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Abstract

The Diversity of Cretaceous Incised Valley Fill Deposits
from the Western Interior, U.S.A.

Darren Box, University of Liverpool.

A comparative analysis of the diversity of depositional facies and sequence stratigraphy of nine incised
valley fill deposits from four Cretaceous formations of the Western Interior foreland basin has
demonstrated the variability of incised valley systems. This study is chiefly concerned with: (i)
enhancing the criteria that enable the identification of incised valley systems and to characterise the
depositional fill; (ii) to document the variability of incised valley systems, thereby contributing to a move
away from a single depositional model for incised valleys, and (iii) to provide some indication of the
chief controlling mechanisms governing the fill of incised valleys.

Three categories of incised valley were identified: (i) fluvial incised valleys; (ii) mixed fluvial/tidal
incised valleys, and (iii) estuarine incised valleys. Two fluvial incised valleys have been studied: the
Teapot system of the Powder River Basin, Wyoming, and the Toreva 2 system of the Black Mesa Basin,
Arizona. Both systems are associated with low order sequence boundaries and the valley fills are
dominated by braided fluvial sandstone. A number of features within these entirely non-marine incised
valleys are associated with increasing accommodation including an increase in vertical spacing of
internal erosion surfaces associated with increasing preservation of channel members and fine-grained
overbank facies. Fluvial incised valleys systems are t%’pically the most substantial category of incised
valley. The incised valley depths range between 15 -35m and the width ranges from 70 to 100km with
aspect ratios ranging between 2500:1 and 4100:1.

The Hat Six and Newcastle systems, both of the Powder River basin, Wyoming display mixed fluvial
tidal incised valley fills. Two distinct depositional units are recognised within this category of incised
valley. The lowér unit is fluvial in nature, either braided or meandering, and is either overlain
adationally or erosionally by the urger unit which is tidal/estuarine in nature. The tidal/estuarine
eposits are dominated by sandy tidal bar and channel facies. Dimensionallg mixed fluvial /tidal incised
valleys are less substantial than fluvial incised valley with depths ranging between 10-26m and widths
from 30 and 50km with aspect ratios of between 140(};:1 and 3100:1.

The Fox Hills systems of the Rock Springs Uplift, Wyoming, and the Toreva 1 system of the Black Mesa
Basin are examples of estuarine incised valleys. Estuarine incised valleys are filled entirely with
estuarine facies. The estuarine facies are sandstone dominated, typically tidal channel and tidal bar and
sand flat facies. Mudstones are limited to drapes on cross bed foresets and toesets. Estuarine incised
valleys are the least volumetrically important with depths ranging from 8-15m and widths between 20
and 30 km, and aspects ratios of between 1750:1 and 2500:1.

The studied incised valleys are punctuated by a number of regionally significant flooding surfaces.
Typically those of sequence stratigraphical prominence e.g. the transgressive surface and the maximum
flooding surface are not identified whilst those of less sequence stratigraphical im(fortance are prominent
e.g. the tidal ravinement surface and the valley flooding surface. The herein defined valley flooding
surface defines the top of the incised valley and is interpreted to be of significant chronostratigraphic
value. The lowstand and transgressive systems tract dominate the studied incised valleys and some
difficulty was often encountered in discriminating deposits of the late lowstand and early transgressive
systems tracts.

The analysis of incised valleys from the same basin, with similar climatic and tectonic settings has
allowed the identification of a number of important controls on the nature and diversity of incised
valleys. The fundamental control on the style of an incised valley system appears to be fluvial hierarchy
i.e. the scale of the parent fluvial system which ultimately governs the rate of sediment supply. Two
scales of fluvial system are recognised, extrabasinal and intrabasinal rivers. Extrabasinal rivers, are
large-scale fluvial systems which link up to the mountainous hinterland and produce, large-scale,
fluvially dominated incised valley fills. Intrabasinal rivers are smaller scale, and typically only drain
the coastal plain, but may link up to the thrust front. Intrabasinal rivers tend to produce smaller scale
incised valleys which are either mixed fluvial/tidal or estuarine in nature. Other important independent
controls on the style of an incised valley system include, the magnitude and duration of sea level fall i.e.
the order of sea level fluctuation, the rate of relative sea level rise and the nature of the incised substrate.
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Chapter 1 Introduction.

Chapter 1.
Introduction.
1.1 Introduction.

The initial definition of an incised valley was provided by Van Wagoner et
al., (1990) and states that " incised valleys are entrenched fluvial systems
extending their channels basinward and eroding into underlying strata in
response to a relative fall in sea level." More recently Zaitlin et al., (1994a)
defined an incised valley as a 'fluvially eroded, elongate topographic low that
is typically larger than a single channel-form and is characterised by an abrupt
seaward shift of depositional facies across a sequence boundary at its base,
which is in turn mappable regionally onto the interfluve. The fill typically
begins to accumulate during the next base level rise, and may contain deposits
of the following highstand and subsequent sea level cycles' (Zaitlin et al., 1994
a&b). Studies of the nature and origin of incised valley systems and our
attempts at better predicting the location of such systems have intensified
over recent years primarily for two reasons: (i) the knowledge that
economically-significant quantities of hydrocarbons are produced from
reservoirs hosted by the fill of incised valley systems (Van Wagoner et al.,
1990; Jennette et al., 1991; Bowen et al., 1993; Dolson et al., 1991; Wood and
Hopkins, 1989,1992; Reinson et al., 1988; Brown, 1993). Brown (1993)
estimated globally that approximately 25% of all off-structure clastic reservoirs
are within incised valleys. A better understanding of the internal
arrangement of facies, reservoir characteristics and production behaviour of
reservoirs linked to incised valley systems is therefore of critical importance
in the future exploration and exploitation of incised valley hydrocarbon
reserves. (ii) Research into incised valleys has been closely linked to the
application of sequence stratigraphy to basin fill successions especially since
incised valleys are defined by or bound by sequence bounding
unconformities.
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Chapter 1 Introduction.

1.2 Organisation of the Thesis.

This thesis is organised as follows. After this introductory chapter an initial
section (chapter 2) will introduce the sequence stratigraphy of incised valley
systems paying particular attention to recognition criteria, systems tracts and
key surfaces of sequence stratigraphic importance. The following 4 chapters
(chapters 3-6) are detailed accounts of the individual case study incised valley
systems recorded during this study. Each of these chapters is individually
introduced, described, interpreted and discussed. The case study chapters are
followed by a discussion of the variability of various characteristics of incised
valleys (chapter 7) and the mechanisms that control this variability. A final
chapter (chapter 8) draws several of the more important conclusions of this
study.

1.3 Aims and Objectives of this Study.

This study examines and compares a number of ancient incised valley fills
within the Cretaceous foreland basin of the western Interior USA in order to
gain insights into the controls on depositional architecture of incised valley
fills. The deposits of nine incised valley fills from four formations were
documented in order to: (i) to enhance the criteria that enable the
identification of incised valley systems and to characterise the depositional
fill; (ii) to document the variability of incised valley systems, thereby
contributing to a move away from a single depositional model for incised
valleys, and (iii) to provide some indication of the chief controlling
mechanisms governing the fill of incised valleys. In order to achieve this the
following characteristics are recorded for each of the examples:

* Sequence boundary form and relief.

* Depth, width and length of the incised valley (where possible).

* The mean grain size and sediment calibre of the valley fill sediments.

* The depositional environments recorded within the valley fill succession.
* The infilling trend of the incised valley.

* Systems tracts recorded within incised valley.
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Chapter 1 Introduction.

It is hoped that examination of these characteristics will contribute to a
classification of incised valley systems and consequently achieve a better
understanding of the factors that govern the observed variability.

1.4 Selection of Examples for Study.

The selection of incised valleys for detailed documentation was a two stage
process. The initial stage was conducted in Liverpool and relied principally
on previously published information. Since incised valleys were little
reported from the Western Interior prior to the publication of the AAPG
Memoir 26 (Payton, 1977) candidate incised valleys had to be identified using
recently published work (e.g. Weimer, 1984; Van Wagoner et al., 1988, 1990).
A short list of examples for reconnaissance surveys in the field was identified.
These characteristics include: (i) the presence of a regional scale erosion
surface either at the base or within the formation; (ii) the presence of a
significant basinward directed shift of depositional systems identified from
regional cross sections or from literature descriptions; (iii) the presence of
channel-form geometries or regular thickness variations, and (iv) a
significant thickness of fluvial, estuarine or mixed fluvial/estuarine deposits.
Additional criteria were utilised for the final choice of short listed examples
and deposits which occur in areas where a significant amount of current
interest exists, more notably the Book Cliffs and San Juan basin, where
omitted from further investigation.

The second phase of investigation was conducted in the field. Accessibility,
quality and quantity of exposure were the primary considerations during this
phase of the study after confirmation of the characteristics identified from the
literature. Only one example was excluded from study at this stage and this
was a result of the poor quantity and quality of exposure (the Muddy
Sandstone of the Big Horn Basin).
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Chapter 1 Introduction.
1.5 A Brief History of Incised Valley Research.

The current intense research climate associated with incised valleys is born of
several decades of research leading to our present level of understanding of
the nature of incised valley systems. The study of ancient incised valley
systems can be broadly subdivided into two stages whose boundary coincides
with the advent of sequence stratigraphy. The earlier work primarily
concentrated on the nature of unconformities but this work gradually
evolved and incorporated descriptions of incised valley geometries initially
which progressed into descriptions of the sedimentary fill of the incised
valleys.

1) Pre-1980: The earliest interest related to incised valleys concentrated on the
recognition of unconformities (e.g., Lyell, 1853; Dana, 1880). However this
initial interest generated little knowledge of the nature of the unconformities,
and no attention was given to the deposits filling incised valleys.

Later work concentrated on unconformities and factors such as recognition,
classification and significance were all addressed (e.g. Grabau, 1906; Schuchert,
1927; Krumbein, 1942; Shrock, 1948; Wheeler, 1958; Sloss, 1963; Gill and
Cobban, 1966. However, during this period little attention was paid to the
nature of incised valley fills. A brief review of North American literature
conducted by Zaitlin ef al (1994a+b) indicates that ancient incised valley
systems were recognised and described by a few early workers during this
period. The majority of these examples appear to have been discovered in the
course of regional scale mapping by the U.S Geological Survey. Relatively
few examples were published in widely circulated journals (e.g. Wanless,
1931; Wilson, 1948; Sevier, 1951). Despite this, many of the incised valleys
which are the subject of intense research today were first documented during
this period (e.g. Wanless, 1931). Perhaps the most notable work of this period
was produced by Fisk (1944; Fisk et al., 1954) whose detailed study of the
Mississippi incised valley and delta was far ahead of its time.

Before the publication of Payton (1977) and with the growing recognition of
the economic importance of palaeovalley fills, the number of studies devoted
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Chapter 1 Introduction.

specifically to incised valley fills increased. These studies initially
concentrated on the geometry of the incised valleys and such terms as
'shoestring’ or 'channel' sands were applied (e.g. Harms, 1966). During this
phase of study little attention was paid to the depositional environments of
the fill and 'channel sand’ was deemed sufficient but as information on
modern environments spread attempts to provide more precise
interpretations followed. Fluvial and deltaic interpretations predominated
initially due to the influence of Fisk's (1944; Fisk et al., 1954) work. Estuarine
deposits were rarely recognised as constituents of incised valley fills until the
latest part of this pre-1980 period.

In a general paper published by Martin (1966) the importance of buried
topography on unconformity surfaces was emphasised in the search for
hydrocarbons. He illustrated how erosional relief could act to both localise
the deposition of reservoir quality sands and provide lateral seals.

2) Post-1980: The present intense phase of interest in incised valleys can be
traced to the publication of the AAPG memoir 26 in 1977 (Payton, 1977) and
the consequent widespread adoption of seismic and sequence stratigraphy (e.g.
Van Wagoner et al., 1988; Posamentier and Vail, 1988). Sequence stratigraphic
concepts emphasised the importance of incised valleys as potential reservoirs
and as a result have become one of the most actively sought and productive
play types in recent years (Brown, 1993).

Sequence stratigraphic studies have revealed the importance of estuarine
deposits within incised valley fills. Few studies exist, however, detailing the
variability of incised valley fills. The work of Van Wagoner et al., (1990) is a
notable example. In this work incised valleys are illustrated (Fig.26. Van
Wagoner et al., 1990) as filling with either fluvial or a mixture of fluvial and
estuarine facies or with marine mudstones. A significant amount of research
stems from this work and has specifically led to a renewed interest in the
deposits of modern estuaries (e.g. Allen & Posamentier, 1993; Zailtin et al.,
1994; Dalrymple & Zailtin, 1989) and has resulted in the publication of a
number of books dealing with modern and ancient clastic tidal deposits and
incised valleys (e.g. CSPG Memoir 16, 1991; SEPM Sp. Publ. 51, 1994). It is
important to note, however, that a significant body of research had already
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Chapter 1 Introduction.

been devoted to modern incised valley estuaries (Oomkens and Terwindt,
1960; Lauff, 1967; Reineck, 1972; Kraft et al., 1973; Reinson, 1977) prior to the
publication of the concepts of sequence stratigraphy but this body of work had
not been applied to the ancient record probably due to lack of recognition
criteria of tidal deposits.

The most recent developments in the history of incised valley research
involves the application of high resolution sequence stratigraphy to incised
valley fills. The initial concepts suggested that incised valleys were filled
exclusively during the lowstand systems tract but integration of modern data
and the application of high resolution sequence stratigraphy suggests that in
most cases incised valleys contain deposits of the lowstand and transgressive
systems tract and some cases, incised valleys contain the deposits of whole
sequences (e.g. Allen and Posamentier, 1993, 1994; Dalrymple and Zaitlin,
1994).

Despite this current interest in incised valley systems (see examples in
Dalrymple et al., 1994) few truly comparative studies exist and it is hoped that
this study will go some way to filling this gap.

1.6 Methodology.

The primary method of investigation utilised for this study comprised the
detailed measurement of sections along individual exposure belts. The
principal controls on the location of measured sections include: (i) exposure
quality; (ii) stratigraphic complexity of adjacent sections, and (iii) accessibility.
Grain size, lithology, palaeocurrent orientation, stratification, extent and type
of bioturbation, clast composition, architecture and boundary and bedding
surface geometry were all recorded during section measurement. In cases of
exceptional exposure quality several detailed studies were conducted which
included detailed palaeocurrent measurements and tracing of sedimentary
structures.

Photomontages were taken at all measured sections at differing scales. Aerial
photographs were taken and proved especially useful for correlation purposes
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Chapter 1 Introduction.

in the less accessible areas. All exposure was photographed from the ground
in order to evaluate lithofacies and incised valley geometry and aid
correlation between measured sections. Additional photomontages were
taken at sites with exceptional exposure quality for the purpose of
documenting internal geometries of lithofacies and to provide base panels for
tracing bedforms and palaeocurrents.

Samples were taken at most localities for thin sectioning in the laboratory and
for subsequent accurate grain size measurement and for determination of

composition to determine provenance and aid correlation of sequences.

The remaining two subsections of this chapter are concerned with a brief
introduction to the Western Interior seaway and the relative sea level
fluctuations of this seaway throughout the Cretaceous.

1.7 The Western Interior Seaway.

During much of the Cretaceous, the Western Interior of the USA was a
foreland basin 800-1650km wide associated with eastward directed thrusting of
the Sevier deformation phase of the Rocky Mountain orogeny (McGookey et
al., 1972) (Fig.1.1). The basin in response to regional/global transgression
became an epeiric seaway which extended from the Arctic to the Gulf of
Mexico for a 35-40ma period (Kauffman, 1977; Weimer, 1984)(Fig.1.1). The
western margin of the basin was an active orogenic margin, the Sevier
orogenic belt, where thrusting advanced intermittently eastwards through
time (Wiltschko & Dorr, 1983) and acted as the sediment source for much of
the foreland basin deposits. Devlin et al., (1993), utilising burial history
curves, suggest that large-scale sedimentation cycles within the Upper
Cretaceous deposits of the foreland basin directly relate to periods of thrusting
in the orogenic belt. An additional level of complexity occurs within the
Upper Cretaceous (post Campanian) of the foreland basin in that basement-
involved, Laramide-style, structural movements have tectonically
partitioned the basin. Stratigraphic sections in the basin reflect this tectonic
activity in both their stratal architecture and distribution of sedimentary facies
(Devlin et al., 1993).
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The dissected basin became entirely continental at the end of the Cretaceous,
as the style of deformation changed from thrusting in the orogenic belt only
(Sevier deformation phase) to more widespread vertical movements of
basement involved crustal blocks (Laramide deformation phase) (Cross, 1986).
This change in deformation style observed within the foreland basin is
interpreted to result from a change in the angle of subduction (Cross, 1986).

The foreland basin filled asymmetrically, with the thickest deposits flanking
the thrust front, in response to higher subsidence rates (Jordan, 1981)(Fig.1.2).
The basin fill comprises a series of clastic wedges composed of fluvial, coastal
plain, estuarine, deltaic and shoreface deposits. Each wedge extends several
tens to hundreds of kilometres down depositional dip and thins basinwards
to the east (Fig.1.3).

1.8 Cretaceous Sea Level within the Western
Interior.

Sea level fluctuations are well documented from the deposits of the Western
Interior USA (e.g. McGookey, 1972; Hancock, 1975; Kauffman, 1977; Hancock
and Kauffman., 1979; Weimer, 1984; Weimer et al., 1982)(Fig.1.4). Several
criteria are used to identify changes in relative sea level (see Haq et al., 1988;
Weimer, 1988) but perhaps the single most important criterion is the
recognition of an erosional unconformity (sequence boundary). Nine major
regional to near regional unconformities have been identified in the
Cretaceous of the Western Interior of the United States (Weimer, 1984, 1988).
Five of these unconformities have been related to changes in relative sea
level and to well known regressive-transgressive cycles. Deposits associated
with three of these unconformities are reported in this study and correspond
to 97ma (Newcastle Sandstone), 90ma (Toreva Formation) and 73ma (Teapot
Sandstone) (Fig.1.4). Variations in the accuracy of the dating are probably
within 1 to 2 million years because of problems in defining accurately the
biostratigraphic level of the erosional surfaces, in determining the hiatus, and
in the precision of radiometric dates. McGookey et al., (1972) identified many
additional unconformities within the Cretaceous deposits and the remainder
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of the examples detailed within the present study fall into this category where
regional persistence of the unconformities cannot be demonstrated.

Transgressions in the Cretaceous are represented by widespread marine shale
strata between sandstone units of regressive events, some of which are capped
by unconformities. Because of their regional distribution, these formations
have been related to highstand phases of relative sea level. However, the
deposits infilling erosional unconformities which typically underlie the
marine shales are related to rising relative sea level and transgression.
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Fig.1.1 Palaeogeographic reconstruction and structural cross section of the Cretaceous
Western Interior seaway and foreland basin. Length of section approximately 4500km.
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Fig.1.2 Isopach map (in feet) of Upper Cretaceous strata in Wyoming, Colorado,
Utah, Arizona and New Mexico, illustrating asymmetric basin geometry, with
thickest deposits recorded adjacent to the thrust front (after McGookey, 1972).
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Fig.1.3 Diagrammatic restored stratigraphic section through Upper
Cretaceous strata of west and central Wyoming, Western Interior.
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this study (modified from Weimer, 1984).
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Chapter 2 Sequence Stratigraphy.
CHAPTER 2

THE SEQUENCE STRATIGRAPHY OF INCISED VALLEY
SYSTEMS: AN INTRODUCTION.

2.1 Introduction.

Incised valley fills are considered to form in two phases (Van Wagoner et
al., 1988, 1990; Posamentier et al., 1988). The initial phase consists of
erosion, sediment bypass through the eroded valleys, with deposition at
the lowstand shoreline or in the deeper part of the basin (lowstand fans).
This phase is interpreted as a response to the maximum rate of sea level
fall. The second phase consists of deposition within the valleys in
response to relative sea level rise (Van Wagoner ef al, 1990). The valley
fill typically comprises, fluvial, estuarine and coastal plain depositional
facies but can also be filled with marine mudstones if relative sea level rise
exceeds coarse-grained sediment input.

There is widespread agreement that most deposition within incised
valleys occurs under conditions of increasing accommodation space.
However, a degree of confusion appears to exist regarding the systems-tract
designation of the resultant fill of the incised valley. This confusion is
partly due to genuine differences of opinion and partly due to confusion of
the issue. Traditionally the entire valley fill is assigned to the lowstand
systems tract (Van Wagoner et al, 1988) but more recent studies on
modern incised valley fills (Allen & Posamentier, 1993, 1994; Dalrymple
and Zaitlin, 1994) and ancient incised valley fills (e.g. Mellere, 1994) have
suggested that lowstand, transgressive and highstand systems tracts can be
present within incised valley fills.

This chapter will set out recognition criteria for incised valleys, describe

and interpret surfaces of sequence stratigraphical importance and
document the systems tracts recorded within the valley fills of this study.
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2.2 Criteria for the Recognition of Incised
Valleys.

The recognition and discrimination of an incised valley system from other
erosive based channel-form features is the initial step to understanding
the facies architecture, depositional character and sequence stratigraphy of
an incised valley system. Using the methodology of Van Wagoner et al.,
(1988, 1990) in order to interpret an erosive based channel-form feature as
an incised valley fill a number of criteria must be satisfied:

(i) The incised valley is a palaeotopographic feature whose base is defined
by an erosional surface which truncates underlying strata. The form of an
incised valley system is several orders larger than a single channel
typically in the range of 10-40m thick. Additionally the basal erosion
surface of an incised valley system should be traced regionally. It is
important to emphasise however, not all erosionally based channel-form
sediment bodies should be interpreted as incised valleys. The base of
fluvial and distributary channels are erosional and truncate subjacent
strata. These channel bodies however, do not satisfy the definition of
incised valley systems in that the erosion surfaces of such systems are
typically associated with the base of a single channel. Additionally the
basal erosion surface of an incised valley system should be traced
regionally.

(ii) It should be possible to identify conformable sectors of the sequence
boundary (interfluves) lateral to the erosional incised valley. Interfluves
are commonly marked by palaeosols but are typically modified by erosion
associated with later transgression. As such interfluve sections record
both periods of relative sea level fall and rise and as such are typically
termed 'E/T' (erosion/transgression) surface (Plint et al., 1992), or a
"FS/SB" (flooding surface/sequence boundary; Van Wagoner et al., 1990).
Flooding of the interfluves is typically associated with complete filling of
the incised valley with sediment. This flooding surface is abrupt and in
this study is termed the valley flooding surface (see section 2.3).

(iii) The basal erosion surface of the incised valley should be associated

with a basinward directed facies shift i.e. the incised valley fill deposits
reflect deposition in more proximal, up-dip depositional environments
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than subjacent deposits. A jump in depositional facies should be recorded
where the facies do not conform with a continuous progradational
succession as would be expected according to Walther's Law.

(iv) Regional markers within the incised valley should onlap the valley
margins. This feature, however, can only truly be identified with

subsurface seismic data or exceptional exposure and is rarely observed in

the field.

Figure 2.1 illustrates and summarises the above recognition criteria for
incised valleys.

2.2.1 Additional Common Features of Incised Valleys.

In addition to these general features, which can be observed in all the
documented examples of this study and should be recorded from all
potential incised valleys before such an interpretation is entertained, the
incised valleys within this study have several features in common which
may be used as additional criteria to further constrain an incised valley
interpretation in areas with s