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Abstract: The Turonian Notom Delta is one of the Ferron fluvial-deltaic wedges deposited in the 
foreland basins of the Cretaceous Seaway of North America. The wedge is exposed three dimensionally 
in the Henry Mountains region Utah, USA. High-resolution sequence stratigraphic analysis along a 35 
km dip-oriented outcrop belt shows that the wedge consists of six depositional sequences. Ammonite 
and Inoceramid biostratigraphy and 40Ar/39Ar age dating of various bentonites show that the wedge 
was deposited from 91.25 Ma to 90.63 Ma, an interval of merely 0.62 Ma. Assuming each sequence is 
formed over a similar time span, each sequence, thus, represents about 105 yr, suggesting high-frequency 
depositional sequences. Amplitude of relative sea-level changes, built on shoreline trajectory, is 2-61 m, 
with an average of only 20 m. Fluvial incision during high-frequency and low-amplitude relative sea-
level fall is mainly around the highstand prism. Incision diminishes rapidly up dip and down dip, and 
the resultant incised valleys are narrow and shallow. Such sea-level fluctuations also result in small, 
stratigraphically complex shoreline sandstones that need special attention during hydrocarbon exploration.
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valleys in the Dunvegan Formation, Canada. Despite these, 
identifying such high-frequency sequences and their linked 
relative sea-level changes in the ancient record is not always 
easy, largely because the lack of chronological controls. The 
Turonian Ferron Notom Delta in southern Utah, USA consists 
of a full load of bentonites and fossils, which provide an ideal 
opportunity for detailed chronologically-controlled high-
resolution sequence stratigraphic analysis.

One of the critical components in sequence stratigraphic 
studies is to understand relative sea-level changes because 
the frequency and amplitude of relative sea-level fluctuations 
have strong controls on hydrocarbon reservoir facies and 
stratigraphic architecture (Helland-Hansen and Martinsen, 
1996; Hampson, 2000; Yoshida, 2000; Garrison and Van 
den Bergh, 2004; Løseth et al, 2006). To reconstruct paleo 
shoreline activities and investigate relative sea-level history, 
previous studies have used shoreline trajectory analysis 
(Helland-Hansen and Gjellberg, 1994; Helland-Hansen 
and Martinsen, 1996). Shoreline trajectory is defined as 
“the pathway of shoreline migration through time, relative 
to a horizontal datum in a dip-oriented cross section” 
(Helland-Hansen and Gjellberg, 1994; Helland-Hansen and 
Martinsen, 1996). Shoreline trajectory analysis, thus, requires 

1 Introduction
Sequence stratigraphic concepts and models emphasize 

rock records bounded by chronostratigraphically significant 
surfaces, and have been widely practiced in hydrocarbon 
exploration and production (Van Wagoner et al, 1988; 1990; 
Posamentier et al, 1992; Van Wagoner, 1995; Posamentier and 
Allen, 1999). Many previous sequence stratigraphic studies 
focused on large-scale rock units deposited in millions of 
years or even longer (third-order to first-order sequences) (Van 
Wagoner et al, 1988; 1990; Posamentier et al, 1992). Studies, 
however, have also shown the development of sub-million-
year high-frequency sequences in the rock record (Mitchum 
and Van Wagoner, 1991; Plint, 1991; Holbrook, 2001; Gale 
et al, 2002; Plint and Wadsworth, 2003; Gale et al, 2008). 
Mitchum and Van Wagoner (1991), for example, documented 
105 yr high-frequency sequences superimposing on million-
year third-order sequences in the Cenozoic siliciclastics in 
the Gulf of Mexico. Plint and Wadsworth (2003) documented 
104-105 yr and 20 m eustatic falls that generated incised 
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horizontal datum in dip sections, which, in most cases, are 
difficult to find. Many of the previous practices have used 
transgressive surfaces as datum, assuming that these surfaces 
are geologically instant and “flat” (Plint, 1991; Bhattacharya, 
1993; Hampson, 2000; Løseth et al, 2006; Vakarelov et al, 
2006; Bullimore and Helland-Hansen, 2009). Transgression, 
however, is a continuous process and accommodation created 
landward of the shoreline during transgression is partially 
filled by transgressive sediments. Transgressive surfaces, 
thus, can be largely diachronous (Løseth and Helland-
Hansen, 2001). Transgressive surfaces are rarely “flat” due to 
transgressive erosion. Shoreface erosion during transgression 
has been widely documented in the ancient record (Walker 
and Plint, 1992; Posamentier and Allen, 1999; Bhattacharya 
and Willis, 2001; Bhattacharya, 2006). The amount of erosion 
may range from a few centimeters up to 40 m (Kraft et al, 
1987; Bhattacharya, 1993; Leckie, 1994; Bhattacharya and 
MacEachern, 2009). In the Cretaceous Seaway of North 
America, an average of 10-20 m of erosion is estimated (e.g., 
Bergman and Walker, 1988; Walker, 1995; Bhattacharya 
and Willis, 2001; Garrison and Van den Bergh, 2004). 
Tidal erosion during transgression can also be significant, 
particularly when tidal currents are amplified by resonance 
within basins (Willis and Gabel, 2003). Furthermore, 
flooding surfaces are commonly clinoform surfaces that dip 
gently (< 1º) seaward, and using such surfaces as datum can 
distort stratigraphic relationships. Transgressive surfaces 
are, thus, neither smooth nor horizontal, and using them as 
datum in shoreline trajectory analysis can be a dangerous 
practice. Instead of using these surfaces, the current study 
use various bentonites preserved in the Ferron Notom Delta 
as isochronous datum for detailed shoreline trajectory 
reconstruction along dip-oriented outcrop belts. 

The purposes of the paper are to investigate the high-
frequency chronostratigraphic framework of the Ferron 
Notom Delta by involving age dating volcanic ash beds 
and ammonite and inoceramid biostratigraphy, and then to 
reconstruct shoreline trajectory to better understand relative 
sea-level history during the deposition of the fluvial-deltaic 
wedge. The last section summarizes the implications of the 
results for some of the sequence stratigraphic concepts and 
hydrocarbon exploration.

2 The study area and previous work 

2.1 The study area
The Ferron Sandstone is a member of the Mancos Shale 

Formation and is deposited in the foreland basins of the 
Cretaceous Seaway of North America (Fig. 1). Gardner 
(1995a; 1995b) showed that during the progradation of the 
Ferron shorelines in Utah, three major fluvial-deltaic wedges 
were built by the feeding rivers that transported sediments 
from the Sevier highlands to the west into the foreland basins 
fronting the thin-skinned Sevier thrust belt to the east. From 
southwest Wyoming to southern Utah, these three wedges are: 
the Vernal Delta, the Last Chance Delta, and the Notom Delta 
(Fig. 1). Ferron time-equivalent fluvial-deltaic deposits are 
also deposited in other segments of the Cretaceous Seaway, 

including the Cardium Formation in Alberta, Canada, the 
Frontier Formation in Wyoming, USA, and the Gallop 
Sandstone in New Mexico, USA (Fig. 1).

The Ferron Notom Delta  is  well  exposed three 
dimensionally in the Henry Mountains region in southern 
Utah along a 50×30 km outcrop belt (Fig. 2). The fluvial 
deltaic wedge is 100-160 m thick along the west cliff face. 
The north segment of the west cliff face, tectonically tilted 
30°-40° eastward after deposition, is oriented in an oblique 
dip direction and is the focus of this study (Fig. 2). 

2.2 Previous work
The earliest work on the Ferron Notom fluvial-deltaic 

wedge is mainly lithostratigraphic and biostratigraphic 
analysis (Hunt and Miller, 1946; Hunt et al, 1953; Peterson 
and Ryder, 1975). Hunt and Miller (1946) and Hunt et al 
(1953) noticed the interfingering of the fluvial-deltaic wedge 
with the Mancos Shale Formation. Peterson et al (1980) 
recognized that the wedge is bounded below by the Tununk 
Shale member of the Mancos Shale with a gradual contact 
and above by the Blue Gate Shale member with a sharp 
contact. The study also demonstrated that there were as many 
as eight ammonite zones missing between the wedge and the 
overlying Blue Gate Shale. 

More recent studies have focused on the detailed facies 
architecture and chronostratigraphy of the wedge (e.g., 
Li et al, 2008; Li, 2009; Li et al, 2010a; 2010b; Li and 
Bhattacharya, 2011; Zhu, 2010). Fielding, for instance, 
examined the detailed facies architecture of the wedge to the 
west of the Henry Mountains and suggested progradation of 
asymmetric flood-dominated, wave-influenced deltas in the 
area. Li et al (2010a; 2010b) and Zhu (2010) documented 
the facies and sequence stratigraphic framework of the 
fluvial-deltaic wedge and showed that the wedge consists 
of six depositional sequences, 18 parasequence sets, and 
43 parasequences (Fig. 3). The six sequences, SQ1 to 
SQ6 from the youngest to the oldest, are separated by five 
sequence boundaries that have variable physical expressions. 
Boundaries SB3, SB4, and SB5 are represented by negative 
shoreline trajectories, coastal onlapping, and changes in 
parasequence stacking patterns above and below. SB3, for 
instance, lies immediately above the progradational and 
aggradational highstand parasequence set of sequence 4 
(SQ4) and below the progradational and down-stepping 
forced regressive deposits of SQ3 (Fig. 3). The younger 
two sequence boundaries, SB1 and SB2, correlate with 
extensive erosional unconformities of incised valleys (Fig. 
3; Li et al, 2010a). In interfluve areas, these unconformities 
are represented by rooted paleosols, suggesting prolonged 
subaerial exposure. Basinward these major erosional surfaces 
can be traced to their correlative conformities (Fig. 3; Li et al, 
2010a).

3 Data and methods
The chronology of the fluvial-deltaic wedge was built 

upon integrated absolute ages from 40Ar/39Ar age dating 
and ammonite and inoceramid biostratigraphy. Various 
isochronous bentonite beds occur within, immediately above 
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and below the fluvial-deltaic wedge (Figs. 3, 4(a), 4(b)). Four 
of the bentonite beds, B1 through B4 (see Fig. 3 for their 
stratigraphic positions) were sampled and sanidine crystals 
were carefully separated from each of these beds for 40Ar/39Ar 
age dating (Fig. 4(c)). The results were presented in Table 1. 
The absolute ages were cross-checked with ammonite and 
inoceramid biostratigraphic data as shown in Table 2.

To investigate the amplitude of relative sea-level changes 
during the deposition of the fluvial-deltaic wedge, a detailed 
shoreline trajectory analysis within the sequence stratigraphic 
framework presented in Fig. 3 was conducted using the 
concept of Helland-Hansen and Gjellberg (1994), Helland-
Hansen and Martinsen (1996), and Hampson et al (2001). 
Magnitudes of relative sea-level changes were estimated 
based on the shifts of shoreline facies and dislocations of 
facies across major surfaces using the approach outlined by 
Hampson et al (2001). Where shallow marine facies are not 

present, estimation of relative sea-level change is based on 
maximum erosional relief of incised valleys. In cases where 
shoreface or delta-front facies are developed, the upper-
shoreface or proximal delta-front is considered as close 
to paleo sea level. Rather commonly, however, only distal 
lower-shoreface or distal delta-front facies are preserved due 
to erosion or nondeposition. In such cases, paleo sea level 
and relative sea-level changes are estimated either through a 
landward projection of shoreline facies using clinoform dips 
and thickness or measuring the vertical distance between 
these distal facies deposited within similar paleo-water 
depths. Elevation of key facies and shoreline points was 
measured relative to the bentonite datum immediately below 
the Notom delta (Fig. 3), and elevation difference was used to 
estimate relative sea-level changes.

Convergence and divergence of parasequences relative 
to the bentonite datum at the very base of the wedge, as well 

Fig. 1 Turonian paleogeography of North America showing the locations of the Ferron fluvial-
deltaic wedges in Utah and Wyoming, USA. The Ferron Sandstone is a member of the Mancos 
Shale Formation, and consists of three major fluvial-deltaic wedges deposited in this segment of 
the Cretaceous Interior Seaway. From southwest Wyoming to southern Utah, these are the Vernal 
Delta, the Last Chance Delta, and the Notom Delta. Also shown are the Ferron time-equivalent 
rocks, including the Gallup Sandstone in New Mexico, the Frontier Formation in Wyoming, and 
the Cardium Formation in Alberta, Canada. After Bhattacharya and MacEachern (2009).
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as lapout relationships and parasequence stacking patterns, 
were used to determine the overall shoreline movement and 
trajectory (Fig. 5). Magnitudes of relative sea-level changes 
were estimated either from the shifts of shoreline facies 
and dislocations of facies across major surfaces as outlined 
by Hampson et al (2001) or from the maximum erosional 
relief of incised valleys when marine facies are not present. 
In cases where only distal lower shoreface or distal delta-
front facies were preserved, a landward projection of these 
distal shoreline facies based on clinoform dip and thickness 
was necessary to estimate the paleo sea level. The results of 
the shoreline trajectory analysis were shown in Fig. 5 and 
summarized in Table 3.

4 Chronostratigraphy and high-frequency 
relative sea-level changes

Table 1 summarizes the results of 40Ar/39Ar age dating 
of the four bentonite beds, B1 through B4, collected from 
different stratigraphic positions in the Ferron Notom Delta 

and the overlying Blue Gate Shale (See Fig. 3 for the 
stratigraphic positions of the four ash beds).

B1 is a sample from the lower-most 25-35 cm thick ash 
bed of the three regional ash beds (the “triplet”) located at the 
very base of the Notom fluvial-deltaic wedge (Figs. 3, 4). The 
calculated age from the sample is 91.25 ± 0.77 Ma (Table 1). 
B2 is a sample collected from the 10-15 cm thick bentonite 
bed immediately above parasequence 10a within the wedge 
(Fig. 3). Calculated age from the sample is 90.69 ± 0.34 Ma 
(Table 1). Further upward, B3 is collected from the 20-25 cm 
thick ash bed in the nonmarine floodplain successions in the 
upper part of the fluvial-deltaic wedge (Fig. 3). Dating results 
show that it has an age of 90.64 ± 0.25 Ma (Table 1). B4 is 
sampled from the 15-20 cm thick ash bed in the overlying 
Blue Gate Shale. The ash bed is about 2 m above the Ferron-
Blue Gate contact, and calculated age from the sample is 
87.27 ± 0.54 Ma (Table 1).

The absolute ages from this study integrate well with 
ammonite and inoceramid biostratigraphy from published 
literature (e.g. Peterson and Ryder, 1975; Peterson et al, 
1980; Cobban et al, 2006; Table 2). Dating results show 
that there is a large age gap about 3.37 Ma in between B3 
and B4, indicating a hiatus and unconformity between the 
Ferron Notom Delta and the overlying Blue Gate Shale. This 
interpretation is supported by the missing of eight ammonite 
zones in between these two as documented by Peterson and 
Ryder (1975) (Table 2). 

In between B1 and B2, an interval of ~ 5.6×105 yr as 
shown by the date results, there are 36 parasequences, 
indicating that each parasequence spans about 1.5×104 yr. 
From B2 to B3, an interval of ~ 5×104 yr, there are five 
parasequences, suggesting that the deposition of each of 
these parasequences takes a similar time of 104 yr. Above 
B4 to the top of the fluvial-deltaic wedge there is only 
one parasequence, and the age of the top of the wedge is, 
thus, estimated to be 90.63 Ma. These data suggest that 
the progradation of the fluvial-deltaic wedge is, thus, most 
probably from 91.25 Ma to 90.63 Ma, an interval of ~ 0.62 
Ma. Assuming each depositional sequence was developed 
over a similar amount of time, each of the six sequences 
would represent ~ 105 yr, indicating that the associated 
relative sea-level changes are high-frequency.

5 Shoreline trajectory and low-amplitude 
relative sea-level changes 

Forty three parasequences are identified in the six 
depositional sequences, and are further grouped into 
18 parasequence sets that show either progradational, 
retrogradational, or aggradational stacking patterns along 
depositional dip (Fig. 3). The position and stacking patterns 
of the parasequences define systems tracts (Van Wagoner 
et al, 1988; 1990). Because no equivalent marine facies are 
exposed in the study area, in the nonmarine sequence SQ1 
systems tracts are defined based on systematic changes in 
fluvial architecture (Li, 2009; Li et al, 2010a). For example, 
the highly amalgamated fluvial sandstones immediately 
overlying the valley basal erosional surface (SB1) show very 
low mudstone/sandstone ratio, and are interpreted as lowstand 

Fig. 2 Base map showing the locations of the study area. The Ferron Notom 
Delta in the area is exposed three dimensionally along a 50×30 km outcrop 
belt. A-B is the cross section shown in Fig. 3, and facies and stratigraphy 
of the fluvial-deltaic wedge around the cliff face is covered by 58 measured 
sections as shown by the solid circles. Paleocurrent data show that the cliff 
facies is overall dip oriented, with a slight strike component. The position of 
the widely studied Last Chance Delta in central-eastern Utah is also shown in 
the inset for reference. 
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deposits (Fig. 3, Table 3). Further upward, the transgressive 
systems tract consists of nonamalgamated, isolated, and 
landward stepping fluvial sandstone bodies, many of which 
show significant burrowing and tidal influence (Li et al, 
2010a). Deposits in the highstand systems tract, in contrast, 
show high mudstone/sandstone ratio and consist of thin but 
laterally continuous fluvial sandstone bodies (Fig. 3).

Using depositional sequence 3 (SQ3) as an example, 

the following section further elaborates the approach and 
concepts used in this study in characterizing the shoreline 
trajectories and estimating relative sea-level changes in the 
Ferron Notom Delta.
Parasequences 11a-11e

These parasequences are located in the very lowest 
part of SQ3, and from the oldest parasequence 11e to the 
youngest 11a there is an overall basinward and downward 
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Fig. 3 Cross section showing the high-resolution stratigraphy of the Ferron Notom Delta along the dip-oriented cliff face 
A-B in Fig. 1. The fluvial-deltaic wedge consists of six depositional sequences, 18 parasequence sets, and 43 parasequences. 
Notice the occurrence of chronostratigraphically significant ash beds both within and immediately above and below the 
wedge. The stratigraphic positions of the four bentonite samples, B1 through B4, collected for 40Ar/39Ar age dating are shown 
in the figure. The section is hung on the lowest bentonite immediately below the Notom Delta. The same datum is used for 
shoreline trajectory analysis in Fig. 5. The dashed polygon shows the position of the small-scale, stratigraphically complex 
marine parasequences shown in Fig. 7. Dots at the bottom of the section showing positions of measured geological sections. 

Fig. 4 Isochronous and regionally extensive bentonite beds within and immediately above and below the Ferron Notom 
Delta and sanidine crystals picked from these beds for 40Ar/39Ar age dating. (a) Three bentonite beds, the “triplet”, occur 
immediately below the fluvial-deltaic wedge. The triplet is regionally continuous throughout the study area. The first sample, 
B1, is from the lower-most bentonite, which is also used as datum in Figs. 3 and 5. (b) The volcanic ash bed about 2 m 
immediately above the Notom Delta in the Blue Gate Shale.  It shows a popcorn appearance due to weathering. Sample B4 is 
from this bentonite bed. (c) Sanidine crystals from B3 under SEM showing tabular crystal forms, conchoidal fractures, and ~ 
90º cleavage angles. After Zhu et al (2012)
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Table 2 Integrating 40Ar/39Ar absolute age dating results shown in Table 1 and ammonite and inoceramid biostratigraphy in the Ferron 
Notom Delta. Ammonite and inoceramid biostratigraphy data from Peterson and Ryder (1975) and Cobban et al (2006). “*” marks the 
ammonite and inoceramid zones identified in the fluvial-deltaic wedge by Peterson and Ryder (1975). Notice the large age gap and that eight 

ammonite zones are missing between the Notom Delta and the overlying Blue Gate Shale.

Stages and
substages

Stage
boundaries

Ma

Western Interior Ammonite
     Taxon Range Zones

 Age
Ma
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Ma
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ro
ni

an
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Upper
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87.14 ± 0.39

88.55 ± 0.59

90.21 ± 0.54
92.46 ± 0.58

93.48 ± 0.58
93.19 ± 0.42

87.27 ± 0.54

90.64 ± 0.25
90.69 ± 0.34
91.25 ± 0.77

Scaphites depressus*
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Scaphites mariasensis
Prionocyclus germari
Scaphites nigricollensis
Scaphites whitfieldi

Scaphites ferronensis
Scaphites warreni
Prionocyclus macombi*
Prionocyclus hyatti*
Collignoniceras praecox
Collignoniceras woollgari

Mammites nodosoides
Vascoceras birchbyi
Pseudaspidoceras flexuosum
Watinoceras devonense

Magadiceramus crenelatus
Magadiceramus subquadratus
Volviceramus involutus
Volviceramus koeneni
Cremnoceramus crassus
Cremnoceramus crassus inconstans
Cremnoceramus deformis dobrogensis
Cremnoceramus deformis erectus
Cremnoceramus waltersdorfensis
Mytiloides scupini
Mytiloides incertus
Inoceramus dakotensis
Inoceramus perplexus

Inoceramus dimidius

Inoceramus aff. dimidius
Inoceramus howelli*
Inoceramus n.sp.
Mytiloides hercynicus
Mytiloides subhercynicus
Mytiloides mytiloides

Mytiloides kossmati

Mytiloides puebloensis

Hiatus

Table 1 A summary of the results from 40Ar/39Ar absolute age dating of sanidine crystals from four bentonite beds within and immediately above 
and below the Ferron Notom fluvial-deltaic wedge. See Figs. 3 and 4 for the stratigraphic positions of the four bentonite beds. Data from Zhu (2010) 

and Zhu et al (2012).

Sample Material Number of sanidine crystals MSWD Weighted mean
age (Ma) ± σ

B4 Sanidine 8 of 8 0.27 87.27 ± 0.54

B3 Sanidine 16 of 16 0.84 90.64 ± 0.25

B2 Sanidine 12 of 14 1.05 90.69 ± 0.34

B1 Sanidine 13 of 13 0.69 91.25 ± 0.77

Age calculated relative to the 28.201 Ma Fish Canyon sanidine standard (Kuiper et al, 2008) using the decay constants of Steiger and Jäger (1977).

Fig. 5 Shoreline trajectory of the Ferron Notom Delta built upon lapout relationships and parasequence stacking patterns. 
Trajectory reconstruction is from sequence 6 (SQ6) to sequence 2 (SQ2), and is not applicable in sequence 1 because 
the sequence consists of entirely fluvial facies. The section is hung on the lower most ash bed in the “triplet” located 
immediately below the delta as shown in Fig. 4. Convergence and divergence of the parasequences relative to the datum are 
also used to identify shoreline movements. The dashed line indicates shoreline trajectory with some strike component. After 
Zhu et al (2012).
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parasequence stacking pattern (Figs. 3, 7). The position of 
these parasequences in depositional sequence SQ3 and their 
stacking patterns define a falling stage systems tract (FSST, 
Fig. 3, Table 3). The degradational stacking pattern suggests 
a descending regressive (negative) shoreline trajectory 
associated with a forced regression (Figs. 3, 5, 7, Table 3). 
The facies shifts and offlapping relationships observed from 
parasequence 12a in sequence 4 (SQ4), to 11e, and to 11a in 
SQ3 indicate a basinward shoreline translation and relative 
sea-level fall of 20.2 km and 61.7 m respectively. This 
relative sea-level drop is the largest identified in the Ferron 
Notom Delta in the study area (Fig. 5, Table 3). 
Parasequences 10a-10c 

The younger parasequences 10a through 10c are located 
in a stratigraphically higher position, and the overall 

progradational to aggradational stacking pattern suggests 
a lowstand systems tract (LST) in SQ3 and an ascending 
regressive shoreline trajectory (Figs. 3, 5, Table 3). Facies 
shifts from the oldest parasequence 10c to the youngest 10a 
indicate a basinward shoreline translation of 5.3 km and a 
relative sea-level rise of about 12.5 m (Fig. 5, Table 3). 
Parasequences 9a, 9b

Parasequence 9b is located in a landward, stratigraphically 
higher position with respect to 10a, and facies shifts from 
10a to 9b suggest a relative sea-level rise about 8 m. From 
parasequence 9b to 9a there is a retrogradational stacking 
pattern, defining a transgressive systems track (TST) and 
an ascending transgressive shoreline trajectory (Fig. 5). 
Observed facies shift suggests 41.0 m of relative sea level rise 
(Table 3). 

Table 3 A summary of the sequence stratigraphic framework, parasequence stacking patterns, and shoreline 
trajectory of the Ferron Notom fluvial-deltaic wedge
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2

HST
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3.6
32.7
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LST 6 6 Progradation-aggradation Ascending regressive 6.9

FSST 7 7 Degradation Descending regressive 9.6 38.3

3

HST 8 8a, 8b Aggradation-progradation Ascending regressive 7.8 7.7

TST 9 9a, 9b Retrogradation Ascending transgressive -23.7 41.0

LST 10 10a, 10b, 10c Progradation-aggradation Ascending regressive 5.3 12.5

FSST 11
11a, 11b, 11c, 
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4

HST 12
12a, 12b, 12c, 

12d
Aggradation-progradation Ascending regressive 4.1
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LST 14
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LST 16 16a, 16b Aggradation Ascending regressive 0.2 8.1

6

HST 17
17a,17b, 17c, 

17d
Aggradation-progradation Ascending regressive 3.5 32.0

LST 18 18 Progradation-aggradation Ascending regressive
0.5 7.2
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9.0

23.0

18.5*

-3.6 2.0

47.2

2.0-2.9

0.8 8.5

4.1-1.5
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Notes: “ -- ”: estimating shoreline translation is not applicable, “↑”: relative sea-level rise, and “↓”: 
relative sea-level fall. “ * ” represents estimation with some uncertainty. Shoreline trajectory is built upon 
lapout relationships and parasequence stacking patterns, as well as the convergence and divergence of the 
parasequences relative to the basal datum shown in Figs. 3, 5. See text for more details.
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Parasequences 8a, 8b
Parasequences 8a, 8b are located in the upper part of SQ3, 

and show an aggradational to progradational stacking pattern, 
suggesting a highstand systems tract (HST) and an ascending 
regressive shoreline trajectory (Figs. 3, 5, Table 3). Overall 
facies shifts suggest a 7.7 m relative sea-level rise and 7.8 km 
basinward shoreline translation (Fig. 5, Table 3). 

The same approach and concepts are used in other 
sequences, except sequence 1 (SQ1) which consists of only 
fluvial facies and estimation of shoreline translation in it is 
not applicable. The reconstructed shoreline trajectory and 
estimations of shoreline movements are shown in Fig. 5 and 
summarized in Table 3. The results show that low-amplitude 
relative sea-level rises and falls are rather common during the 
deposition of the Ferron Notom Delta. Among the 18 relative 
sea-level rises identified, for example, 78% have amplitudes 
less than 30 m. Relative sea-level rises range from 2 to 41 
m, with an average of only 17 m. Five relative sea-level 
falls, ranging from 8.5 m to 61.7 m, are documented, and the 
average fall is only 35 m. All of these suggest low-amplitude 
relative sea-level changes during the deposition of the fluvial 
deltaic wedge.

6 Discussion and implications for sequence 
stratigraphy and hydrocarbon exploration

6.1 Controls on high-frequency and low-amplitude 
relative sea-level changes 

High-frequency sequences and their associated high-
frequency (on the order of 105 yr) and low-amplitude (tens of 
meters) relative sea-level changes have also been documented 
in many other successions deposited in the Cretaceous 
Seaway of North America (Holbrook, 2001; Gale et al, 2002; 
Plint and Wadsworth, 2003; Garrison and Van den Bergh, 
2004; 2006; Gale et al, 2008).

Regional tectonics is active in the foreland basins of the 
Cretaceous Seaway due to thrusting and loading of the Sevier 
front, and can result in significant relative sea-level changes. 
Regional tectonics, however, most probably would operate 
over a time period of 106 yr or longer (Cloetingh, 1988), 
rather than at such high frequencies of 105 yr. Furthermore, 
no angular unconformities that support syndepositional 
tectonic tilting have been identified in the entire study area. 
Anisotropic crustal response to regional stress that can lead 
to short-term, 105 yr uplifts are proposed in the Cretaceous 
Seaway (Peper, 1994; Yoshida, 2000; Vakarelov et al, 2006), 
and it may have controls on the high-frequency relative sea-
level changes identified in this study. 

Eustasy could lead to regionally synchronous high-
frequency and low-amplitude relative sea-level changes. Plint 
and Wadsworth (2003), for instance, documented 104-105 yr, 
20 m eustasy that produced incised valleys in the Dunvegan 
Formation, Canada. Gale et al (2002) and Gale et al (2008) 
documented < 4×105 yr and meters- to tens-of-meters relative 
sea-level changes in the Cretaceous Seaway during the 
Cenomanian. These studies also suggested that the high-

frequency and low-amplitude relative sea-level changes are 
driven by Milankovitch cycles and are synchronous globally. 
Eustasy, thus, may be one of the more likely controls. 

High-frequency (104-105 yr or shorter) climate changes 
have been widely identified in the Cretaceous Seaway 
of North America (Sethi and Leithold, 1994; Holbrook, 
2001), even though climate during Cretaceous is argued as 
warm and equable (Barron, 1983). Holbrook (2001), for 
example, suggested that high-frequency (104-105 yr) climate 
changes caused fluvial incision in the Middle Cretaceous 
nonmarine-shallow marine strata in Colorado. Further 
basinward, interbedded pelagic rhythms of shales and/or 
marls and limestones have long been argued as evidence for 
the occurrence of high-frequency (104-105 yr) Milankovitch 
cycles in the Cretaceous Seaway (Herbert and Fischer, 
1986; Fischer et al, 1991; Sethi and Leithold, 1994). 
Milankovitch cycles have also been documented during 
the Turonian, when the Ferron Notom Delta was deposited 
(Sethi and Leithold, 1994), and could have generated high-
frequency and low-amplitude eustatic changes on the 
order of a few tens of meters. Ongoing studies of paleosols 
and coal petrology, as recently accomplished in the Book 
Cliffs successions in Utah (Davies et al, 2006), may aid in 
resolving the relative controls of climate vs. eustasy on the 
origin of these high-frequency and low-amplitude relative 
sea-level changes.

6.2 Fluvial response to high-frequency and low-
amplitude relative sea-level falls

The traditional sequence stratigraphic models predict 
that during relative sea-level fall, lowered base level leads to 
significant sediment bypass and fluvial erosion on the shelf, 
resulting in large-scale incised valleys (Van Wagoner et al, 
1988; 1990; Posamentier et al, 1992; Van Wagoner, 1995). 
Recent studies, however, argue that the degree of fluvial 
incision is controlled by several key factors, one of which is 
the nature of relative sea-level fall (Talling, 1998; Woolfe et 
al, 1998; Posamentier and Allen, 1999; Posamentier, 2001).

Relative sea-level falls documented in this study are high 
frequency (~ 105 yr or less) and low amplitude (average 
only 20 m). During high-frequency relative sea-level falls, 
fluvial systems will have less time to adjust themselves. 
Long-distance up-dip knick point migration and down-dip 
propagation of fluvial erosional processes would be unlikely 
(Thorne, 1994). Fluvial incision during such high-frequency 
relative sea-level falls, if occurred, would most probably 
diminish rapidly both up dip and down dip.

Low-amplitude relative sea-level falls favor small-scale 
incision. In ramp settings such as the foreland basins of 
the Cretaceous Seaway of North America, fluvial incision 
associated with low-amplitude relative sea-level falls will be 
primarily around the highstand prism, resulting in shallow 
and narrow incised valleys as have been widely documented 
(Table 4). Overlying relative sea-level changes since the last 
glaciation upon modern shelf morphological profiles from 
various geological settings, Talling (1998) showed that high-
frequency and low-amplitude relative sea-level falls of 40-70 
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m rarely exposed the shelves and maximum erosion is around 
the highstand prism, away from which erosion is typically 
less than 20 m (Fig. 6). Fluvial incision under such low-
amplitude relative sea-level falls as documented in this study 
and elsewhere in the Cretaceous Seaway, thus, most probably 
only yields small incised valleys as shown in Table 4. 

6.3 Small-scale, stratigraphically complex marine 
sandstones controlled by high-frequency and low-
amplitude relative sea-level changes

In response to high-frequency and low-amplitude relative 
sea-level fluctuations, the associated shorelines would 
translate landward and basinward with shorter distances and 

Fig. 6 Relative sea-level changes since the last glaciation overlying modern shelf morphological profiles from various 
geological settings. As shown on the figure, low-amplitude relative sea-level falls on the order of 40-70 m rarely exposed 
the shelf. The relative sea-level fall documented in the study averages only 20 m. Fluvial incision driven by such relative 
sea-level falls is primarily around the highstand prism, and diminishes rapidly both up dip and down dip. Dots mark the 
locations of data points measured in characterizing the shape of each of the profiles. Figure modified from Talling (1998).
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Table 4 Width and erosional relief of the incised valleys identified in the Cretaceous Seaway from the published literature. Notice that most 
of the valleys are relatively narrow and shallow and are on the order of kilometers wide and less than 30 m deep. This is in accordance with the 

high-frequency and low-amplitude relative sea-level falls documented in this study and elsewhere in the Cretaceous Seaway.

No. Reference Year Valley age Valley width, km Erosional relief, m

1 Harms 1966 Albian 1-2 20

2 Hradsky and Griffin 1984 Late  Cretaceous 10 25

3 Weimer 1984 Albian-Cenomanian 5-12 20

4 Zaitlin and Schultz 1984 Late Albian 5 25

5 Rahmani 1988 Campanian 10 20

6 Reinson et al 1988 Late Albian 6 10

7 Weimer 1991 Early Cretaceous 10 15

8 Hart and Plint* 1993 Turonian-Coniacian Unknown 17, 12.8

9 Tillman* 1994 Cenomanian-Turonian 27 30

10 Willis 1997 Albian 4-9 36, 40, 32, 32, 42

11 Plint and Wadsworth 2003 Middle Cenomanian 1-2, up to 8 20-30, up to 40, average 21

12 Garrison and  Van den Bergh 2006 Turonian-Santonian 6, 5.5, 5 30, 30, 25

13 Li, Li et al* 2009; 2010a; 2010b Turonian 5-7 18.5, 23, 27

Notes: "*" represents valleys documented in the Ferron Sandstone



23

higher frequency, as shown in Table 3. The net result is the 
wide development of small-scale, stratigraphically complex 
marine sandstones. 

Parasequences 11a through 11e in SQ3, deposited during 
a series of high-frequency and low-amplitude relative 
sea-level falls, are typical examples of these small-scale, 
stratigraphically complex marine sandstones (Figs. 3, 7). 
Each of the parasequences is burrowed with a variety of 
marine trace fossils and consists of typical wave- and storm-
induced sedimentary structures (Fig. 7). These parasequences 
are sharp based in the proximal part, becoming more gradual 
based in distal areas. Parasequence 10c consists of moderately 
burrowed, thin interbedded sandstones and mudstones in 
the lower part, grading upward into more amalgamated 
sandy facies in the upper part. Within the heterolithic 
successions, there are common occurrence of flaser and wavy 
bedding in the thin sandstone beds and lenticular bedding 
in the mudstones. In the more amalgamated facies, dune-

scale cross strata with double mud drapes and reactivation 
surfaces are rather common, suggesting tidal influence. 
Similarly, parasequences 11a-11e also consist of heterolithic 
facies in the lower part. The wide development of wavy 
bedding, wave-ripple cross lamination, and hummocky 
cross-stratification (HCS) in the sandstone facies, however, 
suggests significant wave influence. This is also indicated 
by the occurrence of strong and diverse bioturbation in these 
parasequences. Detailed facies and stratigraphic architecture 
analysis (Fig. 7) show that sandstone bodies within the falling 
stage systems tract average only meters thick and kilometers 
wide. Stratigraphically, the oldest parasequence 11e in SQ3 
is detached from the youngest highstand parasequence 12a 
in SQ4, and the younger parasequences 11f through 11b, 
detached from 11e, are attached to one another, forming a 
15-20 m thick, 4 km wide complex offlapping wedge. The 
resultant sandstones (flow units), thus show considerable 
complexity in terms of connectivity (Figs. 3, 7).
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Fig. 7 Showing the small-scale, stratigraphically complex marine sandstones formed by high-frequency and low-amplitude relative sea-level 
falls in the falling stage systems tract (FSST) of SQ3. Sandstone bodies within these forced regressive parasequences average only meters 
thick and kilometers wide. Stratigraphically, the oldest parasequence 11e in SQ3 is detached from the youngest highstand parasequence 12a in 
SQ4 (Fig. 3) and parasequences 11a through 11d are attached to one another, forming a 15-20 m thick, 4 km wide complex offlapping wedge. 
Each of the coarsening upward succession is a meso-scale flow unit, with an upward increase in porosity and permeability. These small-scale, 
stratigraphically complex marine sandstone bodies, thus, could yield reservoirs with complex flow structure. See Fig. 3 for the stratigraphic 
position of the FSST within the Notom Delta.
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A total of 40 marine sandstone bodies are documented in 
the Ferron Notom Delta in the study area, the thickness of 
which ranges from 1.5 m to 18 m, with an average of only 
5 m. The width of these sandstone bodies ranges from 0.8 
km to 10.2 km, with an average of only 4.3 km (Fig. 8(a)). 
Data from this study and others (Reynolds, 1999; Mellere 
and Steel, 2000; Tesson et al, 2000; Garrison and Van den 
Bergh, 2004; Lee et al, 2007) shows that small-scale marine 
sandstone bodies are, in fact, widely developed in the 
Cretaceous Seaway of North America (Fig. 8(b)), despite 
that large marine sandstones up to 100 km wide have been 
documented (e.g. Plint and Norris, 1991; Plint, 1991; 1996). 
During hydrocarbon exploration and production, identifying 
and characterizing these small geobodies using only 
sparsely sampled subsurface data can lead to significant 

uncertainties.
Fig. 8 plots of width and thickness of marine sandstones 

formed under high-frequency and low-amplitude relative 
sea-level changes identified in this study and the published 
literature. (a) Width and thickness of the marine sandstone 
bodies identified in the Ferron Notom Delta. Width and 
thickness average only 4.3 km and 5 m respectively. (b) 
Plot of width and thickness of marine sandstones formed 
under high-frequency and low-amplitude forced regressions 
documented in this study and the published literature. Width 
and thickness of these sandstone bodies are small, typically 
less than 4 km and 15 m respectively. Data from Reynolds 
(1999), Mellere and Steel (2000), Tesson et al (2000), 
Garrison and Van den Bergh (2004), Lee et al (2007), and this 
study.

Fig. 8 Plots of width and thickness of marine sandstones formed under high-frequency and low-amplitude relative sea-level changes identified 
in this study and the published literature. (a) Width and thickness of the marine sandstone bodies identified in the Ferron Notom Delta. Width 
and thickness average only 4.3 km and 5 m respectively. (b) Plot of width and thickness of marine sandstones formed under high-frequency and 
low-amplitude forced regressions documented in this study and the published literature. Width and thickness of these sandstone bodies are small, 
typically less than 4 km and 15 m respectively. Data from Reynolds (1999), Mellere and Steel (2000), Tesson et al (2000), Garrison and Van den 
Bergh (2004), Lee et al (2007), and this study.

7 Conclusions
By integrating sequence stratigraphy and time stratigraphy, 

the current study establish the chronostratigraphy of the 
Ferron Notom fluvial-deltaic wedge in southern Utah, USA, 
and relative sea-level changes are also estimated based on 
shoreline trajectory analysis. Results show that:

The fluvial-deltaic wedge consists of six depositional 
sequences, 18 parasequence sets, and 43 parasequences. 
40Ar/39Ar age dating of various bentonites located within 
and immediately above and below the wedge and ammonite 
and inoceramid biostratigraphy show that the wedge was 
deposited from 91.25 Ma to 90.63 Ma, an interval of 0.62 
Ma. A large age gap about 3.37 Ma between the Ferron and 
the overlying Blue Gate Shale is identified from absolute 
age dating, and biostratigraphy data also show that eight 

ammonite zones are missing in between. 
Chronology controls show that each sequence represents 

about 105 yr, suggesting high-frequency depositional 
sequences in the fluvial-deltaic wedge. 

Shoreline trajectory reconstruction and relative sea-
level change analysis show low-amplitude relative sea-level 
fluctuations in the wedge. Relative sea-level rises range from 
2 to 41 m, with an average of only 17 m and 78% having 
amplitudes less than 30 m. Relative sea-level falls range from 
8.5 m to 61.7 m, with an average of only 35 m. 

High-frequency and low-amplitude relative sea-level falls 
as documented in this study and elsewhere in the Cretaceous 
Seaway can rarely expose the shelf. Fluvial incision during 
relative sea-level fall is primarily around the highstand 
prism. Incision diminishes rapidly both up dip and down dip 
because: 1) the relative sea-level falls are low-amplitude, 

(a) (b)

Th
ic

kn
es

s,
 m

10

Th
ic

kn
es

s,
 m

24

20

16

12

8

4

1

1000 10000
Width, m

0

0 4000 8000 12000

This study
Modern Rhone Delta, France
Blackhawk and Castlegate formations
Book Cliffs, Utah, USA
Ferron Last Chance Delta, Utah, USA
Haystack Mountains Fm., Wyoming, USA
Wall Creek Ss., Wyoming, USA

Width, m

Pet.Sci.(2014)11:14-27



25

and 2) knick points and fluvial incision have much less 
time to propagate up dip and down dip under such high-
frequency falls. The resultant incised valleys are, thus, narrow 
(kilometers) and shallow (tens of meters, typically 20-40 m). 

In response to the high-frequency and low-amplitude 
relative sea-level changes, shorelines translate basinward and 
landward with small distance and higher frequency, resulting 
in the wide development of small-scale, stratigraphically 
complex marine sandstones. 

The study and published literature suggest that high-
frequency and low-amplitude relative sea-level changes and 
their resultant small-scale valleys and shoreline sandstones 
are most probably more common in the Cretaceous Seaway 
than has been documented. In subsurface analysis, identifying 
and characterizing such small and stratigraphically complex 
geobodies using sparsely sampled data can lead to significant 
uncertainties. 
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