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HIGH-RESOLUTION ESTUARINE SEA LEVEL CYCLES FROM THE LATE
CRETACEOUS: AMPLITUDE CONSTRAINTS USING AGGLUTINATED

FORAMINIFERA

NEIL E. TIBERT1 AND R. MARK LECKIE2

ABSTRACT

Agglutinated foraminifera provide high-resolution
proxies for relative sea level change in Late Cretaceous
coal-bearing strata. Three foraminiferal assemblages are
recognized where Trochammina (trochospiral) occurs in
abundance with either one of the following: 1) Miliam-
mina (quinqueloculine) associated with carbonaceous
shale, interpreted as the marsh; 2) Ammobaculites (un-
coiled) and estuarine ostracodes associated with shelly
mudstones, interpreted as the central, muddy estuary;
and 3) Verneulinoides and Textularia (serial) associated
with gray mudstones, interpreted as distal estuary (open
bay). The marsh represents 0–1 m water depth and this
approximates absolute mean sea level, the central estu-
ary represents 5–8 m water depth, and the distal estuary
(open bay) represents water depths of 10 m or greater.
Alternations between foraminiferal associations in a 25-
m section of the upper middle Turonian Smoky Hollow
Member, Straight Cliffs Formation, indicate sea level
amplitude changes that ranged from 1–10 meters.

INTRODUCTION

Foraminifera can be used to constrain paleo-water depths
for both shallow marine and deep-sea environments and
there exists much potential to develop Cenozoic sea level
histories for shelf deposits (e.g., Arnold, 1983; Culver, 1988;
Zwaan and others, 1990; Abbot, 1997; Leckie and Olson,
2003). In contrast, foraminiferal bathymetric data in mar-
ginal marine settings are rarely reported with the exception
of a few early descriptive works (e.g., Phleger, 1960, 1965).
At its most fundamental level, two aspects of modern mar-
ginal marine foraminifera make them suitable for bathy-
metric inferences. First there are numerous modern ecolog-
ical data sets from coastal marshes and estuaries around the
world (e.g., Buzas, 1974; Scott and Medioli, 1980; Scott
and others, 1980, 1991 1995, 1996; Scott and Leckie, 1990;
De Rijk, 1995; Culver and others, 1996; Hayward and oth-
ers, 1996; Goldstein and Watkins, 1998). Second, marsh fo-
raminifera demonstrate distinct vertical partitioning where
taxon associations can be used with remarkable precision to
distinguish between high and low marsh (e.g., Scott and
others, 1996).
The relationship between marsh assemblage and elevation

with respect to mean sea level is a valuable datum to re-
construct sea level histories (e.g., Scott and Medioli, 1980).
Remarkable is that the primary genera that dominate mod-
ern marsh and estuarine assemblages have persisted since
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the Carboniferous (Conkin and Conkin, 1982; Wightman
and others, 1993, 1994; Tibert and Scott, 1999), and Me-
sozoic marginal marine strata yield superb examples of this
(Eicher, 1965, 1966; Morris, 1971; Wall, 1976; McNeil and
Caldwell, 1981; Wightman, 1990; Tibert and others,
2003a,b). This paper presents a model that uses uniformi-
tarian comparisons between modern and ancient marginal
marine foraminifera data to identify and construct a high-
resolution sea level history for a fourth-order Late Creta-
ceous coal-bearing stratal sequence in southwest Utah.
Ice volume changes spanning the past several million

years have contributed to an impressive record of sea level
rise and fall that is preserved in both the stratal geometry
of continental margin sequences and isotopes of deep-sea
carbonates. To identify a comparable pattern in marginal
marine deposits is far more problematical given that sedi-
mentation and subsidence rates, the gradient of the coastal
plain, and migration of the shoreline all impose significant
control on relative sea level change (Collier and others,
1990). Essential to the success of spatial and temporal sea
level models is the ability to identify an absolute reference
point or Mean Sea Level (MSL) datum. In coastal settings,
the marsh surface represents MSL and this fundamental
principle has been used with reasonable success to develop
Holocene sea level histories to within centimeters (e.g.,
Scott and others, 1996 and references within). Sea level am-
plitude studies with this resolution are certainly not viable
for the Cretaceous given the high potential for taphonomic
disturbance (Goldstein and Watkins, 1998). However, we
can make inferences with respect to Mesozoic sea level
change when we consider that the average marsh elevation
is within approximately 1 m of sea level and that total fo-
raminiferal populations of high and low marsh environments
are taxonomically distinct (Scott and Medioli, 1980; Scott
and others, 1980, 1991, 1995, 1996; Scott and Leckie, 1990;
De Rijk, 1995; Culver and others, 1996; Hayward and oth-
ers, 1996; Goldstein and Watkins, 1998).
Under favorable hydrologic and climatic conditions, a

marsh will grow or aggrade with steady base level rise
(McCabe, 1984). If rates of sea level rise increase or the
basin compaction rates outpace peat accumulation rates, the
marsh environment will be superceded by an advancing es-
tuarine/bay facies and its associated foraminifera. A well-
preserved ancient marsh sequence should therefore record
alternations between coal beds containing marsh taxa and
mudstones containing estuarine or shelf taxa depending on
the magnitude of sea level rise. The resultant stratigraphic
signature is marsh-estuarine couplets or small-scale relative
sea level cycles.
We present a two-fold approach that uses the intimate

relationship between the coal beds and foraminifera to es-
timate sea level amplitudes at meter and decimeter scales.
We will provide two examples from the westernmost margin
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FIGURE 1. The study area and position of the middle Turonian
(Late Cretaceous) shoreline, southwest Utah.

TABLE 1. Modern marginal marine foraminifera and their corresponding ecological ranges.

Environment Estuary Lower salt marsh Upper salt marsh Fresh water marsh

Tidal range
Salinity

Sub/inter tidal
1–35 ppt

0–70 cm above MSL
15–32 ppt

70–110 above MSL
1–25 ppt

Not applicable
0 ppt

Microfossils Agglutinated foraminifera Agglutinated foraminifera Agglutinated foraminifera Arcellaceans (Thecamoebians)

Modern Protists Ammobaculites
Ammotium salsum
Eggerella advena
Reophax
Miliammina fusca

Trochammina inflata
Miliammina fusca
Ammobaculites
Ammotium salsum

Trochammina inflata
T. macrescans
Tipotroncha comprimata
Miliammina fusca

Centropyxis constricta
Nebela collaris
C. aculeate
Difflugia

of the Cretaceous Western Interior Basin (WIB) located on
Kaiparowits Plateau and Paunsaugunt Plateau in southwest
Utah (Fig. 1) where middle Turonian coal-bearing strata
contain abundant marginal marine foraminifera and ostra-
codes.

BACKGROUND

FORAMINIFERA

Agglutinated foraminifera occupy all marginal marine
sub-environments (marsh, central estuary, lagoonal, and the
open bay) and their population compositions are well known
(e.g., Buzas, 1974; Scott and others, 1980; Scott and Leckie,
1990; De Rijk, 1995; Culver and others, 1996; Goldstein

and Watkins, 1998; Sen Gupta, 1999). Because agglutinated
foraminifera construct their tests of sedimentary particles,
they are abundant in marsh environments and have a high
potential for preservation. The dominant marginal marine
foraminifera and their ecological ranges are listed in Table
1. Most of the primary genera that comprise the modern
population data sets are widely reported in Cretaceous strata
(Eicher, 1965, 1966, 1967; Bloch and others, 1999; Stritch
and Schroeder-Adams, 1999; Tibert and others, 2003b).
One of the pioneering studies of marginal facies in Utah

was that of Morris (1971) where he recognized a distinct
lagoonal assemblage dominated by Verneuilinoides and
Trochammina. He also reported a marsh association domi-
nated by Saccammina. We believe that his figured speci-
mens are in fact freshwater thecamoebians that belong to
the families Centropyxidae and Difflugidae as illustrated
from Cretaceous strata in western Canada (Medioli and oth-
ers, 1990). Wall (1976) reported an association of aggluti-
nated foraminifera from western Canada that he interpreted
as marginal marine. Tibert and others (2003b) documented
marginal assemblages from the transgressive Dakota For-
mation where Trochammina and Verneuilinoides occur in
association with brackish bivalves (e.g., Corbicula), mud-
stones, and coal. This present study will build on the prin-
ciples presented in these previous works to develop a high-
resolution sea level record in coal bearing strata.

STUDY AREA

The Greenhorn Marine Cyclothem records widespread
continental flooding of North America that extended from
the Gulf of Mexico to the Arctic Ocean during the latest
Cenomanian and early Turonian. Given the widespread geo-
graphic distribution of Cenomanian-Turonian strata, this in-
terval has been scrutinized by researchers around the world.
Several global events characterize the Cenomanian-Turonian
boundary interval that include a !13C positive excursion at-
tributed to ocean anoxia (Arthur and others, 1987; Schlanger
and others, 1987), decreased 87Sr/86Sr levels in the ocean
attributed to enhanced ocean volcanic activity (Bralower and
others, 1997), benthic foraminiferal isotope values that sug-
gest deep water temperatures were as high as 20" C (Huber
and others, 1995, 1999), and a record of coastal onlap that
indicates eustatic flooding of continental landmasses (Han-
cock and Kauffman, 1979; Haq and others, 1988; Sahagian
and others, 1996; Robaszynski and others, 1998; Sageman
and others, 1998).
The third-order (106 yrs) sea level cycles that punctuate

Upper Cretaceous strata of the WIB (Kauffman, 1977;
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TABLE 2. Depth and size of modern estuaries. Data provided from Nichols and others (1991), Boyd and Honig (1992), Morales (1997), Dalrymple
and others (1992), and Penland and others (1988).

Estuary location Depth Tidal range Length Width

James Estuary Virginia, USA (Nichols and others, 1991) 5.8 m 0.7 m 161 km 5.1 km
Lawrencetown Lake Eastern Shore, Nova Scotia (Boyd and
Honig, 1992) 1–3 m 0.9 m 6 km #1 km

Guadiana River Southwest Portugal/Spain (Morales, 1997) 2.0 m 50 km 1 km
Mississippi (Penland and others, 1988) 5–8 m 0.3 m
Cobequid Bar Salmon River Nova Scotia (Dalrymple and
others, 1992) 12.0 m 40 km 0–12 km

TABLE 3. Sea level amplitude criteria based on foraminiferal population data.

Environment Depth range Predominant morphotypes Modern genera Ancient genera

MARSH Meter-scale
($0–1 m)

Trochospiral
Quinqueloculine

Trochammina
Miliammina

Trochammina
Miliammina

CENTRAL ESTUARY Ten-meter-scale
($5–8 m)

Uncoiled
Trochospiral

Ammobaculites
Ammoastuta
Ammotium

Ammobaculites
Ammobaculoides

OPEN BAY Ten-meter-scale &
higher (10–%10
m)

Serial (tri-, bi-,
uniserial)

Uncoiled

Eggerella
Reophax
Textularia
Ammobaculites

Verneuilinoides
Reophax
Textularia

Kauffman and Caldwell, 1993) have generated much inter-
est with respect to their origins. The proposed depositional
mechanisms for the higher frequency cycles that superim-
pose third-order cycles are disputed given the long standing
debate between tectonic and eustatic advocates (e.g., Van
Wagoner, 1995; Yoshida and others, 1996). Many authors
agree, however, that the cycles formed in response to mul-
tiple forcing mechanisms (McCabe and Parrish, 1992; Leit-
hold, 1994; Shanley and McCabe, 1995; Gardner, 1995a;
Leckie and others, 1998; Leithold and Dean, 1998; West
and others, 1998; Eaton and others, 2001). The Cenomani-
an-Turonian Greenhorn Marine Cyclothem (Kauffman,
1969) corresponds to a significant flooding event recognized
around the world (Schwarzacher, 1994; Gale, 1995; Sahag-
ian and others, 1996; Robaszynski and others, 1998; Gale
and others, 2002). Of interest here are the fourth- (105 yrs)
and fifth- (104 yrs) order cycles that superimpose the third-
order Greenhorn Marine Cycle.
Recent studies of the marginal marine and open basin

facies indicate oceanic/climatic control factored significant
for the development of the high-frequency decimeter scale
lithologic alternations recognized in the Bridge Creek For-
mation and western equivalents (Elder and others, 1994; Sa-
geman and others, 1997, 1998; Tibert and others, 2003b).
Chronology and correlation of the basin-wide rhythmic de-
position was a primary focus for many of these studies and
discussions regarding sea level amplitude were minimal.
This is understandable given the difficulty to distinguish be-
tween the effects of basinal subsidence, eustasy, climate,
and autogenic compaction in marginal marine strata. In sil-
iciclastic facies, shoreline positioning traditionally relies
upon geographic tracking the strandline via identification of
upper and lower shoreface beach deposits (Collier and oth-
ers, 1990). Unfortunately this method provides an approxi-
mate reference frame for sea level amplitude to within sev-
eral tens of meters.

Coal-bearing strata accumulated during the Cenomanian-
Turonian in southwest Utah (Ryer, 1984). The strata com-
prise in ascending order the Dakota, Iron Springs, and
Straight Cliffs Formations. The three dimensional stratig-
raphy is well preserved on Kaiparowits, Paunsaugunt, and
Markagunt Plateaus (Fig. 1) (Eaton, 1991; Elder and others,
1994; Eaton and others, 1997; Eaton and others, 1999; Ea-
ton and others, 2001; Tibert and others, 2003a, b). Brackish
water facies crop out at Glory Cove located 2 miles east of
the town of Tropic on Route 12 and at the entrance to the
Grand Staircase National Monument at Henrieville also on
Route 12 (Fig. 1). The age of the Smoky Hollow Member
is late middle Turonian based on recovered fossils assigned
to the molluscan Prionocylcus hyatti Biozone (Eaton,
1991). McCabe and Shanley (1992) and Shanley and
McCabe (1995) provided stratigraphic descriptions of the
Straight Cliffs Formation at Henrieville where they recog-
nized broad environmental associations that include upper
and lower shoreface and fluvial facies. The coal-bearing in-
terval was recently described as an estuarine-marsh transi-
tion deposited during the late regressive phase of the Green-
horn Marine Cyclothem (Coal Zone 9: Tibert and others,
2003b).

METHODS

The abundance and well-known ecological preferences of
modern agglutinated foraminifera and the relatively fixed
position of the marsh surface with respect to mean sea level
are the basis for the model presented in this paper. Jones
and Charnock (1985) highlighted the potential to make pa-
leoecological inferences using agglutinated foraminifera that
are differentiated into morphogroups. We have adopted this
approach to facilitate comparison of Holocene with Creta-
ceous taxa where we categorize modern agglutinated taxa
into the following morphological categories: trochospiral
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(Trochammina, Tipotrocha, and Arenoparella), uncoiled
(Ammobaculites, Ammotium, and Ammoastuta), quinquel-
oculine (Miliammina), serial (Eggerella, Reophax, and Tex-
tularia), and calcareous benthic (e.g., Ammonia and Elphi-
dium). Marsh environments typically comprise an associa-
tion of Trochammina and Miliammina (trochospiral and
quinqueloculine: Figs. 3, 4) (Scott and Medioli, 1980; Scott
and others, 1980, 1991, 1995, 1996; Scott and Leckie, 1990;
Goldstein and Watkins, 1998). Estuarine environments dem-
onstrate a relative abundance of Ammobaculites and Tro-
chammina (uncoiled and trochospiral: Figs. 3, 4) (Ellison,
1972; Buzas, 1974; Culver and others, 1996). Open bay en-
vironments yield abundant calcareous taxa and a relative
abundance of serial morphotypes that include Eggerella,
Textularia, and/or Reophax (Figs. 3, 4) (Scott and others,
1991; Culver and others, 1996; Sen Gupta, 1999).
Marginal marine foraminifera can be used to establish the

amplitude of relative sea level fluctuations. To demonstrate
modern bathymetric partitioning, we present data from Nova
Scotia using the above morphologic categorical system (Fig.
5) (Scott and others, 1980). The Chezzetcook Marsh occurs
at approximately 45"N and the environment is estuarine
dominated where water depths range from 0–10 meters. Fig-
ure 5 illustrates a distinct shift in the total foraminiferal
population from largely agglutinated to calcareous (approx-
imately greater than 60% of the total population). This cor-
responds to the approximate position of 10 meters water
depth.
Estuary depths range from zero-to-tens of meters given

the potential for deep channels. The average depth for most
estuaries, however, is approximately 8–10 meters and this
also corresponds to the approximate base of the shoreface
and fair-weather wave base (Howard and Frey, 1985; Nich-
ols and Biggs, 1985) (see Table 2 for examples). We use
the three foraminiferal associations to provide estimates for
water depths based on modern foraminiferal studies (e.g.,
Scott and others, 1980; Boyd and Honig, 1992; Culver and
others, 1996). Populations dominated by trochospiral (Tro-
chammina) and quinqueloculine (Miliammina) agglutinated
morphotypes can be used to identify the approximate posi-
tion of the marsh surface or Mean Sea Level (MSL: $0 m).
If this marsh association prevails in deposits that yield al-
ternations of coal/peat and mudstone, this observed trend
can be used as a proxy for minor amplitude changes (0–1
m) (Table 3). Uncoiled morphotypes are considered the
‘‘proprietors’’ of estuaries (Ellison, 1972) and the primary
genera include Ammobaculites, Ammoastuta, and Ammo-
tium (Tables 1, 3). Sample intervals that yield increased per-
centages of estuarine morphotypes (30–40% uncoiled) in-
dicate an approximate depth of 5–8 meters. The distal end
of the estuary, open bays and/or lagoons are dominated by
serial morphotypes that include Reophax, Textularia, and
Eggerella (Tables 1, 3). Assuming the high potential for
dissolution of calcareous taxa in coastal facies, a population
composition of predominantly serial morphotypes (e.g., Eg-
gerella and Reophax) indicates a water depth of approxi-
mately ten meters.

RESULTS
SEDIMENTARY FACIES

Our work closely examines the upper middle Turonian
lignite-bearing zone from the Smoky Hollow Member of the

Straight Cliffs Formation. (Coal Zone 9: Tibert and others,
2003b, 2004). We recognize eight lithofacies that are
grouped into three paleoenvironmental facies that are cate-
gorized based on a tripartite estuarine classification scheme
(proximal-central-distal) modified after Dalrymple and oth-
ers (1992) and Nichols and others (1991); they recognize an
upper fluvial or meander zone, a central muddy or funnel
zone, and a lower beach or bay/mouth zone.

PROXIMAL ESTUARY

Lignite (L): Impure coals of sub-bituminous grade occupy
3 to 5 beds (Peterson, 1969; Tibert and others, 2003b). The
coal seams range in thickness from 10 to 30 centimeters.
The coals, although thin, are laterally continuous spanning
tens of kilometers. We interpret these beds as peat swamps
that surrounded the perimeter of the central estuarine or la-
goonal system.
Carbonaceous Shale (Oxidized) (Cs): Red-to-purple car-

bonaceous shale that is rich in plant and woody material is
intercalated with the lignite and gray mudstones. The beds
are gradational with the lignite and root traces are common.
Invertebrate fossils are absent and there is an exclusive pop-
ulation of agglutinated foraminifera dominated by Trocham-
mina and Miliammina. We interpret these units as coastal
salt marsh deposits that were poorly drained and susceptible
to oxidation.
Fluvial Sandstone (Fs): Medium to coarse sandstone units

occupy the uppermost strata at Glory Cove. The units are
poorly sorted and they typically comprise fining-upward
successions (Fig. 6). Meter-scale cross stratification and rip-
ple cross-stratification are common. The base of the units
contain intraclasts of mudstone. We interpret this facies as
fluvial channel.
Red-Green Mudstone (Om): This facies comprises mud-

stone that is mottled red or green locally. The unit is con-
fined to the uppermost 2 to 3 m at Glory Cove and it is in
gradational contact with the underlying medium-to-fine fin-
ing-upward sandstones. Plant fragments are common. We
interpret this facies as a well-drained floodplain. Using the
classification system of Mack et al (1991), we regard this
unit a vertisol.

CENTRAL ESTUARY

Shelly Mudstone (Sm): This facies comprises mud-rich,
calcareous skeletal shell beds that include the bivalves Cor-
bicula, Lucina, and Crassostrea. This is a single unit that
ranges in thickness from 1 to 3 meters. There are no visible
sedimentary structures given the intense bioturbation of the
unit. Worm burrows, gastropods, bivalves, ostracodes, and
foraminifera (Ammobaculites) are abundant. These beds
were deposited in the central, muddy estuarine zone.

DISTAL ESTUARY

Gray Mudstone (Gm): This facies comprises gray, silty
mudstone rich in smectite clay. The beds are moderately
pedoturbated where slickensides and micro cross-laminae
are the only observed sedimentary structures. Root traces
and plant matter are common. The beds range from 1 to 3
m in thickness and they typically coarsen up from ‘‘soapy’’
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TABLE 4. Foraminiferal data from the Turonian Straight Cliffs Formation, southwest Utah. Both number counts and percentages are provided.

Sample No.
Strat. hgt.

(m from base)

Agglutinated Foraminifera

Trochammina
sp. indet.

Trochammina
webbi

Trochammina
ribstonensis

Total
Trochospiral

Percent
Trochospiral

Miliammina
ischnia

Percent
Quinquelo-
culine

Ammo-
baculites
obliquus

Ammo-
baculites
sp. indet. Uncoiled

Percent
uncoiled

SH-GC-02
SH-GC-03
SH-GC-04
SH-GC-05

1.4
1.6
2.3
3.0

4
2 3

40
4

5
4
40
4

1.00
0.44
0.91
0.57

4
0.00
0.44
0.00
0.00

4
3

0
0
4
3

0.00
0.00
0.09
0.43

SH-GC-06
SH-GC-07
SH-GC-08
SH-GC-10
SH-GC-11

3.1
3.8
4.0
5.0
5.1

1
11

17
27

0
1
11
17
27

0.00
0.50
0.58
0.77
0.90

0
1
3
1

0.00
0.00
0.05
0.14
0.03

1
2
2

0
1
2
2
0

0.00
0.50
0.11
0.09
0.00

SH-GC-12
SH-GC-13
SH-GC-15
SH-GC-19
SH-GC-21

6.0
6.1
7.0
8.8
10

2
8

2

1

1
14

2

1
16
2
8
3

0.50
0.89
0.50
0.89
0.43

1

1
1

0.00
0.06
0.00
0.11
0.14

1 1
0
0
0
0

0.50
0.00
0.00
0.00
0.00

mudstone into gritty muddy-siltstones. Foraminifera include
Reophax, Verneuilinoides, and Trochammina. We interpret
these units as hydromorphosed muds and silts that accu-
mulated as bayfills in the distal reaches of the estuarine
lagoon.
Swaley Cross-Stratified Sandstone (Ss): This facies com-

prises fine to medium, moderately sorted, quartz sandstone.
Sedimentary structures include decimeter to meter-scale,
low angle, swaley cross-beds, less abundant cross-beds, and
centimeter-scale ripple cross-beds. Swaley cross-bed sets are
stacked and range in thickness from 10 to 30 cm to as much
as 100 cm (Fig. 6). The oysters (e.g., Crassostrea) are
sparsely distributed, but they do occur in localized abun-
dance. We interpret this facies as stacked shoreface.
Well-sorted Sandstone (Sw): This facies comprises well-

sorted medium sandstone where the grains are well rounded
and pitted on the surface. Glauconite grains are relatively
common. Sedimentary structures are rare with the exception
of ripple cross-laminae, which are not uncommon. The beds
are generally massive not exceeding 30 cm in thickness.
Plant matter is common. We interpret these units as storm
washovers.

FORAMINIFERAL TRENDS
We recognize Late Cretaceous microfossil populations

that bear strong resemblance to the modern. Figure 2 dem-
onstrates the similarity between three primary Late Creta-
ceous taxa to the modern marginal marine taxa collected
from Piermont New York on the Hudson River. These in-
clude Trochammina ribstonensis, Miliammina ischnia, and
Ammobaculites obliquus from the Cretaceous and Tro-
chammina inflata, Miliammina fusca, and Ammobaculites
sp. from the Hudson River. In addition, Verneulinoides and
Reophax (serial morphotypes) (Plate 1) are also common in
the Upper Cretaceous coal-bearing strata.
Figure 7 shows the foraminiferal population trends for the

Glory Cove section of the Smoky Hollow Member. Tro-
chospiral morphotypes dominate throughout the sequence.
In the proximal marsh facies (L and Cs), the trochospiral
and quinqueloculine association dominates at approximately
the 1–2 m, 4–5 m, 6 m, and 8–9 m stratigraphic intervals.
This foraminiferal population in association with the lignite

and carbonaceous shale facies provides our datum for mean
sea level ($0 m) as indicated on the corresponding sea level
amplitude curve.
Peak abundance of the uncoiled morphotype (Ammoba-

culites obliquus) occurs between the 2.5–3.5 m and at the
6 m position in association with the central estuarine shelly
mudstone (Sm) facies and distal estuarine well-sorted sand-
stone (Sw). There is also an increase in the relative abun-
dance of the ostracodes Fossocytheridea and Cytheromor-
pha (Fig. 7) that are considered exclusively marginal marine
(Tibert and others, 2003a, b). We use the combination of
Ammobaculites, Fossocytheridea, and Cytheromorpha in
association with the central estuarine facies (Sm) as an in-
dicator of 5–8 m water depth as indicated on the sea level
amplitude curve for Glory Cove (Fig. 7).
Intervals with relative abundances of serial foraminiferal

taxa (Verneuilinoides, Reophax, and Textularia) are diag-
nostic for open bay environments. For example, Verneuili-
noides dominates at the 7 and 10 m positions in association
with the gray mudstone (Gm) bayfill facies. Several speci-
mens of Cytheropteron were also recovered from these units
(Tibert and others, 2003a, b) and we consider them diag-
nostic of meso-to-normal salinity shelf environments (Ben-
son and others, 1961). We use the association of the serial
foraminiferal taxa, gray mudstones, and swaley sandstones
as indication for increasing water depth to as much as ten
meters as indicated on the corresponding sea level amplitude
curve (Fig. 7).
Preservation in the Henrieville section mudrocks was lim-

ited to less than 25 specimens per sample and therefore
provides poor statistical representation. Qualitative obser-
vations of the foraminifera indicate an abundance of Tro-
chammina, Ammobaculites, and Verneuilinoides in the
shelly mudstone facies low in the section. We interpret this
as a relative deepening of 5–8 m at this locality (Fig. 8).
High frequency alternations between lignite and Trocham-
mina-Miliammina-bearing carbonaceous shale facies are in-
terpreted as small-scale sea level amplitude changes on the
proximal estuarine marsh (Fig. 8).

DISCUSSION
We chose this study site because of the exceptional pres-

ervation of the marsh biofacies. The method presented here-
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TABLE 4. Extended.

Agglutinated Foraminifera

Reophax
recta

Verneuili-
noides
sp. indet.

Total
serial

Percent
serial

Total
Foramini-

fera

Ostracodes

Nonmarine
Cyprida-
cean

Percent
nonmarine
Cyprid.

Fosso-
cytheridea
posterovata

Percent
Fosso-

cytheridea

Cythero-
morpha
spp.

Percent
Cythero-
morpha

Total
Ostracodes

Percent
Ostracodes

Total

Total
micro-
fossils

1
0
1
0
0

0.00
0.11
0.00
0.00

5
9
44
7
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FIGURE 2. A comparison of modern to ancient marginal marine agglutinated foraminifera. Recent taxa include Trochammina inflata, Miliammina
fusca, and Ammobaculites sp. obtained from Piermont, New York on the Hudson River. Cretaceous taxa include Trochammina ribstonensis,
Miliammina ischnia, and Ammobaculites obliquus. In both recent and ancient samples, the Trochammina-Miliammina association represents the
marsh and the Trochammina-Ammobaculites association represents the estuary.

in assumes minimal taphonomic disruption to the fossil as-
semblages. However, recent research has demonstrated that
marsh foraminiferal populations are susceptible to rework-
ing and mixing to as much as 30 cm below the marsh sur-
face where as much as 90% of the original population may
be destroyed after burial (Goldstein and Harben, 1993;
Goldstein and others, 1995; Goldstein and Watkins, 1998,

1999). Furthermore, the effects of time averaging can great-
ly reduce the potential to recognize centimeter scale sea lev-
el changes (Martin, 1999). We take these taphonomic effects
into consideration. First, we assume that all calcareous spec-
imens were dissolved soon after burial given the low pH of
peat deposits. Second, we draw attention to the fact that the
marsh facies contains an exclusive population of the Tro-
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FIGURE 3. Modern population compositions of marginal marine foraminifera.

FIGURE 4. Schematic demonstrating the distribution of the foraminifera of the marginal marine environments. Marsh deposits are characterized
by abundances of trochospiral and quinqueloculine agglutinated morphotpyes associated with peat. Estuarine deposits are characterized by uncoiled
agglutinated morphotypes (Ammobaculites) associated with mud. Barrier islands and lagoons are characterized by trochospiral and serial agglutinated
morphotypes associated with peat and sand washover beds.
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FIGURE 5. Population versus depth plots for modern marginal marine agglutinated morphotypes from Chezzetcook Marsh, Nova Scotia (data
from Scott and others, 1980).

FIGURE 6. Stratigraphic sections of the Smoky Hollow Member of the Straight Cliffs Formation, southwest Utah.
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PLATE 1
Foraminifera and ostracodes from the Upper Cretaceous Smoky Hollow Member of the Straight Cliffs Formation, southwest Utah. A. Trocham-

mina webbi STELCK and WALL 1954, B. Miliammina ischnia (TAPPAN 1957), C. Textularia sp., D. Reophax sp., E. Trochammina ribstonensis
WICKENDON 1932, F. Ammobaculites obliquus LOEBLICH and TAPPAN 1949, G. Fossocytheridea posterovata (LANKFORD in Peterson and
others 1953), and H. Cytheromorpha sp. TIBERT and others 2003b.

chammina andMiliammina in rooted lignite and mudstones.
We find this biotic and lithologic combination a compelling
indicator for true ancient ‘‘salt marsh’’ conditions. Centi-
meter scale sea level histories using marsh foraminifera

have been criticized given the potential for taphonomic bias
(Martin, 1999; Sen Gupta, 1999). Our model does not dis-
tinguish between the high and low marsh and our resolution
is far below that possible for Holocene applications. We
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FIGURE 7. Foraminiferal data and sea level curve from Glory Cove. M & marsh, E & central estuary, and B & open bay. Relative position of
Flooding Events (FE) indicated by the solid black arrow.

FIGURE 8. Foraminiferal data and sea level curve from Henrieville. Relative position of Flooding Events (FE) indicated by the solid black
arrow. Coal beds 1–4 are numerated next to the curves and on the corresponding stratigraphic log.

believe that a sustained period of peat accumulation reduced
the potential for ‘‘multi-environment’’ contamination in this
particular deposit. This is especially the case for the Hen-
rieville locality where the coal-mudstone alternations are
most prominent.
The duration for deposition of the coal/mudstone stratal

alternations presented herein is difficult to constrain. The
molluscan invertebrates recovered from the underlying Tib-
bet Canyon Member indicate a Prionocyclus hyatti age for
the Straight Cliffs Formation (Eaton, 1991), and according
to time scales of Kauffman and others (1993) and Obrado-
vich (1993), suggests a maximum of 300 kyr duration.

Smoky Hollow Member coal-bearing strata comprise only
a small portion of the Straight Cliffs Formation (#25%) and
therefore this sequence represents only a fraction of the time
allotted to the Prionocyclus hyatti biozone. Coal thickness
and compaction models predict that peat (coal-precursor)
accumulates on average 1 mm per year and peat compacts
at a 10:1 ratio (Ryer and Langer, 1980; McCabe, 1984). The
thin coal beds range in thickness from approximately 10 to
30 cm and therefore represent originally deposited 100–300
cm thick peats. We can estimate 1000 to 3000 years for
deposition of the lignite beds. The sedimentation rates for
the siliciclastic facies are higher perhaps as much as several
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centimeters per year. The relative sea level cycles from
southwest Utah therefore likely represent periodicities rang-
ing from thousands to tens of thousands of years.
An important association with the carbonaceous shale fa-

cies (Cs) is the exclusive population of Trochammina and
Miliammina contained in oxidized mudstone. This is poten-
tially an important indicator that evaporation periodically
exceeded precipitation. Oxidized sediments associated with
coal deposits are not uncommon and they are generally
thought to be reasonable proxies for arid climatic conditions
(Cecil, 1990; Mack and others, 1991; Cecil and others,
1993). Alternatively, relative sea level fall may have im-
proved drainage of the marsh and contributed to the increase
oxidation of the sediments during low stands. Compaction
and regional subsidence could have also contributed to a
lower water table that ultimately created oxidizing condi-
tions of the peat. That the low amplitude sea level curves
do not correlate between Glory Cove and Henrieville (sep-
arated by a few tens of kilometers) suggests that local sub-
sidence was an important component for lowered sea level
and subsequent sediment oxidation. It may simply be, how-
ever, that the preservation potential of these assemblages fall
short of the required resolution to correlate between out-
crops.
The Smoky Hollow Member coal zone comprises a sea

level cycle that can be tracked several hundred kilometers
to the westward edge of the Colorado Plateau (Pine Valley
Mountains: Fig. 1) where the biotic assemblage is strikingly
similar. This cycle corresponds to a fourth-order flooding
event of Tibert and others (2003b). The duration of this and
similar Mesozoic fourth-order sea level cycles approximate
Cenozoic glacio-eustatic successions and their widespread
global correlations during the Cenomanian-Turonian cer-
tainly suggest global control (Stoll and Schrag, 2000; Gale
and others, 2002; Leckie and others, 2002; Miller et al.,
2003). Given a presumed greenhouse world for Late Cre-
taceous time, glacioeustatic models are hard to justify. Tec-
tonic models have also been invoked to explain the fourth
and even fifth-order cycles of the WIB (Cross, 1988; Fill-
more, 1991; Jordan and Flemings, 1991; Leithold, 1994;
Pang and Nummedal, 1995; Gardner, 1995; Yoshida and
others, 1996; Martinson and others, 1998; Houston and oth-
ers, 2000). Regardless of the ‘‘primary’’ mechanism, our
results presented here demonstrate small-scale sea level var-
iability superimposed on a single coal zone that suggests a
complex interaction between tectonics, eustasy, climatic,
and autogenic compaction on the southwest margin of the
WIB during middle Turonian times.

CONCLUSION

Agglutinated foraminifera provide high-resolution proxies
for relative sea level change in Late Cretaceous age coal-
bearing strata. We draw the following conclusions resulting
from the observed lithologic and biotic character of the coal-
bearing upper middle Turonian Smoky Hollow Member of
the Straight Cliffs Formation:

1. There is a tripartite estuarine zonation that includes a
proximal facies association comprising fluvial sandstone,
a vertisol, carbonaceous shale, and lignite. A central es-
tuarine facies association comprising shelly mudstone. A

distal estuarine (open bay) facies association comprising
gray mudstones and massive, swaley, cross-stratified
sandstone.

2. Trochammina (trochospiral) is the prominent genus of
foraminifera that occurs associated with either Miliam-
mina (quinqueloculine) interpreted as the proximal
marsh, Ammobaculites (uncoiled) interpreted as the cen-
tral, muddy estuary, or Verneulinoides, Reophax, and
Textularia (serial) interpreted as distal estuary or open
bay.

3. We recognize a marsh association that can be used to
identify 0–1 m water depth, a central estuarine associa-
tion that represents 5–8 m water depth, and an open bay
association that represents water depths of 10 m or great-
er.

4. Sea level curves constructed for the Smoky Hollow
Member indicate amplitudes that range from one to ten
meters.

Although much uncertainty surrounds the origins of these
sea level cycles, it appears that compactional effects may
have contributed to the development of the small amplitude
cycles (0–1 m) and that the 5–10 m amplitude changes like-
ly reflect allogenic control such as climate and/or glacio-
eustatic fluctuations.
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