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ABSTRACT

Sandstone bodies within the upper Mancos Shale of the Western Interior Basin

are exposed below the Castlegate Sandstone across the Rangely Anticline in northwestern

Colorado. In this study a detailed sedimentological analysis has identified these deposits

as containing turbidites, wave modified turbidites and tempestites. Based on the

correlation of individual sandstone bodies within the study area and to the Upper

Cretaceous strata in the Book Cliffs, the sediment transport mechanisms, architecture,

and sequence stratigraphic framework of this depositional system are determined.

The 40 m thick upper Mancos sandstone body succession consists of four

depositional units. The lowest depositional unit contains prograding sandstone lobes

deposited by turbidity currents. These sandstone lobes shale out over distances of up to

2000 m. The upper two depositional units contain aggradationally stacked sandstone beds

and show an increase in wave-influence vertically through the succession. Towards the

top of units 3 and 4, hummocky cross-stratified beds are interbedded with wave-modified

turbidites. The youngest depositional rmit is dominated by wave-modified turbidites and

hummocky cross-stratified beds and represents the shallowest depositional environment

within the succession.

The strongly progradational nature of the lowest depositional unit, the more

aggradational nature of the younger depositional units, and the increasing evidence for

wave influence vertically through the succession indicates that the upper Mancos

sandstone body succession was deposited during relative sea-level fall and lowstand. A

regional well-log correlation ties the upper Mancos sandstone body succession to the

Desert Formation sequence boundary in the Book Cliffs. This correlation indicates that

sediment bypass occurred along the sequence boundary during the falling stage and

lowstand systems tracts of Desert Sequence 2. However, to determine whether the upper

Mancos sandstone body succession in Rangely is attached or detached from the Desert

Formation lowstand shoreline, outcrop and subsurface analyses is needed in a

northwesterly direction parallel to the direction of sediment transport.
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CHAPTER 1

INTRODUCTION

Numerous isolated sandstone bodies encased in marine mudstone have been

identified in the Cretaceous Interior Seaway deposits (Cole and Young, 1991; Hampson,

1999; Pattison, 2005). Such isolated marine sandstones in the Prairie Canyon Member of

the Blackhawk Formation, originally referred to as the Mancos "B" interval, are quality

hydrocarbon reservoirs in the Douglas Creek Arch in western Colorado (Kellogg, 1977;

Cole et al., 1997). Two main discussions have come out of the analysis of these upper

Cretaceous isolated sandstone bodies driven by the desire to predict occurrences of this

type of reservoir. The first regards the transport mechanism responsible for carrying

sediment offshore. The second concerns the timing of deposition within a sequence

stratigraphic framework. Early models for the formation of isolated sandstone bodies

associated them with forced regression during falling relative sea level (Posamentier et

al., 1992). However, recent examples have documented isolated sandstone bodies

deposited during highstand systems tracts (Pattison, 2004; Carvajal and Steel, 2006) in

response to high sediment supply.

Four cliff-forming sandstone bodies, herein referred to as the upper Mancos

sandstone body succession, exist within the Mancos Shale below the Castlegate

Sandstone just northwest of Rangely, Colorado in Rio Blanco County (Fig. 1). These

depositional units can be traced for approximately twelve miles around the Rangely

anticline. This study provides the first detailed sedimentological analyses and a regional

correlation of the upper Mancos sandstone body succession. This study aims to

document; (1) the main sediment transport mechanisms, (2) the stratigraphic context of

the deposits, (3) the timing of sediment transport within a sequenee stratigraphic

framework, and (4) whether the upper Mancos sandstone bodies are isolated, i.e.,

detached from their coeval shorelines. Ten measured seetions and five well logs are



correlated around the anticline using helicopter photomosaics and the physical tracing out

of beds (Fig. 2). These sections are then correlated to subsurface well log correlations

between Rangely, Colorado and the Book Cliffs, Utah.

The Rangely anticline is a northwest trending asymmetrical anticline with beds of

the southern limb dipping to the southwest at approximately 18 degrees and beds of the

northern limb dipping 3 degrees to the northeast. The outcrop belt containing the

sandstone bodies is made up of Mancos Shale slopes capped by Castlegate Sandstone.

The shale slopes form a U-shaped outcrop belt that is truncated by the White River to the

southeast. This geography provides a unique opportunity to study the sandstone bodies

both in dip-and strike-parallel views.

Geologic Setting

The Rangely anticline is a northwest-trending structural element, associated with

The Douglas Creek Arch (Kellogg, 1977). The Douglas Creek Arch separates the Uinta

basin to the west from the Piceance basin to the east. During the Late Cretaceous the

Uinta and Piceance basins were part of a broad foreland basin ramp setting covered by

the Western Interior Seaway. Sediment was shed off the Sevier fold-and-thrust belt to

the west, and deposited mainly as non-marine to littoral marine tongues that stack

progradationally eastward (Spieker and Reeside, 1925; Clark, 1928; Young 1955).

These Campanian aged littoral marine sandstones represent several high

frequency sequences within the Star Point and Blackhawk formation, which together

make up the low-frequency highstand systems tract of the first order sub-Castlegate

sequence (Yoshida, 2000). The Blackhawk formation was defined by Young (1955) as

consisting of six principle members (Fig. 3). Young (1955) defined the Desert Member

of the Blackhawk Formation as consisting of the sandstone strata above the Grassy

Member to the base of the Castlegate Sandstone.
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Previous Work

Van Wagoner et al. (1990) published the first detailed regional surface and

subsurface correlation of the Desert Member of the Blackhawk Formation and the

Castlegate Sandstone along the Book Cliffs from Green River, Utah into northwestern

Colorado. Based on this correlation a sequence stratigraphic framework was developed

for the Desert Member and Castlegate Sandstone in the Book Cliffs, southwest of

Rangely, Colorado.

Van Wagoner et al. (1990) originally identified 3 high-frequency sequences

within the upper Blackhawk Formation and lower Price River Formation.

O'Byme and Flint (1995) redefined the Desert Member as consisting of 2

sequences (Fig. 4). The lower Desert sequence 1 (DSl), which overlies the Grassy

sequence 2, is bounded below by the Grassy sequence boundary 3 (GSB3) and above by

the Desert sequence boundary (DSB) of Van Wagoner, 1995 (O'Byme and Flint 1995).

The Desert sequence 2 (DS2) is bounded below by the Desert sequence boundary and

above by the Castlegate sequence boundary (O'Byme and Flint 1995).

Yoshida (2000) traced the Desert sequence 1 and 2 updip from Tusher Canyon

near Green River. Hettinger and Kirschbaum (2003) synthesized outcrop and subsurface

investigations by previous workers into one composite lithostratigraphic and sequence

stratigraphic correlation.
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CHAPTER 2

SEDIMENTARY FACIES

The four cliff-forming sandstone bodies that outcrop within the Mancos Shale are

each described as individual depositional units. The depositional units are referred to as

Units 1 through 4 from bottom to top. Each unit has distinct facies associations that

persist throughout the study area, and other characteristics such as sandstone content that

change depending on the outcrops location in relation to the sediment transport system.

Beds within each of the depositional units become generally thicker and sandier towards

the top.

The following section describes the facies that make up each depositional unit in

their relative stratigraphic positions from the bottom to top of the succession.

Depositional unit 2 was not measured in detail due to its rare exposure and

inaccessibility. Figures 5-7 show typical stacking patterns of facies through depositional

units 1, 3 and 4.

Facies Descriptions

Seven facies (Facies 1.1-1.7) are identified in the upper Mancos sandstone body

succession. Facies 1.1 is the lowest occurring facies and is only exposed at the base of

depositional unit 1. Facies 1.1-1.4 do not show evidence of wave influence, whereas

Facies 1.5-1.7 contains evidence for wave influence. Facies 1.5-1.7 only exist in Units 2,

3 and 4. Facies 1.1 always underlies Facies 1.2. Unlike the other facies, Facies 1.1

consists of a single siltstone bed up to 4 m thick and lacks any intemal grain size changes

or sedimentary structures.
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Fades 1.1: Thick Light Gray Structureless Siltstone

Facies 1.1 consists of homogeneous, light gray, massive shaly siltstone with 10 to

20% carbonaceous material. This facies occurs as a single bed 1-4 m thick, and is

ungraded, and contains rare small boulder-sized concretions. This facies has a sharp and

flat upper contact with the overlying Facies 1.2 and an indistinguishable lower contact

due to cover by shale/siltstone debris. Bed geometry has been impossible to identify

because the facies is only observed in locations where modem runoff has removed the

shale/siltstone debris from the outcrop, allowing a 5-10 m wide view of the bed. This

facies is observed at the base of the oldest unit in locations on the north and south sides of

the anticline (locations ~ 6 mile apart), indicating a relatively large aerial extent within

the study area.

Interpretation—The homogeneous and hard-packed nature of this facies

could be the result of slumping or soft-sediment deformation associated with water

escape. However, the preferred interpretation is that this facies constitutes hemipelagic

deposits, like much of the recessively weathered underlying shale of the formation. The

consistent grain size of the source sediment is responsible for the lack of fissility or

lamination. Edwards et al. (2005) described a similar facies constituting the Tununk

Shale beneath the Turonian lower Ferron Sandstone in central Utah. The similarities

between these facies include color, massive bedding, and association with dark gray or

black claystone. No burrows or bioturbation were noted within Facies 1.1, and neither

were coarser laminated beds. The hioturbated siltstone beneath the lower Ferron

Sandstone is interpreted to have been deposited from suspension below storm wave base

(Edwards et al., 2005), and the same interpretation is preferred for Facies 1.1.

12



Fades 1.2: Dark Gray Finely Laminated Mudstone and Siltstone

Facias 1.2 consists of very finely laminated dark gray mudstone and siltstone with

greater than 20% carbonaceous material. Beds are 0.5-1 cm thick and contain millimeter-

scale lamination. These beds have sharp and flat contacts and make up sheet-like

successions 0.6-3 m thick on the outcrop scale. This facias occurs above Facias 1.1 and

below Facias 1.3 within depositional Unit 1 and, at the base the upper three depositional

units. The beds of Facias 1.3 tend to interfinger with Facias 1.2, and the latter forms a

downdip fine-grained fringe of each of the depositional units.

Interpretation—The high particulate organic content, fine grain size, and

the lateral or downdip association with Facias 1.3 indicates that beds of Facias 1.2 are the

most seaward deposits of the currents that deposited beds of Facias 1.3.

Fades 1.3: Very Fine-Grained Sandstone Beds, with Siitstone, and Mudstone

Tops

Facias 1.3 consists of 1-20 cm thick very fine-grained sandstone beds containing

5-15% carbonaceous material. These are capped by siltstone and mudstone intervals

ranging from 1-70 cm thick. Some sandstone beds contain lower structureless bases

overlain by parallel lamination; others show lower structureless bases overlain by

current-ripple lamination and climhing-ripple lamination. Coal fragments up to 30 cm

long are locally present within the facies. The beds of Facies 1.3 have scoured, fluted

and generally sharp bases, and gradational upper contacts into siltstone and mudstone.

Bed geometry is mostly sheet-like on outcrop scale with lobate geometry in plain view in

places. This facies makes up the main body of all four depositional units.

13



Interpretation—Graded sandstone beds with current-generated

lamination and fluted bases indicate deposition from waning unidirectional currents

(Bouma, 1962; Hiscott et al., 1997). The internal structures and the upward fining within

individual beds of Fades 1.3 resemble Tbcde intervals of Bouma turbidites (Bouma, 1962),

i.e., depletive waning turbidity currents of Kneller (1995). The current ripple lamination

and climbing ripples indicate deposition fi-om traction flows, the latter with higher rates

fallout from suspension. The occurrence of Facies 1.3 at the at the base and middle of the

four depositional units indicates deposition in distal parts of sand-rich lobes or sheets.

Facies 1.4: Medium and Thick Sandstone Beds

Facies 1.4 consists of medium and thick, very fine-grained sandstone beds with

normally graded tops. Beds range from 20-80 cm in thickness and have sharp bases that

are scoured, fluted, or flat. The main bodies of the beds are consistently composed of

very fine-grained sandstone that lacks any vertical grain size trends. Individual beds

contain divisions that are massive, parallel-laminated, and wavy or current-ripple

laminated. These divisions are commonly separated by discontinuous internal scours

(Figs 8, 9). Some beds are capped by parallel, wavy and current-ripple laminated, very

fine-grained sandstone that grade into mudstone and siltstone. Well-rounded claystone

rip-up clasts exist either randomly or imbricated, but in both cases directly above some

scour surfaces. In some beds, local scours cut up to 60 cm into the underlying beds for

distances ranging from 10-50 meters. Bed geometry is lobate in plane view with 800-

2000 m long beds stacked as prograding (basinward stepping) shingles. The shingled

beds show clinoformal thickening then thinning basinward. In cases, sandstone beds

exhibit abrupt thinning perpendicular to the flow direction. In these cases, they typically

thin nearly 80% over 50-100 m. Facies 1.4 only occurs at the top of Unit 1.

14



Interpretation—The lobate sandstone beds that tbin and fine downslope

and laterally, and have discontinuous internal scour surfaces, reflect deposition from

quasi-steady, downslope decelerating turbidity flows (Kneller and Branney, 1995). The

upward fining is restricted to the top of beds, and indicates final waning of the turbidity

flows (Hiscott et al., 1997; Kneller and Branney, 1995; Sbanmugan, 1997). Vertical

shifts between structureless sandstone, traction-generated stratification, and the

discontinuous internal scour surfaces reflect temporal variations in flow properties such

as flow velocity, sediment concentration, and sediment fallout rate (Kneller and Branney,

1995; Amott and Hand, 1989). The presence of flutes indicates deposition from

unidirectional flow (Myrow and Southard, 1996).

The rare occurrence of well-rounded claystone rip-up clasts represents upstream

erosion of shale and transport within the flow to a location downslope. A preferred

orientation of clasts reflects traction deposition. Where clasts are not imbricated,

deposition likely occurred during a high downward flux of grains at a concentrated, non-

turbulent basal zone dominated by grain interactions and hindered settling, resulting in

the lack of traction (Kneller and Branney, 1995).

The relatively abrupt thinning of sandstone beds perpendicular to the flow

direction, located updip in the outcrop belt, is interpreted as a reflection of channel

processes. These channels are characterized by the lack of any sedimentary structures in

the center of the channels and traction-deposited sandstone with ripple and parallel

lamination towards the edges.

15
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Fades 1.5 and 1.6: Very Fine-Grained Sandstone Beds with Wave Rippled

Tops (1.5) and Very Fine-Grained Hummocky-Cross Stratified Sandstone

Beds (1.6)

Facies 1.5 consists of very fine-grained sandstone beds with parallel laminated

lower divisions and symmetrical wave-rippled tops that grade into siltstone and

mudstone. The sandstone contains 5-15% paniculate organic matter. Wave-rippled tops

have both sharp and rounded crests and exhibit tuning fork geometries. Ripples are

generally 3-5 cm high and crests are spaced 5-8 cm apart. Beds range in thickness from

1-20 cm thick, and are flat to wavy based with gradational tops. Some beds have flute

marks that are not oriented perpendicular to the wave-ripple crests. For example, in Unit

4 at section RG7, (see Fig. 2 for location) flutes are oriented at 140 degrees, whereas

wave-ripple crests are oriented at 50 degrees. On the outcrop scale beds show thin sheet

like geometry with small scale pinching and swelling. This facies is found interbedded

with Facies 1.3, mostly in Units 3 and 4.

Facies 1.6 consists of hummocky and cross-stratified very fine-grained sandstone

with siltstone and mudstone caps. In places, the hummocky cross-stratified (HCS) beds

grade upward into wave-ripple lamination, then into parallel laminated very fine-grained

sandstone and siltstone, and finally into mudstone. Beds range in thickness fi-om 10-30

cm and are flat to wavy based with gradational tops. Bed geometries are sheet-like on

outcrop scale and show local pinch and swell. HCS amplitude and wavelengths range

from 0.1-0.2 m and 0.3-0.5 m, respectively. This facies occurs in Units 3 and 4 in

association with Facies 1.3 and 1.5. Both Facies 1.5 and 1.6 contain a low diversity and

low abundance of trace fossils limited to Chondrites and Ophiomorpha.

Interpretation—Flute marks on beds of Facies 1.5 indicate initial

deposition by unidirectional or combined flow. The symmetrical wave ripples occur

above parallel-laminated or structureless intervals witbin individual beds of Facies 1.5,

indicating the influence of wave oscillation on traction-deposited sand and deposition
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above storm wave base. Hummocky beds of Facies 1.6 occur higher in any given section

above Facies 1.5. Both Facies 1.5 and 1.6 occur only within the upper two depositional

units with the greatest abundance of structures produced under wave influence existing

towards the top of each unit.

The presence of HCS in Facies 1.6 indicates storm-wave deposition, either by

reworking available sand during storm events or combined flows, the latter of which

would include wave-modified turbidity currents (Myrow et al., 2002; Pattison, 2005).

A similar interbedded sandstone and shale lithofacies has been described by

multiple workers in the Hatch Mesa sandstone beds in the Book Cliffs (Pattison, 2005;

Swift et al., 1987). Swift et al. (1987) concluded that it was not possible to determine

whether these sandstone beds were deposited by turbidity currents or storm wave action

(Swift et al., 1987). Stevens (2004) and Pattison (2005), however, concluded the Hatch

Mesa succession was deposited by storm influenced prodelta turbidites, based on the

interbedding between Bouma-like Tbcbeds containing abundant carbonaceous matter and

combined-flow ripples with wave ripple-laminated and hummocky cross-stratified

sandstone beds (Stevens, 2004; Pattison, 2005).

The transition from unidirectional sedimentary structures to wave-ripples in beds

of Facies 1.5 suggests deposition by wave-modified or storm-influenced turbidity

currents above storm wave base (Myrow et al., 2002; Pattison, 2005). The high

concentration of carbonaceous matter and coalified debris, and the abundance of flutes

and wood imprints, combined with the low diversity and low abundance of trace fossils,

is interpreted as evidence for fresh water input into the marine environment (Pemberton

and Wightman 1992; Pemberton et al., 2001; Pattison, 2005). This, in conjunction with

the evidence for wave-modified turbidites, suggests that the turbidites were possibly

initiated by hyperpycnal flows. However, the lack of syneresis cracks or ability to trace

these deposits updip to a fluvial source hinders this interpretation.
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Fades 1.7: Very Fine-Grained Compound Cross-Stratified Sandstone Beds

Facies 1.7 consists of very fine-grained sandstone beds with assymentrical ripple

sets separated by inclined scour surfaces of HCS. Bed thickness ranges from 10-30 cm.

The beds have scoured bases and gradational tops. The inclined scour surfaces form

hummocks that occur 0.2-0.5 meters apart and are 8-20 cm thick. Facies 1.7 is associated

with Facies 1.3, 1.5 and 1.6 in the upper two depositional units.

Interpretation— Hummocky cross-stratification is generally considered an

indicator of shallow-marine storm sedimentation (Harms et al., 1975; Walker and James,

1992). In the upper Mancos sandstone body succession, hummocky cross-stratification

occurs in multiple facies with clear differences in structure and origin of the HCS. The

HCS of Facies 1.6 does not show any evidence for unidirectional flow such as the

asymmetrical ripple sets between inclined scour surfaces of Facies 1.7. The ripple cross-

stratification found between inclined scour surfaces in Facies 1.7 is herein interpreted to

indicate traction deposition during the formation of the HCS and is likely combined flow

ripple lamination. The association of combined flow ripple lamination on HCS is

interpreted as evidence for wave-modified turbidites.

Depositional Units

Four depositional Units were identified in the approximately 36-m-thick upper

Mancos sandstone body succession based on the correlation of measured sections and

well logs (Fig. 11). Ten stratigraphic sections were measured, each spaced one to three

miles apart around the outcrop belt (Fig. 2). Photomosaics of the entire outcrop belt

taken from a helicopter were used to correlate individual depositional units between the

measured sections (Fig 15). On the south side of the anticline, where five well logs were
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Facies Texture Structures Bed Cont. Bed Geometry Bed Thick.
Hydro-dynamic
Interpretation

Facies Association

Thick light
gray stmctureless
siltstone.

Siltstone to shaly
siltstone/

mudstone; 10-

20% carb.

Material.

Ungraded, structureless, hardly packed,
homogeneous bed with rare small boulder sized
spherical concretions.

Sharp and flat top, covered
base.

Bed is only observed in
locations where modem

mnoffhas removed shale/silt

debris from outcrop.

Bed is covered by debris at
most locations but is 1-4 m

thick at most locations.

Hemipelagic
deposition of Mancos
Shale.

Always bellow
Facies 1.2.

Dark gray finely
laminated

mudstone and

siltstone.

Mudstone to silty
mudstone; greater
than 20% carb.

material.

Millimeter scale laminated mudstone. Sharp and flat. Sheet-like on outcrop scale. 0.5-1 cm occurring in 0.6-3 m
successions.

Final deposition of
waning downslope-
decelerating turbidity
flow.

Above facies 1.1

and within

successions of

Facies 1.3.

Very fine g

sandstone beds

with siltstone and

mudstone tops.

Very fine- grained
sandstone to

siltstone and

mudstone; 5-15%

carb.

Plane-parallel- or current ripple laminated
sandstone intervals, which grade upward into
plane-parallel or current ripple-laminated siltstone
with mudstone top.

Scoured and fluted base,

gradational top.
Mostly sheet-like on outcrop
scale; lobate geometry in
places.

0.02-0.8 m with sandy
interval ranging from 0.01-0.2
m and siltstone/mudstone

interval ranging from 0.01-0.7

Waning turbidity
flows.

Throughout
stratigraphic
succession.

Medium and thick Very fine- grained Within individual beds there are massive, plane-
sandstone beds. sandstone with no parallel, wavy or ripple laminated intervals;

vertical grain size intemal discontinuous scours; occasional rip up
trends. clasts at base of scour surfaces; some beds are

capped by plane-parallel to ripple-laminated vfs,
which grades into siltstone and mudstone.

Scoured to fluted bases; flat
to wavy or ripple laminated
tops; in some places local
scour cuts in to the beds

below 10-50 m wide and up
to 0.6 m deep.

Lobate geometry; shingled
beds are 800-1000 m long
with clinoformal thickening
then thinning basinward; in
places there are channel
geometries.

In thickest portion of beds
thickness ranges from 0.2-0.8

Quasi-steady turbidity
flow, long lived
fluctuating discharge,
altemating sediment
fallout rate.

Always found
capping Unit 1.

K)

Very fine Very fine- grained Plane-parallel laminated very fine sandstones with Flat to wavy base,
sandstone beds sandstone to symmetrical wave rippled tops that fine upward gradational top.
with wave rippled mudstone/ into wave-rippled to plane-parallel laminated
tops. siltstone. siltstone with mudstone top.

Thin sheet-like geometry
with small scale pinch and
swells.

Post depositional
reworking of turbidite
beds or combined

flows

Within successions

of facies 1.3 and

1.6.

1.6 Very fine
hummocky cross-
stratified beds.

Very fine-grained
compound cross-
stratified

sandstone beds.

Very fine-grained
sandstones.

Very fine- grained
sandstone to

mudstone/

siltstone beds.

Hummocky cross-stratified sandstone beds with
wave rippled tops that grade into siltone then
mudstone.

Hummocky and swaley cross-stratified sandstone
with intemal ripple lamination that grade upward in
places into wave-ripple to plane-parallel laminated
very fine-grained sandstone and
mudstone/siltstone.

Flat to wavy base with
gradational top.

Beds have flat to scoured

base and gradational tops;
intemal scour and fill

intervals are flat to scour

based with sharp tops.

Sheet-like with local pinch
and swell; amplitude and
wavelength of HCS ranges
from 10-20 cm and 30-50 cm

respectively.

Scour and fill.

Tempestites or
combined flows

Combined flows

Within successions

of Facies 1.3 and

1.5 in upper 2
depositional units.

Within successions

of facies 1.3, 1.5,

and 1.6 in upper 2
depositional units.

Table 1. Sedimentary facies.



available, outcrop to subsurface correlations were used to trace individual depositional

units into the subsurface.

Depositional Unit 1

Depositional Unit 1 is the lowest bench-forming sandstone body within the

Mancos Shale (Fig. 10). This unit, up to 10 m thick, consists of Facies 1.1 through 1.4,

and it contains the most evidence for deposition from unidirectional turbidity ciurents

without wave influence. Within the depositional unit, very fine-grained sandstone beds

increase in thickness up section, while the shale content. A single trace fossil,

Chondrites, of the Cruziana ichnofacies, exists within the unit. Flute marks show an

average sediment transport direction of 102° based on 13 measurements from around the

study area.

Unit 1 characteristically has a sharp horizontal contact at the base, between the

light gray Facies 1.1 and the dark gray, organic-rich mudstone beds of Facies 1.2.

Above this contact, Facies 1.2 contains stringers of sandstone and siltstone that pinch out

downdip. The siltstone stringers are associated updip with turbidite beds of Facies 1.3

and 1.4. This facies association indicates that beds of Facies 1.2 are the toes of the

overlying turbidites.

Above Facies 1.2 there is typically a succession of Facies 1.3, which thickens

upwards within the unit. The sandstone sheets show Bouma-like Tbcde divisions and in

many places contain discontinuous internal scour surfaces. Capping every measured

outcrop of Unit 1 are thick beds of Facies 1.4. The contact between Facies 1.4 and the

underlying beds of Facies 1.3 is a scour surface with distinct flute marks. The depth of

scour at the base of Facies 1.4 changes within the study area. For example, Facies 1.3 is

completely removed at location MHGl (see Fig. 2 for location) while downdip at

location RGS4, Facies 1.3 forms a bench 3 m thick.

In rare cases, where an outcrop is perpendicular to the direction of flow, the

sandstone beds of Facies 1.4 show channel-shaped geometry. Scour relief was up to 0.5
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m and channel-fill width is up to 15 m (Fig. 10 A). These channel-fills are characterized

by the lack of any sedimentary structures in the center of the channels (Fades 1.4) and

traction-deposited sandstone with ripple-lamination and parallel-lamination (Facies 1.3)

towards the edges.

In places, where the outcrop is parallel to the direction of flow, the sandstone beds

that cap Unit 1 are shingled and offlap as shown by the lobate geometries that thicken

then thin basinward and stack progradationally to the southeast (Fig. 10 E). Individual

sandstone lobes are up to 1 m thick at their updip locations and gradually thin and pinch

out over distances of 800 to 2000 m. These lobes change from thick structureless

sandstone beds with internal scour surfaces of Facies 1.4 updip, to thin, current ripple-

dominated beds of Facies 1.3, and finally shale out into dark gray, organic-rich mudstone

beds of Facies 1.2 downdip. This downdip facies change occurs in the same direction as

the paleocurrent directions measured fi-om flute marks. This downdip facies change is

related to high sediment fallout rates updip and thus decreased sediment flux. Unit 1,

interpreted to have been deposited by turbidity currents, is the sandiest depositional unit,

and shows the most prominent progradation in the upper Mancos sandstone body

succession.

In general. Unit I increases in thickness and sandstone contact in a downdip

direction to the southwest. Beds of facies 1.4 that cap Unit 1 are thickest on the North

side of the Rangely anticline at the Mellen Hill Gully I location, where they range in

thickness fi"om 1.5-2.3 m (see Fig. 2 for location and Appendix A for measured sections).

Paleocurrent directions measured at this location show a mean sediment transport

direction of 90° based on 9 measurements. Just north of Mellen Hill Gully 1, at the RGSl

section location (Fig. 2), beds of Facies 1.4 decrease in thickness to less than 0.5 m. This

lateral change in thickness in conjunction with the paleocurrent directions indicates that

one of the main feeder channels for Unit 1 is located near the Mellen Hill Gully I

location.

On the south side of the Rangely anticline, individual beds of Facies 1.4 that cap

Unit 1 are up to 1 m thick. Here, the mean paleo-current direction in Unit 1 is 120°

(n=2). The modem erosion of the upper Mancos sandstone body succession in the

northwestern part of the study area prohibits tracing individual beds from the north side
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to the south side of the anticline. However, similarities in facies characteristics such as

the thickness of beds of Facies 1.4 and the sharp horizontal contact between Facies 1.1

and 1.2 at the base of Unit 1, indicates that the same feeder channel supplied sediment to

Unit 1 on both the north and south sides of the anticline.

Depositional Unit 1 is present in well logs as an approximately 10-m-thick

interval bound at the base by an abrupt deflection of the gamma ray curve from the shale

baseline toward the clean sandstone baseline (Fig. 18). This gamma ray deflection in

well logs correlates to the basal contact of Unit 1 in outcrops between the organic rich

mudstone beds of Facies 1.2 and relatively cleaner sandstone beds of Facies 1.3 and 1.4.

Up to three sandy intervals identified in the nearby well logs, each with different

thicknesses and levels of gamma ray count, represent individual prograding lobes within

the depositional unit. The shale overlying Unit 1 causes an abrupt increase in the gamma

counts and a deflection of the gamma ray curve towards the shale baseline representing

the top of Unit 1 in the subsurface.

Depositional Unit 2

Depositional Unit 2, up to 6 m thick, is the most poorly exposed of the

depositional units. Due to the difficulty of accessing the Unit 2 outcrops, no detailed

sections were measured through Unit 2. Unit 2 only crops out on the west side of County

Highway 1 (Fig. 12) near the RGS 4 measured section and on the west side of Mellen

Hill (Fig. 2). Elsewhere it occurs as a poorly exposed bench within the covered interval

between Units 1 and 3. Nevertheless, the sandstone content is not as high as in Unit 1,

and the beds appear more extensive, sheet-like and aggradational, in contrast to the lobate

and southeastward prograding beds of the Unit 1. Where Unit 2 does crop out, it lies

directly above Unit 1, and consists of an interbedded basal zone of Facies 1.2 and 1.3.

The sandstone thickness increases, and the mudstone content decreases up-section,

similar to Unit 1. Sandstone filled channel stmctures observed in photomosaics from the

west side of County Highway 1 are 50-200 m wide and approximately 1 meter thick (Fig.

12). These channels appear to be at roughly the same stratigraphic level, and are
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Characteristics of Depositional Unit 1
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Figure 10. Internal characteristics of Unit 1. A) Photo showing Unit 1 capped by
sandstone beds of Facies 1.4 that have scoured into underlying beds of Facies 1.3. B)
Photo showing the typical vertical succession of facies within Unit 1; dark gray organic
rich beds of Facies 1.2 occur at the base, thin normally graded beds of Facies 1.3 occur
above Facies 1.2 and typically thicken upwards towards the contact with the capping
sandstone beds of Facies 1.4. C) Beds of Facies 1.4 lying directly on beds of Facies 1.2.
D) Cross sectional view of a small channel within Unit 1. E) Picture showing the lobate
and shingled nature of sandstone beds of Facies 1.4 capping Unit 1. This photo also
shows the dark gray organic rich beds of Facies 1.2 that occur above the light gray Facies
1.1 with a sharp, planar contact between. F) Example of a gradual transition from Facies
1.2 to Facies 1.3 within the base of Unit 1.
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and 4 are progressively less sandy but thicker overall.



separated by less than 100 m, indicating that multiple channels were active at close

proximity during the time of deposition.

In well logs, Unit 2 is identified as a 6-m-thick succession of poorly developed

interbedded sandstone and shale, bounded below and above by abrupt deflections of the

gamma ray curve towards the shale baseline. Sandy intervals appear to be more

pronounced in well logs from the south side of the anticline than in hand-held

scintillometer readings from the north side of the anticline.

Depositional Unit 3

Depositional Unit 3, up to 9 m thick, lies above Unit 2, and differs from Unit 1 by

the occurrence of wave-influenced sandstone beds of Fades 1.5 and 1.6 (Fig. 13). Unit 3

is slightly thicker than the underlying Units 1 and 2, and has lower sandstone content. An

interval of Fades 1.2 interbedded with Facies 1.3 marks the base of Unit 3. Above the

interbedded basal zone is typically a 5-m-thick succession of normally graded sandstone

beds of Facies 1.3 that are interbedded with wave-influenced beds of Facies 1.5.

Stratigraphically higher in Unit 3, the sandstone beds reflect increasing influence by

wave reworking, as seen by the increase in wave-rippled beds of Facies 1.5. Wave-

influenced beds thicken upwards into hummocky cross-stratified sandstone beds of

Facies 1.6, which cap Unit 3. Wave-influenced beds of Facies 1.5 and 1.6 and are

restricted to the upper 8 m of the unit, where they form 15-30% of the sandstone beds.

Although Unit 3 contains wave-influenced beds of Facies 1.5 and 1.6 at every

measured section around the anticline, outcrops on south side of the anticline contain

more wave-influenced beds than on the north. The proportion of sandstone beds relative

to siltstone and mudstone beds also changes at different locations around the study area.

For instance. Unit 3 at sections RGSl and Gully 4-2 (Fig. 2) contains much fewer

sandstone beds than at section RGS4 (Fig. 16). The overall thickness of Unit 3, and the

proportion of sandstone versus mudstone and siltstone, is likely dependent upon where

the outcrop lies relative to a main feeder channel-fill. No structures were found in Unit 3
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from which paleocurrent directions could be measured. However, wave-ripple crests

were generally oriented at 90°.

Unit 3 contains a low diversity and abundance of traces fossils, with Arenicolites

being the most common followed by Ophiomorpha. The majority of sandstone beds in

Unit 3 are sheet-like and aggradational on the outcrop scale with rare sandstone channel-

fill structures. Where observed, along the west side of County Highway 1, they are

approximately ICQ m wide and up to 1 m thick (Fig. 12). Sandstone sheets are composed

of Fades 1.3,1.5 and 1.6 and have no visible fades changes on the outcrop scale. Based

on the measured section correlation. Unit 3 can be traced basinward farther than any

other depositional unit, and sandstone sheets thin and pinch out into shale downdip (Fig.

16).

Unit 3 is characterized in well logs by a roughly symmetrical log-curve shape

with a rounded base and rounded top. Above and below the sandstone-rich interval is a

sharp gamma ray excursion towards the shale baseline (Fig. 18). The interbedded nature

of sandstone, siltstone and shale in Unit 3 results in a serrated log response typical of a

clay-rich sandstone.

Depositional Unit 4

Depositional Unit 4, 11 m thick, is the uppermost bench of the upper Mancos

sandstone body succession. Unit 4 is the thickest unit, and has similar sandstone content

and distribution as Unit 3. A unique characteristic of Unit 4 is the abundance of wave-

rippled and hummocky cross-stratified beds, which make up approximately 50% of all

sandstone beds in Unit 4 (Fig. 14 A and E). Hummocky cross-stratified beds of Facies

1.6 make up approximately 30-40% of sandstone beds in Unit 4. Beds of Facies 1.5

make up approximately 20% of sandstone beds in Unit 4. The abundance of wave-

generated sedimentary structures within the sandstone beds is greater in outcrops on the

south side of the anticline than in outcrops on the north side.

The lower contact of Unit 4 is not as well exposed as those of Units 1 and 3, but it

is typically characterized by a mudstone and siltstone interval above the thicker sandstone

beds that cap Unit 3. A 6-m-thick interval of normally graded sandstone beds of Facies
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1.3, interbedded with sandstone beds with wave-rippled tops of Facies 1.5 and

hummocky cross-stratified beds of Facies 1.6. exists in the middle of this depositional

unit. A thick hummocky cross-stratified sandstone bed caps the top of Unit 4.

Ophiomorpha trace fossils are present within hummocky cross-stratified sandstone beds

towards the top of the depositional unit.

As in Unit 3, sheet-like beds of Unit 4 are up to 50 cm thick and appear

aggradational on the outcrop scale. Beds in Unit 4 do not exhibit any internal facies

changes along individual outcrops. Facies changes within sandstone sheet likely occur

over larger distances but were not documented due to the difficulty of tracing out

individual heds between measured sections. Unlike Units 1 and 2, no channel geometries

are found in Unit 4.

At the base of some beds of Facies 1.5, flute marks are oriented non-orthogonally

to the wave-ripple crests on the tops of the beds. In one example, from section RG7, the

orientation of flute marks on the base of a bed is towards 122 degrees, whereas the wave-

ripple crest are oriented towards 50 degrees. This difference in orientation indicates that

the direction of the flow differed from the orientation of wave oscillation.

Well log characteristics for Unit 4 show a serrate log pattem similar to that of

Unit 3. The upper 2 m of the unit contains the cleanest sandstone as shown by the

gamma ray curve, as defined by its more blocky nature and shifting towards the clean

sandstone baseline. The bottom and top of the unit are characterized by a sharp

deflection of the gamma ray curve towards the shale baseline.

Upper Mancos Depositional System

The strongly progradational nature of Unit 1, the more aggradational nature of the

Units 2-4, the maximum basinward extent of the Unit 3, as well as the increasing wave-

influence upward within the succession support the interpretation of the upper Mancos

sandstone bodies deposition during sea-level fall and lowstand. Turbidite lobes are likely
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Characteristics of Depositional Unit 3
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Figure 13. Internal characteristics and facies distributions of Unit 3. Outcrops of Unit 3
are generally thicker than Unit 1 and contain a larger proportion of Facies 1.3 (very fine
sandstone beds with siltstone/mudstone tops). A) Photo of Unit 3 at section location
RGS4 (see Fig. 2 for location). B) Photo showing Units 1, 3 and 4 at location RGS4 (see
Fig.2 for location). C) Photo of Unit 3 outcrop on south side of the study area (see Fig. 2
for location). D) HCS bed capping Unit 3 at RG6 location (see Fig. 2 for location). E)
Photo of Unit 3 at measured section Rangely 4 (see Fig. 2 for location).
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to gradually prograde out into a basin as rivers extend gradually seaward during a relative

sea-level fall and reach their maximum basinward extent during lowstand (Plink-

Bjorklund, et al., 2001; Mellere, et al., 2002; Plink-Bjorklund and Steel 2004; Plink-

Bjorklund and Steel 2005). The turbidite deposition of Unit 1 probably occurred in

relatively deep water as the relative sea level was falling at the time. As the water depth

decreased through time, depositional units 3 and 4 were deposited above storm-wave

base. The uppermost Unit 4, with the greatest proportion of hummocky cross-stratified

beds and Ophiomorpha trace fossils, represents the shallowest depositional unit as the

relative sea level reached its lowest position during lowstand.
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Characteristics of Depositional Unit 4
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Figure 14. Internal characteristics and facies distribution in Unit 4. Unit 4 is generally
thicker than Unit 3 with similar sandstone content. Beds with wave-rippled tops and
hummocky cross-stratification are proportionally greater in Unit 4 than in any other unit.
A) Photo of a hummocky cross-stratified bed within Unit 4 at measured section RGlO-5
(see Fig. 2 for location). B) Succession of Facies 1.3 and 1.5 forming Unit 4 at measured
section RG7 (see Fig. 2 for location). C) Outcrop photo from location RG6 (see Fig. 2
for location) showing Units 3 and 4. D) Photo of Unit 4 at measured section RGSl (see
Fig. 2 for location) composed of a succession of Facies 1.3 with a 60 cm thick HCS bed
of facies 1.6 at the top. E) Ophiomorpha in a HCS bed in Unit 4. F) Units 3 and 4 at
location RGS4 (see Fig. 2 for location)
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Figure 15. Continuous photomosaic taken from a helicopter of the entire outcrop belt within the Rangely anticline. The measured stratigraphic sections are overlain on the mosaics and the individual
depositional units are correlated between measured sections by tracing out the tops of each unit across the photomosaics. The top of Unit I is marked with a light green line, top of Unit 2 with a dark green
line, top of Unit with a light-blue line, and the top of Unit 4 with a red line.
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CHAPTER 3

REGIONAL CORRELATION

The outcrop sections were correlated into the subsurface by a correlation between

a hand-held gamma ray log acquired using a scintillometer at measured section RG6 and

two nearby gamma ray well logs (Figs 2,17). A regional subsurface correlation was then

made to tie the Rangely anticline outcrops into the Book Cliffs area, where the

Blackhawk Formation stratigraphy has been described by many workers (Figs 18, 19)

(e.g. Van Wagoner, 1990,1995; O'Byme and Flint, 1995; Yoshida, 2000; Hettinger and

Kirsehbaum, 2003). In this correlation, the condensed zone at the base of the Desert

Member is used as a horizontal datum. The Desert condensed zone is equivalent to the

maximum flooding surface on top of the Grassy Member and the Grassy sequence

boundary 3 of O'Byme and Flint (1995) (Fig. 18).

The regional correlation suggests that the four upper Maneos sandstone

depositional units pinch out westward into a sediment bypass zone, and are not attached

to the coeval shallow-marine shoreline deposits to the west in the Book Cliffs. In

addition, paleocurrent measurements derived from the Rangely outcrops show that the

main sediment transport direction was 100-120°. Thus, the line of the regional

correlation shows a more strike-parallel view of the Rangely system. No wells were

found to correlate the upper Maneos depositional units in a dip parallel view. Therefore,

the question of how the upper Maneos sandstone bodies are connected to the coeval

shoreline deposits towards northwest remains unanswered.

Two major sediment bypass zones are identified on well logs above the Desert

condensed zone in the regional well log correlation (Figs 18, 19). These bypass zones

correlate into the Desert sequence boundary of Van Wagoner (1990) in the Upper

Cretaceous strata of the Book Cliffs. They are characterized in well logs as gamma ray

curve deflections towards the shale baseline that correlate downdip into the four
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depositional units describes in the upper Mancos sandstone body suceession. These

sediment bypass zones separate three regional cyeles that contain the four upper Maneos

depositional units. Units 1 and 2 stack progradationally towards the top of Cycle 1,

whereas Units 3 and 4 stack aggradationally within Cycle 2.

Cycle 1 is 75 m thick in the Thompson and Sego Canyon areas to the west, and

thins to 30 m in the Rangely area (Fig. 18). Cyele 1 has a general coarsening-up

character in the well logs, and is characterized at the top of the cyele by thin, less than 3

m thick, clean sandstone spikes overlying gamma ray kieks towards the shale baseline.

Based on the outcrop to subsurface correlation, these thin spikes in Cycle 1 are

prograding turbidite lobes deseribed in the upper Mancos depositional Unit 1.

Cycle 2 is 30 m thiek in the Blackhorse and Rat Hole Canyon areas to the west

and thins to 20 m in the Rangely area (Fig. 18). The Cycle 2 has a general coarsening-up

character in the well logs, and is eharacterized by a jagged gamma ray curve that

correlates to the wave influeneed beds of depositional Units 3 and 4 in the Rangely

outerops.

Cycle 3 is less than 1 m thick in the Blackhorse and Rat Hole Canyon areas to the

west and thiekens to 10 m in the Rangely area, as it is more deeply cut by the Castlegate

sequence boimdary in the west (Fig. 18).

Origin of Turbidites

Sandstone and mudstone beds that show Bouma-like Tbcde divisions and have

flute marks at the base volumetrically dominate the upper Mancos sandstone body

succession. Such beds are interpreted to be deposited from turbidity currents. Unit 1

consists entirely of turbidity eurrent deposits.

The oceurrence of thick sandstone beds with intemal diseontinuous scour

surfaces, espeeially in Unit 1, suggests that sustained turbidity currents with a fluctuating,

quasi-steady charaeter deposited some of the beds in the upper Mancos sandstone body

suceession (e.g., Kneller and Branney, 1995, Kneller, 1995). The sustained nature of the

flows, combined with the high (5-15%) particulate organie material content, suggests that
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Outcrop to Subsurface Correlation
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Figure 17. Outcrop to subsurface correlation using hand-held gamma ray readings from
measured section RG6 and nearby wells (see Fig. 2 for location). The tops of each
depositional unit are used as ties. The Desert condensed section is used as a horizontal
datum between well logs.
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some of the turbidity currents may have been initiated by direct river effluent rather than

by updip slope failure (e.g., Mulder et al., 2003; Plink-Bjorklund et al., 2001; Plink-

Bjorklund and Steel, 2004).

Hyperpycnal underflows that form when highly turbid river effluent plunges

below basin water due to excess density (Bates, 1953; Normark and Piper, 1991; Mulder

et al., 2003) are in many cases quasi-steady sustained turbidity currents because they are

most likely to be initiated during river floods and continue flowing through a sustained

period of time (days or weeks; e.g., Wright et al., 1986; Hay, 1987; Prior et al., 1987;

Nemec, 1990; Piper and Savoye, 1993; Mulder et al., 1998; Kneller and Buckee, 2000;

Mulder and Alexander, 2001; Plink-Bjorklund and Steel, 2004). In contrast, failure-

generated turbidites involve a transition of a finite volume of gravitational slides or

slumps into turbidity currents and are thus of a surge-type nature (e.g., Kneller, 1995).

Such flows involving a finite volume of sediment are depletive and waning in nature and

therefore result in deposits that show an initial phase of erosion followed by a normally

graded deposit that represents the steady deceleration of the flow (Bouma, 1962; Lowe,

1982). Hyperpycnal flow deposits may also have the same characteristics as failure-

generated turbidites such as an initial phase of erosion followed by a normally graded

deposit or may show a different succession such as reverse-to-normal grading of waxing-

to-waning flows (e.g., Lowe, 1982; Mulder et al., 2003; Plink-Bjorklund and Steel, 2004;

Best et al., 2005; Petter and Steel, 2006).

Although many beds in the upper Mancos sandstone body succession are of

surge-type nature, they tend to be rich in particulate organic matter. The proportion of

the organic matter increases downslope, and reaches maximum concentration in the fine

grained deposits of the very distal toes of the turbidite beds at the base of each

depositional unit. The existence of wave-structures in the upper two units indicates that

wave-generated sediment suspension may also have created the sustained turbidity

currents (eg.. Equilibrium flows of Myrow and Southard, 1996). However, wave action

may have just overprinted the turbidity currents resulting in wave reworked turbidite

deposits.
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Origin of Wave-Generated Structures

In Units 3 and 4, turbidite beds are interbedded with wave modified turbidites

(Bouma-like Tbcdebeds with wave-rippled tops) and hummoeky cross-stratified beds. The

hummocky cross-stratified sandstone beds are interpreted as tempestites and suggest

deposition above storm wave base. The transition fi-om the turbidite faeies in the lowest

depositional unit to interbedding with storm-wave deposits in Units 3 and 4 suggest that

the storm waves increasingly modified deposition through time, as the basin became

gradually shallower or as the shoreline prograded. The upward shallowing may have

occurred due to sediment aggradation or actual relative sea-level fall.

The flute marks on the bottom of beds with wave-rippled tops (Faeies 1.5), the

abundance of coal fragments, as well as lack of other wave-induced structures in these

beds suggest deposition by turbidity currents and later reworking by wave action, rather

than direct deposition fi-om oscillatory flows. However, alternative interpretations such

as deposition from tempestites (Myrow and Southard, 1996), or from wave-modified

turbidity currents (see Myrow et al., 2002; Pattison, 2005) are also plausible. Hummocky

eross-stratified beds of Faeies 1.6 are interpreted to be storm deposits from complex

oscillatory currents or combined flows.

The very fine-grained, compound eross-stratified beds of Faeies 1.7 may have

resulted from storm-wave action (e.g. Harms et al., 1975; Walker and James, 1992) or

from storm-wave-modified turbidites (see Myrow et al., 2002; Pattison, 2005). The high

concentration of carbonaceous matter, eoalified debris, wood imprints, and flutes,

combined with the low diversity and low abundance of trace fossils, suggest conditions

different fi-om typical storm-wave-dominated environments. Perhaps these indicate fi-esh

water input into the marine environment (Pemberton and Wightman 1992; Pemberton et

al., 2001; Plink-Bjorklund and Steel, 2004; Pattison, 2005), and deposition from

hyperpyenal flows.
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Stratigraphic Context and Timing of Rangely Sandstone Body Succession

Deposition

Sand may be dispersed into a "deepwater" basin as sediment gravity flows during

any part of the relative sea-level cycle, provided that there is a mechanism to supply

sediment beyond the shorelines into the deeper parts of the basin. Sediment gravity flows

initiated during a relative fall and still-stand of sea level (falling-stage and lowstand

turbidites) are commonly associated with shelf platform exposure, river extension across

the shelves and valley incision (e.g. Steel et al., 2000; Plink-Bjorklund and Steel, 2002;

Plink-Bjorklund and Steel 2004; Plink-Bjorklund and Steel 2005). High rates of

sediment supply, however, may allow progradation across shelves and initiation of

sediment gravity flows also during highstand conditions (Carvajal and Steel, 2007).

The regional correlation of the upper Mancos sandstone body succession into the

Desert sequence boundary (Van Wagoner, 1990; O'Byme and Pint, 1995; Yoshida, 2000)

indicates that the upper Mancos turbidites were most likely initiated during the time of

shelf-platform exposure and valley incision into the top of the Desert Member highstand

wave-dominated shorelines, and resulted from sediment bypass during relative sea-level

fall and lowstand (Yoshida, 2000). This would correlate the whole upper Mancos

sandstone body succession into the Desert sequence boimdary in the well-documented

Book Cliffs area, as no falling-stage or lowstand deposits have been documented there.

Van Wagoner (1995) recognized that erosional relief associated with the Desert

sequence boundary in the Book Cliffs, Utah, decreases from west to east until the

sequence boundary ceases all together and becomes coincident with a flooding surface to

the east of Sagers Canyon (Van Wagoner, 1995).

In the sequence stratigraphic framework of Van Wagoner (1995), updip and west

of Sagers Canyon, fluvial deposits of the Desert lowstand systems tract lie above the

Desert sequence boundary. These lowstand deposits downlap onto the Desert sequence

boundary and terminate within Sagers Canyon onto a sub-aerial exposure surface on top

of the Grassy highstand sequence set (Van Wagoner, 1995). The significance of the

termination of the Desert lowstand systems tract is that in this interpretation, lowstand
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channels did not feed lowstand shorelines at their downdip ends (Van Wagoner, 1995).

Instead, the rate of sea level fall is interpreted to have outpaced the rivers ability to stay

connected to the shoreline resulting in the Desert lowstand system tract dying out onto

the sub-aerially exposed shelf (Van Wagoner, 1995).

Finally, this regional correlation also raises the question of whether the Castlegate

sandstone in the Rangely anticline is part of the falling stage systems tract of the Desert

sequence 2. Future research on the position of the Castlegate sequence boundary is

needed to fully understand the sequence stratigraphy of the Castlegate Sandstone in

western Colorado.

Attached or Detached Lowstand Deposits

The controlling factor that determines whether lowstand deposits are attached or

detached is the presence or absence of a sediment bypass zone between the underlying

highstand systems tract and the downdip lowstand deposits (Ainsworth and Pattison,

1994). In the regional correlation of the upper Mancos sandstone body succession a

possible sediment bypass zone was identified that correlates to the Desert sequence

boundary (Figs 18, 19).

Although the regional correlation of the upper Mancos sandstone body succession

(Figs 18,19) indicates that the turbidite units are detached from coeval shoreline deposits

to the west, the turbidite system may have been attached to a deltaic shoreline to the

northwest, as the main paleocurrent measurements, and direction of progradation

suggests sediment transport toward the southeast. Therefore, in order to definitively

determine whether the upper Mancos sandstone body succession is an attached or

detached system, further analysis of the succession must be conducted updip and parallel

to the paleocurrent direction.
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Conclusions

Sandstone bodies within the Rangely anticline (Units 1-4) are identified in this

study as turbidites, wave-modified turbidites and tempestites. The prograding sandstone

lobes in Unit 1 are deposited by sediment gravity flows below storm wave base.

Paleocurrent indicators such as flute marks and climbing ripples, combined with the

direction of progradation, indicate a main sediment transport direction to the southeast.

In depositional Units 2-4, turbidite beds show increasing evidence for wave-modification

vertically through the succession.

The strongly progradational nature of the lowest depositional unit and the more

aggradational nature of the younger depositional units, as well as the increasing wave-

influence vertically through the succession, indicates deposition during sea-level fall and

lowstand. A regional well log correlation from the study area to the Book Cliffs, Utah,

identifies the upper Mancos sandstone body succession as part of the Desert sequence 2

defined by O'Byme and Flint (1995). This correlation also suggests that sediment bypass

occurred along the Desert sequence boundary during the falling stage and lowstand

systems tracts of Desert sequence 2.

Van Wagoner (1995) argued that the Desert lowstand systems tract of sequence 2

died out onto the Desert sequence boundary in Sagers Canyon near Thompson, UT and

that the Desert lowstand shorelines lacked any fluvial input. This current study proposes

that to the north of the Book Cliffs outcrops, sediment bypass occurred along the Desert

sequence boundary during the falling stage and lowstand systems tracts of Desert

Sequence 2, feeding lowstand shorelines and distal turbidite fans such as the upper

Mancos sandstone body succession. However, to determine whether the upper Mancos

succession is attached or detached from the Desert lowstand shoreline, outcrop and

subsurface analyses are needed to the northwest of the study area parallel to the direction

of sediment transport.

45



REFERENCES

Ainsworth, R.B., Bosscher, H. and Newall, M.J. (2000) Forward stratigraphic modelling

of forced regression: evidence for the genesis of attached and detached lowstand

systems. Geological Society London Special Publications, 172, 163-176.

Ainsworth, R.B. and Pattison, S.A.J. (1994) Where have all the lowstands gone?

Evidence for attached lowstand systems tracts in the Western Interior of North

America. Geology, 22, 415-418.

Amott, R.W.C. and Hand, B.M. (1989) Bedforms, primary structures and grain fabric in

the presence of suspended sediment rain. Journal of Sedimentary Petrology, 59,

1062-1069.

Balsley, J.K. (1980) Cretaceous wave-dominated delta systems. Book Cliffs, east-central

Utah. AAPG Continuing Education Course Field Guide, 163.

Bates, C.C. (1953) Rational theory of delta formation. AAPG Bulletin, 37, 2119-

2162.

Best, I.E., Kostaschuk, R.A., Peakall, J., Villard, P.V. and Franklin, M. (2005) Whole

flow field dynamics and velocity pulsing within natural sediment-laden

underflows. Geology, 33, 765-768.

Blakey, R. (2006) Paleogeography of North America in the Late Cretaceous (75Ma).

http://ian.ucc.nau.edu/~rcb7/namK75.ipg. Department of Geology, Northern

Arizona University.

46



Bouma, A.H. (1962) Sedimentology of some Flysch deposits; a graphie approach to

fades interpretation. Elsevier, New York, 168.

Carvajal, C.R. and Steel, R.J. (2006) Thick turbidite successions from supply-dominated

shelves during sea-level highstand. Geology, 34, 665-668.

Chan, M.A., Newman, S.L. and May, F.E. (1991) Deltaic and shelf deposits in the

Cretaceous Blackhawk Formation and Maneos Shale, Grand County, east-central

Utah. Utah Geological Survey, Miscellaneous Publications, 96, 83.

Clark, F.R. (1928) Economic geology of the Castlegate, Wellington, and Sunnyside

quadrangles. Carbon County, Utah. U.S.G.S. Bulletin, 793, 162.

Cole, R.D. and Young, R.G. (1991) Fades characterization and architecture of a muddy

shelf-sandstone complex: "Maneos B" interval of Upper Cretaceous Maneos

Shale, Northwest Colorado-Northeast Utah. In: The three-dimensional fades

architecture of terrigenous clastic sediments and implications for hydrocarbon

discovery and recovery (Eds A.D. Miall and N. Tyler), 3, pp. 277-287. Society of

Economic Paleontologists and Mineralogists, Concepts in Sedimentology and

Paleontology.

Cole, R.D., Young, R.G. and Willis, G.C. (1997) The Prairie Canyon Member, a new unit

of the Upper Cretaceous Maneos Shale, west-central Colorado and east-central

Utah. Utah Geological Survey, Miscellaneous Publications, 97,23.

Cullins, H.L. (1968) Geologic map of the Banty Point Quadrangle, Rio Blanco County,

Colorado, Map. USGS. GQ-703.

Cullins, H.L. (1969) Geologic map of the Mellen Hill Quadrangle, Rio Blanco and

Moffat counties, Colorado, Map. USGS. GQ-835.

47



Cullins, H.L. (1971) Geologic map of the Rangely Quadrangle, Rio Blanco County,

Colorado, Map. USGS. GQ-903.

Edwards, C.M., Hodgson, D.M., Flint, S.S. and Howell, J.A. (2005) Contrasting styles of

shelf sediment transport and deposition in a ramp margin setting related to relative

sea-level change and basin floor topography, Turonian (Cretaceous) Western

Interior of central Utah, USA. Sedimentary Geology, 179, 117-152.

Pouch, T.D., Lawton, T.F., Nichols, D.J., Cashion, W.B. and Cobban, W.A. (1983)

Patterns and timing of synorogenic sedimentation in Upper Cretaceous rocks of

central and northeast Utah. In: Mesozoic paleogeography of west-central United

States: Rocky Mountain Paleogeography Symposium 2, Rocky MOuntain Section

(Eds M.W. Reynolds and E.D. Dolly), pp. 305-336. SEPM.

Franczyk, K.J., Pouch, T.D., Johnson, R.C., Molenaar, C.M. and Cobban, W.A. (1990)

Cretaceous and Tertiary paleogeographic reconstruction for the Uinta-Piceance

Basin study area, Colorado and Utah. USGS. Bulletin, 1787, 37.

Gill, J.R. and Hail, W.J., Jr. (1975) Stratigraphic sections across upper Cretaceous

Mancos Shale-Mesaverde Group boundary, eastern Utah and western Colorado.

U.S.G.S. Oil and Gas Investigations Chart, OC-68.

Hampson, G.J. (2000) Discontinuity surfaces, clinoforms, and facies architecture in a

wave-dominated, shoreface-shelf parasequence. Journal of Sedimentary Research,

70, 325-340.

Hampson, G.J., Howell, J.A., Flint, S.S. and Anonymous (1999) A sedimentological and

sequence stratigraphic re-interpretation of the Upper Cretaceous Prairie Canyon

Member ("Mancos B") and associated strata. Book Cliffs area, Utah, U.S.A.

Journal of Sedimentary Research, 6,414-433.

48



Hand, B.M., Middleton, G.V. and Skipper, K. (1972) Antidune cross-stratification in a

turbiditc sequence, Cloridorme Formation, Gaspe, Quebec. Sedimentology, 18,

135-138.

Harms, J.C., Southard, J.B., Spearing, D.R. and Walker, R.G. (1975) Depositional

environments as interpreted fi"om primary sedimentary structures and stratification

sequences. SEPM Short Course, 2,161 p.

Hay, A.E. (1987) Turbidity currents and submarine channel formation in Rupert Inlet,

British Columbia: 2, The roles of continuous and surge-type flow. Journal of

Geophysical Research, 92,2883-2900.

Hettinger, R.D. and Kirsehbaum, M.A. (2003) Stratigraphy of the Upper Cretaceous

Mancos Shale (upper part) and Mesaverde Group in the southern part of the Uinta

and Pieeance Basins, Utah and Colorado. U.S. Geological Survey Digital Data

Series DDS-69-B.

Hiscott, R.N., Pickering, K.T., Bouma, A.H., Hand, B.M., Kneller, B.C., Postma, G. and

Soh, W. (1997) Basin-floor fans in the North Sea; sequence stratigraphic models

vs. sedimentary faeies; discussion. AAPG Bulletin, 81, 662-665.

Hudelson, P.M. (1984) Sedimentology and paleogeography of the Kenilworth Member

(Campanian), Blackhawk Formation, east-central Utah, unpublished Master's

Thesis. University of Iowa, 152 p.

Kellogg, H.E. (1977) Geology and petroleum of the Maneos B Formation, Douglas Creek

Arch area, Colorado and Utah. Rocky Mountain Association of Geologists

Guidebook, 167-179.

49



Kneller, B. (1995) Beyond the turbidite paradigm: physical models for deposition of

turbidites and their implications for reservoir prediction. Geological Society

Special Publications, 94, 31-49.

Kneller, B. and Buckee, C. (2000) The structure and fluid mechanics of turbidity

currents;: a review of some recent studies and their geological implications.

Sedimentology, 47, 62-94.

Kneller, B.C. and Branney, M.J. (1995) Sustained high-density turbidity currents and the

deposition of thick massive sands. Sedimentology, 42, 607-616.

Lowe, D.R. (1982) Sediment gravity flows: II. Depositional models with special

reference to the deposits of high-density turbidity currents. Journal of

Sedimentary Petrology, 52,279-297.

Mellere, D., Plink-Bjorklund, P. and Steel, R. (2002) Anatomy of shelf deltas at the edge

of a prograding Eocene shelf margin, Spitsbergen. Sedimentology, 49,1181-

1206.

Mulder, T. and Alexander, J. (2001) The physical character of subaqueous sedimentary

density flows and their deposits. Sedimentology, 48,269-299.

Mulder, T., Syvitski, J.P.M., Migeon, S., Faugeres, J.-C. and Savoye, B. (2003) Marine

hyperpycnal flows: initiation, behavior and related deposits: a review. Marine and

Petroleum Geology, 20, 861-882.

Mulder, T., Syvitski, J.P.M. and Skene, K.I. (1998) Modeling erosion and deposition by

turbidity currents generated at river mouths. Joumal of Sedimentary Research, 68,

124-137.

50



Myrow, P.M., Fischer, W. and Goodge, J.W. (2002) Wave-modified turbidites:

combined-flow shoreline and shelf deposits, Cambrian, Antarctica. Journal of

Sedimentary Research, 72, 641-656.

Myrow, P.M. and Southard, J.B. (1996) Tempestite deposition. Joumal of Sedimentary

Research, 66, 875-887.

Nemec, W. (1990) Aspects of sediment movement on steep delta slopes. In: Coarse

grained deltas. International Association of Sedimentologists, Special Publication

(Eds A. Colella and D.B. Prior), 10, pp. 29-73. Blackwell Scientific Publications,

Oxford, London, Edinburgh, Boston, Melboume, Paris, Berlin, Vienna.

Newman, S.L. (1985) Sedimentology and depositional history of shallow shelf deposits

within the Cretaceous Blackhawk Formation and Mancos Shale, east-central

Utah, Master's Thesis. University of Utah, 166.

Normark, W.R., Piper, D.J.W. and Osbome, R.H. (1991) Initiation processes and flow

evolution of turbidity currents: implications for the depositional record. SEPM

Special Publication, 46,207-230.

O'Byme, C.J. and Flint, S. (1995) Sequence, parasequence, and intraparasequence

architecture of the Grassy Member, Blackhawk Formation, Book Cliffs, Utah,

U.S.A. In: Sequence stratigraphy of foreland basin deposits: Outcrop and

subsurface examples from the Cretaceous of North America (Eds J.C. Van

Wagoner and G.T. Bertram), 64, pp. 225-255. AAPG Memoir.

Pattison, S.A.J. (1995) Sequence stratigraphic significance of sharp-based lowstand

shoreface deposits, Kenilworth Member, Book Cliffs, Utah. AAPG Bulletin, 79,

444-462.

51



Pattison, S.A.J. (2005) Storm-influenced prodelta turbidite complex in the lower

Kenilworth Member at Hatch Mesa, Book Cliffs, Utah, U.S.A.: implications for

shallow marine facies models. Journal of Sedimentary Research, 75,420-439.

Pemberton, S.G., Spila, M., Pulham, A.J., Saunders, T., MacEachem, J.A., Robbins, D.

and Sinclair, I.K. (2001) Ichnology & sedimentology of shallow to marginal

marine systems; Ben Nevis & Avalon reservoirs, Jeanne d'Arc Basin. Geological

Association of Canada, Short Course Notes, 15, 343.

Pemberton, S.G. and Wightman, D.M. (1992) Ichnological characteristics of brackish

water deposits. SEPM Core Workshop, 17,141-167.

Petter, A.L. and Steel, R.J. (2006) Hyperpycnal flow variability and slope organization on

an Eocene shelf margin. Central Basin, Spitsbergen. AAPG Bulletin, 90, 1451-

1472.

Piper, D.J.W. and Savoye, B. (1993) Processes of late Quaternary turbidity current flow

and deposition on the Var deep-sea fan, north-west Mediterranean Sea.

Sedimentology, 40, 557-582.

Plink-Bjdrklund, P., Mellere, D. and Steel, R.J. (2001) Turbidite variability and

architecture of sand-prone, deep-water slopes: Eocene clinoforms in the Central

Basin, Spitsbergen. Journal of Sedimentary Research, 71, 895-912.

Plink-Bjorklund, P. and Steel, R.J. (2002) Perched-delta architecture and the detection of

sea level fall and rise in a slope-turbidite accumulation. Eocene Spitsbergen.

Geology, 30, 115-118.

Plink-Bjorklund, P. and Steel, R.J. (2004) Initiation of turbidity currents: outcrop

evidence for Eocene hyperpycnal flow turbidites. Sedimentary Geology, 165,29-

52.

52



Plink-Bjorklund, P. and Steel, RJ. (2005) Deltas on falling-stage and lowstand shelf

margins, the Eocene Central Basin of Spitsbergen: importance of sediment

supply. In: River Deltas: Concepts, models and examples (Eds L. Giosan and J.P.

Bhattacharya), 83, pp. 179-206. SEPM Special Publication.

Posamentier, H.W., Allen, G.P., James, D.P. and Tesson, M. (1992) Forced regressions in

a sequence stratigraphic framework; concepts, examples, and exploration

significance. AAPG Bulletin, 76, 1687-1709.

Posamentier, H.W. and Vail, P.R. (1988) Eustatic controls on clastic deposition; II,

Sequence and systems tract models. Special Publication - Society of Economic

Paleontologists and Mineralogists, 42, 125-154.

Prave, A.R. and Duke, W.L. (1990) Small-scale hummocky cross-stratification in

turbidites; a form of antidune stratification. Sedimentology, 37, 531-539.

Prior, D.B., Bomhold, B.D., Wiseman, W.J., Jr. and Lowe, D.R. (1987) Turbidity current

activity in a British Columbia fjord. Science, 237, 581-584.

Shanmugam, G., Bloch, R.B., Damuth, J.E. and Hodgkinson, R.J. (1997) Basin-floor fans

in the North Sea: sequence stratigraphic models vs. sedimentary facies: reply.

AAPG Bulletin, 81, 666-672.

Spieker, E.M. (1949) Sedimentary facies and associated diastrophism in the upper

Cretaceous of central and eastern Utah. In: Sedimentary facies in geologic hostory

(Ed C.R. Longwell), GSA Memoir 39, 55-81.

Spieker, E.M. and Reeside, J.B., Jr. (1925) Cretaceous and Tertiary formations of the

Wasatch Plateau, Utah. GSA Bulletin, 36,435-454.

53



Steel, R., Mellere, D., Plink-Bjorklund, P., Deibert, J., Loeseth, T. and Shellpeper, M.

(2000) Deltas v rivers on the shelf-edge: their relative contributions to the growth

of shelf-margins and basin floor fans (Barremian Eocene Spitsbergen).

GCSSEPM Foimdation 20th Annul Research Conference Special Publication,

CD. GCSSEPM, 981-1009.

Stevens, K.M. (2004) Re-evaluating the origin of isolated sandstones encased in marine

mudstone: the Cretaceous Prairie Canyon Member of the Mancos Shale at Hatch

Mesa, east-central Utah: unpublished Master's Thesis. Colorado School of Mines,

124 p.

Swift, D.J.P., Hudelson, P.M., Brenner, R.L. and Thompson, P. (1987) Shelf construction

in a foreland basin; storm beds, shelf sandbodies, and shelf-slope depositional

sequences in the Upper Cretaceous Mesaverde Group, Book Cliffs, Utah.

Sedimentology, 34,423-457.

Taylor, D.R. and Lovell, R.W.W. (1995) High-frequency sequence stratigraphy and

paleogeography of the Kenilworth Member, Blackhawk Formation, Book Cliffs,

Utah, U.S.A. In: Sequence stratigraphy of foreland basin deposits: Outcrop and

subsurface examples from the Cretaceous of North America (Eds J.C. Van

Wagoner and G.T. Bertram), AAPG Memoir 64,257-275.

Taylor, D.R., Lovell, R.W.W., Van Wagoner, J.C., Jones, C.R., Taylor, D.R., Nummedal,

D., Jennette, D.C. and Riley, G.W. (1991) Recognition of high-frequency

sequences in the Kenilworth Member of the Blackhawk Formation, Book Cliffs,

Utah. AAPG Field Conference Guidebook, 1-9.

Van Wagoner, J.C. (1995) Sequence stratigraphy and marine to nonmarine facies

architecture of foreland basin strata. Book Cliffs, Utah, U.S.A. In: Sequence

stratigraphy of foreland basin deposits: Outcrop and subsurface examples from

54



the Cretaceous of North America (Eds J.C. Van Wagoner and G.T. Bertram),

AAPG Memoir 64, 137-223.

Van Wagoner, J.C., Mitchum, R.M., Campion, K.M. and Rahmanian, V.D. (1990)

Siliciclastic sequence stratigraphy in well logs, cores, and outcrops; concepts for

high-resolution correlation of time and facies. AAPG Methods in Exploration

Series 7, 55 p.

Walker, R.G. and Plint, A.G. (1992) Wave- and storm-dominated shallow marine

systems. In: Facies models: response to sea level change (Eds R.G. Walker and

N.P. James), Geological Association of Canada. 219-238.

Wright, L.D., Yang, Z.S., Bomhold, B.D., Keller, G.H., Prior, D.B. and Wiseman, W.J.,

Jr. (1986) Hyperpycnal plumes and plume fronts over the Huanghe (Yellow

River) delta front. Geo-Marine Letters, 6, 97-105.

Yoshida, S. (2000) Sequence and facies architecture of the upper Blackhawk Formation

and the lower Castlegate Sandstone (Upper Cretaceous), Book Cliffs, Utah, USA.

Sedimentary Geology, 136, 239-276.

Young, R.G. (1955) Sedimentary interfacies and intertonguing in the Upper Cretaceous

of the Book Cliffs, Utah-Colorado. GSA Bulletin, 66,177-201.

55



APPENDIX A

L/\

RCS1

eHen

Californ

%

Rangely

5 miles

Figure Al. Location map of measured sections within the study area.
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Figure A2. Measured section at location RG12 (see Fig. A1 for Location). A) Outcrop
overview. B) Internal scour in sandstone bed of Facies 1.3 at 0.4 m. C) Very finely
laminated mudstone and siltstone of Facies 1.2 at 0.6 m. D) HCS sandstone bed of Facies
1.6 at 1.0 m. E) Trace fossils in sandstone beds of Facies 1.3 at 2.0 m . F) Succession of
sandstone beds of Facies 1.3 at 1.6 to 2.4 m. G) parallel to sub-parallel laminated
sandstone beds of Facies 1.3 at 2.6 m. H) Current-ripple laminated bed at 3.2 m. I)
Internal scour in sandstone bed of Facies 1.3 at 21.3 m.
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Figure A3. Measured seetion at location RGlO-5 (see Fig. A1 for location). A) Outcrop
overview. B) Overview of depositional Unit 1. C) Massive sandstone bed of Facies 1.4
capping Unit 1 at 3.0 m. D) Outcrop of Facies 1.3 at 4.5 m. E) Small scale HCS
sandstone bed of Facies 1.6 at 13.3 m. F) HCS sandstone bed of Facies 1.6 at 16.2 m. G)
Small scale HCS beds copped by sub-parallel laminated sandstone bed of Facies 1.3 at
16.5 m. H) Ripple laminated bed at 17.8 m. I) High-angle cross-stratification at 22.8 m.
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Figure A4. Measured section at location RG8 (see Fig. A1 for location). A) Trace fossils
on top of a sandstone bed of Fades 1.3 at 1.2 m. B) Current-ripple laminated sandstone
bed of Facies 1.3 at 4.2 m. C) High-angle cross-stratified sandstone bed at 6 m. D) Very
finely laminated, normally graded sandstone siltstone and mudstone of Facies 1.3 at 12.5
m. E) Low-angle cross-stratified sandstone bed of Facies 1.6 at 13.2 m. F) Finely
laminated, normally graded sand to siltstone beds of Facies 1.5 at 15.5 m. G) Sub-parallel
laminated sandstone bed of Facies 1.3 at 17.4 m. H) Current-ripple lamination at 18 m.
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Figure A5. Measured section at location RG7 (see Fig. A1 for location). A) Overview of
the outcrop. B) Transition from Facies 1.1 to Fades 1.2 at base of Unit 1. C) Trace
fossils (Chondrites) in Facies 1.3 at 4.8 m. D) Sandstone beds of Facies 1.4 at 5.0 m. E)
Sandstone bed capping Unit 1 at 6.6 m. F) Tbin bedded and normally graded sandstone
and siltstone beds of Facies 1.3 at 37.4 m. G) Scoured base of sandstone bed of Facies 1.3
at 37.8 m. H) Ripple-laminated cross-bedding of Facies 1.5 at 39.2 m.
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Figure A6. Measured section at loeation RG6 (see Fig. A1 for location). A) Overview of
outcrop. B) Transition from Facies 1.2 to Fades 1.3 at base of first depositional unit. C)
Coal inclusions in Facies 1.3 at 1.8 m. D) Flute marks on beds of Fades 1.3 at 2.8 m. E)
Sandstone bed capping Unit 1 at 5.4 m. F) Hummoeky cross-stratified bed of Facies 1.6
at 7.6 m. G) Succession of Facies 1.3 and 1.5 in Unit 3 at 24-27 m. H) Trace fossils in
Facies 1.3 at 32.4 m.
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Figure A7. Measured section at location RGSl (see Fig. A1 for location). A) Outcrop
overview. B) Sandstone bed with low angle cross- stratification at 20.3 m. C)
Asymmetrical current-ripples within sandstone bed of Facies 1.3 at 22.3 m. D)
Ophiomorpha burrows in HCS sandstone bed of Facies 1.6, which caps Unit 2 at 20.9 m.
E) Sub-parallel laminated sandstone bed at 21 m. F) Overview of Unit 3. G) Normally
graded sandstone and siltstone beds of Facies 1.3 at 26 m. H) Ripple laminated sandstone
bed at 27 m.
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I

Figure A8. Measured section at location Mellen Hill Gully 4-2(see Fig. A1 for location).
A) Outcrop overview. B) Sheet-like sandstone bed of Facies 1.3 at 1.4 m. C) Massive
sandstone bed of Facies 1.4 capping Unit 1 at 3.8 m. D) Outcrop of Facies 1.3 from 15.0
to 18.4 m. E) Wave-ripples in a sandstone bed of Facies 1.5 at 19.4 m. F) Finely
laminated, normally graded sand to siltstone beds of Facies 1.3 at 27.9 m. G) Climbing
current-ripples at 29 m. H) Low angle cross-stratification with intemal current-ripples
and scour in sandstone hed of facies 1.7 at 29.2 m.
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Figure A9. Measured seetion at location RGS4 (see Fig. A1 for location). A) Outcrop
overview showing the stacking pattern of the three depositional units that make up the
outcrop. B) Trace fossils in parallel laminated sandstone bed of Facies 1.4 at 5.8 m. C)
Flame structures at scour contact within sandstone bed of Facies 1.4 at 6.2 m. D)
Sandstone beds of Facies 1.4 capping Unit 1. E) Succession of Facies 1.3 making up Unit
2. F) Sandstone bed of facies 1.7 showing low angle cross-stratification with scour and
fill structures internally composed of asymmetrical current-ripples at 19.6 m.
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Figure AlO. Measured section at location Rangely 4 (see Fig. A1 for locartion). A)
Overview of the outcrop. B) Sheet-like sandstone bed of Facies 1.3 at 0.6 m. C) Sub
parallel-laminated base and ripple-laminated top of Facies 1.4 at 13.5 m. D) Scour and
fill bed of Facies 1.5 at 14.7 m. E) Prograding ripple sets in sandstone bed of Facies 1.3 at
16.8m. F) Normally graded sand to siltstone bed of Facies 1.3 at 20.2 m. G) Water escape
stmcture within Facies 1.3 at 20.4 m. H) Current ripple-laminated top of Facies 1.3 at m
20.5.1) Low angle cross-stratification in Facies 1.6 at 23.7 m.
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Figure All. Measured section at location RS Last North (see Fig. A1 for location). A)
Outcrop overview. B) Ripple laminated bed with trace fossils on top surface at 0.1 m. C)
Succession of very fine-grained sandstone and siltstone/mudstone beds of Facies 1.3 at
2.2-3.3 m. D) Normally graded sandstone beds of Facies 1.3 at 2.8 m. E) Ripple
laminated sandstone bed of Facies 1.3 at 3.3 m. F) Sub-parallel laminated sandstone bed
with ripple laminate top at 3.5-3.9 m. G) Low-angle cross-stratification and internal
ripple lamination of Facies 1.7 at 4.0 m.
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Figure Bl. Location map of measured sections through LFuit 1 within Mellen Hill Gully
1.

67



IVlellen Hill Ciiillv 1-1

lacics

10 cm

Silt I Vfs I Fs I Ms I

Figure B2. Measured section through Unit 1 with photos and facies interpretations (see
Fig. B1 for location).
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Figure B3. Measured section through Unit 1 with photos and facies interpretations (see
Fig. B1 for location).
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Figure B4. Measured seetion through Unit 1 with photos and faeies interpretations (see
Fig. B1 for location).
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Figure B5. Measured section through Unit 1 with photos and facies interpretations (see
Fig. B1 for location).
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Figure B6. Measured section through Unit 1 with photos and facies interpretations (see
Fig. B1 for location).
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Figure B7. Measured section through Unit 1 with photos and facies interpretations (see
Fig. B1 for location).
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Figure B8. Measured section through Unit 1 with photos and facies interpretations (see
Fig. B1 for location).
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Figure B9. Measured section through Unit 1 with photos and facies interpretations (see
Fig. B1 for location).
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Figure BIO. Measured section through Unit 1 with photos and facies interpretations (see
Fig. B1 for location).
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Figure Bll. Measured section through Unit 1 with photos and facies interpretations (see
Fig. B1 for location).
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Figure B12. Measured section through Unit 1 with photos and facies interpretations (see
Fig. B1 for location).
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