points are empty circles for the first
occurrences, and x for the last occurrence; Sr isotope data points are black filled circles.
The Sr isotope error is ±1 Myr shown in thin black line. The sequence boundaries are thin
red lines. The age scale is in accord with GST2009.
Figure 6 Age-depth plot for Merchantville sequences at New Jersey Coastal Plain Site
Bass River. Biostratigraphic nannofossils data points are empty circles for the first
occurrences, and x for the last occurrence; Sr isotope data points are black filled circles.
The Sr isotope error is ±1 Myr shown in thin black line. The sequence boundaries are thin
red lines. The age scale is in accord with GST2009.
Figure 7 Age-depth plot for Merchantville sequences at New Jersey Coastal Plain Site
Millville. Biostratigraphic nannofossils data points are empty circles for the first
occurrences, and x for the last occurrence; Sr isotope data points are black filled circles.
The Sr isotope error is ±1 Myr shown in thin black line. The sequence boundaries are thin
red lines. The age scale is in accord with GST2009.
Figure 8 Age-depth plot for Merchantville sequences at New Jersey Coastal Plain Site
Sea Girt. Biostratigraphic nannofossils data points are empty circles for the first
occurrences, and x for the last occurrence; Sr isotope data points are black filled circles.
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The Sr isotope error is ±1 Myr shown in thin black line. The sequence boundaries are thin
red lines. The age scale is in accord with GST2009.
Figure 9 Age-depth plots and time block diagram for Merchantville sequences at New
Jersey Coastal Plain sites Ancora, Bass River, Millville, and Sea Girt; depth scales given
in feet, on the left side the depth scales of Ancora and Sea Girt sites, on the right side the
depth scales of Bass River and Millville sites. Biostratigraphic nannofossils and Sr
isotope ages are given according to GST2009.
Table 1 Sr-isotope age estimates for Ancora, Bass River, Millville, and Sea Girt sites
with errors calculated individually for each point.
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Sequence boundary features at Ancora corehole
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Sequence boundary features at Bass River corehole
%Plank.

Lith. Gamma Log Cumulative Biofacies
1640

g

MeIII

g

1650

Depth (ft)

Foram # Seqs.

g

1660

g

g
g

MeII

1670
g

g

MeI

g

1680
g

g

CH

1690
0

Seqs.

50
c/s

100

50
%

Gamma Log

100

0.5

Cumulative
Lith.

1

50
%

Biofacies

100

2000
s/g

%Plank.

4000

Foram #

MeIII
MeII
MeI

Figure 2
Figure 2

26

Sequence boundary features at Millville corehole
1200

Lith. Gamma log Cumulative Biofacies

Depth (ft)

Foram # Sequences

MFS

g

MeIII

g

TST
g

g

1250

%Plankt.

HST

g

MeII

TST

g
g

0

CH
50

c/s

Seqs.

100

50

100

0.5

%

Gamma Log Lithofacies

1

50

%

Biofacies

100

50

100

s/g

%Plank.

Foram #

MeIII
MeII

Figure 3
Figure 3

27

Sequence boundary features at the Sea Girt Corehole
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Ancora Age Depth Plot
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Bass River Age Depth Plot
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Millville Age Depth Plot
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Sea Girt Age Depth Plot
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Ancora
Bass River
Sample
Sample
Depth (ft) 87Sr/86Sr Error (+/-) Age (Ma) Depth (ft)
622.0
0.707903 0.000005
63.7
1260.9
629.0
0.707832 0.000004
66.8
1261.4
636.0
0.707844 0.000005
66.3
1261.75
643.0
0.707826 0.000005
67.1
1263.5
649.2
0.707802 0.000004
68.2
1264.0
650.0
0.707811 0.000006
67.8
1264.5
652.0
0.707722 0.000006
71.8
1265.0
653.1
0.707749 0.000005
70.6
1266.5
659.5
0.707728 0.000005
71.5
1267.0
665.0
0.707705 0.000020
72.6
1267.5
666.5
0.707726 0.000013
71.6
1269.0
676.4
0.707713 0.000005
72.2
1269.5
678.0
0.707710 0.000005
72.3
1280.0
681.5
0.707698 0.000006
72.9
1303.7
691.0
0.707644 0.000009
74.4
1355.0
713.8
0.707676 0.000005
73.9
1421.2
716.0
0.707649 0.000006
74.1
1427.9
718.0
0.707654 0.000020
73.8
1429.8
725.1
0.707653 0.000006
73.9
1440.4
733.0
0.707642 0.000006
74.5
1455.0
738.0
0.707692 0.000008
71.7
1455.0
740.5
0.707792 0.000007
66.2
1460.0
747.0
0.707654 0.000018
73.8
1469.6
750.8
0.707674 0.000022
72.7
1525.0
753.0
0.707620 0.000007
75.7
1525.0
767.0
0.707642 0.000007
74.5
1560.0
771.1
0.707639 0.000005
74.6
1595.0
776.7
0.707753 0.000004
68.3
1612.0
780.2
0.707609 0.000015
76.3
1630.0
821.9
0.707628 0.00001
75.2
1642.0
825.2
0.707568 0.000005
78.5
1651.7
844.0
0.707556 0.000006
79.2
1660.0
860.0
0.707565 0.000008
78.7
1665.0
863.5
0.707584 0.000005
77.7
1669.0
872.0
0.707607 0.000006
76.4
1679.6
885.2
0.707537 0.000005
80.3
1679.9
889.9
0.707609 0.000013
76.3
1696.0
892.1
0.707657 0.000004
73.6
1698.5
904.2
0.707546 0.000005
79.8
1700.0
904.5
0.707565 0.000006
78.7
1701.0
922.0
0.707521 0.000005
81.1
1705.0
932.1
0.707554 0.000022
79.3
1705.8
1104.9
0.707507 0.000005
81.9
1708.6
1144.2
0.707444 0.000008
85.4
1809.0
1815.0
1827.0
1835.0
1855.0
1871.0
1883.0

87Sr/86Sr
0.707889
0.707876
0.707885
0.707895
0.707908
0.707900
0.707874
0.707884
0.707872
0.707872
0.707897
0.707875
0.707882
0.707695
0.707741
0.707638
0.707617
0.707608
0.707585
0.707649
0.707680
0.707680
0.707570
0.707699
0.707576
0.707586
0.707593
0.707602
0.707559
0.707548
0.707558
0.707545
0.707525
0.707534
0.707444
0.707508
0.707531
0.707501
0.707502
0.707484
0.707556
0.707493
0.707470
0.707420
0.707483
0.707440
0.707434
0.707453
0.707449
0.707445

Error (+/-) Age (Ma)
0.000018
64.3
0.000013
64.9
0.000004
64.5
0.000005
64.0
0.000005
63.4
0.000004
63.8
0.000016
65.0
0.000010
64.5
0.000010
65.0
0.000013
65.0
0.000006
63.9
0.000005
64.9
0.000032
64.6
0.000014
73.0
0.000039
70.9
0.000006
74.7
0.000005
75.8
0.000016
76.3
0.000006
77.6
0.000013
74.1
0.000015
73.7
0.000015
73.7
0.000006
78.4
0.000007
72.8
0.000021
78.4
0.000007
77.6
0.000008
77.2
0.000014
76.7
0.000005
79.0
0.000005
79.7
0.000006
79.1
0.000008
79.8
0.000006
80.9
0.000005
80.4
0.000006
85.4
0.000006
81.9
0.000005
80.6
0.000005
82.2
0.000006
82.2
0.000006
83.2
0.000005
79.2
0.000006
82.7
0.000006
84.0
0.000006
86.7
0.000004
83.2
0.000004
85.6
0.000005
85.9
0.000005
84.9
0.000006
85.1
0.000009
85.3
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CHAPTER 1: INTEGRATED LATE SANTONIAN-EARLY CAMPANIAN
SEQUENCE STRATIGRAPHY, NEW JERSEY COASTAL PLAIN:
IMPLICATIONS TO GLOBAL SEA-LEVEL STUDIES
Svetlana F. Mizintseva, James V. Browning, Kenneth G. Miller
Department of Geological Sciences, Rutgers University, Piscataway, NJ 08854
ABSTRACT
Recent studies of the Santonian-lower Campanian section (Merchantville
Formation) in two coreholes (Ancora and Bass River) from the New Jersey coastal plain
identified the existence of concatenated sequences in glauconitic facies (Miller et al.,
2004). The lithologic expression of unconformities within the Merchantville glauconitic
sediment is obscure and their resolution requires an integrated stratigraphic approach.
Here, we present detailed litho-and biostratigraphic analyses of the Merchantville
Formation sequences in four New Jersey coastal plain coreholes (Sea Girt, Ancora,
Millville, and Bass River).

Biofacies analysis reveals four benthic foraminiferal

assemblages from inner to middle neritic environments.

Correlation of benthic

foraminiferal biofacies, percentage of planktonic foraminifera, and lithologic data
indicates that water depths varied between 30 and 75 m.

The correlation of

biostratigraphy, benthic foraminiferal biofacies, lithology, and gamma logs delineates
unconformities, and identifies three sequences within the Merchantville Formation (MeI,
MeII, MeIII).

The age of these sequences has been constrained by calcareous

nannoplankton biostratigraphy (MeI: CC16; MeII: CC17-18; MeIII: CC18-19) from
79.1 to 85.0 Ma. Three Merchantville sequences are evident within all four New Jersey
coastal plain coreholes, suggesting that the sequences are regional in extent.
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Comparison of the New Jersey shallow marine sequences with the deep-sea oxygen
isotope record from DSDP Site 511 (Falkland Plateau) reveals two episodes of sea-level
fall synchronous with the oxygen isotope increases.

Our data imply that the

Merchantville sequence boundaries may be attributed to global cooling and ice volume
increases. Our results support the contention that global sea-level changes during the
peak warmth of the Cretaceous were controlled by ice volume variations.
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INTRODUCTION
The Late Cretaceous has been reconstructed as a Greenhouse world with warm
polar climates (Bice et al., 2006) and most studies have assumed the absence of polar ice
sheets (e.g., Huber et al, 1996). Beginning with studies by Exxon Production Research
Company (Vail et al., 1977; Haq et al., 1988) and continuing with more recent studies
(Van Sickle et al., 2003; Miller et al., 2003, 2004, 2005a, b; Kominz et al., in review),
sea-level studies have indicated large (tens of meters), rapid (<1 Myr) Late Cretaceous
global sea-level (eustatic) variations. Such large and rapid eustatic changes can be
explained only by glacioeustasy (Pitman and Golovchenko, 1983). Matthews (1984)
realized this enigma and, based on sea-level records and his reinterpretation of the δ18O
record, postulated the presence of intermittent ice sheets in the Cretaceous. Stoll and
Schrag (1996) interpreted Cretaceous isotopic fluctuations as reflecting growth and decay
of ice sheets. Hence, Miller et al. (2003, 2004, 2005a, b) interpreted Late Cretaceous sealevel variations as reflecting the growth and decay of small to medium ice sheets (10-15 x
106km3).
The paleoceanographic community has been skeptical of this recent the
Matthews-Stoll-Miller’s hypothesis (see Moryia et al., 2007 for a rejection and Miller et
al., in press for a reply) and assumed the absence of polar ice sheets. There are two main
reasons for this assumption.

First, there is no direct evidence (e.g., IRD, tills) of

glaciation near Antarctica older than 33 Ma, but indirect evidence suggests glaciers
formed in Antarctica prior to that time (Browning et al., 1996; Tripati et al., 2005). In
fact, it took many years of drilling to find direct evidence of Antarctic glaciation in the
Oligocene (Zachos et al., 1992; Miller et al., 1991). Second, Late Cretaceous climate
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studies have only provided a broad scale (essentially million years) view of high latitude
climate. Shorter cool intervals (Royer et al., 2004) are likely to be missed in such
approaches.
The presence of ice on Antarctica can be inferred by synchronous changes in sealevel and global δ18O records. The New Jersey passive continental margin provides an
excellent location to reconstruct Cretaceous sea-level changes.

There are minimal

regional tectonic influences (Kominz et al., 1998), well-developed Upper Cretaceous
sequences (unconformity-bounded units) (Miller et al., 1998, 2004), and excellent
preservation of calcareous nannofossils for age control (Sugarman, et al., 1995; Miller et
al., 2004). The New Jersey Coastal Plain Drilling Program (part of the Mid-Atlantic
Transect, Ocean Drilling Program [ODP] 174AX) launched in 1993 has established a
high-resolution sequence stratigraphy for the last 100 Myr. Continuous coring by ODP
Legs 174AX on New Jersey yielded well-preserved Upper Cretaceous deposits with
prominent Santonian-lower Campanian sections.

Integrated lithostratigraphic and

biostratigraphic analyses of the Ancora and Bass River coreholes (Fig. 7, Miller et al.,
2004) revealed very low sedimentation rates, assuming continuous sedimentation, in the
Santonian-lower Campanian glauconitic facies.

The low sedimentation rates were

suggestive of hiatuses and the presence of multiple cryptic unconformities. Miller et al.
(2004) were tentatively recognized and named three sequences in this interval ( from
bottom to top): Merchantville I (MeI), Merchantville II (MeII), and Merchantville III
(MeIII; Miller et al., 2004, 2005a). The MeI and MeII sequences are comprised of the
Merchantville Formation deposits and the MeIII sequence is comprised of the upper
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section of the Merchantville Formation along with Woodbury and lower Englishtown
Formations.
The Santonian-early Campanian is a particularly critical interval for evaluating
possible links between sea-level and global δ18O changes because this was one of the two
warmest interval of the Late Cretaceous (Huber et al., 1995). In this paper, we revisit
Santonian-early Campanian Merchantville sequences in New Jersey using recently drilled
coreholes and more detailed analyses than were available in previous studies.

The

Millville and Sea Girt coreholes (Miller et al., 2006; Sugarman et al., 2005) were drilled
to provide a more regional perspective on the New Jersey Cretaceous sequences
described at Ancora and Bass River. We identify the MeI, II, and III sequences in these 4
coreholes (Fig. 2), estimate paleowater depths, and provide biostratigraphic age control
on the sequences. The Merchantville sequence-stratigraphic framework can be used to
compare with global δ18O records and to evaluate possible controlling mechanisms for
the Santonian-lower Campanian sequences in New Jersey and global sea-level.

METHODS
The Merchantville Formation was studied in four ODP (174AX) New Jersey
Coastal Plain coreholes (Bass River, Millville, Sea Girt, and Ancora; Fig. 1). Sequence
boundaries are recognized in these cores on the basis of physical stratigraphy (including
irregular contacts, with reworking and heavy bioturbation, major lithofacies shifts, and
gamma ray increases) and age breaks determined by biostratigraphy. Age control for the
Merchantville sequences relies primarily on calcareous nannofossil biostratigraphy.
Paleodepths and paleoenvironments are interpreted using benthic foraminifer occurrences
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and census data, a paleoslope model relying on benthic foraminiferal biofacies
distribution (e.g., Nyong and Olsson, 1983), percent planktonic foraminifers, and
lithologic information.
Lithofacies
Lithofacies were recognized on the basis of grain size, general lithology, bedding,
and sedimentary structures. The cumulative-percent plots of the sediment fractions were
computed from samples taken at ~2 ft (~0.6 m) interval. Each sample was dried and
weighed before washing; the dry weight was used to compute the percentage of sand
versus silt and clay. Samples were washed through a 63-µm sieve to eliminate the silt
and clay fraction; more indurated samples were soaked in a sodium metaphosphate
solution to deflocculate the clays. The sand fraction was dried and sieved through a 250µm sieve to separate very fine and fine sand, from the medium and coarse fractions. The
fractions were weighed to obtain the percent of very fine and fine versus medium and
coarser sand. The sand fractions were examined and visual estimates were made using a
binocular microscope to compute the percentages of quartz, glauconite, carbonate
(foraminifers and other shells), mica, and other materials contained in the samples.
Biofacies analysis and foraminiferal metrics
Samples from Bass River, Millville, Ancora, and Sea Girt coreholes were
analyzed for foraminiferal content. Approximately ~300 benthic specimens were picked
from each sample. Very rich samples were split before picking. Some samples poor in
foraminifers from Sea Girt corehole were floated in perchloroethylene to concentrate the
specimens. The samples that contained fewer than 50 specimens total were eliminated
from the statistical analysis of biofacies.
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The species identification relied upon Olsson (1977, 1988), Olsson and Usmani
(1992), Cushman (1946), and Loeblich and Tappan (1988). The number of benthic
foraminiferal species was converted into percentages (Tables 1, 2, and 3). A Q-mode
factor analysis was performed using Systat computer program to compare variation
among the samples. The resulting loadings of ~1.0 or greater were considered suitable
for interpretation. The factor analysis identified four distinct assemblages (identified here
as assemblages 1-4) within the Merchantville sequences. Three to six dominant benthic
foraminiferal species with factor scores greater than 0.5 were recognized for each
assemblage. The dominant species were used to identify paleoenvironments inhabited by
the assemblages (Olsson, 1988; Olsson and Usmani 1992; Sugarman et al., 1999).
The foraminiferal number is a characteristic of depositional paleowater depth
(Bandy and Arnal, 1957). The number of foraminiferal specimens increases as water
depth increases across the shelf.

Thus, paleobathymetric changes are estimated by

variations in the foraminiferal number. The foraminiferal number was calculated as the
number of foraminifer specimens divided by total weight of a sample in grams (s/g).
The percentage of planktonic foraminifers in a sample directly relates to the depth
of deposition. Planktonic foraminifera cannot live in shallow water because the shallow
bottom interferes with their life cycle (Grimsdale and Van Morkhoven, 1955). The
method is based on the principle that the percentage of planktonic foraminifera in a
sample provides an approximate measure of the depositional depth (Grimsdale and Van
Morkhoven, 1955). A comparison with a standard depth distribution constructed by
Grimsdale and Van Morkhoven (1955) provides water depth estimates. However, in
shallow neritic environments, the concentration of planktonic foraminifera it is not
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always sufficient enough for water depth estimates. In our studies of Millville, Ancora,
and Sea Girt the percentage of planktonic foraminifera indicate only relative water depth
changes. At Bass River abundance of planktonic foraminifera is high enough for water
depth estimates.
An abundance distribution of Gavelinella texana was calculated for the most
updip site Sea Girt. At the Sea Girt corehole, relatively low number of benthic and
planktonic

foraminifera

limited

paleobathymetric

estimates

for

biofacies

and

foraminiferal analyses. Concentration of the most abundant benthic foraminiferal species
Gavelinella texana was used as paleowater depth indicator. The abundance distribution
of Gavelinella texana was calculated as a percentage from the total number of benthic
foraminifera in each sample. An increase in the abundance distribution of Gavelinella
texana was considered as relative increase in paleodepth (Nyong, E. E. and Olsson, R. K.,
1984).
Age Estimates: Calcareous Nannofossil Biostratigraphy
Age estimates for the Merchantville sequences are based on calcareous
nannofossil biostratigraphy.

For nannofossil analysis, sediments were smeared with

distilled water on a glass slide, and mounted with Ayac. The slides were examined under
a Zeiss photo-microscope at 1250 magnification. Identification of nannofossils was
based on “Calcareous Nannofossil Biostratigraphy” (Bown, 1999).
Nannofossil biostratigraphy assigns the Merchantville sequences to nannofossil
Zones CC16-19 of Sissingh (1978) and Perch-Nielsen (1985). Zonation is based on the
following markers: the lowest occurrence (LO) of Lucianorhabdus cayeuxii identifies the
base of Zone CC16, LO of Calculites obscurus and the presence of Calculites ovalis
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identifies the base Zone CC17, LO of Broinsonia parca parca identifies the base Zone
CC18, and the highest occurrence (HO) of Marthasterites furcatus identifies the base
Zones CC19. The age of nannofossils zones for the Merchantville sequences has been
correlated against Gradstein et al. (2004) time scale.
RESULTS
PALEOBATHYMETRY
Benthic Foraminiferal Biofacies
A principal concept of paleoecology is based on the high sensitivity of benthic
foraminifera to environmental change (Douglas, 1979). In particular, paleobathymetric
fluctuations initiate abrupt changes in benthic foraminiferal assemblages (Olsson, 1988).
At the same time, water-depth fluctuations are a primary mechanism for creation of
sequence boundaries within marine deposits (Haq, et al., 1987). Thus, distribution of
benthic foraminiferal assemblages within a stratigraphic succession is an analytical key
for recognition of sequence boundaries and paleowater depth estimates. Each assemblage
defines an individual biofacies with stratigraphic significance. The biofacies indicate
specific environments of deposition and provide paleowater depth estimates. Here, the
assemblages are discussed from shallowest to deepest.
Biofacies 1
Gavelinella texana (score =8.5), Gavelinella infrequens (score =1.0), and
Buliminella sp. (score =1.1) are the dominant taxa in this biofacies. Gavelinella texana
ranged from inner and middle shelf to upper slope environments, Gavelinella infrequens
occupied inner and middle shelf environments and Buliminella sp. occupied inner shelf to
upper slope environments (Olsson, 1988). The environment where all these species can
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coexist is inner-middle shelf. The presence of glauconite sand suggests the water depth
was not shallower than 50 m. We assign assemblage 1 to outer inner neritic environment.
Biofacies 2
Gavelinella tennesseensis (score =8.5), Verneuilina limbata (score =1.3), and
Gavelinella ammanoides (score =0.9) dominate biofacies 2. Gavelinella tennesseensis
inhabited inner to middle shelf environments, Gavelinella ammanoides inhabited middle
shelf to outer slope environments and Verneuilina limbata inhabited middle shelf
environments (Olsson and Usmani 1992). Thus, the assemblage 2 characterizes shallowmiddle neritic environments.
Biofacies 3
This biofacies is dominated by Epistomina sp. (score =8.5), Gavelinella
ammanoides (score =0.8), and Gavelinella tennesseensis. (score =0.5). Epistomina sp.
characterized inner to middle shelf environments (Sugarman et al., 1999), Gavelinella
ammanoides characterized middle shelf to outer slope environments (Olsson and Usmani
1992), and Gavelinella tennesseensis characterized inner to middle neritic in SantonianCampanian (Olsson 1988, Olsson and Usmani 1992). Thus, assemblage 3 is an indicator
of middle neritic environments.
Biofacies 4
This biofacies is dominated by Buliminella sp. (score =5.9), Gavelinella
ammanoides (score =4.8), Gyroidinoides depressa (score =2.2), Planulina sp. (score
=1.1) and Valvulineria (score =1.0). Buliminella sp. inhabited inner shelf to upper slope
environments, and Gavelinella ammanoides-from middle shelf to upper slope (Olsson
and Usmani 1992; Olsson 1988). Paleoenvironments for the other three dominant species
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range from middle to outer neritic. Thus, assemblage 4 is an indicator of deep-middle
shelf environments.
Paleobathymetry Estimates
Paleobathymetry is inferred from biofacies analyses, a paleoslope model, the
foraminiferal number the percent planktonic foraminifera and for the Sea Girt site, the
abundance distribution of Gavelinella texana. Based on the species contained, biofacies
1 is assigned to inner neritic paleoenvironments and biofacies 2, 3 and 4 are assigned to
middle neritic environments.

Distribution of the biofacies within the Merchantville

sequences is reconstructed on a paleoslope profile (Fig. 1). The distance downdip is used
as the measure of increasing paleodepth according with paleogradient. The Campanian
paleoslope gradient for the New Jersey Coastal Plain is 1:1000 (Steckler et al., 1999),
even as it is today (Heezen et al., 1965). The downdip distance between Sea Girt and
Ancora is 6 km and the difference in paleodepth between these two sites was 6 m.
Millville is 7 km downdip of Ancora, meaning that it had paleodepth 7 m deeper.
Millville and Bass River have 17 km distance that indicates 17 m difference in
paleodepth. Overall our dip line profile is 30 km long and that yields 30 m of water
depth difference between the most updip (Sea Girt) and downdip (Bass River) locations
(Fig. 2).
Biofacies 1 is an inner neritic biofacies found at the Sea Girt and Ancora
coreholes in the MeII sequence. Biofacies 2 is a middle neritic biofacies found in the
MeII sequence at the Millville and Bass River coreholes. Biofacies 1 (Sea Girt, Ancora)
is replaced by biofacies 2 (Millville, Bass River) within the MeII sequence in downdip
direction. Thus, biofacies 2 is a temporal equivalent of biofacies 1. According with the
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paleoslope gradient, the paleowater depth difference between biofacies 1 and 2 is ~15 m
(Fig. 3).
The correlation of benthic foraminiferal biofacies, percent of planktonic
foraminifera, and foraminiferal number indicate water depth maxima and minima.
Correlation of water depth peaks with lithological and gamma log data allowed us to
recognize the maximum flooding surface (MFS) of the MeIII sequence at Bass River,
Ancora, and Millville. At Sea Girt, no significant water depth changes are identified in
the lower MeIII sequence, we assume that the MFS of the MeIII sequence appears above
the examined interval and not preserved the MFS of the MeIII sequence is used as a time
horizon to compare distribution of temporally equivalent biofacies on the paleoslope
model. The MFS of the MeIII sequence is identified by biofacies 2 at Ancora and
biofacies 3 and 4 at Millville and Bass River, respectively. The distribution of biofacies
along the MFS indicates the paleodepth differences between the biofacies 2 and 3 as ~15
m and between biofacies 3 and 4 as ~15 m also.
Based on the depth zonation inferred from benthic foraminiferal studies,
lithological analysis and the paleoslope modeling, we derived depth estimates for each of
the biofacies identified in this study. The shallowest biofacies 1 occurred in the inner
neritic paleoenvironment with water depth of ~30 m. Biofacies 2-4 occurred in the
middle neritic paleoenvironment, the assumption is based on the types of benthic
foraminifera present and contents of glauconite sands. On the paleoslope model the
difference in water depth between biofacies 1 and 2 is about 15 m, then biofacies 2 is
assigned to ~45 m water depth. A similar approach has been taken to identify water
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depth on the paleoslope model for the biofacies 3 and 4 that gives us estimates of the
water depth for biofacies 3 of ~60 m and biofacies 4 of ~75 m.
These depth estimates for the biofacies are compared with the water depths
estimated by the percentage of planktonic foraminifers analysis at the Bass River
corehole.

At Bass River, independent water depth estimates are derived from the

comparison of percentage of planktonic foraminifers with a standard plot depth
distribution of Grimsdale and Van Morkhoven (1955). The water depths range from 4080 m (Fig. 8). The depth estimates for the biofacies match closely with the depths of the
percentage of planktonic foraminifers analysis.
LITHOSTRATIGRAPHY AND SEQUENCE STRATIGRAPHY
MeI
The MeI sequence occurs in the Sea Girt and Bass River coreholes. The sequence
boundary with underlying Cheesequake Formation is identified as a prominent
lithological unconformity associated with sharp peak in the gamma log at 1056 ft (321.9
m) at Sea Girt (Fig. 4) and at 1683 ft (513 m) at Bass River (Fig. 7).
In the Sea Girt corehole, the MeI sequence (1056-1000.9 ft [315.8-315.7 m]) is a
succession of muddy, burrowed glauconite and quartz sands that is overlain by micaceous
silty clay and silt. Biofacies 1 indicates that the MeI sequence was deposited in an inner
neritic paleoenvironment with paleodepth of 30 m. At Sea Girt, the foraminiferal number
is low (~30 s/g) through the entire MeI sequence, and the planktonic foraminifera are
present only at 1037 ft (316.0 m). Interpretation of biofacies, the percent of planktonic
foraminifera and the foraminiferal number analyses suggest that the MeI sequence was
deposited in shallow water environments with a maximum water depth at 1037 ft (316.0
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m).

The correlation between lithology and foraminifera analyses suggest that the

glauconite and quartz sands comprise the transgressive system tract (TST) of the MeI
sequence, the water depth peak at 1037 ft (316.0 m) marks possible maximum flooding
surface (MFS), and the micaceous silty clay and silt comprise the highstand system tract
(HST). The presence of calcareous nannofossils Lucianorhabdus cayeuxii at 1050.6 ft
(320.2 m) indicates the base of nannofossil Zone CC16. At Sea Girt the MeI sequence is
assigned to Zone CC16 that indicates an age of 85-84.5 Ma (Gradstein et al., 2004).
At Bass River, the MeI sequence (1683-1665 ft [513.0-507.5 m]) consists of
clayey glauconite sand (up to 70% glauconite) with glauconite clays above (Fig. 7).
Biofacies 2 indicates deposition of the MeI sequence within a middle neritic environment
with paleowater depths of ~45 m.

The foraminiferal number and the percent of

planktonic foraminifera indicate gradual water depths increase toward the top of the MeI
sequence.

Interpretation of lithology and foraminiferal analyses suggest that the

glauconite sands below and glauconite clays above comprise a thin TST and HST
respectively of the MeI. Presence of calcareous nannofossils Lucianorhabdus cayeuxii at
1683.5 ft (513.1 m) identifies the base of Zone CC16. The MeI sequence is assigned to
Zone CC16 at Bass River that indicates age of 85-84.5 Ma (Gradstein et al., 2004).
MeII
The MeII sequence appears above a prominent sequence boundary associated
with a burrowed contact and large gamma ray kick at Sea Girt at 1000.9 ft (305.1 m), at
Ancora, at 945.3 ft (288.13 m), at Millville at 1246.2 (379.8 m), and at Bass River at
1674 ft (510.2 m).
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At Sea Girt, the MeII sequence (1000.9-962.1 ft [305.1-293.2 m]) consists of
clayey slightly quartzose glauconite sand at the base, glauconite sand in the middle, and
glauconite clay at the top (Fig. 5). The presence of biofacies 1 assigns the MeII sequence
to an inner neritic environment (paleodepth of ~30 m). The peaks in glauconite sand
content and the percent of planktonic foraminifera mark a possible MFS of the MeII
sequence at 986 ft (300.5 m). The peaks in foraminifera number and in abundance of
Gavelinella texana (998 ft (304.1 m) appear just above the sequence boundary (1000.9 ft
[305.1 m]). We assume that high concentration of the foraminifera in quartzose
glauconite sand is a result of reworked material accumulation from the sequence
boundary, and not consider these foraminiferal data as water depth indicators. At Sea
Girt, glauconite sands deposited during a rapid increase in water depth comprise the TST
between the sequence boundary (1000.9 ft [305.1 m]) and the MFS (986 ft [300.5 m]),
and glauconite clays associated with gradual shallowing comprise the HST from 986 ft
(300.5 m) to 962.1 ft (293.2). The LO of Calculites obscurus at 998.5 ft (304.3 m)
assigns the interval from 998.5-964.4 ft (304.3-293.9 m) to Zone CC17. The LO of
Broinsonia parca parca at 964.4 ft (293.9 m) identifies the base of Zone CC18 and
assigns the 964.4 ft-962.1 ft (304.3-293.2 m) to Zone CC18. At Sea Girt the MeII
sequence is assigned to Zone CC 17-18 that indicates an age of 84.4-83.5 Ma (Gradstein
et al., 2004).
At Ancora (1000.9-962.1 ft [305.1-962.1 m]), the MeII sequence is recognized as
the succession of slightly quartzose glauconite sand at the base, glauconite sand in the
middle, and glauconite silty clay at the top (Fig. 5). The presence of biofacies 1 assigns
the MeII sequence to an inner neritic environment. Paleobathymetric analysis of the
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MeII sequence estimates paleowater depth as about 30 m. The variations in the percent
of the planktonic foraminifera and the foraminiferal number indicate gradational increase
of water depth toward the top of the sequence. We assume that at Ancora the glauconite
sands comprise the TST, and glauconite clays comprise the HST. The possible MFS of
the MeII sequence is placed at 909 ft (277.0 m) where gamma log peak is associated with
an indurated zone. The LO of Calculites obscurus is identified at 940 ft (286.5 m) and
marks the base of Zone CC17. The LO of Broinsonia parca parca is found at 918.5 ft
(279.9 m) and indicates the base of Zone CC18. At Ancora the MeII sequence are
assigned to Zone CC17-18 indicating an age of 84.3-83.5 Ma (Gradstein et al., 2004)
(Fig. 5).
At Millville the MeII sequence (1246.2-1225.7 ft [379.8-373.6 m]) consists of
slightly quartzose glauconite sand overlain by glauconite sand and glauconite silty clay at
the top (Fig. 6). The presence of biofacies 2 indicates a middle neritic environment for
the MeII sequence (paleowater depth about 45 m). The variations in the percent of
planktonic foraminifera and the foraminiferal number indicate a gradual water depth
increase toward the top of the sequence. The glauconite sand comprises the TST of the
MeII sequence, and silty clays comprise the HST of MeII sequence. The possible MFS is
placed at 1239 ft. The MeII is assigned to Zones CC 17-18. At 1251 ft (381.3 m) the LO
of Calculites obscurus indicates Zone CC17 from 1251-1228 ft (374.2 m). The LO of
Broinsonia parca parca at 1228 ft (374.2 m) indicates Zone CC18 from 1228-1221 ft
(374.2-372.1 m).

At Millville, the MeII sequence is assigned to Zone CC 17-18

indicating an age of 84.3-83.55 Ma (Gradstein et al., 2004) (Fig. 6).
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At Bass River, the MeII sequence is identified between 1674-1665 ft (510.2-507.5
m) and consists of (1) clayey glauconite sand at the base deposited in a middle neritic
environment (Biofacies 2); and (2) an overlying thick micaceous, fossiliferous,
bioturbated, lignitic silty clay at the top also deposited in the middle neritic environment
(Biofacies 2). The absence of quartzose sand content in the basal section, and generally
high carbonate content suggest deeper paleodepth of deposition at Bass River than at Sea
Girt, Ancora, or Millville. Biofacies and planktonic foraminifera analyses suggest
paleobathymetric estimates of 50-60 m of depositional paleodepth (Fig. 8). A paleowater
tendency, derived from the percent of planktonic foraminifera and foraminiferal number
analyses, indicates a gradational increase toward the top of the MeII sequence. We
assume that at Bass River the MeII sequence comprise the TST, and the HST. The LO of
Calculites obscurus is identified at 1676.0 ft (510.8 m), and the presence of Calculites
ovalis at 1670.7 ft (509.2 m). The LO of Broinsonia parca parca is identified at 1660.0
ft (505.9 m). At Bass River the MeII sequence is assigned to Zone CC 17-18 that
indicates an age of 84.3-83.5 Ma (Gradstein et al., 2004)(Fig. 7).

Lower MeIII
A detailed analysis is provided only for the lower part of the MeIII sequence that
consists of Merchantville Formation deposits. The data for upper MeIII (Woodbury and
Upper Englishtown formations) are derived from the site reports of ODP Leg 174AX
coreholes Bass River, Millville, Sea Girt, and Ancora. The MeII/III sequence boundary is
identified on the basis of lithofacies, biofacies and gamma logs. At Sea Girt, the MeII/III
sequence boundary occurs at 962.1 ft (293.2 m) where there is a prominent lithofacies
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change from sandy silt to limonitic sand associated with intensive burrowing and a
gamma log peak (Fig. 3, 4). At Ancora, Millville, and Bass River the sequence boundary
associated with transitions from glauconite clay and sand to fossiliferous clay, biofacies
change, and gamma log peaks. The MeII/III sequence boundary is placed at 909 ft (277.1
m) at Ancora, at 1225.7 ft (373.6 m) at Millville and at 1665 ft (507.5 m) at Bass River.
The MeIII sequence at Sea Girt occurs from 962.1-837.6 ft (293.2-255.3 m)
(Miller, et al., 2006). The lower MeIII sequence (962.1-941 ft [293.2-286.8 m]) consists
of quartzose glauconite sand, burrowed glauconite sand, and slightly shelly micaceous
clay. The lower MeIII sequence is associated with biofacies 1 that indicates ~30 m
paleodepth. The foraminifera analyses resolve no significant changes in paleodepth
within the lower MeIII sequence (1) the abundance of Gavelinella texana is about 4550% with ~5% of variations; (2) the planktonic foraminifera is about 10% and variations
do not exceed a few percent; and (3) the foraminiferal number is generally low (less than
25 s/g), the peak in the foraminiferal number at 961 ft (292.9 m) appears just above the
sequence boundary (962.1 ft; 255.3 m) and is associated with the reworked material.
Based on lithologic and foraminifer analyses the MFS of the sequence is inferred to be
above the studied interval. The lower MeIII glauconites comprise the TST of the MeIII
sequence. The LO of Broinsonia parca parca at 964.4 ft (293.9 m) identifies the base of
Zone CC18 and 964.4 ft-901.0 ft (293.9-274.6 m) is assigned to Zone CC18. The HO of
Marthasterites furcatus is identified at 901.0 ft and 901.0-891.0 ft (274.6-271.5 m) is
assigned to Zone CC19 (Miller, et al., 2006) (Fig. 4). At Sea Girt MeIII sequence is
assigned to Zone CC 18-19 indicating an age of 82-79.1 Ma (Gradstein et al., 2004).
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At Ancora, sequence MeIII is identified between 909-793.2 ft (277.1-241.8 m)
(Miller, et al., 1999). The lower section of sequence MeIII (909-901.0 ft [277.1-274.6
m]) consists of black glauconite (>50%) sand from 909-906 ft (277.1-276.1 m), and
carbonate-rich clay from 906-905 ft (276.1-275.8 m) (Fig. 5). The lower MeIII sequence
is associated with biofacies 2 indicating paleodepths of about 45 m.

The percent

planktonic foraminifera gradually increases from the base to the top of the MeIII
sequence. The foraminiferal number increases from the base to 906 ft (277.1-276.1 m),
peaks at 906 ft (276.1 m) and decreases from 906 (276.1 m) to 901 ft (274.6 m). The
peak in foraminiferal number is associated with a lithofacies change from glauconite sand
to carbonate clay. The MFS of the lower MeIII sequence is placed at 906 ft (276.1 m).
The glauconite sand below the MFS comprises the TST of the MeIII sequence, and the
carbonate clay above the MFS is the lower part of the thick HST of the MeIII sequence.
The LO of Broinsonia parca parca at 918.5 ft (279.9 m) indicates Zone CC18, and HO
of Marthasterites furcatus at 903.0 ft (275.2 m) designates Zone CC19. At Ancora MeIII
sequence is assigned to Zone CC18-19 that indicates an age of 81.4-79.1 Ma (Gradstein
et al., 2004) (Fig. 5).
At Millville, the MeIII sequence is identified between 1225.7-1086.85 ft (373.6331.3 m) (Sugarman, et al., 2005). The lower section of the MeIII sequence (1225.71201.0 ft (373.6-366.0 m) contains glauconite sand that grades upward into a silvery gray
carbonaceous clay and glauconite clay (Fig. 6). The glauconite sand is associated with
biofacies 2 interpreted as a middle neritic environment of deposition (paleodepth ~45 m).
The carbonaceous clay is associated with biofacies 3, and the glauconite clay is
associated with biofacies 1. In the clay deposits, the environment of deposition changes
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from middle to inner neritic, and paleowater depth changes from 60 to 30 m. The
foraminiferal number and the percentage planktonic foraminifera indicate water depth
increase. The peaks of the percent planktonic foraminifera and carbonaceous clay
indicate possible MFS at 1210 ft (368.8 m). The basal glauconite sand comprises the
TST of the lower MeIII sequence, and the HST consists of the overlying glauconite clay.
The LO of Broinsonia parca parca at 1228 ft (374.2 m) indicates Zone CC18 from 12281221 ft (374.2-372.1 m). The HO of Marthasterites furcatus at 1221 ft (372.1 m)
indicates Zone CC19. At Millville MeIII sequence is assigned to Zone CC18-19 that
indicates an age of 81.4-79.1 Ma (Gradstein et al., 2004) (Fig. 6).
At Bass River, the MeIII sequence is identified between 1665-1472.6 ft (507.5448.8 m) (Miller, et al., 1998). The lower section of the MeIII sequence (1665-1630.0 ft
[507.5-496.8 m]) consists of bioturbated glauconite clay, overlying glauconite
foraminiferal clays, and micaceous, fossiliferous, bioturbated, lignitic silty clay. Peaks in
the foraminifera number and in the percent planktonic foraminifera mark the MFS at
1660 ft (505.97 m) (Fig. 7). The basal glauconite clay and the foraminiferal clays contain
biofacies 4, and the overlying silty clay contains biofacies 2. The environments of
deposition are from inner to middle neritic. The paleobathymetric estimates derived from
biofacies analysis and percentage of planktonic foraminifera determine paleodepth range
from 40-80 m (Fig. 7, 8). At Bass River MeIII sequence is assigned to Zone CC17-19.
The base of Zone CC17 is identified by the LO of Calculites obscurus at 1676.0 ft (510.8
m) and the presence of Calculites ovalis at 1670.7 ft (509.2 m). The base of Zone CC18
is identified by the LO of Broinsonia parca parca at 1660.0 ft (505.9 m) and the base of
Zone CC19 are identified by the HO of Marthasterites furcatus at 1639.9 ft (499.8 m).
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The age of the MeIII sequence at Bass River is 81.4-79.1 Ma (Gradstein et al., 2004)
(Fig. 7).

DISCUSSION
Sequences: lithostratigraphy, paleobathymetry, and biostratigraphy
The lithological analysis of the Merchantville Formation shows a cyclic
alternation of lithofacies driven by water depth fluctuation. These cyclical alternations
are bounded by three unconformities and thus are used to define the MeI, MeII, MeIII
sequences. The lithological alternations defining the MeI, II, and III sequence boundaries
are best developed at Sea Girt (Fig. 2). At Sea Girt, the Merchantville lithofacies consist
of quartz rich glauconite sands with little carbonate material that indicates shallow shelf
environment of deposition.

In contrast to the well-developed lithofacies changes,

biofacies analysis in this corehole indicates shallow depositional environment with little
biofacies changes at the sequence boundaries. At Ancora, Millville, and Bass River, the
Merchantville sequence boundaries are identified as lithofacies changes associated with
gamma log peaks.

In addition to lithology and gamma logs, MeII/MeIII sequence

boundary is associated with a biofacies change.
Though lithofacies successions (systems tracts) are cryptic in the MeI and Me II
sequences, certain patterns are clear once the sequence boundaries are recognized. At
Bass River, Ancora, and Millville, the lower unit of the MeI and MeII sequences is
characterized by TST glauconite sand deposited in an inner-middle shelf environment,
which is overlain by carbonate-rich glauconitic clay of the middle shelf that represents
the HST. Quartz sands are lacking in the HST from these site from the MeI and MeII

55
sequences due to sediment starvation. At Sea Girt, the sequences display a more typical
pattern of lithofacies successions. Presence of quartzose sand in the top section of MeII
is typical of other Upper Cretaceous New Jersey sequences; some quartz sand also occurs
in the upper HST of MeI at Sea Girt. The MeIII sequence displays a typical New Jersey
sequence pattern with a basal glauconite TST, a medial lower HST prodelta silty clay (the
Woodbury Formation), and an upper HST delta front sand (lower Englishtown
Formation).
Depositional differences between the MeI-MeII and other Upper Cretaceous New
Jersey sequences (including MeIII) can be explained by accommodation and
sedimentation factors. The distance from the sediment source during sediment starvation
precluded formation of thick MeI and MeII sequences at Sea Girt and thin and
concatenated MeI and MeII sequences at Ancora, Millville and Bass River. The MeIII
sequence that consists of Merchantville, Woodbury, and lower Englishtown Formations
has thick HST silts and clays at Sea Girt, Ancora, Millville and Bass River. We assume
two different rates of accommodation for MeI and II sequences versus the MeIII
sequences.
Foraminiferal studies and paleoslope modeling provide paleobathymetry
estimates for the Merchantville Formation. The paleobathymetric estimates correlate
with lithofacies and sequence stratigraphic analysis.

Four benthic foraminiferal

assemblages were defined by the factor analysis, and their paleodepth significance
inferred from benthic foraminiferal studies (Olsson, 1988; Olsson and Usmani 1992;
Sugarman et al., 1999). In the Merchantville sequences biofacies 1 are confined to the
TST successions, while the deep biofacies 2,3, and 4 (middle shelf) are confined to the

56
MFS and the HST successions. The availability of depth indicators for depositional
environments at Sea Girt is limited for the biofacies analysis. Over all the Merchantville
Formation is characterized by biofacies 1 which is an indicator of inner neritic
environment with water depths of ~30 m. At Sea Girt, analysis of abundance distribution
of Gavelinella texana (Fig. 9) indicates water depth fluctuations and designates a
transgressive-regressive cycle within each Merchantville sequence. A paleoslope model
reconstructed lateral distribution of the biofacies (Fig. 3). The biofacies follow to
Walther’s Law of facies succession and indicate three transgressive-regressive cycles
within the Merchantville deposits.

The assessment of paleobathymetry for the

Merchantville sequences based on benthic foraminiferal studies, lithological analysis and
the paleoslope modeling provides depth estimates for each of the biofacies identified in
this study (biofacies 1-30±10 m, biofacies 2-40±10 m, biofacies 3-60±10 m, and
biofacies 4-70±5 m).
Biofacies analysis correlates with the percent planktonic foraminifera and the
foraminiferal number. The percent of planktonic foraminifera indicates 40-80 m of
paleowater depths at Bass River.

The Merchantville sequences at Bass River are

characterized by biofacies 2 and 4 that are indicators of 45-75 m paleowater depths.
Independent paleobathymetric estimates of the percent planktonic foraminifera and
biofacies analyses indicate general agreement.
The age estimates for the Merchantville Formation correlate among the Sea Girt,
Bass River, Millville, and Ancora coreholes on the New Jersey Coastal Plain. The ages
of the sequences are 85-84.5 Ma for the MeI sequence, 84.4-83.5 Ma for the MeII
sequence, and 81.7±0.3-79.1 Ma for the MeIII sequence. The duration of hiatuses are 0.1
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Myr between the Cheesequake Formation and the MeI sequence, 0.2 Myr between the
MeI and MeII sequences, and ~1.5 Myr between the MeII and MeIII sequences (Fig. 8).

Global comparison
Correlation of the Merchantville sequences with those of Haq et al. (1987) and
Hardenbol et al. (1998) (Fig. 8) provides preliminary comparison of the late SantonianCampanian record on a global scale.

Haq et al. (1987) resolved five depositional

sequences within the late Santonian-middle Campanian interval. The sequences: UZA3.4 / 3.5, and UZA-4.1 correlate with Merchantville sequences MeII and MeIII by use of
nannofossils zones. Hardenbol et al. (1998) recognized eight sequences within the same
late Santonian-middle Campanian interval, and their biostratigraphy is based on the North
American Western Interior ammonite zones and sections from Texas and Arkansas. The
Merchantville sequences correlate with the Hardenbol et al. (1998) record in the
following pattern: CH (Cheesequake) correlates with Sa1 of Hardenbol et al. (1998), MeI
correlates with Sa2 of Hardenbol et al. (1998), MeII correlates with Sa 3 of Hardenbol et
al. (1998), and MeIII correlates with the Cam 1-3 of Hardenbol et al (Fig. 8) (1998). The
correlation of the Merchantville and Hardenbol et al. (1998) sequence boundaries is
based on the calcareous nannofossil biostratigraphy. Thus, the New Jersey Coastal Plain
sequences boundaries of MeI, MeII, and MeIII resolved in this work are approximately
coeval with the Santonian-Campanian sequences boundaries of Haq et al. (1987) and
Hardenbol et al. (1998). Limitation in age control and time scale differences prevents
closer correlation. We conclude the origin of the Merchantville sequence boundaries due
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to global eustatic changes, and suggest backstripping analysis for interpretation of the
water the depth changes in terms of eustasy.
Comparison of the Merchantville sequence boundaries with deep-sea δ18O record
provides preliminary evidence for a glacioeustatic origin of the sequence boundaries.
The relative sea-level (RSL) estimates depicted on New Jersey Coastal Plain indicate ~30
m amplitude. Backstripping suggest ~2/3 of these late Santonian-early Campanian water
depth changes are eustatic (i.e., about 20 m Van Sickle et al., 2004, Miller et al., 2005a).
We compared the Merchantville sequences with deep-sea δ18O benthic foraminiferal
records from the Santonian-Campanian interval of the DSDP Site 511 (Huber et al.,
2005). The Merchantville sequences boundaries and oxygen isotope record indicates the
same number of sea-level lowering episodes with the small offset in timing.

The

MeI/MeII sequence boundary correlates with a 0.3‰ δ18O increase in 84.5-84.4 Myr, and
the MeII/MeIII sequence boundary correlates with a 0.75‰ δ18O increase in 83-82.9 Myr
(Fig. 8).

The results of our comparison suggest that the Merchantville sequence

boundaries can be associated with changes in temperature and possibly in ice volume.
The comparison of the Merchantville sequences and δ18O increases are preliminary. The
data are not compelling and require additional backstripping and increased resolution of
the δ18O record. Nevertheless, this study indicate that sequences on the New Jersey
coastal plain are connected with the late Santonian-middle Campanian global climatic
variations and provide possible evidence for existence of small, ephemeral size ice sheets
in Antarctica in the greenhouse world (Miller et al., 2004).
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CONCLUSIONS
The integration of lithostratigraphy, biofacies analysis, biostratigraphy and Srisotope analysis recognize three the late Santonian-Campanian sequences (Merchantville
I, II, and III) on New Jersey coastal plain. The Merchantville sequences are regional in
extent.

Calcareous nannofossil biostratigraphy provides age estimates of the

Merchantville sequences and the durations of hiatuses.

Water-depth fluctuations

controlled lithofacies and biofacies distributions. Three cycles of water-depth fluctuation
are associated with the three Merchantville sequences. Water-depth fluctuations were
~30-75 m. Backstripping analysis can tests our water depth estimates in global sea-level
modeling. With the assumption that 2/3 of the paleobathymetric signal is eustatic,
backstripping analysis provides a quantitative sea-level record. Correlation with deep-sea
oxygen isotope record implies global causes of sea-level variations of the late SantonianCampanian and possibility in ice-sheet growth and decay in the Greenhouse world. We
propose future studies on detailed record of oxygen isotope and backstripping analysis of
the late Santonian-Campanian interval.
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FIGURE CAPTIONS

Figure 1 Location map of New Jersey coastal plain; coreholes: Ancora, Bass River,
Millville, and Sea Girt. Heavy lines show strike and dip of the Cretaceous strata. Dashed
lines show position of coreholes projected onto the dip line.

Figure 2 Picture of Sea Girt core, intervals of 1000-1002 ft and 961-963 ft. Red wavy
lines represent the sequence boundaries of Merchantville I and II (MeI/MeII) (1000.9 ft,
305.1m) and Merchantville II and III (MeII/MeIII) (962.1 ft, 293.2 m).

Figure 3 The paleoslope model: the distribution of biofacies (1-4) along the dip slope of
NJCP; SG-Sea Girt, MV-Millville and BR-Bass River Coreholes, MeI-Merchantville I,
MeII-Merchantville II, MeIII-Merchantville III.

Figure 4 Sea Girt borehole: lithology (white space are unrecovered); gamma log; percent
composition; benthic foraminiferal biofacies where black is factor 1, red is factor 2, green
is factor 3, blue is factor 4; abundance distribution of Gavelinella texana; percent of
planktonic foraminifera; foraminiferal number (number of foraminifera specimens per
gram), nannofossil zones and their markers; red lines are the sequence boundaries of
Merchantville II (MeII) and Merchantville III (MeIII). Symbol key.

Figure 5 Ancora borehole: lithology, gamma log, cumulative composition, benthic
foraminiferal biofacies where black is factor 1, red is factor 2, green is factor 3, blue is
factor 4; percent of planktonic foraminifera; foraminiferal number (number of
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foraminifera specimens per gram); nannofossil zones and their markers; red lines are the
sequence boundaries of Merchantville II (MeII) and Merchantville III (MeIII). See Figure
4 for symbol key.

Figure 6 Millville borehole: lithology; gamma log, percent composition; benthic
foraminiferal biofacies where black is factor 1, red is factor 2, green is factor 3, blue is
factor 4; percent of planktonic foraminifera, foraminiferal number (number of
foraminifera specimens per gram); nannofossil zones and their markers; red lines are the
sequence boundaries of Merchantville II (MeII) and Merchantville III (MeIII). See Figure
4 for symbol key.

Figure 7 Bass River borehole: lithology; gamma log; percent composition; benthic
foraminiferal biofacies where black is factor 1, red is factor 2, green is factor 3, blue is
factor 4; percent of planktonic foraminifera; foraminiferal number (number of
foraminifera specimens per gram), nannofossil zones and their markers; red lines are the
sequence boundaries of Merchantville II (MeII) and Merchantville III (MeIII). See Figure
4 for symbol key.

Figure 8 Comparison of New Jersey coastal plain Merchantville sequences
(Merchantville I= MeI, Merchantville II = MeII, Merchantville III = MeIII) with Tar Heel
I sequence of southern North Carolina (Harris et al., 2006), deep-sea benthic
foraminiferal δ18Ο from DSDP Site 511 (Huber et al., 2002); higher values plotted to the
left; the green arrows show δ18O increases, sea-level estimate of Kominz et al., (in
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review); from backstripping of New Jersey coastal plain paleobathymetry estimates,
relative sea-level estimates of Hancock et al., 1993 (Northwestern Europe), and global
sequence boundaries of Hardenbol et al. (1998) and Haq et al. (1987; ages in quotes).
Time scale of Ogg et al. (2008). (Con. - Coniacian, Broin. - Broinsonia, E. floralis Eprolithus floralis, L. cayeuxii - Lucianorhabdus cayeuxii).

Figure 9 Explanation of calcareous nannofossils plate. All figured specimens are from
the Millville corehole of New Jersey coastal plain. The depth refers to the sample from
which the figured specimen was taken. All specimen names are given after Sissingh
(1978) and Perch-Nielsen (1985). a. Lucianorhabdus cayeuxii, 1251 ft (381.3 m); b.
Marthasterites furcatus, 1221 ft (372.1 m); c. Calculites ovalis, 1236 ft (376.7 m); d.
Broinsonia parca parca, 1228 ft (374.2 m); e. Calculites obscurus, 1251 ft (381.3 m); f.
Calculites obscurus, 1251 ft (381.3 m).

Table 1 Bass River and Ancora; Benthic foramininiferal biofacies.

Table 2 Millville; Benthic foramininiferal biofacies.

Table 3 Sea Girt; Benthic foramininiferal biofacies.
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Species/Sample BR1495 BR1500 BR1505 BR1510 BR1515 BR1520 BR1525 BR1530 BR1535 BR1540 BR1545 BR1555 BR1560 BR1565 BR1570
Bolivinoides decoratus
1
Bolivinopsis rosula
1
1
1
3
2
2
1
2
Bulimina reussi
Bulimina sp.
Bulimina triangularis
Buliminella sp.
Ceratobulimina cretacea
1
2
3
4
2
1
12
5
1
Citharina multicostata
1
Dentalina gracilis
Dentalina sp.
6
1
1
1
Dorothia bulleta
4
3
6
5
7
8
4
4
3
Ellipsonodosaria sp.
Ellipsonodosaria stephensoni
2
1
4
2
5
Eouvigerina americana
Epistomina supracretacea
4
8
55
32
31
18
50
33
27
69
55
26
26
12
9
Epistomina sp.
2
1
6
6
1
Gavelinella ammonoides
112
47
24
21
18
13
25
10
3
21
45
Gavelinella infrequens
12
25
27
19
1
27
35
30
17
61
58
43
38
Gavelinella texana
1
25
Gavelinella tennesseensis
400
200
100
100
100
70
200
100
100
100
100
100
100
90
60
Gyroidinoides depressa
17
11
17
35
40
33
30
40
50
76
84
54
43
82
101
Gyroidinoides globosa
Gyroidinoides nitidus
3
1
2
Lenticulina sp.
2
8
9
3
2
5
4
1
5
7
2
6
1
6
Loxostoma cushmani
1
Loxostomum eleyi
1
Marginulina sp.
Neoflabulina sp.
1
1
1
Nodosaria amphioxys
2
2
3
4
3
1
4
2
2
Nodosaria affinis
1
1
3
3
1
1
Nodosaria sp.
2
2
4
4
2
1
Praebulimina spinata
5
5
21
15
12
9
40
25
28
18
9
18
83
61
Quinqueloculina sp.
1
2
1
2
Spiroloculina cretacea
1
1
Total
595
369
264
287
268
196
339
320
294
359
343
409
333
324
318
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Table 1

Species/Sample BR1575 BR1582 BR1585 BR1590 BR1600 BR1605 BR1610 BR1615 BR1620 BR1630 BR1640 BR1650 BR1655 BR1660 BR1665
Bolivinoides decoratus
2
Bolivinopsis rosula
8
3
2
1
4
2
3
Bulimina reussi
Bulimina sp.
2
1
2
2
1
1
Bulimina triangularis
1
3
4
Buliminella sp.
10
19
24
28
16
54
2
104
40
37
Ceratobulimina cretacea
2
12
7
8
18
9
4
12
2
7
Citharina multicostata
Dentalina gracilis
1
Dentalina sp.
1
2
2
3
4
2
2
1
Dorothia bulleta
1
5
7
8
4
5
2
19
14
7
12
2
Ellipsonodosaria sp.
1
1
Ellipsonodosaria stephensoni
2
2
12
9
2
1
1
Eouvigerina americana
1
1
1
1
1
Epistomina supracretacea
18
12
50
38
12
7
64
61
62
42
32
50
Epistomina sp.
1
1
1
3
1
1
5
15
6
1
Gavelinella ammonoides
5
9
15
4
21
6
2
Gavelinella infrequens
47
34
54
31
13
37
17
10
22
3
3
3
Gavelinella texana
14
17
13
20
14
17
16
22
26
30
30
30
147
23
188
Gavelinella tennesseensis
30
20
40
50
50
20
20
32
40
36
50
100
Gyroidinoides depressa
97
113
73
80
59
140
88
54
39
25
41
68
22
25
32
Gyroidinoides globosa
14
1
9
3
5
5
14
Gyroidinoides nitidus
5
26
9
8
Lenticulina sp.
3
2
4
2
1
2
1
1
5
3
2
3
Loxostoma cushmani
1
1
1
1
1
3
1
Loxostomum eleyi
4
3
23
Marginulina sp.
3
1
3
1
2
1
1
Neoflabulina sp.
1
1
2
2
1
1
2
Nodosaria amphioxys
5
4
1
Nodosaria affinis
2
1
1
1
Nodosaria sp.
1
4
3
1
Praebulimina spinata
99
80
Quinqueloculina sp.
1
5
1
Spiroloculina cretacea
1
5
7
7
2
7
Total
338
316
324
361
265
361
316
297
297
318
291
377
338
325
325
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Table 1 (Continued)

Species/Sample BR1670 BR1675 BR1682 AN901 AN906 AN911 AN916 AN921 AN926 AN936 AN941
Bolivinoides decoratus
Bolivinopsis rosula
Bulimina reussi
3
Bulimina sp.
1
Bulimina triangularis
Buliminella sp.
34
58
4
1
35
3
4
1
Ceratobulimina cretacea
6
1
4
Citharina multicostata
Dentalina gracilis
Dentalina sp.
2
Dorothia bulleta
4
1
7
7
1
Ellipsonodosaria sp.
Ellipsonodosaria stephensoni
Eouvigerina americana
Epistomina supracretacea
8
33
6
20
9
11
10
43
4
16
Epistomina sp.
4
9
1
3
1
Gavelinella ammonoides
14
59
43
52
13
12
23
15
27
21
9
Gavelinella infrequens
6
2
34
12
40
22
9
17
27
4
Gavelinella texana
138
135
163
48
136
55
43
32
30
44
22
Gavelinella tennesseensis
17
95
84
61
130
90
206
139
Gyroidinoides depressa
28
25
8
20
14
8
8
6
6
Gyroidinoides globosa
5
3
23
8
1
2
Gyroidinoides nitidus
Lenticulina sp.
1
8
1
3
5
2
2
Loxostoma cushmani
Loxostomum eleyi
Marginulina sp.
Neoflabulina sp.
1
1
1
Nodosaria amphioxys
Nodosaria affinis
3
Nodosaria sp.
Praebulimina spinata
Quinqueloculina sp.
Spiroloculina cretacea
Total
295
341
306
210
280
279
189
215
221
316
192
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Table 1 (Continued)

80

Species/Sample
Arenobulimina americana
Bulimina triangularis
Buliminella sp.
Ceratobulimina cretacea
Dorothia bulleta
Eggerellena trochoides
Ellipsonodosaria sp.
Epistomina supracretacea
Epistomina sp.
Gaudryina stephensoni
Gavelinella ammonoides
Gavelinella infrequens
Gavelinella texana
Gavelinella tennesseensis
Globorotalites michleniana
Globorotalites subconica
Globulina lacrima
Gyroidinoides depressa
Gyroidinoides globosa
Lagena hispida
Lagena sp.
Lenticulina munsteri
Marginulina sp.
Neoflabulina sp.
Nodosaria affinis
Nonionella sp.
Planulina sp.
Pseudoclavulina clavata
Pseudogaudrinella capitosa
Quinqueloculina antiqua
Spiroloculina cretacea
Stensioina diction
Trochammina sp.
Verneuilina limbata
Total

1202

1210
2
1

2

1214

1220
4

5

1226
2

1230
1

1236
1
1

1254 Total

1

1

2
5

1

2

12

9

50

228
3

17

7
40
100
72

2
21
18
38

1
8

36

28

4

2
1
20
10
1

4
2
10
14
11

16

8
18

1
18

141

144

25

12

4
14

3
11
5

5
2

6

5

2

7

3
1
2
2
2

4

18
50
7
1
7
8
1

2
2
2
1
4

100
7
1

1
1
5
13
1

3
3
5
11
2
1
3
3

2
3
1
4
4
1

1
11
7
2

6

1

4

1
1
1
54

4
86

1
142

57
231

23
204

5
144

34
298

332

8
1
8
1
20
5
1
363
3
9
84
64
551
191
57
3
9
43
43
1
3
23
8
9
5
9
24
12
8
5
1
1
1
124
1491

Table 2

Species/Sample SG941 SG946 SG951 SG955 SG961 SG964 SG976 SG980 SG986 SG990 SG996 SG1015 SG1021 SG1026 SG1037 SG1047 Total
Arenobulimina americana
6
2
1
9
Bolivinoides decoratus
3
1
3
7
Bulimina reussi
9
9
Buliminella sp.
10
17
1
110
11
27
7
12
14
5
3
1
10
2
2
232
Ceratobulimina cretacea
2
1
3
Dentalina sp.
3
1
3
3
2
1
1
14
Dorothia bulleta
7
5
4
1
17
Dorothia oxycona
1
3
4
Epistomina supracretacea
9
4
5
5
3
10
1
2
3
42
Gaudryina stephensoni
2
4
14
1
2
1
24
Gavelinella ammonoides
18
35
7
14
5
2
9
3
2
1
8
9
12
125
Gavelinella dumblei sf
126
97
23
81
327
Gavelinella dumblei sf big
5
6
1
14
26
Gavelinella infrequensis
22
7
4
4
5
13
8
15
13
91
Gavelinella nelsoni
23
20
4
19
12
5
83
Gavelinella subcarinatus
8
8
Gavelinella texana
55
26
8
32
76
46
73
49
42
120
45
30
59
59
110
118
948
Globorotalites michlenianus
2
4
6
Globorotalites subconicus
2
2
Globulina lacrima
5
1
2
1
1
2
2
4
2
20
Gyroidinoides cretacea
2
2
4
2
10
Gyroidinoides depressa
22
29
3
12
8
9
15
2
4
1
3
108
Gyroidinoides globosa
6
5
5
2
7
9
11
8
1
19
73
Kyphopyxa chistneri
1
1
Lagena hispida
1
1
Lenticulina munsteri
3
1
1
5
Marginulina sp.
1
1
1
1
4
Neoflabullina sp.
1
1
1
3
Nodosaria affinis
2
1
6
5
14
Pseudogaudrinella capitosa
2
1
1
3
7
Vernueilina limbata
16
23
1
17
9
1
3
16
1
2
89
Total
303
292
52
282
168
126
164
74
68
138
54
53
136
91
150
161 2312
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Table 3
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CHAPTER 2: CONIACIAN TO EARLY CAMPANIAN OXYGEN ISOTOPIC
AND MG/CA RECORDS DSDP SITE 511, FALKLAND PLATEAU:
COMPARISON WITH GLOBAL SEA-LEVEL ESTIMATES
ABSTRACT
We present isotopic analyses of benthic foraminifera from the upper Coniacian to
lower Campanian section (~81.5-87 Ma) at Deep Sea Drilling Program (DSDP) Site 511
(Falkland Plateau). The oxygen isotope record shows increases at 85.6-85.4, 84.9-84.5,
84.4-83.8, and 83.1 to 82.4 Ma, indicating deep-sea cooling events possibly associated
with ice growth. At the same time, late Santonian-early Campanian sea-level estimates
from New Jersey margin indicate episodes of baselevel lowerings that correlate with
these increases. Close association of the baselevel lowerings and the δ18O increases
provide indirect evidence of short glacioeustatic episodes in the Late Cretaceous
greenhouse world.
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INTRODUCTION
The Late Cretaceous has been interpreted as a Greenhouse climate world with
warm polar temperatures attributable to high CO2 and the absence of polar ice sheets
(e.g., Huber et al., 2002). The interpretation of Late Cretaceous climate comes mostly
from indirect evidence such as isotopic analyses of marine carbonates and sea-level
studies (Bice et al., 2006, Huber et al., 2002).
Bice et al. (2006) estimated low latitude Sea Surface Temperatures (SST) during
Santonian-Cenomanian (85-100 Ma) of 32oC to 41oC based on the interpretation of δ18O
and Mg/Ca planktonic foraminifera data. The warmest bottom-water temperature of
20°C occurred during latest Cenomanian and earliest Turonian (Huber et al., 2002; Bice
et al., 2006). Very warm paleotemperatures averaging 12°C occurred during the middle
Campanian, followed by gradual cooling to an average of 9°C during the Maastrichtian
(Huber et. al., 2002). The meridional thermal gradient was very low, with an average
0.1°C/ per degree of latitude that compares with the modern one of 0.4°C/ per degree of
latitude (Huber et. al., 2002). The cause of such warm, equable climates has been
attributed to high CO2 though the proxies for this greenhouse gas show large differences
(from 2x-10x modern; Royer et al., 2004).
Studies of Late Cretaceous sea-level indicate large (tens of meters), and rapid (<1
Myr) global sea-level falls (Miller et al., 2005; Kominz et al., 2008). The cause of these
falls requires an alternative interpretation of Late Cretaceous Greenhouse climates.
Pitman and Golovchenko (1983) postulated that the only mechanism that can explain
such rapid eustatic changes is glacioeustasy. Matthews (1984) postulated the presence of
intermittent ice sheets in the Cretaceous, based on sea-level and δ18O correlations. Stoll
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and Schrag (2005) interpreted Cretaceous bulk isotopic fluctuations as reflecting growth
and decay of ice sheets. Miller et al. (2003, 2004, 2005) interpreted Late Cretaceous sealevel variations as reflecting the growth and decay of small to medium ice sheets (10-15 x
106km3).
Glacioeustatic changes can be estimated from direct evidence such as ice-rafted
debris (IRD) or fossil records. However, for the Late Cretaceous, evidence for IRD is
lacking, and the occurrence of glacioeustatic changes in the Late Cretaceous is still
controversial (Moryia et al., 2007). The recent improvements in resolution of the δ18O
record and the reexamination of previous (Moryia et al., 2007) data support the idea that
small continental ice-sheets grew and decayed under the Late Cretaceous Greenhouse
conditions (Bornemann et al., 2009; Galeotti et al., 2009; see comment by Miller, 2009).
The δ18O analysis of benthic foraminiferal calcite is the most established and
reliable method to define the timing of ice-sheet growth and decay. However, obtaining
amplitudes is challenging because temperature and seawater isotopic composition
together are recorded by δ18O changes.
alternative

method

for

independent

Mg/Ca analysis provides an widely used
paleotemperature

estimates.

Mg/Ca

paleothermometry is based on the principle that the partition coefficient of Mg2+ in
inorganic calcite correlates strongly with temperature. Thus, the evidence of glaciation
can be inferred from synchronous changes in sea-level and global δ18O records aided by
Mg/Ca records (e.g., Lear et al., 2000). If global sea-level changes and paleotemperature
estimates are known, then the δ18O record can be divided on the temperature and icevolume components (e.g., Chappell and Shackleton, 1986).
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Previous correlations of δ18O and sea level imply glacioeustatic changes in the
Late Cretaceous (Miller et al., 2005, Mizintseva et al., 2009). Those correlations were
based on New Jersey coastal plain sea-level studies and oxygen isotope data from DSDP
Site 511 drilled in the Falkland Plateau south Atlantic. However, the sample resolution
of δ18O record for the Santonian–Campanian at Site 511 was limited to about every 2
meters or every 0.2 Myr (Huber et al., 1995). The comparison of Huber et al.’s (1995)
δ18O record with New Jersey eustatic estimates indicated provisional correlation between
major δ18O increases and sea-level falls (Miller 2004, 2005, Mizintseva et al., 2009). The
results promoted us to increase the δ18O record resolution for the late Santonian–early
Campanian interval in this study.
We generate δ18O and Mg/Ca records from deep sea benthic foraminifera of
DSDP Site 511 (Falkland Plateau). Paired Mg/Ca and oxygen isotope records for the late
Coniacian-early Campanian (~81.5-87.0 Ma) with resolution of about 0.04 Myr allow to
extract the paleotemperature component from the δ18O record and thus define global
continental ice volume. We correlate backstripped sea-level estimates from the New
Jersey coastal plain (Kominz et al., 2008) with the paleotemperature/ice volume records,
estimate timing and amplitude of global cooling events, and evaluate a possible link
between eustatic falls and glacioeustasy. We observe correspondence between the sealevel falls and major increases in the δ18O record. Thus, we conclude that short and rapid
glacioeustatic events triggered sea-level fluctuations.

METHODS
Oxygen and carbon isotope data are presented here (Fig. 1) from DSDP Site 511
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(Leg 71; Falkland Plateau, South Atlantic). The Santonian-Campanian time interval (8285.5 Ma) is represented by sediments of lithological Unit 4 (Cores 30-41, 253.41- 349.8
meters subbottom [mbsf]). Unit 4 consists of zeolitic clays and claystones with moderate
to very intense bioturbation.

The clays also contain foraminifera and calcareous

nannoplankton; such clay-encased foraminifera are needed to obtain unaltered stable
isotopic records from Cretaceous strata (Pearson et al., 2001).
Stable isotope analyses were performed at Rutgers University. Samples were
soaked in tap water, washed in a 63µm sieve, and dried in an oven at 50°C. Picked
foraminifera shells were examined using a standard binocular microscope, and scanning
electronic microscope (SEM). No secondary calcification was found and visual estimates
indicate excellent preservation of benthic foraminifera. Excellent preservation of benthic
foraminifera was also reported in the site report (Ludwig and Krasheninnikov, 1983).
Even though the distribution of planktonic foraminifera is sporadic due to dissolution, the
benthic foraminifera assemblages in cores 31-41 (Santonian-Campanian interval) have
variety of calcareous forms (up to 150 species) that inhabit bathyal depths above the
Calcite Compensation Depth (CCD) (Ludwig and Krasheninnikov, 1983).
Our stable isotopic data were generated on benthic foraminifera of the following
taxa:

Gavelinella

Globorotaloides

beccariiformis,

micheliniana,

Nuttallinilla florealis.

Gavelinella

Gyroidina

sp.,

globosa,

Gavelinella

Gyroidinoides

stephensoni,
beisseli,

and

Most of our samples were run on single taxa of benthic

foraminifera (Table 1).
Stable isotopic values (δ18O and δ13C) from ninety-nine samples were measured at
Rutgers University on a Micromass Optima mass spectrometer with a Multiprep
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peripheral for the automated analysis of carbonate sample. Data are reported versus VPDB (Vienna Pee Dee belemnite) through the analysis of an in-house standard. This
standard was routinely run against NBS-19 to ensure its accuracy; 1-sigma errors are
0.05‰ for δ13C and 0.08‰ for δ18O. The oxygen and carbon isotopic data (Table 1) are
plotted versus depth (Fig. 2) and age (Fig. 3) using the age model described below (Fig.
4). The data from 82.4-86.7 Ma were interpolated to constant 0.025 Myr interval and
smoothed with a 13-point Gaussian convolution filter using Igor Pro™, removing periods
shorter than 0.16 Myr (Fig. 3).
A total nine samples were analyzed for Mg/Ca. The number of individuals used
for each sample was variable, limited by availability of specimens, but typically was
around 30.

The foraminiferal species of Gyroidinoides beisseli, Gyroidina globosa,

Gavelinella stephensoni and Globorotaloides micheliniana were used. The foraminiferal
samples were first gently cracked, using glass plates, weighted and then diluted in an
acid. The Mg/Ca ratio was measured on ICP Mass spectrometer in the Marine and
Coastal Sciences Institution at Rutgers University. The δ18O and Mg/Ca data were
required to partition paleotemperature from ice volume (Lear et al., 2000).

AGE CONTROL
Age control for DSDP Site 511 was compiled from published sources that include
Sr isotope (Huber et al., 1995) and calcareous nannofossils biostratigraphy (Fig. 4).
Standard low-latitude zones were used for calcareous nannoplankton biozonation (Wise,
1983) that can be correlated to Sissingh’s (1978) zonation used for the New Jersey
coastal plain nannoplankton biozonation.
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The ~125 m thick section at DSDP Site 511 from Section 511-28-2 (224.5 mbsf)
down to sample 511-41-3 116 cm (351.5 mbsf) contains a nannoflora consisting of over
40 species. The section from 226 to 363 mbsf is assigned to the Marthasterites furcatus
zone that is identified by the Last Appearance Datum (LAD) of Lithastrinus floralis at its
base to (LAD) of Marthasterites furcatus and the First Appearance Datum (FAD) of
Biscutum coronum at its top (Cerek and Hay, 1969). The section from 336 to 389 mbsf is
assigned to the Lithastrinus floralis Zone, defined from the LAD of Thiersteinia
eccelesiastica at its base to the LAD of Lithastrinus floralis.

Campanian nannofossils

markers identified at DSDP Site 511 include Marthasterites furcatus, with the highest
and the lowest occurrences at 226 and 401.5 mbsf, respectively. Other common species
for the assemblages are Watznaueria barnesae, Reinhardtites elegans, Prediscosphaera
cretacea, Eiffellithus eximius, Ahmuellerella octoradiata, and Repagulum parvidentatum
(Ludwig, Krasheninnikov, et al., 1983).
The age-depth plot (ADP) in this work (Fig. 4) is based on strontium isotope and
nannofossil data. In terms of nannofossils biostratigraphy, we compare nannofossil
biozonation of the South Atlantic (Wise et al., 1983), Europe (Sissingh, 1978), and
cosmopolitan taxa (Perch-Nielsen, 1985). Those studies found the markers L. floralis, C.
obscurus, and M. decussata are diachronous. The highest and lowest occurrences of M.
furcatus are synchronous within high- and low latitudes (Bolli, 1985). We favor an age
model (red on Fig. 4) that relies on the Sr-isotope data and the HO and LO of
Marthasterites furcatus (Fig. 4). An alternative age model (blue on Fig. 4) that relies on
Sr-isotope data and M. decussata differs by 1 Myr on the older end. We also consider the
third version of age depth model. This model is based only on nannofossil biostratigraphy
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data, on the HO of M. furcatus, the LO of C. obscurus, and the LO of M. furcatus (green
line, Fig. 4).
We estimate the age of the oxygen isotopic data using each of three age models.
The first model (red line) yields an age for the section from 82.2 to 87 Ma. The ages
estimated with second model (blue line) range from 82.1 to 85.9 Ma. The third age
model (green line) yields ages of 81.9 to 84.9 Ma. Thus, all age models converge at 82
Ma, and differ on the older end by ±1 Myr.

RESULTS
The new δ18O data plotted versus depth show a small increasing trend of ~0.25‰
from the Coniacian to lower Campanian (Fig. 3). Two samples are interpreted as outliers
(–1‰ at 264.3 mbsf, and –1.1‰ at 300.3 mbsf) because these values deviate from the
general trend on average by >0.5‰. Oxygen isotope values range from –1.10‰ to 0.27‰
and carbon isotope data range from 0.08-1.71‰. Some of the scatter, particularly in δ13C
data, may be caused by species vital effect. We used eight benthic foraminiferal species
for our analysis and did not apply any correction for the different species. The genera
Gavelinella, Globorotaloides, Gyroidinoides and Nuttallinilla are not well studied for
isotopic differences in this time interval, and the corrections if any, are unclear.
The carbon isotopic data do not show coherent changes, with values showing 1‰
changes. We do not observe any strong trend and suggest that variations are the cause of
factors other than carbon cycle variability.
We estimate the age of our isotope data from the early Coniacian to early
Campanian (87-82 Ma). Samples from the earlier Coniacian have lower δ18O values than
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from the later Coniacian (–0.95 to-0.85‰, representing ~4°C difference if attributable to
temperature). The oxygen isotope values increase rapidly in four short-term intervals:
85.6-85.4, 84.9-84.5, 84.4-83.8 Ma and a combination of two increases from 83.1 to 82.4
Ma. The amplitudes of these increases are approximately 0.35-0.4‰, 0.3-0.5‰, 0.30.4‰, 0.4-0.6‰, and 0.25-0.4‰ (Fig. 5), respectively. The actual values for these
increases have uncertainties of ±0.15‰ (0.1‰, ±0.2‰, ±0.1‰, ±0.2‰ respectively).
Mean, maximum, and minimum δ18O values are –0.51‰, –0.23‰, and –0.8‰, which
correspond to bottom water temperature of 13.6°C, 12.4°C, 14.8°C, respectively
assuming an ice free world and using O’Neil’s (1966) equation:

T=16.9-4.38*(δ18Oc – δ18Ow)+0.1*( δ18Oc - δ18Ow)2
The results indicate the bottom water temperatures for the Santonian-Campanian of about
12-15°C with the long-term δ18O increase representing a cooling of about 1°C. Our
oxygen and carbon isotope analyses indicate that in spite of common obstacles associated
with isotopic analyses of marine carbonates such as vital effect and minor diagenesis, we
observe coherent changes within our oxygen isotope record that can be associated with
climate change.
We compare our benthic foraminifera record with the previous studies of Huber et
al. (1995; Fig. 2) based on the same material from DSDP Site 511. Their isotopic analysis
of the benthic foraminifera has a resolution of an average ~2 m. Our benthic foraminifera
oxygen and carbon isotopes analyses for the Santonian-early Campanian interval have a
resolution that is three times higher than Huber et al. (1995). Our sampling interval for
the benthic foraminiferal isotopic analysis is about every 0.5 m.
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Benthic oxygen isotope values for the Santonian-lower Campanian in Huber et
al.’s (1995) studies average –0.7‰ and increase in the upper Campanian to –0.1‰ (Fig.
2). Comparison of our and Huber et al. (1995) results indicate an agreement in the trends
of oxygen isotope curves (Fig. 2).
We provide analyses of individual oxygen isotopic trends for eight most abundant
benthic foraminifera species Gyroidina globosa, Gavelinella spp. Gyroidinoides beisseli,
Globorotaloides,

Gavelinella

beccariiformis,

Nuttallinilla

florealis,

Gavelinella

stephensoni, and mixed species Gavelinella (Fig. 4a). Four of them, Gyroidina globosa,
Gyroidinoides beisseli, Gavelinella beccariiformis, and Nuttallinilla florealis provide
more complete oxygen isotopic record then other four species (Fig. 4b) and the most of
complete record are derived from the benthic foraminifera species Gyroidinoides beisseli.
In time intervals that correspond to hiatuses on the New Jersey coastal plain (84.8-84.5,
83.9, and 83.3-82.0 Ma), rapid increases are observed in the oxygen isotope values. In
the 84.8-84.5 Ma interval, oxygen isotope value increases from -0.7 ‰ to -0.2 ‰ and
decreases again to -0.8 ‰ at 84.5 Ma (the MEI sequence boundary). The amplitude of
increase is 0.5 ‰ in approximately 100,000 years. The second rapid changes in oxygen
isotope values is at 83.4-83.2 Ma interval that corresponds to MEII/MEIII sequence
boundary.

Oxygen isotopic values increase from -0.7‰ to 0.3‰ in approximately

200,000 years and decreases to -0.95 ‰ in 600,000 years. The amplitude of rapid
increase is 1.0 ‰. In the MEI/MEII sequence boundary interval, δ18O values slightly
increase (0.05‰). We assume that single specimen isotopic record provide valuable data
and include it in correlation with the New Jersey coastal plain sea-level record (Fig. 5 and
6).
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Mg/Ca analyses for the Coniacian section (~87-86 Ma) were used to derive
paleotemperatures estimates that can be used in the paleotemperature equation to derive a
δ18Oseawater estimates. These estimates were then scaled to sea level assuming a
relationship of 0.10‰/10 m (DeConto and Pollard, 2003). The comparison of sea level
derived from Mg/Ca and δ18O with the estimates of se-level based on backstripping of
Kominz et al. (2008) is striking (Fig. 7). However, due to insufficient material, this study
was able to collect Mg/Ca data only from the Coniacian section that is about 1 Myr. The
short-term backstripping estimates of Kominz et al. (2008) have age resolution of ~1
Myr, and thus the comparisons shown (Fig. 7) could be fortuitous. Nevertheless, this
strong agreement of sea-level reconstructions based on the independent proxies
(backstripping, δ18O, and Mg/Ca) suggests that the link of sea level and δ18Oseawater is
robust. It suggests that our methodology is applicable for Late Cretaceous sea-level
estimates, and it points the way for future work.

DISCUSSION
Correlation with the New Jersey coastal plain sea-level record indicates
correspondence of short-term oxygen isotope increases with New Jersey sequence
boundaries (Fig. 5). The δ18O increases of 0.5 ‰ at 84.85-84.55 Ma and 1.0 ‰. from
83.5 to 82.2 Ma correlate with two New Jersey coastal plain hiatuses associated with
basal sequence boundaries (84.5-84.8 Ma = Ch/MeI, 83.3-82 Ma = MeII/III). Within the
hiatus of the third sequence boundary (at 83.9 Ma = MeI/II), no δ18O are available. The
general trend of oxygen isotopic values in MeI/II interval is an increase, but the
amplitude of changes is unclear. The correlation between these New Jersey coastal plain
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sequence boundaries and deep sea benthic foraminiferal δ18O increases imply that at least
part of the Santonian-early Campanian δ18O signature can be explained due to
development of ice sheets.
The sea-level falls associated with New Jersey coastal plain sequence boundaries
at 84.5-84.8 Ma, 83.9 Ma, 83.3-82 Ma were estimated using backstripping as 10 m, 5 m,
and ~20 m, respectively (Fig. 5, 6 Miller 2005; Kominz et al., 2008, Mizintseva et al.,
2009). To understand the volume of ice implied by Santonian-Campanian sea-level
lowerings, we consider modern ice volumes. Melting modern ice sheets would result in a
eustatic rise of 64±4 m, contributed from East Antarctica (~52 m), West Antarctica (~5
m), and Greenland (~7 m) (Lythe et al., 2001). During the Cretaceous greenhouse world,
if ice sheets existed they would have been in Antarctica, which has occupied a polar
position since ~100 Ma (www.ig.utexas.edu/). Assuming a sea-level/δ18O calibration of
0.10‰/10 m (DeConto and Pollard, 2005), then these sea-level falls imply ice sheets that
were 14%, 7%, and 28% of modern ice-sheet volumes respectively.
Today, the Antarctic ice sheet has an average value -44‰ to -37‰ (Magner at al.,
2007) and the Greenland ice sheets averages -35‰ (Johnsen et al., 1997). The lower
limit for freezing of ice sheets is about -20‰ (Fairbanks, 1987). The DeConto and
Pollard (2002) model calibration assumes δ18O ice of -40‰, similar to modern Greenland
and suitable for continental ice sheets in the Eocene-Oligocene icehouse transition; this
results in a calibration of 0.1‰/10 m. Pekar et al. (2002) empirically estimated a
calibration of 0.1‰/10 m for the Oligocene. However, in the Cretaceous greenhouse
world, lower paleolatidudal gradients would have resulted in less Raleigh fractionation
during poleward moisture transport. For the Greenhouse world, Moriya et al. (2007)
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suggested that -20‰ to -30‰ would be an expected value for ice sheets, resulting in a
calibration of 0.055-0.08‰. Based on -20‰ as the upper limit, Miller et al. (1987)
suggested that the lower limit for the sea-level/δ18O calibration would be greater than
0.055‰/10 m. Using Miller et al.’s calibration as an extreme upper limit, the sea-level
falls of 10 m, 5 m, and ~20 m could be near detection levels for oxygen isotopic changes
in seawater (0.05, 0.03, and 0.11‰).
The sea-level falls of 10 m and ~20 m correspond to observed δ18O calcite increases
of 0.5‰, and 1.0‰ respectively (Fig. 3). Then, these sea level falls can explain
maximum δ18O seawater changes of 0.1‰, and 0.2‰ using the 0.1‰/10 m calibrations
discussed above. Thus, at least 0.4‰, 0.8‰ of oxygen isotope changes are due to
temperature, corresponding to coolings of 0.8 to 1.7°C. Considering Late Cretaceous
greenhouse conditions, we assume that δ18O of ice sheets would have been higher. Then,
the upper limit for the formation of ice in the Late Cretaceous can be calculated using
Miller et al.’s sea-level/δ18O seawater calibration (0.055‰/10 m). It would explain less of
the δ18Ocalcite due to sea-level change, requires lower δ18O seawater and higher temperature
changes (Miller et al., 1987). The minimum changes of δ18O seawater due to ice formation
are 0.06‰, 0.11‰ respectively, and the changes of δ18Ocalcite due to temperature are
0.44‰ and 0.89‰ that correspond to 1 to 2°C. This constrains the temperature
component in δ18O signal for the maximum and minimum limits in ice “contribution”.
When we consider the maximum changes of δ18Oseawater, we obtain the temperature
components for δ18Ocalcite of 63-78% for the first increase, and 45-64% for the second
increase. If we consider the minimum changes in δ18Oseawater, the temperature components
for δ18Ocalcite are 82-89%, and 73-82%.
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Our calculations are based on the sea level estimates of Kominz et al. (2008).
Their short-term backstripping results have uncertainties in water depth. The lowstand
system tracks are mostly underestimated for Cretaceous sequences and the sea-level
changes are minimum estimates.

However, even if the sea-level values are

underestimated, they provide valuable constrains because calculations based upon them
show only small ice sheets are implied in the Late Cretaceous Greenhouse. Such
estimates provide a realistic overview for temperature variations implying that only about
20% of oxygen isotope signal would change due to formation of the ice. Most changes of
the δ18O values are due to decrease in temperature.

CONCLUSIONS
In our studies, we tested the hypothesis of glacioeustatic origin of global sea-level
changes in the Santonian-Campanian. We provide increase resolution oxygen and carbon
isotopic analyses for the late Santonian-early Campanian. The analysis was performed
on well-preserved benthic foraminiferal shells and with the resolution of <<1 Ma. Age
control is based on nannofossil biostratigraphy and Sr-isotope analysis. The sea-level
oxygen isotope correlation methodology proved for the Cenozoic paleoclimate records is
applied. Four oxygen isotope increases are correlated with New Jersey Coastal plain
sequence boundaries. Close correlation in age between major sea-level falls and oxygen
isotope increases suggest short and rapid global cooling episodes during the late
Santonian-early Campanian. However, the rate and scale of Santonian-Campanian
cooling events is so small that they are near the detection limits of oxygen isotope
analysis.
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Nevertheless, the increase in resolution in δ18O record allows correlation of this
record with the short and small late Santonian-early Campanian sea level falls, and
evaluates a triggering mechanism of eustasy. As a result, correlation of oxygen isotope
and sea-level records suggest that late Santonian-early Campanian sea-level falls link
with global cooling and accumulation of small and ephemeral continental ice sheets in
Antarctica. Global correlation of sea-level record from different geographical regions
will aid further investigation of the Santonian-Campanian eustasy.
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FIGURE CAPTIONS
Figure 1 Location Map of DSDP Site 511, Leg 71, Falkland Plateau.

Figure 2 Plots of carbon and oxygen isotopic analyses from DSDP Site 511. The black
lines are the current results, and the blue and green lines published results of Huber et al.
(1995). The current and Huber’s plots have a constant offset of ~0.25‰.

Figure 3 Carbon and oxygen isotopic plots of benthic foraminifera species analyses from
DSDP Site 511. The plots are relative to planktonic foraminifera and nannofossils zones,
Cretaceous stages, core recovery, and lithology. The symbols on the plots show values
for individual benthic foraminifera species.

Figure 4 Age-depth plots for DSDP Site 511; The black dots represent Sr-isotope data,
the circles and x’s are nannofossil lowest and highest occurrences respectively. The red
line is the age model based on Sr-isotope data and LO of M. furcatus, the blue line is the
age model based on the Sr-isotope data and LO of M. decussata, and the green line is the
age model based on nannofossil biostratigraphy only.

Figure 4a Single-species oxygen isotopic record for eight most abundant benthic
foraminifera Gyroidina globosa, Gavelinella spp., Gyroidinoides beisseli,
Globorotaloides, Gavelinella beccariiformis, Nuttallinilla florealis, Gavelinella
stephensoni, and mixed species Gavelinella.
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Figure 4b Single-species oxygen isotopic analyses for four benthic foraminifera species
(Gyroidina globosa, Gyroidinoides beisseli, Gavelinella beccariiformis, and Nuttallinilla
florealis), which provide more complete oxygen isotopic records than other four species
(referred to Fig. 4a).

Figure 5 Comparison of deep-sea oxygen, carbon isotope records and sequence
stratigraphic analysis of New Jersey coastal plain.

Figure 6 Comparison of the oxygen isotope single specimen analysis and New Jersey
coastal plain sequences with backstripped sea-level record of Kominz et al. (2008).

Figure 7 Oxygen isotopic plot. Paleotemperature estimates based on the Mg/Ca analysis.
Sea-level estimates calculated on the basis of δ18O and Mg/Ca analyses (black line).
Backstripped sea-level estimates of Kominz et al. (2008) (red line).

Table 1 Oxygen isotopic values for deep sea benthic foraminifera DSDP Site 511. The
data are sorted by species for single species oxygen isotopic analysis.
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CHAPTER 3: INTERREGIONAL CORRELATION OF SANTONIANCAMPANIAN SEA-LEVEL RECORDS: RECONSTRUCTION OF SEQUENCE
STRATIGRAPHIC RECORDS ON RUSSIAN PLATFORM

ABSTRACT
This

study

uses

benthic

foraminiferal

biofacies

analysis,

Sr-isotope

chronostratigraphy and sequence stratigraphic analyses of Upper Cretaceous deposits
from the Russian Platform. I identified four Santonian-Campanian sequences (San1,
San2, San-Cam, and Cam1) from Voronezh outcrops and the Belgorod corehole. The
studies of sequences from the Russian Platform reconstruct water depth changes, and
provide high-resolution (~ 1 Myr) chronostratigraphic and biostratigraphic age control.
The results provide an excellent record for interregional correlation with Upper
Cretaceous strata from the New Jersey coastal plain. The studies of the Russian Platform
and the New Jersey coastal plain show that Russian and New Jersey SantonianCampanian sequences are age correlative and were associated with correlative water
depth changes. Eustasy is inferred to be a major cause for global paleobathymetric
variations and the deposition of Santonian-Campanian sequences. In this study, I provide
evidence for large and rapid sea-level changes during warm and humid intervals in the
Late Cretaceous.
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I. INTRODUCTION
An extensive drilling campaign of the New Jersey coastal plain (ODP Legs 150X
and 174AX) identified four Santonian-Campanian sequences and linked the timing of the
sequence boundaries with oxygen isotopic increases, implicating a glacioeustatic control
on sequence boundary genesis (Mizintseva et al., 2009). Because eustasy is identified as
the primary control on Santonian-Campanian sequence boundary genesis in New Jersey
with the scale of 10’s m and timing of 1-5 Myr, interregional correlation can help verify
mechanisms that control the Late Cretaceous stratigraphic record.
The Russian Platform is the central part of the large Eurasian craton. It was
tectonically stable and was covered by shallow seas throughout most of the Mesozoic
(Koronovsky, 1984). The Upper Cretaceous sections of the Russian Platform are
extensive marine deposits with excellent preservation of fossil materials that provides the
basis for biostratigraphic age control and paleobathymetric estimates. Sahagian et al.
(1996) documented transgressive-regressive sequences on the Russian Platform and
constructed a low-resolution eustatic curve for the Late Mesozoic and Cenozoic. The
study of Sahagian et al. (1996) revealed remarkably close correlation between sea-level
records from Russian Platform and those of the New Jersey coastal plain (Miller et al.,
2005).
The Moscow State University Geological Department and the Moscow
Paleontological Institution cooperatively studied a series of outcrops and boreholes in the
Belgorod (Butovo) and Voronezh regions (Podgornoe 170 and Podgornoe 171) of the
Russian Platform (Naidin & Kopaevich, 1977; Naidin et al., 1984; Akimez et al., 1992;
Nikishin et al., 1993) (Figs. 1, 2, 3). Dr. Alekseev and Dr. Beniamovsky from the
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Moscow Paleontological Institution provided reference materials and foraminifera
samples. The initial evaluation of benthic foraminifera indicated excellent preservation.
Our Russian colleagues focused on paleogeographical and biostratigraphical studies of
macrofossils and nannofossils. Their results provide an extensive record of macrofossils
and nannofossil biostratigraphy, the distribution of benthic and planktonic foraminifera
and calcareous nannofossils, as well as information on sea-surface temperatures and in
some cases, on sea-floor temperatures (Beniamovsky and Kopaevich, 2002). Detailed
biostratigraphic work based on calcareous nannofossils (Ovechkina and Alekseev, 2002)
offers an excellent basis for interregional correlations.
Although previous studies on the Russian Platform extensively examined the
microfossil assemblages, no attempt has been made use microfossils to estimate changes
in paleobathymetry. Furthermore, most studies had only broad biostratigraphic age
control with limited or absent strontium isotopic age estimates. No attempt was made at
quantitative paleo-water depth estimates, or for sequence stratigraphic analysis.
Considering the previous successful attempt to correlate the sea-level record of the
Russian Platform with the New Jersey coastal plain (Sahagian et al., 1996) and the
extensive micropaleontological studies on the Russian Platform (Ovechkina and
Alikseev, 2002; Beniamovsky and Kopaevich, 2002), the main objectives of my research
are: 1) to provide a chronology record of Santonian-Campanian sequences at three
Russian Platform locations: Butovo, Podgornoe 170, and Podgornoe 171; 2) to compare
this record with similar results from the New Jersey coastal plain; and 3) to gain insight
into the processes that controlled sequence development during the Late Cretaceous.
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My studies build on the lithostratigraphic descriptions of the Belgorod corehole
(Antsypherova and Burykin, 1998), Voronezh outcrops (Olferiev, 1988), and calcareous
nannofossil biostratigraphy (Ovechkina and Alekseev, 2007). I also incorporated results
from a quantitative analysis of the calcareous nannofossils of the Butovo corehole
(Belgorod region) (Ovechkina, Alekseev, 2002). I used benthic foraminiferal biofacies
analysis, Sr-isotope chronostratigraphy and sequence stratigraphy to recognize
depositional

sequences

and

present

a

continuous,

high-resolution

(~1

Myr)

chronostratigraphic record for Santonian-Campanian deposits from the Russian Platform.
Because benthic foraminiferal assemblages change in response to water depth and other
paleoenvironmental conditions, the biofacies analysis allowed detection of regional
paleobathymetric fluctuations and water depth changes associated with depositional
sequences. Benthic foraminifera also provide calcareous material used for Sr-isotopic
analysis to aid the chronostratigraphic analysis. Reconstruction of the sequence
boundaries, paleobathymetry estimates, and age control for the Russian Platform provides
an excellent record for interregional correlation of Upper Cretaceous strata with the New
Jersey coastal plain.
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II. PREVIOUS STUDIES
Brief subsidence history of the Voronezh Anticline.
The Voronezh Anticline is a structure resulting from a major uplift in the southern
part of the Russian platform between the Moscow Syncline and Caspian Basin (Fig. 2).
The Voronezh Anticline region is not well known in the English-language geological
literature, therefore I provided a brief summary of the regional geology and subsidence
history.

The Voronezh Anticline is also known from the literature as the “Kursk-

Voronesh crystalline core area”, which emphasizes the fact that it is a buried basement
high composed of metamorphic and magmatic rocks of Precambrian and Paleozoic age
overlain by Mesozoic and Cenozoic deposits (Milanovsky, 1992). The south and
southwest boundaries of the Voronezh Anticline is the Dnepr-Donets Rivers Depression,
and the northwest boundary is the Orsha-Smolensk Flexure. The Moscow Syncline and
Razan-Saratov Flexure bound this area to the north and northeast, respectively (PopovaGoll, et al., 2005). The maximum thickness of Upper Cretaceous deposits is observed in
sections and wells located in Dnepr-Donets Depression and decreases towards the north.
For investigation of regional subsidence history, I used data from the VostochnoPoltavskaya well from north of the Dnepr-Donets Basin (Lobovsky et al., 1993), and the
sites used for paleo-water depth estimates (Butovo and Podgornoe) are located further
north, on the south-east part of the Voronezh Anticline (Fig. 4a).
During the Late Precambrian, the Russian platform underwent four main rifting
episodes: 1600-1350 Ma, 1350-1000 Ma, 1000-680 Ma, and 680-630 Ma (Milanovsky,
1987). The post-rift phase began about 630 Ma, simultaneously with the openings of the
Iapetus Ocean and the Central Asian Ocean, on the West and the East, respectively.
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Significant subsidence and graben reactivation of the Russian platform occurred during
the Paleozoic. Some of the grabens were inverted during the Devonian, and strike-slip
movements occurred along the Voronezh Anticline at this time (Ranalli and Murphy,
1987). The Voronezh Anticline subsequently underwent rapid post-rift subsidence. Rapid
subsidence continued through the late Carboniferous. The activities in adjacent orogenic
belts were the main causes of regional subsidence on the Russian Platform. The Tethys
orogenic activity occurred during the pre-Jurassic, and caused the post-rift subsidence in
the southern part of the Russian platform (Milanovsky, 1992). During the Cretaceous,
subsidence in the southern part was terminated because of development of the PripyatDnieper-Donets Basin development, and concentration of subduction center around the
Donbass orogenic belt (Lobkovsky et al., 1993). The subsidence of less than 1 km and an
accumulation of shallow-water and continental deposits over a wide area characterize
Permian-Cretaceous (Lobkovsky et al., 1993).

During Cretaceous, the Voronezh

Anticline was affected by little subsidence and was filled by shallow-water marine
sediments.
The flat-lying Mesozoic sediments indicate tectonic stability on the Russian
platform (Watts, 1989; Sahagian and Holland, 1993). Sahagian et al. (1996) in their
evaluation of sea level, assumed that tectonic subsidence on the Russian Platform was
zero during the Cretaceous. The Sahagian et al. (1996)’s assumption essentially agrees
with geophysical and lithological data from previous studies.
Geophysical data from the Vostochno-Poltavskaya well reveals the main stages in
subsidence (Fig. 2, Lobkovsky et al., 1993). Major subsidence occurred via rifting in the
Proterozoic. The rift subsidence ceased during the Late Silurian-Early Devonian with

118
post-rift unconformity. Thermal and flexural subsidence occurred during the
Carboniferous to Permian (Fig. 4b). Since the Permian, thermal subsidence terminated.
There has been effectively zero subsidence from the Cretaceous to Present. During the
Cretaceous, sedimentary basin regime prevailed on the Russian platform.
Lithological data (Milanovsky, 1992) indicate that in the Permian-early
Cretaceous, most areas of the Russian platform experienced regression with deposition of
terrestrial sediments. In areas proximal to the Tethys Sea, shallow marine deposits
replaced continental facies. At the end of the Early Cretaceous, regression changed to
transgression, and deposition to uniform marine carbonates. The Late Cretaceous has
wide-spread deposition of chalk and marlstone. Thus, the Russian Platform subsidence
indirectly suggests that the regional sea-level changes in the Late Cretaceous, related
rather to eustasy than to tectonic activities.

Paleogeographic history
The Russian Platform was a part of the European Province (EP) that extended for
about 7000 km from the Atlantic shores of northwestern Europe in the west to the Aral
Sea and Kopet-Dag in the east (Naidin et al., 1984). It was the largest epicontinental sea
in the Earth's history (about 7000 km long). The sea was relatively deep (nearly 200 m).
White chalk and marls were the dominant lithofacies in the EP and similar foraminiferal
assemblages occurred throughout, permitting long-range correlation. During the
Mesozoic, three paleobiogeographical realms (Tethyan, Transitional, and Boreal) were
recognized in the EP (Hay, 1995; Hart, 2000). In the Late Cretaceous, the Russian
Platform epicontinental sea extended from the Tethys to the Arctic with occasional
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marine connections to the Siberian region (Naidin et al., 1984). During the SantonianEarly Campanian stage, warm waters of the marginal East European seas dominated the
Russian Platform. The Santonian-Early Campanian foraminiferal assemblages are
entirely composed of warm-water Tethyan species (Amon, 1990) and the Russian
Platform was dominated by the Tethyan paleobiogeographic realm. Hart and Bailey
(1979) and Hancock (1992) suggested that at this time sea-level was low. Two eustatic
rises were identified in the late Campanian (Beniamovsky and Kopaevich, 2002) The
stages began with appearance of Brotzenella monterelensis/Heterostomella and were
marked by changes in abundances of benthic foraminifera (Beniamovsky and Kopaevich,
2002). Marine deposition occurred with limited sediment supply from remote clastic
sources (Olferiev, 1988). The lack of subsidence and the low sediment supply caused
global sea level to be the main factor controlling sedimentation (Sahagian et al., 1996).
The Voronezh Anticline (Belgorod, and Voronezh provinces) was tectonically
stable in the Late Cretaceous. A relatively complete composite stratigraphic section can
be compiled in this region (Fig. 4). Excellent preservation of fossil materials provides the
basis for biostratigraphic age control and paleobathymetry estimates. This provides a very
reliable framework for sea-level estimates.
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III. CURRENT STUDIES
1. Materials and Methods
1.1 Lithostratigraphy
Butovo 100 Borehole
The Butovo 100 borehole is located near the village of Butovo in Jakovlevo
District, Belgorod Region of Russia (50° 46' N, 36° 10' E) (Fig. 3). This borehole was
drilled in the area that showed the highest accumulation rate during the Campanian. The
succession is 210 m thick and is represented by marls in its lower part (162.0-292.0 m)
and by marly chalk in the upper part (82.0-162.0 m).
According to the local stratigraphic zonation (Antsypherova and Burykin, 1998)
this succession spans the interval from the upper Santonian to lower upper Campanian
comprising four formations with biostratigraphic control from belemnites and benthic
foraminifera (Antsypherova and Burykin, 1998). The formations are (Fig. 5):
Novooskolskaya Formation (Upper Santonian) was recognized in the interval 267.8292.0 m. It consists of white, light gray chalky marls. A bed of light gray bioturbated silty
marl is recorded at 275.0-277.0 m. The total thickness is 23.2 m.
Dubnekovskaya Formation (lower part of lower Campanian), was recovered in the
interval 212.0-267.8 m. This formation consists of light to dark gray micaceous
bioturbated marls with pyritized burrows 2 mm in diameter. The total thickness is 55.8 m.
Alekseevskaya Formation (upper part of lower Campanian), was recovered in the interval
162.0-212.0 m. This formation consists of light gray, soft, micaceous, slightly bioturbated
marls with-pyritized burrows. The total thickness is 50 m.
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Podgornoe 170 and 171 Outcrops
The Podgornoe 170 and 171 outcrops are located in the marl quarry of a small
concrete factory in Voronezh region (Fig. 4). Olferiev (1988) described the outcrops and
assigned the sediments to for formations as summarized below (Fig. 6). The foraminiferal
biostratigraphy is provided by Beniamovsky, V. N.
Podgornoe 171 Outcrop
The outcrop is 4.2 km west of the Podgornoe train station. From the bottom to top
the following units are present:
Chernianskaya Formation is comprised of white chalk with some iron traces. The
thickness of the formation is 4 m.
Tolkuchovskaya Formation is divided into three units. 1. The lower part of the
formation known as the sponge layer is lightly enriched in iron and phosphorites.
Occasional phosphorite concretions are found. The thickness of the layer is about 2-3 cm.
2. Slightly siliceous, massive calcareous marls with a sharp lower contact, total thickness
is 4 m.
3. White, light gray calcareous marl with some traces of iron, the thickness is 2 m.
Podgornenskaya Formation consists of fine, homogeneous, clayey chalk. The
formation is divided into the large blocks by a system of fractures 1-2 m long. The total
thickness of the formation is 26.5 m.
The low part Bogucharskaya Formation is light colored (white-light gray) marl
with traces of iron. The thickness is 1.5 m. The upper part of the formation is light green
to gray very carbonaceous marl. There are some traces of iron. The contact with the
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lower layer is gradational. The total thickness is 8 m. The upper boundary is the contact
with alluvial-deltaic quaternary deposits.
Outcrop Podgornoe 170
The Podgornoe 170 outcrop is located 1.2 km west of the Podgornoe train station, 3 km
apart from the outcrop 171. The stratigraphic units here are similar to those at Podgornoe
171.
Podgornenstkaya Formation The deposits are gray to light gray marl with
sporadic bioturbation, and isolated gypsum concretions. The total thickness is 3 m. The
upper contact is gradational, with observed color variations.
Bogucharskaya Formation is divided into 2 units. 1. The lower part of the
formation is homogeneous light colored (white-light gray) marl with isolated zones of
bioturbation. The reworked carbonates are lighter in color. Belemnitella sp. and
Belemnitella mucronata are present. The total thickness is 9 m. 2. The upper part is
lightly bioturbated gray marl with occasional concretions and phosphoritic spheres. The
thickness is about 7.5 m. The total thickness of the formation is 9 m.
The low part of Alekseevkaya Formation consists of light gray marls with traces
of iron. The upper part (about 1.5 m) consists of gray, very weathered marl. The total
thickness of the formation is 4.5 m. Paleogene deposits overlie the formation.

1.2 Biofacies analysis
Water depth estimates were made using benthic foraminifera biofacies analysis.
For this purpose, the benthic foraminifera slides were prepared. The sampling resolution
was about every 2 m. Approximately 300 specimens were picked per sample. Species
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identification was made on the basis of Beniamovsky and Kopaevich., (2002). The
number of benthic foraminiferal species was converted into percentages and Q-mode
factor analysis was used to compare variations among the samples. Data were rotated to
2 factors using a Varimax Factor rotation and Systat 5.2.1 on a Macintosh computer. The
resulting loadings of ~1.0 or greater were considered suitable for interpretation. The top
three dominant species with scores greater than 0.5 were identified for each factor or
benthic foraminiferal assemblage. Water depth estimates for the biofacies were derived
with reference to previous estimates (Sahagian et al., 1996, Ovechkina and Alekseev,
2002). Water depth changes were used to help identify system tracts of sequences.

1.3 Sr-isotope stratigraphy
87

Sr/86Sr ratios were obtained from the foraminiferal shell material. The foraminiferal

shells were washed with sodium metaphosphate to remove surface contaminants. The
samples were then examined under a microscope for any remaining inclusions and
diagenesis.
The samples were powdered using a mortar and pestle. Five to ten mg of powder was
separated using standard ion exchange techniques. The samples were then analyzed at
Rutgers on the VG Sector Mass Spectrometer Thermal and the Isoprobe T Multicollector
TIM.

External precision (sample reproducibility) at Rutgers has been estimated

statistically as ±0.000020. (Oslick et al., 1994).
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2. RESULTS
2.1 Biofacies analysis
Benthic foraminifera were used to infer paleobathymetric variations. The benthic
foraminiferal assemblages in the study area were dominated by calcareous foraminifers
of the genera Stensioina, Angulogavelinella, Gyroidinoides, Gyroidina, Globorotalites,
Osangularia, Cibicidoides, Gavelinella, Brotzenella, Praebulimina, Bolivinoides and
Bolivina. The most abundant agglutinated foraminifers were carbonate-cemented forms
of the genera Heterostomella, Voloshinovella, Spiroplectammina, Marssonella,
Gaudryina, Ataxophragmium and Orbignyna. These genera are typical shelf fauna of the
chalk facies (Koutsoukos and Hart, 1990)
The changes in benthic foraminiferal assemblages were used to infer
paleobathymetric variations. Factor analysis revealed low diversity within the benthic
foraminiferal assemblages indicating the entire section was deposited in a shallow water
environment (inner to middle neritic). Two benthic foraminiferal biofacies have been
identified with a few variations in dominate taxa. Biofacies I is dominated by Stensioina,
Gyroidinoides, and Gavelinella, and Biofacies II is dominated by Gavelinella texana,
Gyroidinoides, and Globorotalites.
The paleowater depth estimates are summarized in Figures 5, 6 and 7. The
estimates are based on the assumption that water depth was the one of the decisive factors
along with other hydrographic properties (pH, salinity, nutrient supply, and so on) that
drove the distribution of benthic foraminifera species (Nyong and Olsson, 1984,
Gradstein and Berger, 1981; Miller et al., 1982).
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Specific paleowater depth estimates for the dominant species of the biofacies
were based on previous studies. Late Cretaceous benthic foraminifera studies on the New
Jersey Coastal Plain estimated water depths for the morphogenetic groups of Gavelinella
(G. texana, G. ammonoides, and G. infrequens) (Nyong and Olsson 1984), and
Gyroidinoides spp. (Olsson, 1988). Beniamovsky and Kopaevich, (2002) in their Late
Cretaceous study on the European and the West Siberian provinces identified water depth
ranges for Stensioina and Globorotalites species.
Stensioina sp. is an indicator of 0-50 m water depths (inner to inner-middle neritic
environments) and Globorotalites was adapted to 20-100 m water depth (mostly middle
neritic environment) (Beniamovsky and Kopaevich, 2002). According to Olsson (1988)
and Olsson and Usmani (1992), Gyroidinoides is also an indicator of inner-middle shelf
environments with the water depth range of 20-50 m. Gavelinella texana is an indicator
of middle shelf-upper slope environments (30-200 m) (Nyong and Olsson 1984).
Biofacies I (Stensioina, Gyroidinoides, and Gavelinella) is inferred to have
inhabited shallower water depth paleoenvironment (~20-50 m), whereas Biofacies II
(Gavelinella texana, Gyroidinoides, and Globorotalites) is inferred to inhabited deeper
water depths (50-100 m). Utilizing the biofacies analysis I have identified the following
sequences.

Butovo Corehole Sequences
San(Santonian)2 sequence
The upper part of the San2 sequence was recovered in the Butovo corehole (Fig.
5). The shallow-water Biofacies I dominates this part of the sequence from the 298 m to
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277 m (Fig. 5). It is interpreted as the shallowest water depth interval. The sequence
boundary is placed at the Biofacies II peak (276 m), above the Biofacies I peak. A sharp
shift in paleodepth from shallow to deep indicates the sequence boundary.
San-Cam (Santonian-Campanian) sequence
The shallow-water Biofacies I dominates the sequence from 274-255 m and 248 240 m intervals. The deep-water Biofacies II dominants in a sample at 250 m. This depth
is interpreted as the maximum flooding surface of the sequence. The sequence boundary
is placed at 238 m just above the second peak of the shallow Biofacies I. An abrupt
change in paleodepth from shallow to deep implies the sequence boundary.
Cam 1(Campanian) sequence
The lower part of the Cam 1 sequence is recovered in the Butovo corehole. The
deep-water Biofacies II dominates throughout the entire section. The upsection increase
in dominance in Biofacies II is taken to indicate increased water depth to the top. The
maximum peak of dominance of Biofacies II begins at 210 m, and continues to the top of
the section. This section is interpreted as transgressive system tract (TST) with a
truncated high stand (HST).

Podgornoe 171 Sequences
Con (Coniacian) sequence
The upper part of the Coniacian sequence outcrops at Podgornoe 171 (Fig. 6).
Biofacies I and II are co-dominant throughout the sequence (Fig. 6). Assemblage peaks
occurred at 44.4 m and 42.5 m for Biofacies II and for Biofacies I, respectively. The
sequence boundary is tentatively placed at 42 m where is a sharp change from shallow-
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water Biofacies I and deep-water Biofacies II. This coincides with the top of the
Chernianskiya Formation.
San (Santonian) 1 sequence
The shallow-water Biofacies I dominate within this sequence. Two thick intervals,
from 42 m to 29.7 m and from 27 m to 21 m, are parts of the sequence that is dominated
by Biofacies I. The first and second peaks of abundance of the shallow-water assemblage
happened at 40 m and 21 m respectively. The first shallowest water peak is interpreted as
beginning of transgression and the second peak as a end of the high stand stage. It is also
possible that the lowest part of the sequence from 42 to 40 m is a lowstand deposit, but
this is debatable. The deep-water Biofacies II dominates within the short interval in the
middle of the sequence from 27 m to 29.7 m. The abundance peak of the Biofacies II at
28.8 m is interpreted as the MFS of the sequence. The sequence boundary is placed just
above the second peak of Biofacies I at 20 m.
San (Santonian) 2 sequence
The lower part of the sequence, from 20 m to 13 m, is dominated by the deepwater Biofacies II. The assemblage’s peak at 17.2 m is identified as the MSF of the
sequence. A shift in the biofacies occurs at 13 m. At 13 m to 7.5 m the sequence is
dominated by the shallow-water Biofacies I. The assemblage’s peak occurred at 8 m. The
sequence boundary is placed above shallow-water assemblage’s peak at 7.5 m.
San-Cam (Santonian-Campanian) sequence
Only the lower part of the San-Cam sequence outcrops at Podgornoe 171. The
deep-water Biofacies II dominates within the sediments. Biofacies II dominates the
sequence within 7.5-6 m and 5 -2.5 m intervals. The maximum deep-water assemblage’s
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peak occurred within the second interval of dominance at 4 m. This depth is interpreted
as the maximum flooding surface of the sequence. The shallow-water Biofacies I has a
short interval of dominance from 6 to 5 m. The recovery of the section ends at 2.5 m the
upper sequence boundary is not identified.

Podgornoe 170 Sequences
San(Santonian)2 sequence
The upper part of the San2 sequence is identified at the Podgornoe 170 outcrop
(Fig. 7). Biofacies II dominates the lower segment from 26 m to 23 m. This part of the
sequence is considered to be the final stage of transgression. The deep-water
assemblage’s peak at 24 m is interpreted as maximum in the water depth or MSF. The
shallow-water Biofacies I dominate from 23 to 20.6 m. The peak of abundance occurs at
21.5 m, and it is interpreted as the shallowest water depth interval and an indicator of the
sequence boundary. The sequence boundary is placed at 20.5 m, above the shallow-water
assemblage’s peak (Fig. 7).
San-Cam (Santonian-Campanian) sequence
The deep-water Biofacies II dominates the lower part of the sequence from 20.5
to 9.7 m. The deep-water assemblage’s peak occurs at 11 m. This depth is interpreted as
the maximum flooding surface of the sequence. The shift in biofacies begins at 9.7 m.
Shallow-water Biofacies I dominates from 9.7 to 1 m. The interval from 11 m (MSF) to 1
m is interpreted as the HST of the sequence. The sequence boundary is placed at the
second shift in biofacies from Biofacies I to Biofacies II and just above of the shallowwater assemblage’s peak. The depth of the sequence boundary is 0.7 m.

129
Cam 1(Campanian) sequence
The small part of Cam 1 sequence is identified in Podgornoe 170 outcrop. This
interval is dominated by deep-water Biofacies II. The interval is interpreted as the
beginning the TST of the sequence.

2.2 Nannoplankton quantitative analysis
Nannoplankton quantitative analysis is an independent verification of
paleoenvironment alternations such as temperature and water depth variations. The
quantitative analysis of calcareous nannofossil assemblages was made for the Butovo
borehole (Ovechkina and Alekseev, 2002). As a result, the distribution of warm and cold
water species have been identified (Fig. 8)
Watznaueria barnesae, a warm-water species, constitutes about 45% of the
assemblage from 278.0-292.0 m and 20% at 220.0-267.5 m. The proportion of another
warm-water species, Lucianorhabdus cayeuxii does not vary significantly and is usually
1-4 %.
Micula spp. comprises cold-water species and constitutes ~20-30%, but
sometimes decreases to 6%. Two maximum abundance peaks (35%) of Micula spp. are
observed at 275 and 238 m. The abundance of an other cold-water species Reinhardtites
anthophorus, changes from 6% to 20%, that of Prediscospheria spp. reaches 3% (Fig. 8).
Based on the distribution of the warm and cold-water species, the section can be
subdivided into three parts (Ovechkina and Alekseev, 2002).
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The lower part (phase 1) (interval of 278.0-292.0 m) corresponds to the
Novooskolskay Formation. Within this part warm-water species dominate and a sharp
change from 20 to 35% of Micula spp. occurs at 275.0 m.
The middle part (phase 2) (interval 210.0-277.5 m) corresponds to the
Dubenkovskay Formation. This interval is characterized by a constant decrease of the
warm-water coefficient and cyclic changes in the abundance of cold-water species. The
sharp increase in cold-water coefficient (from 14.4 to 34.2%) at the 240 m corresponds to
the end of the phase.
The upper part (phase 3) (interval 210.0-156.0 m) corresponds to the
Alekseevskay and Maslovo Formations. Insignificant changes in the quantities of warmwater species are typical for these formations.
Correlation between benthic foraminifera biofacies and calcareous nannofossil
assemblages shows the correspondence between the biofacies shifts and changes in the
nannofossils stages. The phase 1 of nannofossils assemblages closely correlates with
San2 sequence, the phase 2 correlates with San-Cam sequence, and the phase 3 correlates
with Cam1 sequence. In addition to correlation between sequences and phases, both
sequence boundaries correlate precisely with the abundance maximums of cold-water
Micula spp. (Fig. 8).

3. AGE CONTROL
Age depth plots
Age depth plots (ADP) in these studies are based on Sr-isotopic analyses and
nannofossil biostratigraphy. For each location, (Butovo, Podgornoe 170, and Podgornoe
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171) the Sr-isotopic analyses yielded monotonically increasing values upsection which
reflects decreasing age (Figs 9, 10, 11).

3.1 Sr-isotopic analyses
Strontium ages were obtained on 58 samples from the Butovo corehole and
Podgornoe 170 and 171 outcrops.
Butovo 100
In the Butovo corehole, the samples between 300-280 m and 210-160 m yielded
ages ranging from 82 to 85.5 Ma (Fig. 9). The samples between 280 and 220 m yielded
ages ranging from 77 Ma at 230 m to 80.8 Ma at 280 m (Fig. 9). The open circles in Fig.
9 represent these points on the age depth plot (ADP). These data points are significantly
off from the general trend and are considered to be contaminated or diagenetically
alternated samples. Neglecting twelve samples from the 280 and 220 m interval, the Srisotope age interpretations yielded the ages ranging from 82 to 85.5 Ma. The dotted line
on the ADP (Fig. 9) represents these age estimates. The solid line on the ADP represents
my preferred age interpretation (Fig. 9). These estimates are based on the integration of
Sr-isotope data and nannofossil biostratigraphy. The integrated ages range from 80.1 to
84.8 Ma.
Podgornoe 171
At Podgornoe 171, twenty nine samples were analyzed. Fourteen samples yielded
ages from 84 Ma at 44 m to 76.8 Ma at 4 m. These data points incline from the general
trend on about 1 Ma. They are plotted on ADP as open circles and not included in age
interpretations. The rest of the samples yielded ages ranging in age from 88 Ma at 48 m
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to 79.5 Ma at 6 m (Fig. 10). The dashed line on the ADP represents the age interpretation
based on the Sr-isotope data that range from 85.5 to 79.5 Ma. However, integration of
nannofossil biostratigraphy and Sr-isotopic analysis yielded the age ranges from 85.7 Ma
at 50 m to 82.4 Ma at 1 m. This is my preferred age interpretations for these sediments,
and it is plotted on the ADP as a solid line (Fig. 10).
Podgornoe 170
Six samples in Podgornoe 170 outcrop yielded ages ranging from 78-82 Ma.
These ages are very different from biostratigraphic age estimates (Ovechkina et al., 2002)
and are assumed to represent either contamination or diagenesis of the material. These
data points are plotted on the ADP as open circles. The age interpretations for the
Podgornoe 170 outcrop sediments are based on nannofossil biostratigraphy data. The age
of the section is estimated from 82 to 84 Ma (Fig. 11).

3.2 Nannofossil biostratigraphy
The nannofossil biostratigraphic analysis was conducted by Ovechkina et al.
(2002). I used their data for integrated age estimates in my study. Thus below I provide
the detailed description of Ovechkina et al. (2002) results.
Butovo 100
Poor nannofossil assemblages consisting of 37 species have been recognized in
the Butovo 100 core. The preservation of calcareous nannofossils was mostly moderate,
and sometimes good or poor (secondary alteration). The samples provided the following
assemblages:
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1.

Watznaueria barnesae, Prediscosphaera cretacea, Micula decussata, and

Eiffelithus turriseiffelii are relatively abundant throughout the whole section.
Microrhabdulus decoratus, Prediscosphaera intercisa, and Cribrosphaerella erhenbergii
are less abundant. Stradneria crenulata, Lithraphidites carniolensis, Obliquipithoneila
operculata, Vekshinella angusta, Zygodiscus spiralis, Ahmoellerella octoradiata,
Tranolithus

orionatus,

Manivitella

pemmatoidea,

Lucianorhabdus

cayeuxii,

Microrhabdulus belgicus, and Calculites obscurus are rare species.
2.

Arkhangelskiella cymbiformis, Kamptnerius magnificus, and Prediscosphaera

spinosa are distributed in relatively small quantities in all intervals of the section except
for the lower and upper parts. Chiastozygus litterarius, Biscutum magnum, Eiffellithus
eximius and Braarudosphaera bigelowii occur rarely.
3.

Broinsonia

parca

constricta,

Micula

concava,

Tranolithus

manifestus,

Chiastozygus tenuis and Arkhangelskiella specillata are found in all intervals of the
section except for the lowermost 10 m.
4.

Broinsonia parca parca, Thiersteinia ecdesiastica, Marthasterites furcatus and

Lithastrinus grillii are found mainly in the lower part of the section.
The lower part of the section (186.0-265.0 m) belongs to the CC18 Aspidolithus
parcus Zone. Its upper boundary is established at 186.0 m, where the last appearance of
Marthasterites furcatus in the sample is recorded. Thiersteinia ecdesiastica,
Marthasterites furcatus, Prediscosphaera spinosa and Kamptnerius magnificus appear in
the lower part of the Novooskolskaia Formation (290.0 m). The absence of
Marthasterites furcatus in the lowermost sample should be explained by rare occurrence
of this species in this section. Biscutum magnum, Arkhangelskiella cymbiformis, and
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Chiastozygus litterarius first appear at 288.0 m, Lithastrinus grillii appears at 285.8 m
and the first occurrence of Eiffellithus eximius in the Butovo core is recorded at 277.0 m.
The species Braarudosphaera bigelowii, Broinsonia parca parca (266.0 m), Micula
concava (260.0 m), Tranolithus manifestus, Chiastozygus tenuis (256.0 m) and
Broinsonia parca constricta (244.0 m) were recorded in the Dubenkovskay Formation.
The upper part of the section (82.0-186.0 m) may be correlated with the CC19 Calculites
ovalis Zone. The absence of Ceratolithoides aculeus, which is typical of the succeeding
CC20 Zone, enables confirmation of this dating.

Podgornoe 171
In the Podgornoe 171 outcrop, 61 species of nannofossil were identified. The
preservation of calcareous nannofossils is mostly moderate, and sometimes good or poor
secondary alteration. The samples provided the following assemblages of nannofossils:
The species of first assemblage are found throughout the whole section. Watznauria
barnesae and Prediscosphaera cretacea are relatively abundant. Eiffelithus turriseiffelii,
Micula decussata, Prediscosphaera intercisa, and Eiffellithus eximius are less abundant.
Zygodiscus spiralis and Ahmuellerella octoradiata are found only in a few samples.
The second assemblage includes species found mostly within the middle part of
the section (7-27 m). Micula concava, Watznauria biporta, and Reinhardtites
anthophorus are often found in this section. Cribrosphaerella erhenbergii, Broinsonia
parca expansa, and Prediscosphaera grandis are less abundant. Findings of
Tetrapodorhabdus decorus are sporadic.
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The third assemblage is the species found in the lowest part of the section (25-48
m). Zeugrhabdotus diplogrammus, Z. bicrescenticus, Eprolithus floralis, and Manivitella
solida are found in relatively small quantity. Quadrum gartenerii, Watznauria britannica
occur rarely.
The fourth assemblage is the species found in the upper part of the section (0-20
m). These species are Arkhangelskiella cymbiformis, Arkhangelskiella specillata,
Broinsonia parca parca, B. enormis, Lithastrinus grillii, Tranolithus manifestus,
Lucianorhabdus cayeuxii. Calculites obscurus, Helicolithus trabeculatus Orastrum
campanensis, and Cyclagelosphaera margerelii are found sporadically.
The species of the nannoplankton assemblages characterize the section as lower
Campanian-upper Santonian. The base of the section (41-50 m) belongs to the CC14
upper Coniacian-lower Santonian Zone. The zone is established by the presence of
Micula decussata and M. concava. At 47.0 m, the first occurrence of Marthasterites
furcatus, Chiastozygus litterarius and Lithastrinus septenarius is recorded. Micula
concava appears at 45.0 m.
The section from 45 to 20 m may be correlated with the CC15 Zone. The first
appearance of Reinhardtites anthophorus and the last occurrence of Quadrum gartnerii
are identified at 43 m. The upper part of the section from 20 to 10 m is the
Podgornenskaya Formation that is identified as upper Santonian CC16 Zone. At the depth
of 20 m the first occurrence of Lucianorhabdus cayeuxii establishes beginning of Zone
CC16. The top of the section (10-6 m) identified as transitional Santonian- Campanian
Zone CC17. Zone CC17 is identified by the occurrence of Calculites obscurus at 10 m.
The top of the section that is upper part of the Bogucharskiy Formation is low Campanian
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Zone CC18. Zone CC18 is identified by the first occurrence of Broinsonia parca parca at
5 m.
Podgornoe 170
At Podgornoe 170, the deposits of the upper part of Bogucharskaia, and
Alekseevskaya Formations are exposed. Nannofossil assemblages consisting of 56
species have been recognized. Preservation in the lower part of the section is poor, and in
the upper part is good.
The following assemblages are recognized:
1.

Watznauria barnesae, Prediscosphaera cretacea, Eiffelithus turriseiffellii, and

Eiffellithus eximius are relatively abundant. Micula decussata, Microrhabdulus
decoratus, Watznauria biporta are less abundant. Micula concava, Marthasterites
furcatus, Biscutum magnum, B. constans, Lithraphidites carniolensis, Kamptnerius
magnificus, Zygodiscus spiralis, Arkhangelskiella specillata, Broinsonia parca expansa,
and Tranotithus orionatus are found sporadically. Arkhangelskiella cymbiformis,
Lithastrinus grillii, and Eprolithus floralis are rare species.
2.

This assemblage of nannofossils is distributed within the middle part of the

section (6.7-25 m). Prediscosphaera intercisa are abundant in this group.
Prediscosphaera arkhangelskii, Broinsonia parca parca, Ahmuelleretla octoradiata, and
Manivitella pemmatoidea are distributed in relatively small quantity.
3.

This assemblage is found in the low and middle parts of the section.

Lucianorhabdus cayeuxii, Orastrum campanensis are found in small amounts and
Microrhabdulus belgicus, Rhagodiscus asper, R. angustus, Cretarhabdus conicus, and
Cyclagelosphaera margerelii are rare.
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4.

The species of this group are found only in the upper part of the section. These are

rare species of Broinsonia parca constricta, and singular species of Microrhabdulus
belgicus, Nannoconus sp. and Nannoconus truitii.
The described above assemblages are typical for Santonian-Campanian deposits. Specific
nannofossil zones are identified by marker species appearances.
The lower part of the section belongs to Zone CC17. It is established by the
appearance of Calculites obscurus. Within this section also Cretarhabdus conicus,
Zeugrhabdotus bicrescenticus, Prediscosphaera arkhangelskyii, Rhagodiscus angustus
are found at 28.0 m, Cyclagelosphaera margerelii, Staurolithites angustus, Bronszonia
enormous and Zeugrhabdotus sisyphus are found at 27.5 m, and Orastrum campanensis
are found at 27 m.
The most part of the section (20-4 m) belongs to Zone CC18a. Its lower boundary
is established at 20 m, where the first appearance of Broinsonia parca parca and the last
occurrence of Microrhabdutus belgicus are identified.
The upper part of the section (4-1 m) may be correlated with the subzones
CC18b-c. Within this interval the first appearance of Broinsonia parca constricta and the
last occurrence of Staurolithites angustus, Orastrum campanensis, and Watznauria
fossacincta are identified.

3.3 Sequence stratigraphy
Sequence stratigraphic analysis were applied to this area for the first time and
provided identification of four depositional sequences. The four Santonian-Campanian
sequences were recognized on the basis of lithofacies and biofacies analyses and dated
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with Sr-isotope geochronology and calcareous nannofossil biostratigraphy (Fig. 12). The
Santonian 1 (San1) sequence is dated as early Santonian (nannofossil Zone CC15) and
conformably overlies carbonate marls of the Chernianskiy-uppermost Coniacian
Formation. The Santonian 2 (San 2) sequence is late Santonian (nannofossil Zones CC16lower CC17). The Santonian-Campanian (San-Cam) sequence is dated as late Santonianearly Campanian (nannofossil Zones CC17-CC18) and is well-developed throughout the
region. Campanian 1 (Cam1) is dated as middle Campanian (nannofossil zones CC18CC19). The sediments of the sequences are fossiliferous shallow water carbonates
(clayey chalk and light colored marls).
Each sequence is characterized by changes in benthic foraminifera and calcareous
nannofossil assemblages. The sequence boundaries as well as the system tracts are
identified by using variations in microfossil assemblages. The benthic foraminifera
biofacies provide the most useful proxy in reconstructions of paleobathymetric variations,
and calcareous nannofossils assemblages yield relative temperature estimates.
All four sequences were deposited in warm shallow water environments of an
epicontinental sea. However, notable changes in temperature and water are depth
detected by alternations within foraminifera and nannofossil assemblages. According to
benthic foraminifera analysis the water depth changes range from 30 to 100 m.
Quantitative analysis of calcareous nannofossils indicates a sharp temperature drop at
each sequence boundary.
The San1 sequence is about 22 m thick. The sequence was deposited during the
“shallow” water stage. An increase in water depth is observed from the sequence
boundary upward. This part of the sequence (12 m thickness) is interpreted as a
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transgressive system tract (TST) at Podgornoe 171. The water depth reached its
maximum (shift to deep-water biofacies) in the middle of the sequence. The water depth
maximum is interpreted as MSF. The upper part of the sequence (10 m thick) is a high
stand.
San2 sequence was deposited in deeper water in comparison with San1. The
thickness of the sequence is 10-15 m. The TST is several meters thick, whereas the HST
is thick and comprises most of the sequence deposits. The San-Cam sequence is well
developed at all three locations. The thickness of the sequence ranges from 20 to 30 m.
The maximum thickness of 30 m is identified in Butovo location. Transgressive deposits
are well developed at all three locations. The HST is not recovered in Podgornoe 171.
The water depth gradually increases toward the sequence boundary. The Cam1 sequence
is identified only in Butovo location. The sequence was deposited during the deepest
water depth stage. The water depth gradually continues to increase upward. Recovered
thickness of the sequence is about 60 m. The upper sequence boundary is not identified.
The reconstructions of Cretaceous sequences on the Russian Platform are enabled
the correlation of Santonian-Campanian deposits on the interregional scale.

IV. DISCUSSION
In my studies, application of integrated sequence stratigraphy at Butovo,
Podgornoe 170, and Podgornoe 171 locations on the Russian Platform have identified
four Santonian-Campanian sequences (San1, San2, San-Cam, and Cam1). Benthic
foraminiferal biofacies analysis confirmed that Santonian-Campanian sequences on the
Russian Platform record paleobathymetric variations. The dating of the Russian Platform
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sequences obtained from Sr-isotope geochronology and nannofossil biostratigraphy
yielded time resolution of ~0.5-1.0 Myr. The correlation of the sequence boundaries of
the Russian Platform and the New Jersey coastal plain shows strong correspondence, and
suggests that Russian and New Jersey sequences can be attributed to the same cause of
origin (Fig. 12).
Quantitative paleowater depth estimates is one of the greatest uncertainties in my
studies. Paleobathymetric estimates are complex analysis of fossils, sediments, and
geochemistry. Previous studies by Sahagian et al. (1996) provided water depth estimates
using an integrated analysis of sediments and fossils data. As an example, the authors use
marl strata makers as paleobathymetric indicators. Authigenic mineral goethite (iron
group) found in marls forms at specific depths (Sahagian et al. 1996). In tropical seas,
goethite is formed as a result of macroalgae (Calcareous cyanophycean) metabolic
activities within the light penetration water depth (up to 40 m). Sahagian et al. (1996)
suggest that in Mesozoic seas Calcareous cyanophycean was formed only in extremely
shallow 0-10 m depth due to low water clarity in the Russian Platform seas. This
assumption is made by interpretation of the terrigenous fine-grained sediments that
dominated throughout most of the Cretaceous (Sahagian et al. 1996). Thus, the marls
layers marked by iron mineral goethite were interpreted as the indicators of shallow water
depositional intervals whereas the absence of goethite was presumed to be the indicator
of water depth increases.
Previous studies of Beniamovsky and Kopaevich, (2002) suggested the existence
of a warm and relatively deep (nearly 200 m) epicontinental sea during the Late
Cretaceous, filled with carbonate sediments, and enriched with microfossils.
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Beniamovsky and Kopaevich, (2002) based their assumption on distribution of warmwater and cold-water foraminifers and nannofossils.
My estimates are based on the distribution of benthic foraminiferal assemblages
that is determined by bathymetry, temperature, bottom water hydrodynamics, pressure,
salinity, and alkalinity. My estimates for the studied locations on the Russian Platform
suggest 30 to 100 m water depth variations. The water depth range for the shallow-water
benthic foraminifera assemblage is within 30-50 m, and for the deep-water assemblage is
within 50-100 m.
The Santonian sequences (San1 and San2) were deposited during gradual increase
in water depth. The shallowest water depth is detected during early Santonian (San 1) and
gradual increase is observed throughout the Santonian. Two water-depth drops are
observed at 84.9 Ma and 84 Ma and corresponding to temperature decreases (Ovechkina
and Alekseev, 2002). These shallowings reflect the beginnings of transgressive stages of
the sequences San 1 and San 2. The timing of the Santonian sequence boundaries (San1
and San2) correlates with the Cheesequake and Merchantville I sequence boundaries of
the New Jersey coastal Plain, respectively.
The Santonian-Campanian sequence (San-Cam) is well represented in all three
studied locations. It is relatively thick (up to 30 m), and the benthic foraminifera
assemblages indicate moderate water depths (50-100 m). The gradual increase in water
depth is observed through the entire San-Cam sequence. A lithological change is
observed between the San2 and San-Cam sequences. The San2 deposits of chalk change
to marls at the sequence boundary. The San-Cam sequence correlates with the
Merchantville II sequence of the New Jersey coastal plain.
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The Cam1 sequence (~82-80 Ma) represents the deepest water-depth stage in the
region. The thickness of the marls deposited in Cam1 reaches up to 60 m. The deep-water
Biofacies II reached its abundance peak during the time of the Cam1 sequence.
Paleotemperature estimates indicate relative temperature increase (Ovechkina and
Alekseev, 2002). However, the upper boundary of the Cam1 sequence is not recovered
in the studied locations. The lower sequence boundary of the Cam1 sequence correlates
with the Merchantville III sequence boundary (82.1 Ma) of New Jersey coastal plain.
Previous work (Ovechkina and Alekseev, 2002) used nannoplankton quantitative
analysis to estimates paleotemperature variations. Based on the distribution of warm and
cold-water nannofossil assemblages, three cooling episodes were detected (Fig. 8). The
timing of abundance peaks of the cold-water nannoplankton Micula spp. precisely
correlate with the regional sequence boundaries and suggest a connection between seawater temperature changes and cause of the sequences’ origins. The Russian Platform
sequences can be also correlated with oxygen isotope record from DSDP Leg 511,
Falkland Plateau (this studies) and verify that sequence boundary formation occurred
during global cooling events.
While previous work on the Russian Platform revealed similar Late Cretaceous
sea-level changes (Sahagian et al. 1996), my results provide better geochronologic
resolution (~ 0.5-1.0 Myr) and examination of the timing and nature of the events that
shaped Santonian-Campanian sequences. The timing of sequence boundaries on the
Russian Platform identified in my studies exhibits a nearly one-to-one correspondence
with eustatic decreases inferred from the New Jersey coastal plain sea-level record. The
Russian Platform sequences correlate with high-resolution to the Santonian-Campanian
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sequences of the NJCP that show numerous hiatuses extending across the Atlantic margin
(Miller et al., 2004; Mizintseva et al., 2009). The interregional correlation suggests the
Santonian-Campanian hiatuses in the Russian Platform region were produced during
eustatic lowerings. The apparent lack of hiatuses on the Russian Platform is a function of
fossils and carbonate materials availability. My work was restricted to benthic
foraminifera samples from three locations and observations founded on published
lithofacies, quantitative nannofossils analyses and biostratigraphy. New sampling
material is required to obtain a higher-resolution record of the Santonian-Campanian
sequences with future application to sea-level history.
Based on my current studies, I strongly support the idea of future sea-level
research within the Russian Platform region.
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FIGURE CAPTIONS
Figure 1 The Russian platform map; Belgorod and Voronezh regions; after Ovechkina et
al., (2002).
Figure 2 Voronezh Anticline cross section; after Koronovsky (1984).
Figure 3 Close view of the site Butovo location; after Ovechkina et al., (2002).
Figure 4 Close view of the sites Podgornoe 170 and 171 locations; after Ovechkina et al.,
(2002).
Figure 4a Vostochno-Poltavskaya well location; after Lobovsky et al., (1993).
Figure 4b Subsidence history; data from Vostochno-Poltavskaya well; after Lobovsky et
al. (1993).
Figure 5 Butovo corehole: lithology (Antsypherova and Burykin, 1998); nannofossil
biostratigraphy (Ovechkina, 2007); benthic foraminiferal biofacies where blue is deep
water biofacies, and red is shallow water biofacies; paleowater depth variations based on
benthic foraminiferal biofacies data, and system tracts interpretation; regional formations;
age estimates (integration of Sr-isotope geochronology and nannofossils biostratigraphy
(Ovechkina, 2007); depositional sequences and symbol key. Lith.=lithology,
N=nannofossil zone, TST=transgressive system tract, HST=highstand system tract,
MFS=maximum flooding surface, SB=sequence boundary, F=formation, Seq=sequence.
Figure 6 Podgornoe 171 outcrop: lithology (Olferiev, 1988); nannofossil biostratigraphy
(Ovechkina, 2007); benthic foraminiferal biofacies where blue is deep water biofacies,
and red is shallow water biofacies; paleowater depth variations based on benthic
foraminiferal biofacies data, and system tracts interpretation; regional formations; age
estimates (integration of Sr-isotope geochronology and nannofossils biostratigraphy
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(Ovechkina, 2007)); depositional sequences.
Figure 7 Podgornoe 170 outcrop: lithology (Olferiev, 1988); nannofossils biostratigraphy
(Ovechkina, 2007); benthic foraminiferal biofacies where blue is deep water biofacies,
and red is shallow water biofacies; paleowater depth variations based on benthic
foraminiferal biofacies data, and system tracts interpretation; regional formations; age
estimates (integration of Sr-isotope geochronology and nannofossils biostratigraphy
(Ovechkina, 2007)); depositional sequences.
Figure 8 Quantitative distribution of warm-water: Watznaueria barnesae and
Lucianorhabdus cayeuxii and cold-water: Micula spp., Reinhardtites anthophorus, and
Prediscospheria spp. nannofossil taxa in the Campanian section of Butovo 100 corehole;
after Ovechkina and Alekseev (2002).
Figure 9 Age depth plot for the Butovo corehole: Blue dots are Sr-isotope data analysis,
open circles-altered strontium samples, closed circles-strontium isotopic ages; green dots
are calcareous nannofossils biostratigraphy from Ovechkina and Alekseev (2002). The
dash line is the age model based on Sr-isotope data, the solid line is the age model based
on the integration of Sr-isotope and nannofossils biostratigraphy data. Time scale is of
Ogg et al. (2008).
Figure 10 Age depth plot for the Podgornoe 171 outcrop: Blue dots is Sr-isotope data
analysis, open circles-altered strontium samples, closed circles-strontium isotopic ages;
green dots are calcareous nannofossils biostratigraphy from Ovechkina and Alekseev
(2002). The dash line is the age model based on Sr-isotope data, the solid line is the age
model based on the integration of Sr-isotope and nannofossils biostratigraphy data. Time
scale is of Ogg et al. (2008).
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Figure 11 Age depth plot for the Podgornoe 170 outcrop: Blue open dots is Sr-isotope
data analysis (all samples diagenetically alternated), solid green dots are calcareous
nannofossils biostratigraphy data from Ovechkina and Alekseev (2002). The age model
based on the nannofossils biostratigraphy data. Time scale is of Ogg et al. (2008).
Figure 12 Correlation of Santonian-Campanian sequences from Russian Platform and
New Jersey coastal plain. The time scale is from Gradstein et al., 1995. Lithological
compositions, formations and sequences of Podgornoe 171, 170 outcrops and Butovo 100
corehole deposits. The red lines are the sequences boundaries and the blue lines are the
formation boundaries. Santonian-Campanian sequences from Russian Platform and New
Jersey coastal plain. Symbol key Bg=Bogucharskaya, Pg=Podgornentstaya,
Ch=Chernianskaya, Nv=Novooskolskaya, Db=Dubnekovskaya, Al=Alekseevskaya,
Mg=Magothy, Ch=Cheesequake, MeI=Merchantville I, MeII= Merchantville II,
MeIII=Merchantville III.

150

0

90

180km

Moscow
Kishenev
Tula

Orel
Kharkov

Kursk
Belgorod
Lipetsk
Voronezh

Donetsk
Saratov
Krasnodar
Volgograd

Fig.1 Regional map. Belgorod and Voronezh regions.

Figure 1

151

Figure 2

152

0

90

180 km

Moscow
Kishenev
Orel
Kharkov

Tula

Kursk
Belgorod
Lipetsk
Voronezh

Donetsk
Saratov
Krasnodar
Volgograd

0

36 15

0

50
50

|

Dmitrievka

|

Butovo
Butovo 100
Kazatskoe

Tomarovka
0

50
40

|

0 1 2 3 km

Fig. 2 Close location view of the Butovo site

Figure 3

153

0

90

180km

Moscow
Kishenev
Tula

Orel
Kharkov

Kursk
Belgorod
Lipetsk
Voronezh

Donetsk
Saratov
Krasnodar
Volgograd

0

|

0

39 30

|

39 45

Perevalnoe
0

Goncharovka

Andreevka

|

Dolzhnik

171
Podgornoe
170

50
30

Sergeevka

Podgorniatskiy

Samoylenko

Pobedistchina

Sudeevka - Nikolaevka

0

50
20

Popovka
0

4

8

|

12km

Fig. 3 Close location view of the sites Podgornoe 170 and 171

Figure 4

154

Figure 4a

155

Subsidence Vostochno-Poltavskaya well
0
2

tectonic subsidence
4

Rift
phase

6

Postrift subsidence
accelerated by
compression

8
10
12
14

basement subsidence

16
18
20

Dev.
400

Carbonif.
300

Permian Trias.

Jurassic
200

Cretaceous
100

Paleog Neo.
0

after L.L.Lobkovsky et. al.,1996

Figure 2 Figure 4b

156

Butovo 100
Depth

Lith

N

Trans/Reg Terms Fm.

Biofacies

Age

Alekseevskay

TST

180

SB

240

? HST

CC18a

? MFS
? TST
SB

CC17

280

300

HST

0

marl

0.2

0.4

0.6

0.8

shallow

1

deep

Santonian

260

Novooskol.

220

Dubnekovskay

CC18b-c

200

Campanian

CC19

160

0-50 m
50-100m

chack

Figure 5

157

Podgornoe 171
Trans/Reg
Terms

Biofacies

Fm Age

5

CC18

0
MFS

Marl
SB

Campan

Nanno

Bogucharskay

Lith

CC17

CC16

10

15

25

Chack
MFS

CC15

30

Santonian

SB

20

Podgornetskay

MFS

HST

40
?LST

45

very
carbonate
marl
CC14

marl
chack

0

Ch
shallow

0.2

0.4

0.6

0.8

deep

Cn

Toluchevsk

35

1
0-50 m
50-100m

Figure 6

158

Podgornoe 170
0

Lith

Trans/Reg
Terms

Biofacies

Nanno

F Age

SB

CC18b - c

Depth

Al
HST

CC18a

20

MFS

CC17

25

SB

Pg
Santonian

15

MFS

Campanian

10

Bogucharskay

5

shallow

0

0.2

0.4

0.6

0.8

deep

1

0-50 m
50-100m

Figure 7

159

Figure 8

160

Butovo 100
160

180
200

220
240

Broinsonia parca constricta
260

Broinsonia parca parca
280

300 CC

13
Con.
88

Diagenetically altered Sr
Sr- isotope data points
Nannofossils

CC14

CC16
15 17
Sant.

CC18
a
b-c

CC19

CC20

Campanian

85

80

76

Age (Ma)

Figure 9
Fig. 9 ADP Butovo

161

Podgornoe 171
0

10

20

30

40

50

Diagenetically altered Sr
Sr- isotope data points
Nannofossils

CC
CC14 CC16
13
15 17
Con.
Sant.
88

85

CC18
a
b-c

Age (Ma)

CC19

CC20

Campanian
80

76

Figure 10
Fig. 10 ADP Podgornoe 171

162

Podgornoe 170
0
Base CC18b-c

5

Broinsonia parca constricta

10

15

20

Base CC18

Broinsonia parca parca

25
Diagenetically altered Sr

30

Nannofossils

CC
CC14 CC16
13
15 17
Con.
Sant.
88

85

CC18
a
b-c

Age (Ma)

CC19

CC20

Campanian
80

Fig. 11 ADP Podgornoe 170

76

Figure 11

163

Chron (C)
Polarity

Formations & lithostratigraphy
Butovo100

80
CC19

Pg170

81

Al
Cam1
MeIII

Al
82

C33

CC18

83

Pg171
Bg

8 3 - 8 2 .1

Bg

Db

San -Cam
MeII

Nv

CC17

84

83.9

Pg
C34

MeI

San2

CC16

Pg
85
CC15

Ch
86

CC14

84.5-84.8

Ch

San1
?
Con
?

?
?
Mg

Boundaries
Formations
Sequences
marl
chalk

Fig.12 Correlation scheme for Russian Platform sequences

Figure 12

164
CHAPTER 4: CHRONO- AND BIOSTRATIGRAPHIC AGE ESTIMATES FOR
MANCOS SHALE WESTERN INTERIOR SEAWAY

INTRODUCTION

The Upper Cretaceous deposits of southwestern Colorado and eastern Utah have
been considered as a classical example of sequence stratigraphic stacking patterns (Van
Wagoner, et al., 1988). These deposits have been studied extensively and previous studies
have contributed to our understanding of outcrop-seeable sequence stratigraphy. I
correlated the sequences of the Late Cretaceous Western Interior Seaway with those of
the New Jersey coastal plain (Fig. 1). The initial correlation showed promising results.
The Merchantville sequences of the New Jersey coastal plain closely correlated with the
Mancos Shale sequences of the Western Interior Seaway. However, more detailed studies
of the Mancos Shale were required to establish the interregional correlations. The
Mancos Shale is a thick deposit of fine-grained clastic sediments, interbedded with
pelagic carbonates. Eustatic changes and regional subsidence led to deposition of thick
transgressive regressive sequences (Kauffman, 1977). The biostratigraphic control of
Mancos Shale indicated the Cenomanian to Campanian (99.6-70.6 Ma) stages
(Kauffman, 1977; Leckie et al., 1997). Because of the controversies related to molluscan
biostratigraphy and the lack of geochronologic control, the exact age of the sequences are
unknown.
The purpose of my study is to provide higher resolution age control. I employed
two independent approaches, namely Sr-isotope geochronology and nannofossil
biostratigraphy, to study the Mancos Shale sequences.
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METHODS
The Mancos sequences are the basinward equivalent to the shallow-water
Blackhawk Formation parasequences recorded in the classic Book Cliffs of eastern Utah
and western Colorado (Fig. 2). The Mancos Shale are nearly continuous marine deposits
from late Cenomanian to earliest Campanian (Leckie et al., 1997). The thickness of the
formation is about 680 m (Leckie et al., 1997). The lithology is characterized as darkgray, moderately to well-laminated, calcareous shale, calcareous mudstone, and mediumgray mudstone (Leckie et al., 1997). The unit is sparsely interbedded with limestone,
calcarenite, dolomitic mudstone, and sandstone. The Mancos Shale at Mesa Verde
National Park was measured, described, and sampled during the summers of 1988 and
1989 (Leckie et al., 1997). The samples are labeled in meters above the contact with the
underlying Dakota Sandstone. The rock chunks and fragments have been stored in the
University of Massachusetts-Amherst Geosciences Department since collection.
Estimates of the sedimentation rate are based on molluscan stratigraphy. Biozones and
subzones of the section were previously studied by Cobban (1951, 1984), Cobban and
Reeside (1952), Gill and Cobban (1966), Kaufmann (1975), Hattin (1982), Scott et al.
(1986), Cobban et al. (1989) and Kirkland (1990,1991). The time scale is taken from
Kaufmann et al. (1975) and Obradovich (1993) (Leckie et al., 1997). Fifty samples (0688 m) were obtained for Sr-isotopic analysis and nannofossil biostratigraphy from the
University of Massachusetts core repository. The Sr-isotopic analysis was performed at
Rutgers, the State University of New Jersey on a VG Sector Mass Spectrometer,
following standard procedures (Oslick et al., 1994).
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RESULTS
I have completed Sr-isotope age estimates on fifty bulk samples. The values of
the Sr isotope ratio varied from 0.707939 to 0.707697. Fourteen uppermost samples
yielded monotonically increasing values (Table 1). The samples between 5.8-251.0 m
yielded abnormal Sr-isotope values, indicative of the Cenozoic ages (Table 1). These
samples were excluded from the analysis and were not added to the age depth plot. The
samples between 290 and 678 m (the lower Cortez Member section) yielded the ages
ranging from 82 to 72 Ma (Fig. 3). These nine data points were added to the age depth
plot (ADP). Four out of nine samples (560, 310, 291, 290) were plotted as open circles,
because their values significantly deviated from the trend (Fig. 3). As a result, I had only
five Sr-isotopic data points for the age estimates, and the majority of the samples were
contaminated or diagenetically altered.
The nannofossil biostratigraphy data were obtained from the following ten
samples: 510, 504, 500, 495, 335, 330, 40.5, 35, 20.5, 19.5 m. Although the upper four
samples were barren, the last six samples exhibited substantial preservation of the
nannofossil material. In these six samples (335, 330, 40.5, 35, 20.5, 19.5 m) the following
species were found: A. octoradiata, Arkhangelskiella spp., Broinsonia spp., Calculites
obscurus, Cilindralithus spp., Cilindralithus coronatus, Cretarrhabdus/Retecapsa,
Eprolithus apertior, Gartnerago spp., H chiastic, M. staurophora, Micula spp., Micula
murus Prediscosphaera spp., Prediscosphaera colunnata, Prediscosphaera grandis,
Watznaueria spp., Z. biperforatus, and Zeugrhabdotus spp. (Table 2). Watznaueria spp.
was the most abundant at 19.5, and 20.5 m, to a lesser extent, at 35.5 and 40.5 m. The
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occurrence of Watznaueria spp. dramatically decreased at 330 and 335 m. The obvious
shift from the abundance of Watznaueria species to the abundance of Micula species was
observed between 40.5 and 330 m. The occurrence of Micula species, that eventually
displaced previously abundant Watznaueria, Arkhangelskiella and Lucianorhabdus spp.
with more diversity and abundance in Eprolithus, Quadrum, and Lithastrinus at 330 and
335 m, indicated a shift from Cenomanian/Turonian to Coniacian/Santonian stages. The
occurrence of M. staurophora at 335 m provides evidence for the Santonian stage. The
nannofossil biostratigraphy data were incorporated into age estimates, four points
(CC10a, earliest Turonian, and two Santonian points) were plotted on the ADP (Fig. 3).

DISCUSSION
As a result of my studies, I have obtained nine data points for the age estimates.
These nine points were plotted on the age depth plot and compared with the published
results of molluscan biostratigraphy (Leckie et al., 1997)(Fig. 3). My Sr-isotope data
points indicate younger ages of the Mancos Shale than the estimates of Leckie et al.
(1997). The nannofossil biostratigraphic estimates are close to those of the molluscan
biostratigraphy of Leckie et al. (1997), but my estimates limited to only the Turonian to
Santonian section. Because of methodological limitations, my results did not provide
enough data for desired age estimates. The limited number of data points precluded
further examination. In turn, the results of my research revealed basic limitations of the
approach used for dating Mancos Shale sequences. The strontium isotopic
geochronological analysis performed on the bulk samples did not yield sufficient
quantitative results. Most of the samples yielded abnormal Sr-isotope values due to
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stratigraphic reworking and/or some chemical alterations of the material.
Better results have been obtained from the nannofossil biostratigraphic analysis,
yet nannofossils were found only in the Turonian-Santonian samples, and the Campanian
samples were barren. The objective of my studies was to establish interregional
correlation for the Santonian-Campanian sequences (Merchantville sequences of New
Jersey coastal plain), and I targeted the upper Cortez Member of the Mancos Shale. The
results suggest that new samples are needed or new approach(s) should be applied for
further investigation in the interregional correlation between New Jersey and Western
interior seaway.
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FIGURE CAPTIONS
Figure 1 Global correlation of the Santonian-Campanian sequence stratigraphic records,
sea-level reconstructions, and deep-sea benthic foraminiferal δ18Ο record. The sequence
stratigraphic records are from: New Jersey onshore Merchantville sequences
(Merchantville I = MeI, Merchantville II = MeII, Merchantville III = MeIII)(Mizintseva
et al., 2009), global reconstruction of Haq et al. (1987; ages in quotes), and Northwestern
Europe sequence stratigraphic record of Hardenbol et al. (1998), Western Interior
sequences of Book Cliffs (Coe et al., 2003), and Russian platform sequences (this study).
The deep-sea benthic foraminiferal δ18Ο record is from Chapter 2 (DSDP Site 511). The
sea-level estimates are from backstripping of New Jersey coastal plain paleobathymetic
data Miller et al. (2005), Kominz et al. (2008), and from the Russian platform (Sahagian
et al., 1996).

Figure 2 Map of La Plata and Montezuma counties, Colorado, showing the location of
Mesa Verde National Park and the Mancos Shale study area.

Figure 3 Age-depth plot of the Mancos Shale illustrating relationships between Srisotope geochronological data (black dots), nannofossils biostratigraphy (blue dots) from
this study and previous biostratigraphic age estimates of Leckie et al. (1997 dashes line).
Correlation of Mancos Shale sequences with New Jersey coastal plain sequence
stratigraphic record (blue boxes diagram at the bottom).

Table 1 Sr-isotope analysis and age estimates for Cortez Member (Mancos Shale)
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Table 2 Nannofossil distribution and biostratigraphic age estimates for some samples
from the Graneros, Bridge Greek, and Cortez Members of the Mancos Shale.
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Mancos samples
Sample

error
678.0
660.0
650.0
640.0
630.0
620.0
610.0
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560.0
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290.0
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46.4
40.3
36.6
31.1
27.1
26.7
26.2
25.8
24.7
24.4
23.6
23.3
20.8
15.5
10.5
5.8

0.707692
0.709553
0.707678
0.707812
0.707572
0.707642

0.707816
0.707707

Sr corrected for
McArthur
0.000006
0.707697
0.00001
0.000006
0.000008

0.000007
0.000007

0.707755
0.708574
0.707883

0.000005
0.000006

0.707466

McArthur
age
72.05

0.709558 Ceno
0.707683
0.707817
0.707577
0.707647

72.6
66.87
76.7
66.9

0.707821 Ceno
0.707712

71.8

0.707760

69.7

1.89961E-05
1.89961E-05

0.708579 Ceno
0.707888 Ceno
0.707471

82.48

0.707449
0.70751

0.000006
0.000006

0.707454
0.707515

83.4
81.18

0.707465
0.707499

0.000005
0.000006

0.70747
0.707504

83.77
82.21

0.707645
0.707699
0.708083
0.707836
0.707988
0.708728
0.707865
0.709588
0.708339
0.707934

0.000007
0.000007
0.000007
0.000011
0.000008
0.000005
0.000005
0.000007
0.000006
0.000006

0.70765
0.707704
0.708088
0.707841
0.707993
0.708733
0.707870
0.709593
0.708344
0.707939

73.47
71.9

0.709529

0.000007

0.709534 Ceno

0.708720
0.709128
0.708798
0.708404
0.709010
0.709109
0.708593
0.707845

0.000013
0.000008
0.000006
0.000004
0.000007

0.000008

0.708725
0.709133
0.708803
0.708409
0.709015
0.709114
0.708598
0.707850

0.708961

0.000008

0.708966 Ceno

Ceno
Ceno
Ceno
Ceno
Ceno
Ceno
Ceno
Ceno

Ceno
Ceno
Ceno
Ceno
Ceno
Ceno
Ceno
Ceno

Table 1

510m
504m
500m
495m

CC14
CC 13b-14
base Santonian335m
base Santonian330m

CC10b-CC13a
CC10b-CC13a
CC10a
base Turonian
base Turonian
base Turonian
Cenomanian
40.5m
35m
20.5m
19.5m
x
x
x
x

x
x

x
x
x
x
x

x
x

x
x
x
x

x

x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x

x
x
x

NO M.staurophora

Zeugrhabdotus

Z.biperforatus

Watznaueria (abandant)

Watznaueria

Prediscosphaera grandis

Prediscosphaera ?colunnata

Prediscosphaera

x

Micula murus

barren
barren
barren
barren

Micula

x

M.staurophora

H. chiastia

Gartnerago

Eprolithus apertior

Eiffellithus

Cretarrhabdus/Retecapsa

Cilindralithus coronatus

Cilindralithus

Calculites obscurus

Broinsonia

Arkhahgelskiella

A.octoradiata

177

x

x
x
x
x

Table 2

178
CONCLUSIONS OF DISSERTATION
This study aimed to understand the origin of large and rapid sea-level changes in
Santonian-Campanian. It relies on integrated sequence stratigraphic analysis of
Santonian-Campanian deposits from the New Jersey coastal plain and Russian platform,
isotopic analyses of benthic foraminifera from the upper Coniacian to lower Campanian
section (~81.5-87 Ma) at Deep Sea Drilling Program (DSDP) Sites 511 (Falkland
Plateau), and interregional correlation between New Jersey and Russian platform.
The analyses revealed close correlation between sea-level records from New
Jersey coastal plain and from Russian platform, implying a global cause. The SantonianCampanian sea-level falls have been found to correlate with δ18O increases that are
associated with global cooling, thus indicating a possibility of small ice sheets in the
Greenhouse world.

Even though the general assumption is that warm high-latitude

climate dominated much of the Late Cretaceous, my results question the paradigm of
stability and consistency of such conditions for hundred millions of years.
Although the robust correlation between the Santonian-Campanian sequences and
δ18Ο records has been obtained, the evidences for glacioeustatic cause of the Late
Cretaceous eustasy still remains limited. The major obstacle in current research was the
age control. The Sr-isotope geochronology was proposed as the main method of dating.
However, due to the diagenetic alternations and absence of calcareous material, the Srisotope data have yielded sufficient results only for Russian platform studies. The
nannofossils biostratigraphy has provided the most reliable data for age control in all
studied areas and allowed for global comparison.
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Overall, these studies provide an enhanced resolution of the Late Cretaceous our
understanding of sea-level responses to extreme climate conditions such as a Greenhouse
world. It contributes to our understanding of future climate changes on our planet and of
how Earth systems might operate under Greenhouse climate forcing. It also provides a
vision on the relative contribution of different casual mechanisms under different climate
states (Greenhouse vs. Icehouse).

