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ABSTRACT

Accurate three-dimensional description of reservoir architecture using outcrop analogs is ham-
pered by limited exposure of essentially two-dimensional outcrops. This study contains the first fully
three-dimensional description of ancient marine-influenced point bar sandstones of lower delta-plain
distributary channels and is based on the integration of detailed outcrop and drill-hole data, and two-
and three-dimensional ground-penetrating radar data. The studied outcrops are in the Cretaceous
Ferron Sandstone of east-central Utah.

Point bars deposited in marine-influenced, lower delta-plain channels show complex facies and
geometries that resemble both fluvial point bars (upward-fining grain-size distribution and laterally
stacked inclined bedsets), and tidally influenced point bars (extensive mud drapes on the inclined
bedset surfaces and upstream migration of inclined bedsets).

The bankfull width and mean bankfull depth were estimated at 225-150 m (738-492 ft) and at 3.9-
5.2 m (12.8-17.1 ft), respectively. The heterogeneities in these point-bar deposits include mudstone
drapes on the upper bounding surfaces of the inclined bedsets, and mudstone intraclast conglomer-
ates lying on basal erosional scours of inclined bedsets. The spatial distribution of these hetero-
geneities is determined by direct mapping in outcrop in conjunction with modeling ground-penetrat-
ing radar amplitudes by geostatistical techniques. Mudstone layers are generally 5 m (16 ft) in length
in the direction parallel to flow with a small percentage of mudstone layers 15 m (49 ft) in length, and
10 m (33 ft) perpendicular to flow, downdip along the inclined beds. The detailed distribution of het-
erogeneities inside reservoirs potentially affects flow behaviour.

IPetom SA, Campina, Romania; 2Department of Earth and Atmospheric Sciences, Cornell University, Ithaca, New York;
3Geosciences Department, University of Texas at Dallas, Richardson, Texas
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INTRODUCTION

The three-dimensional (3-D) geometry of ancient
point-bar deposits, either in alluvial or coastal channels
is not known directly, but is usually inferred from two-
dimensional (2-D) outcrops (Puigdefabregas and van
Vliet, 1978; Flint and Bryant, 1993) combined with drill-
hole data behind the outcrops (Van Wagoner et al., 1990;
Falkner and Fielding, 1993). Rarely, two or more out-
crops are oriented in orthogonal directions, yielding a
pseudo 3-D view of the deposits. Three-dimensional
geometry of point-bar deposits is better described in
modern rivers deposits than in ancient deposits, but
modern river deposits cannot be mapped below the
water table, and lack complete documentation of the
deposition over large time and space scales typical of
outcrop examples. Studies of modern rivers also lack
information about what is ultimately preserved in
ancient deposits (Jackson, 1976; Bridge, 1985, 1993;
Bridge et al., 1995). Theoretical models are used to pre-
dict variation in 3-D geometry of point bars under dif-
ferent conditions of channel migration (Bridge, 1984;
Willis, 1989, 1993). However, these models are com-
monly simplified and cannot account for all parameters
involved in the development of a point bar (e.g. the vari-
able flow parameters, styles of migration, sediment
load) and do not consider marine-influenced channels.
New methods are needed to test inferred or theoretical
point-bar models with real 3-D examples.

In this study we use 3-D ground-penetrating radar
(GPR), to describe the 3-D internal structure of an
ancient point-bar sandstone. Two-dimesional GPR sur-
veys have been used in both modern unconsolidated
sediments (Gawthorpe et al., 1993; Alexander et al., 1994;
Bridge et al., 1995, 1998; Bristow et al., 2000) and ancient
consolidated sedimentary rocks (Baker and Monash,
1991; Stephens, 1994; Bristow, 1995) to investigate the
internal structure of sedimentary deposits, but true 3-D
GPR studies are few (Beres et al., 1995; McMechan et al.,
1997; Hornung and Aigner, 2000; Corbeanu et al., 2001).

This study presents a detailed 3-D description of
marine-influenced point-bar deposits of lower delta-
plain distributary channels from the Ferron Sandstone
Member of the Upper Cretaceous Mancos Shale in east-
central Utah, by integrating detailed outcrop and drill-
hole sedimentologic data with 100 MHz 2-D and 3-D
GPR data. Published examples of point-bar deposits in
deltaic distributary channels are all 2-D studies and refer
especially to upper delta-plain channels (Elliott, 1976;
Cherven, 1978; Hobday, 1978; Plint, 1983; Fielding, 1984;
Hopkins, 1985).

Generally it is thought that lower delta-plain dis-
tributary channels are rather stable, do not migrate, and
do not form point-bar or meander-belt deposits
(Coleman and Prior, 1982, p. 155). Most fluvial point-bar
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Figure 1. Location of the Corbula Gulch site in the Ferron Sandstone
outcrop belt (the shaded area) along the southwestern flank of the San
Rafael Swell in east-central Utah. X-Y represents the location of
stratigraphic cross section in Figure 2. Paleo-shoreline during dep-
osition of SC7 cycle is represented by hatched area.

models assume an upward overall decrease in mean
grain size (from lag gravel and intraclast conglomerate,
to sand and mud) and of the scale of the sedimentary
structures, and a downstream decrease in grain size
(Allen, 1964, 1970). In reality, fluvial point-bar deposits
show more complexity than most idealized models
(Jackson, 1976, 1978). Also, in relatively low-energy
streams with significant suspended sediment load
(Jackson, 1981), or in streams with minor tidal influence,
muddy layers may drape point-bar surfaces, especially
in the upper part of a point bar (Smith, 1987; Jordan and
Pryor, 1992). In this paper we show that point bars
deposited in marine-influenced, lower delta-plain chan-
nels show complex facies and geometries that share fea-
tures of both fluvial- and tidal-point bars.

REGIONAL SETTING

Ferron Sandstone Stratigraphic Set’cing

The study area is located at Corbula Gulch along the
western flank of the San Rafael Swell in east-central
Utah. The outcrop is in the upper portion of the Ferron
Sandstone known as the "Last Chance Delta" (Hale,
1972; Garrison et al., 1997) (Figure 1). The Ferron
Sandstone Member is one of several clastic wedges that
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Figure 2. Generalized cross section of the upper part of the Ferron Sandstone clastic wedge (after Gardner, 1995). Stratigraphic location of sur-
vey site at Corbula Gulch and the paleo-shoreline are illustrated. See Figure 1 for location of cross section. Letters A to M identify major coal

zones; SC1 to SC7 are short-term stratigraphic cycles.

prograded from the uplifted Sevier orogenic thrust belt
northeast into the Mancos Sea during Turonian time
(Hale, 1972; Cotter, 1975; Ryer, 1981; Gardner, 1992). The
upper portion of the Ferron Sandstone is a deltaic com-
plex that Ryer (1981, 1991) subdivided into seven deltaic
cycles. Gardner (1992, 1995) defined the Ferron delta
complex as a Type-2, third-order depositional sequence
and also divided it into seven stratigraphic cycles, SC1
through SC7 (Figure 2). These cycles were also defined
as parasequence sets by Ryer and Anderson (1995) and
Garrison et al. (1997).

Gardner (1995) described facies tracts in successive
short-term cycles, SC1 to SC3, as progradational, formed
during an intermediate-term relative sea-level fall.
Facies tracts of cycles SC4 and SC5 are aggradational
and formed during a slow relative sea-level rise. Facies
tracts of short-term stratigraphic cycles SC6 and SC7 are
landward stepping and interpreted to be formed during
a rapid relative sea-level rise. Each short-term cycle is
capped by a major coal zone (Figure 2).

Corbula Gulch Stratigraphic Set’cing

The channel complex studied at Corbula Gulch is
12-15 m (39-49 ft) thick and consists of four erosively
based, stacked channel bars within cycle SC7 (Figure 2).
During cycle SC7 the coastline lay 24 km (15 mi) north-
east of Corbula Gulch and became more embayed and
influenced by marine conditions than the progradation-
al cycles (SC1 to SC3) (cf. Ryer, 1991; Ryer and Anderson,
1995; Garrison et al., 1997) (Figure 1). The base of cycle
SC7 rests on the ] major coal zone that caps cycle SC6
(Garrison et al., 1997) and contains fine deposits com-
posed of carbonaceous mudstones, fissile shales, dark-
gray mudstones, coals, and small-scale cross-stratified,
fine-grained sandstones with root traces (Figures 3 and
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Figure 3. Generalized vertical measured section through the lower
delta-plain deposits that underline the sandstone deposits. Vertical
scale is in meters.

4A). In some locations, the uppermost coal bed contains
a 15-cm-thick (6-in.) volcanic ash layer (Figure 4A). The
muddy siltstone deposits contain desiccation cracks,
abundant root traces (Figure 4B), and Teredolites burrows
(Figure 4C). This combination of elements indicates
immature paleosols and suggests a humid depositional
environment.
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Figure 4. (A) Example of paleosols and coal zone with volcanic ash layer that underlie the channel deposits CD1 sandstone; (B) example of root-
ed (arrow), very fine, ripple cross-laminated sandstone; (C) example of Teredolites burrows (arrow) within coalified logs; (D) transgressive lag
deposits containing Ophiomorpha (arrow) that represents the flooding surface (dashed white line FS) that caps SC7.

The mapped location of the paleo-shoreline at only
24 km (15 mi) north (Garrison et al., 1997) and the pres-
ence of marine, wood-boring trace fossils such as
Teredolites, which are common in the underlying flood-
plain at Corbula Gulch, show that the delta plain experi-
enced periodic marine inundation, followed by subaeri-
al exposure. The channel deposits at Corbula Gulch are
thus interpreted to be deposited on a marine-influenced
lower delta plain.

The upper boundary of SC7 is a flooding surface
(Garrison et al., 1997) represented locally by a transgres-
sive-lag deposit containing Ophiomorpha burrows
(Figure 4D). Most of this surface is absent from Corbula
Gulch due to erosion.

METHODS AND DATABASE

The site at Corbula Gulch contains two cliff faces ori-
ented approximately east-west and north-south (Figure
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5). The cliff faces present horizontal and vertical expo-
sures of about 1000 m (3300 ft) and 15 m (50 ft), respec-
tively.

In order to reference the data in space to a unique
datum, the study area was mapped in absolute coordi-
nates using a combination of global positioning system
(GPS) and a laser range-finder system (Xu, 2000). An
accurate terrain model was generated (Xu, 2000).

The Ferron Sandstone is tilted a few degrees toward
the northwest in the Corbula Gulch area. To represent
the true depositional dip of the bedset surfaces we
removed the regional dip of the Ferron outcrop. To
compute this regional dip of the Ferron at the Corbula
Gulch site, the J coal horizon was assumed to have been
horizontal initially. The coal horizon was mapped at dif-
ferent outcrop locations with decimeter accuracy over a
1 km? (0.6 mi?) area around Corbula Gulch using a laser
range finder, referenced to absolute GPS positions (Xu,
2000). A plane is fitted through the range-finder points
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Figure 5. Map of the GPR survey site at Corbula Gulch showing the
location of the 3-D GPR surveys and 2-D GPR lines on the flat mesa
top related to the cliff-face outcrop positions. CG1 to CG10 are loca-
tions of measured stratigraphic sections at the cliff face. CGI to
CGVI are location of short measured sections at the cliff face. W3
through W6 are locations of drill holes from which cores were
extracted.

with known (x, y, z) coordinates yielding a strike of 038°
and a dip of 2.5° northwest (Xu, 2000). The regional dip,
computed at Corbula Gulch, is very similar in magni-
tude and orientation with the regional dip of the Ferron
documented by previous workers (Ryer, 1981; Barton,
1994; Garrison et al., 1997).

Clitf-Face and Drill-Hole Data

The geologic data collected at Corbula Gulch
include detailed facies maps both the east-west and
north-south-oriented outcrops (Figures 5 and 6), ten
stratigraphic sections (CG1 through CG10) evenly
spaced along both outcrops (Figure 6), and four 16-m-
long (55-ft), 6.3-cm (2.5 in.) cores obtained from drill
holes behind the outcrops (W3 through W6). The
bounding surfaces identified in the outcrop were also
correlated with drill-hole cores. Paleoflow measure-
ments from cross-strata are also recorded (Figure 6).

In order to describe inaccessible exposures we used
a telescope with 60X magnification. Where possible we
accessed the outcrop directly to document in detail the
mudstone drapes and mudstone-intraclast conglomer-
ate layers inside the channel deposits. The mudstone
and mudstone-intraclast conglomerate layers are inter-
preted as the most important potential fluid-flow barri-
ers within channel-sandstone reservoirs and were
mapped in detail.
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Permeability measurements were performed on core
plugs extracted from the outcrop along each stratigraph-
ic section at a sample spacing of 0.1 m (0.3 ft). A probe
permeameter was used to test one end of each core plug.
The permeability measurements on drill-hole cores were
made at sample spacing of 0.05 m (0.16 ft) using a com-
puter-controlled, stage-mounted, electronic probe per-
meameter.

Grouncl~Penetrating Radar Data

Grou ncl-Penetrating Radar Overview

Ground-penetrating radar is a high-resolution geo-
physical technique that is based on recording the energy
from an electromagnetic pulse that is reflected and dif-
fracted at natural boundaries that have high contrast in
electromagnetic properties (Davis and Annan, 1989).
For ancient sedimentary rocks of mixed sandstone and
mudstone lithology, the depth of penetration and verti-
cal resolution can be on the order of 10-15 m (33-49 ft)
and 0.25-0.5 m (0.82-1.6 ft), respectively, depending on
the recording frequency and the electrical properties of
the rocks (Szerbiak et al., 2001). The maximum depth of
penetration depends on attenuation of the GPR signal.
The attenuation decreases as the effective electrical resis-
tivity increases and as the signal frequency decreases.
The vertical resolution depends on the propagation
velocity of electromagnetic waves and the signal band-
width, which in turn depends mainly on the complex
dielectric permitivities of the materials encountered and
the dominant frequency in the source, respectively
(Davis and Annan, 1989). There is always a trade off
between maximum depths of penetration, obtained at
low frequencies (e.g., 25 or 50 MHz) and the minimum
dimension of features that are resolved at high frequen-
cies (e.g., 200 MHz or more).

Flat, barren mesas, like those found at the top of the
Ferron Sandstone outcrops, represent optimal environ-
ments for application of GPR technology. A shallow
ground-water table will strongly attenuate the GPR sig-
nal in the saturated zone below the water table. In well-
drained semi-arid environments, such as the site dis-
cussed in this paper, the water table is sufficiently deep
that it is not the limiting factor for optimizing the depth
of penetration.

Grou nd—Penetrating Radar Acquisition
and Processing

The GPR survey covers three different orders of
areal extent frequently used in flow-simulation studies,
and consists of 2-D and 3-D GPR data sets (Figure 5).
The dimension of one large grid unit in a reservoir
model, equivalent to an inter-well distance, is covered
by the large 2-D GPR grid in Figure 5. The dimension of



R.M. Corbcanu, M.C. Wizcvich, J.P. Bhattaclﬁarga, X.Zeng, and G.A. McMechan

sjaspaq pauljoul jo soeuns Buipunog ——

0 susodsp [puueyS JO 30EUNS BUIPUNOY ———

uonoes olydeibiens painsesw 9D

(zL 'Bi4 pue 6 'B14) e3P YD U0 pajeidisiu] S8OBLNS slespeq _H_

ss|
d owimp sjisodap uiejd-ej@p Jamoj d owlpp

12 az — g

e
Bz qc e A &

1as

¢asn

3
-

/N

= (w 95°¢-) 019D
— alelaWo|Buos siseoelul SUCISPNN l
ouosPniv [
5 2UOJSPNW PUEB 3UOISYIS ‘sUo)SpUES
3 (W £6°7-) 690 PaleNs-5S010 B[e0S-|[eWS Jo Siehepeiul Yoy-w)
auoISpUES pales ssolo-a|ddu =]
(wz1°z-) 89D auojspues peppag-ssolo ybnoy pautelb-euld 7]
w 05 sz 0 €00 4o sysodap pajequassyipun [ auolspues pappaq-sso1d yBnox paulelB-auy o} -lamorWnIPe [T
1@ Jo susodep pejenueseyipun [l euCIsPUES PEPPaQ-sS0I9 YBNoL PauleIB-esie0o 0} ~ieddn-winipe [T
auojspuEs Pappag-ssolo YBnol} pauleib-asie0d Aiaa 0} -asiecd [

¥as

(w 69°0-) 9D

A

89D nun
jun ujeises yun [epued ulsjsem —>
M

v

432



Q 'S3aYOVAq UL UMOYS SI DIVP YD Y} JO wnjup aouais
n .
£ ~Jou ay3 wioaf 1013038 paunsvau yova Jo yidap ay ] azis UL puv SaANJonis Avjuaniipas Jo sjuap ya umoys aiv vy ff110 ayj v (1amoj) suo1g2as oydpiSviis NQ&:\M&S ayr g W&:ME%E
!m uMoys s1 Aaans Y Jo) ayj 0§ aayvjaL aovf fJi1d y3iou-ynos (g) puv ‘auf ff11o jsva-jsam () ayj Jo uorgisod ayJ ‘yojno) vinqio) jv sawf ff11o ayj Jo (1addn) dvwi saronf Aavjuaniipas -9 aindiy
Q
ﬁ sjespaq pauloul jo eoepns Bulpunoq ——
g d ow sjisodap |puueYd Jo aoBUNS BUPUNOY —
W - spsodap ule|d-ejjap Jamoj " uonoss oydeibness painsesw |99
Wy
5 H: (z1 Bid pue 6 i) e1ep ¥dO UO palaidialul seoepns sispaq ]
9 ﬁ. el Eg.m. 1 Fst
&
8] Foek s T
o =
.rmw L = Si
,m R = vt d ow
Dp_w —16 ——t
- = =
- 2 =
5 — Lao
g . —
I ==
g oL T “+ + ¥
k= - ;
D = =
3 ; =N = == £ao
rc.lu ¥ — ] == —
@ ,.,.w...-r. = = —
n,m =—=Ll¢ == =
< K =
© — zas _ =
5 =40 ne =
g =8 A-92 A 90
B (w2g'27) 190 - g _— =
8 = N9 . 0
= — (W ygZ) ¥
£ (wgs'y-) €90
) €00 Jo sysodep pejenuaieyipun [ auojspues paijelis ssolo-s|ddu —
© (wgre)zoo L3O Jo sysodap pejejuaieyipun [N auospues psppag-ssolo ybnoly pautesb-suly [
auojspues pappaqg-sso1o YBnox paureb-auy o} -lemol-wnipei [
Be io|lica SIpER I BUCIPIN E= auojspues pappaq-sso.io ybnosy pauieib-asieod o} -laddn-wnipsiy ||
et I auojspues pappeq-ssoid ybnol} paulelf-esieod Aish o} -esieo) [
auo}spnu pue auolsyis ‘sucspues ) .
Paynens-sso.0 ajeds-ews Jo siekepslul YU WD B en 0

N uibiew [puUBYD / JUBGIND

433



R.M. Corbcar\u, M.C. Wizevich, J.P. Bhattacharya, X.Zeng, and G.A. McMechan

a typical voxel (volume pixel) in a reservoir flow simu-
lator (Dreyer, 1993; Lowry and Jacobsen, 1993) is repre-
sented by the small 3-D GPR volumes in Figure 5. To
link the two sets of GPR data, a third survey of 2-D GPR
lines of intermediate scale was acquired.

We recorded two 3-D common-offset digital GPR
data sets (50 m x 28 m [164 ft x 92 ft] and 31 m x 22 m
[102 ft x 72 ft], respectively) with inter-line and inter-
trace spacing of 0.5 m (1.6 ft). A survey consisting of 100
m x 100 m (328 ft x 328 ft) grid of 2-D common-offset
GPR lines oriented north-south and east-west at 10 m (33
ft) spacing between lines, and 0.25 m (0.82 ft) spacing
between traces on each line was also acquired (Figure 5).
Finally, we recorded a 375 m x 550 m (1230 ft x 1806 ft)
grid of 2-D common-offset GPR lines oriented north-
south and east-west with 75 m (246 ft) spacing between
lines, and 0.5 m (1.6 ft) spacing between traces on each
line. A PulseEKKO IV GPR system with a transmitter
voltage of 1000 V was used to collect all GPR data sets.
The half-wave dipole antennas were oriented parallel to
each other and perpendicular to the survey lines at an
offset of 3 m (10 ft) and a central recording frequency of
100 MHz (resulting in a vertical resolution of about 0.5 m
[1.6 ft]) in all surveys. Common-midpoint data were col-
lected at 50, 100, and 200 MHz to determine optimal
recording parameters and to estimate the propagation
velocity. Drill-hole GPR data sets were recorded at four
drill holes (Figure 5) to allow high-accuracy estimation
of the vertical velocity distribution within the 3-D GPR
volumes (Hammon et al., 2002).

All GPR data sets were pre-processed and the two 3-
D GPR cubes and intermediate grid of 2-D lines were
depth migrated before interpretation. Pre-processing
included trace editing, direct wave removal (to reduce
near-surface interference), time zero correction, band-
pass filtering (to discriminate high-frequency events
associated with subtle sedimentary features from high-
amplitude energy near the median signal frequency),
topographic corrections, and gain analysis (to compen-
sate for the rapid attenuation of the signal). The pre-pro-
cessing techniques used in GPR surveys are fully
described by Szerbiak et al. (2001). Velocity analysis
included estimation of one-dimensional vertical velocity
profiles at wells and measured sections, and interpola-
tion between these profiles to obtain a 3-D velocity
model. Finally, a 3-D pre-stack Kirchhoff depth migra-
tion was applied to provide direct and accurate 3-D cor-
relation of the geologic features and the GPR reflections.
The vertical sampling of the depth migrated data is 0.1
m (0.3 ft). Due to signal attenuation in the mudstone lay-
ers in the first few meters below the surface, the 100
MHz GPR data had a maximum penetration depth of
about 10 m (33 ft), so we are able to investigate with the
GPR only the inclined heterolithic beds of the channel
deposits.

434

General Grou nd—Penetrating Radar lnterPretation

The similarities between GPR data and seismic data
allow the procedures developed for interpreting 3-D
seismic data (Brown, 1996) to be successfully utilized in
3-D GPR investigations (Beres et al., 1995; Hornung and
Aigner, 2000; Corbeanu et al., 2001). Both 3-D GPR vol-
umes at Corbula Gulch were examined repetitively on
in-line and cross-line profiles and on horizontal slices to
spatially map the inclined beds observed in outcrop.
Unlike 2-D lines that may or may not be recorded paral-
lel to the dip direction of the beds, a 3-D cube may be
sliced arbitrarily according to different azimuths sug-
gested by the sedimentologic interpretation. Also,
detailed interpretation of the 2-D GPR intermediate-
scale data set was possible by interactive correlation
with the 3-D GPR interpretation using seismic interpre-
tation software that permitted a direct link between dif-
ferent 2-D and 3-D data sets. Ground-penetrating radar
interpretation is built on the principles used in seismic
stratigraphic interpretation (Vail, 1987; Gawthorpe et al.,
1993; Corbeanu et al., 2001; and many others). For exam-
ple, a radar facies is similar to a corresponding seismic
facies; both are units mapped in 3-D with distinct shape
and composed of groups of reflections with specific con-
figuration, continuity, amplitude, frequency, and inter-
val velocity, recognizably different from adjacent
radar/seismic facies (Baker and Monash, 1991;
Gawthorpe et al., 1993). A radar sequence is used in this
paper to describe a relatively conformable succession of
GPR reflections that are discordant with surrounding
reflections. The discordances match the erosional sur-
faces associated with different channel elements.
Ground-penetrating-radar reflections can be generated
at bedding planes, fracture planes, or any other bound-
ary separating rock types with different electrical prop-
erties. Electrical properties of a rock correlate mainly to
lithologic composition (sand/clay ratio, grain size, sort-
ing, etc.) and water saturation, which is generally a
measure of permeability and porosity of rocks (Knight
and Nur, 1987; Annan et al., 1991; Rea and Knight, 1998).
The main geologic surfaces that produce GPR reflections
at Corbula Gulch are layers with high clay content as
mudstone drapes and mudstone-intraclast conglomer-
ate layers. We also made use of various GPR attributes
such as instantaneous amplitude, frequency, and phase
to recognizing complex interfaces of layers with small
thickness (Tanner et al., 1979; Robertson and Nogami,
1984).

SEDIMENTARY FACIES

Four channel deposits (CD) were identified within
the sandstone body and are referred to as channel
deposits CD1 to CD4, in ascending stratigraphic order
(Figures 7A and 7B). These channel deposits are com-
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Figure 7. Outcrop examples of channel deposit CD1. (A) Channel bar
composed of upstream climbing trough cross-beds (paleoflow is toward
right) and draped by a thin mudstone layer with rare Skolithos burrows.
(B) centimeter-thick alternation of fine-grained, ripple cross-stratified
sandstone, siltstone, and mudstone with rare burrows.

posed of a set of more-or-less conformable, large-scale 1985). The presence of some brackish-water burrows
inclined bedsets and have erosional basal surfaces. Each suggests marine influence during channel abandon-
channel deposit is characterized by complex internal fea- ment. The upward climbing of the cross-bed co-sets in
tures including lithofacies, bedding features, and ero- the upstream portion of the barform (Figure 7A) implies
sional features, and distinctive external shapes. Channel that sedimentation rates were high and that bar accre-
deposit CD2 is characterized also by internal GPR fea- tion occurred both in an up-current and down-current
tures of specific radar facies, and GPR reflection termi- direction (Bridge, 1985; Miall and Turner-Peterson,
nation at the bounding surfaces. 1989). The uniform nature of trough cross-bedded sand-
stone of CD1 and the low variance of the paleocurrent

Channel DCPOSﬂ: 1 data (Figure 6) suggest that CD1 was deposited in a low
sinuosity distributary channel. The fine-grained

The lowermost channel deposit in the succession, deposits in the upper part represent the abandonment

CD1, varies in thickness from 0-7 m (0-23 ft) and has a stage of the distributary channel (Figure 7B).
basal erosion surface (Figure 6). Channel deposit CD1 is

tabular to lenticular and is truncated by basal erosional Channel DCPOSit 2

surface of CD4 and CD3 (Figure 6). The paleoflow direc-

Fion measured from trough Cross—beds and basal scours Sedimentolo gjc Des cripti on
is toward the north-northwest (azimuth 310° to 350°).

Channel deposit 1 consists mainly of trough cross- Channel deposit 2 consists of a series of low-angle,
bedded sandstone and planar cross-bedded sandstone inclined bedsets dipping apparently toward the east
that in places form 1-2 m (3-6 ft) thick, coarsening- or fin- (Figure 6A) that are similar to the inclined heterolithic
ing-upward co-sets. Trough cross-beds in CD1 typically stratification (IHS) and inclined stratification (IS) of
climb in an upstream direction (Figure 7A) and the co- Thomas et al. (1987). Channel deposit 2 has a generally
sets are draped locally by centimeter-thick mudstone erosive base with moderate local relief, and cuts into the

layers containing Skolithos burrows (Figure 7A). These underlying deposits of CD1. Channel deposit 2 cuts
mudstone drapes extend for 15-20 m (49-66 ft) in the directly into underlying muddy delta-plain deposits in
paleoflow direction (Figure 7B). The upper part of CD1 places where it removes CD1 (Figure 6A). Channel

is a 0.25-0.5-m (0.8-1.6-ft) thick alternation of thin, fine- deposit 2 has a tabular shape and a mean thickness of

grained, ripple cross-stratified sandstone and/or silt- about 7 m (23 ft), and is truncated toward the east and

stone, and mudstone. In the fine sandy and silty layers south by CD3 and on top by CD4 (Figure 6). Toward the

are rare Skolithos, Planolites, and Thalassinoides burrows. north, CD2 cuts into another unit composed of inclined
The mudstone-draped co-sets in the lower part of bedsets dipping south (Figure 6B).

CD1 are interpreted as abandoned fluvial bars (Bridge, Each inclined bedset cuts erosionally into the under-

435



R.M. Corbcanu, M.C. Wizcvicl'l, J.P. Bhattacharya, X.Zeng, and G.A. McMechan

Figure 8. Facies and trace fossils characteristic of channel deposit CD2. (A) Mudstone intraclast conglomerate along the erosional basal bound-
ing surfaces of an inclined bed; (B) Teredolites burrows common within the fossilized log fragments within the basal conglomerate; (C) trough
cross-bedded sandstone, ripple cross-laminated, fine-grained sandstone/siltstone and mudstone facies succession typical of inclined beds within
CD2; and (D) Skolithos and Arenicolites burrows in the upper parts of the inclined bedsets.

lying inclined bedset and forms an accreting unit.
Commonly, the basal bounding surface of the inclined
beds contains mudstone intraclast conglomerates along
scours (Figure 8A). The mudstone intraclast conglomer-
ate beds can locally reach more than 1 m (3 ft) thickness
within deep scours and can contain mudstone clasts and
woody debris up to 0.5 m (1.6 ft) long. The coalified
woody debris commonly contains extensive Teredolites
burrows (Figure 8B). Laterally, mudstone intraclast con-
glomerate beds have small extent up to 4-5 m (13-16 ft)
in outcrop. Inclined bedsets fine upward and generally
contain trough cross-bedded to ripple cross-laminated
sandstone and decimeter-thick alternation of silt-
stone/mudstone beds and mudstone drapes (Figure
8C). The siltstone/mudstone beds and mudstone
drapes are 0.1-0.2 m (0.3-0.7 ft) thick, but extend
downdip, parallel to the inclined surfaces of the beds, up
to 7-8 m (23-26 ft) and occasionally more than 10 m (33
ft) in outcrop. Rare Skolithos, Arenicolites, (Figure 8D)
Planolites, and Thalassinoides burrows occur in the upper,
fine-grained parts of these inclined bedsets.

In the west-east outcrop we identified three different
units of inclined bedsets characterized by specific grain-
size, thickness of beds, and facies (Figure 6A).

The western-most unit of inclined bedsets (Figure
6A) is about 6 m (20 ft) thick and consists of bedsets dip-
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ping at 5° east. The thickness of each inclined bedset is
between 1 and 2 m (3 and 6 ft). Internally, these inclined
beds consist mostly of low-angle to parallel-laminated
and rarely trough cross-bedded sandstone, and ripple
cross-laminated, fine-grained sandstone. In the most
western part of this unit, the inclined bedsets are com-
posed entirely of fine-grained, ripple cross-laminated
sandstone. Each inclined bedset has an erosional basal
bounding surface with mudstone intraclast conglomer-
ate along scours and is capped by a decimeter-thick
mudstone layer. In the eastern part of the unit, the mud-
stone intraclast conglomerate is more common along the
erosional scours than in the western most part. Overall,
within the bedset unit, there is a decrease in mudstone
content laterally, in the direction of bed dip. Paleoflow
direction measured from trough cross-beds is north
(azimuth of 355° to 015°).

The central unit of inclined bedsets (Figure 6A) is
about 7 m (56 ft) thick and consists of bedsets dipping
more steeply at 8-10° eastward. The thickness of each
inclined bedset is between 1.5 m and 3 m (4.9 ft and 10
ft), and the mean thickness of the trough cross-bed sets
is about 0.14 m (0.46 ft) with an overall, upward thinning
of the cross-bed sets (CG9 in Figure 6A). The inclined
bedsets consist of very coarse- to medium-grained,
trough cross-bedded sandstone to fine-grained, ripple



cross-laminated sandstone. Locally, decimeter-thick
mudstone drapes separate the inclined beds. The lower
part of the unit of bedsets is mainly composed of coarse-
to very coarse grained trough cross-bedded sandstone
with mudstone intraclast conglomerates scattered along
foresets. Locally, the upper part of the central unit of
bedsets consists of fine-grained, ripple cross-laminated
sandstone. Overall, within the unit of bedsets, there is a
decrease in grain size upward and in the direction of
bedset dip. The paleoflow measured from trough cross-
beds is toward the northwest (azimuth 320°).

The eastern-most unit of inclined bedsets (between
CG8 and CG?7 in Figure 6A) is about 6 m (20 ft) thick and
consists of bedsets dipping less steeply than the central
bedset, at 5° toward the east. Thickness of inclined bed-
sets ranges from 1-1.5 m (3-4.9 ft), and the mean thick-
ness of the trough cross-bed sets is 0.13 m (0.43 ft). Each
inclined bedset consists of medium-grained, trough
cross-bedded sandstone to very fine grained ripple,
cross-laminated sandstone to mudstone. Within each
inclined bedset there is a distinct upward-fining trend
perpendicular to the inclined bounding surface of the
bedset. The basal bounding surface of each bedset is
erosional and is locally overlain by mudstone intraclast
conglomerate. Mudstone drapes are parallel with the
inclined bounding surface of the bedsets and is locally
discontinuous due to erosion. Overall there is more
mudstone in the central and eastern part of this unit of
bedsets. Paleoflow measured from trough cross-beds is
northwest (azimuth 330° to 335°).

Part of the eastern-most unit of inclined bedsets
crops out in the north-south cliff face and the inclined
beds are nearly horizontal, slightly convex upward sur-
faces. Each inclined bed consists of medium-grained,
trough cross-bedded sandstone and in the southern part
of the outcrop of coarse- to medium-grained, trough
cross-bedded sandstone to fine-grained, ripple cross-
laminated sandstone to mudstone. In places, especially
toward the central and northern part of the outcrop, the
inclined beds consist only of medium-grained to fine-
grained sandstone. The mudstone drapes are discontin-
uous and present mostly in the southern and northern
part of the outcrop. Paleoflow measured from trough
cross-beds is generally northwest and varies vertically
from azimuth 310°, 320°, and 330° in the lower part of
the bedset to 345° and 350° in the upper part.

GrouncJ~Penctrating Radar lntcrpreta’cion

The GPR interpretation is focused on CD2. The
bounding surface between CD2 and CD4 on the GPR
record is not a continuous reflection, but a surface that
envelops the truncations and toplap terminations of the
oblique reflections below (Figures 9 and 10). The bound-
ing surface between CD2 and underlying CD1 is a com-
posite reflection produced by the downlapping termina-
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Figure 9. Ground-penetrating radar traverse line from CG8 to CG4
through both 3-D GPR volumes (Figure 5). The middle portion,
between W4 and W3, is a 2-D GPR line that links the interpretation
from the two data cubes. (A) Uninterpreted and (B) interpreted
GPR reflections as inclined surfaces (0 to V) within CD2. Surfaces
B and C are respectively the basal and top bounding surfaces of CD2.
Notice the inclined, continuous, high-amplitude reflection that char-
acterizes the main radar facies within CD2 (also in Table 1).
Rectangular insets show examples of composite reflections resulting
from constructive interference from thin layers. These composite
reflections are resolved in the GPR instantaneous amplitude display.
(C) Cross section showing the correlation between the 3-D GPR
interpretation and the outcrop and drill-hole lithologic columns.
CG8 and CG4 are projected from 6 m (20 ft) and 10 m (33 ft), respec-
tively, onto the GPR profile.

tions of the inclined reflections with long tangential toes.
Mudstone drapes on the top surface of inclined bedsets
produce good contrast in electrical properties and give
rise to readily identifiable GPR reflections. The mud-
stone intraclast conglomerate beds at the bases of the
inclined bedsets can also produce GPR reflections. The
surfaces separating cross-stratification sets can produce
GPR reflections if there is significant variation in grain
size, but the electrical contrast is very small, and the
reflections have low amplitudes and are discontinuous
(Gawthorpe et al., 1993; Bridge et al., 1995; Corbeanu et
al,, 2001). In many cases these boundaries do not have
the same orientation and dip as the inclined bedsets, and
interfere constructively or destructively with the
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stronger reflections given by the inclined bedsets pro-
ducing composite reflections.

Ground-penetrating radar interpretation of the three-

dimensional data sets: Channel deposit 2 represents a
radar sequence composed of high-amplitude, continu-
ous, oblique GPR reflections dipping at an angle of 6-8°
northeast (Figures 9A and 9B). Each inclined bedset was
identified on outcrop (Figure 9C) and then interpreted
throughout both 3-D GPR volumes. Where the inclined
beds are thinner than the vertical resolution of 0.5 m (1.6
ft), composite reflections can cause interference of high
positive or negative amplitudes due to tuning effects.
These composite reflections were interpreted by analyz-
ing other GPR attributes like instantaneous amplitude
(Figure 9B).

A horizontal slice through both volumes at a depth
of about 5 m (16 ft) shows the general structure of dip-
ping beds toward the northeast, consistent with the sed-
imentologic interpretation (Figure 11). There is a slight
change in the strike of the inclined reflections from Grid
B to Grid A, from azimuth 340° to azimuth 320°, respec-
tively. The radar facies interpreted to compose the radar
sequence CD2 in the 3-D GPR volumes are presented
and described in Table 1.

Position, m

1
9 Relative
5 Amplitude

Figure 10. (A) Uninterpreted and (B) interpreted GPR line from the
intermediate (100 m x 100 m [328 ft x 328 ft]) 2-D GPR grid (Figure
5). The interpretation shows a series of inclined surfaces dipping east
and correlating with the 3-D GPR cubes (Figure 9) and outcrop
(Figure 6). Recognized GPR facies are described in Table 1. CG7 to
CG9 are the projections of the measured sections at the cliff face onto
the GPR lines. Surfaces B, C, and 0 to VII are the same as in Figures
6and 9.

A Relative
A Borehole location o, CG4 Amplitude
LA
O Stratigraphic measured section
\? Strike and dip of inclined beds
ﬁ)utcrop position
CG9
B
351
0 25 50m
s =
Figure 11. (A) Horizontal slices through both GPR cubes at 5 m (16 ft) depth. The
Paleoflow rose-diagram strike and dip of the inclined beds interpreted directly from the slices is consistent

with paleoflow measured from the outcrop (B).



Table 1. Radar vs. sedimentologic facies of point-bar deposits.

3-D Architecture of Point Bars Using Grouncl-Pcnctrating Radar, Ferron Sandstone-

GPR Reflection Configuration

Radar Pattern

Sedimentologic description

High amplitude, oblique, parallel
reflections

Lateral accreting surfaces of point bar
Inclined Heterolithic Stratification
(view perpendicular on depositional dip)

High amplitude, oblique, continuous,
concave upward reflections

Lateral accreting surfaces of point bar
Inclined Heterolithic Stratification
(view perpendicular to depositional dip)

High and low amplitude, mounded
reflections

Lenticular sandstone developed on the down-
stream accreting part of the point bar

(view parallel to depositional dip)

High and low amplitude, hummocky

Accretionary topography on the point bar sur-
faces

reflections

Mudstone intraclast conglomerate bodies
accumulated at the base of scours

(

Low amplitude, chaotic reflections

~ %= — 1| |Massive and/or cross-bedded sandstones

without significant variation in grain size

i

Geostatistical analysis of three-dimensional ground-

penetrating radar amplitudes: To quantify the lateral
extent of mudstone and conglomerate layers inside CD2,

assumed to mimic the continuity of the corresponding
GPR reflections, experimental variograms are computed
from the GPR relative amplitude data. Variogram mod-
eling has been successfully used by Rea and Knight
(1998) and Corbeanu et al. (2001) to characterize hetero-
geneities of the subsurface in 2-D and 3-D, computing
the correlation lengths of radar reflections along maxi-
mum and minimum correlation directions. The assump-
tion is that there exists a link between the lithology of
layers and their electrical properties and thus a relation-
ship between lithology and the correlation structure of
GPR reflections. This spatial relationship can be
expressed through standard variograms, a measure of
the spatial autocorrelation of a regionalized variable
(Rea and Knight, 1998; Corbeanu et al., 2001). The
experimental variograms are computed from GPR rela-
tive amplitudes within the 3-D GPR facies of inclined
reflections of CD2, using the equation:

Y= (1/2N(h)Z(xy;)? 1

where Y is the computed variance of GPR amplitudes, h
is the separation distance between two data points (the
lag), N(h) is the number of pairs of data points separat-
ed by h, x; is the data value at one of the points of the
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i-th pair, and y; is the corresponding data value at the
second point (Deutsch and Journel, 1998).

The maximum correlation direction of the 3-D GPR
amplitudes was inferred from the dip and strike of the
inclined beds measured in outcrop, which average 8°
and 340°, respectively. The minimum correlation direc-
tion is perpendicular to the maximum correlation direc-
tion. The experimental variogram along the maximum
correlation direction is modeled with a simple exponen-
tial structure with the parameters: sill = 1.13, nugget =
0.2, and range = 10 m (33 ft) (Figure 12A). Ground-pen-
etrating radar reflections are a direct response of the
existence of a contrast between the mud drapes (or mud-
stone intraclast conglomerate beds) and the surrounding
sandstone, and so the correlation of the GPR amplitude
correspond, generally, to the continuity of the mudstone
or mudstone intraclast conglomerate layers. The range
of 10 m (33 ft), derived from modeling the variogram of
GPR amplitudes, is comparable with the lengths of the
mudstone drapes and mudstone intraclast conglomerate
layers measured in outcrop in the dip direction. The
experimental variogram along the minimum correlation
direction is modeled with a nested structure composed
of an exponential model with sill = 0.95, nugget = 0.0,
and range = 5.3 m (17.4 ft) combined with a gaussian
model with sill = 0.15, nugget = 0.0, and range = 18 m (59
ft) (Figure 12B).
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Figure 12. Experimental variograms (squares) and fitted models (continuous line) derived from the GPR amplitudes and shown along (A) max-
imum and (B) minimum correlation directions within CD2; the results of the variogram analysis are also presented. The nugget is the nonze-
ro y-intercept of the experimental variogram. The sill is a constant at which the variance no longer increase and flattens. The range is the max-
imum distance at which the data are no longer correlated and the sill is obtained. For definitions of symbol used in the figures see equation 1 in

the text.

Ground-penetrating radar interpretation of the two-

dimension intermediate scale data set: The main radar
sequence interpreted on the intermediate scale GPR grid
corresponds also to CD2 in outcrop. The radar facies
consist mainly of inclined, parallel reflections and
inclined, concave upward reflections in the direction
parallel to the dip of inclined beds (Figure 10). Other
radar facies containing hummocky, distorted, chaotic,
and less common, mounded reflection configurations
were identified on the direction parallel to the paleoflow
(Table 1). Each radar facies characterizes different parts
of the inclined beds. The hummocky, distorted, and
chaotic radar facies are characteristic of the basal down-
lapping end of the inclined beds. The geometry of the
inclined surfaces (Figure 10) show beds dipping
between 3° and 7° east, perpendicular to the direction of
the flow.

Ground-penetrating radar interpretation of the two-

dimensional large scale data set: Only large scale fea-
tures (GPR sequences) were interpreted in the largest 2-

D GPR grid (Figure 5). This large grid was not migrated
in depth like the previous GPR data sets due to lack of
velocity information and well ties in the northwestern
part of the survey (Figure 5). A simple time-to-depth
conversion was applied using an average velocity of
0.1 m/ns.

Four different radar sequences were identified in the
largest GPR grid. The radar sequence, corresponding to
CD2 in outcrop, is composed mainly of inclined, parallel
to concave upward reflections identified in the eastern
and southern part of the grid (Figure 13). To the north,
the CD2 radar sequence pinches out against a radar
sequence composed of inclined, parallel reflections

440

apparently dipping south. The radar sequence of CD1 is
composed mainly of hummocky reflections (Figure
14A). To the west, the CD2 radar sequence is truncated
also by a radar sequence containing exclusively hum-
mocky reflections, probably representing the infilling of
a younger channel (Figure 13B). Only the nearest 2-D
GPR lines from the outcrops were interpreted on the
large scale GPR grid, because the rest of the grid was not
suitable for detailed interpretation due to coarse sam-
pling and lack of geologic control.

lntegratecl Sedimentologic and
Ground~Penctrating Radar lntcrprc’cation

Correlating outcrop, drill-hole, and GPR data allows
the relationship between vertical facies successions of
the inclined beds in CD2 and their lateral geometry to be
established. Two bounding surfaces from the central
inclined bedset (surfaces VI and VII in Figures 6 and 14)
and six bounding surfaces from the eastern-most bedset
(surface 0 to V in Figures 6 and 14) were interpreted in
outcrop, drill-hole, and GPR data.

The interpreted inclined surfaces migrate laterally
from west to east, and also upstream (Figures 14 and 15).
The strike of the inclined beds is essentially parallel with
the paleoflow and rotates from a northwest-southeast
direction within the central bedset (inclined surfaces VI
and VII) to a north-south direction within the eastern-
most bedset (inclined surfaces 0 to V). The inclined beds
extend more than 250 m (820 ft) in the direction of flow
based on information from the 2-D GPR large grid and
north-south outcrop. This suggests that CD2 is located
near the outer bank of the channel (Figures 6B and 13A).

The inclined beds of CD2 were most likely deposit-
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Figure 13. Two-dimensional GPR lines from the largest GPR grid parallel with the (A) south-north and (B) east-west cliff face (Figure 5). The
uninterpreted and interpreted versions are displayed for correlation. CD2 deposits pinch out north against the channel cut-bank (see also Figure
6B). The westward truncation of CD2 is interpreted only from GPR data. Black arrows show the inclined beds within CD2. CG1 to CG10 are
the projections of the measured sections at the cliff face onto the GPR lines.

ed by lateral and upstream accretion of a point bar with-
in a highly sinuous distributary channel with paleoflow
essentially toward the north-northwest. However,
upstream migration of point bars is mostly described in
tidal creeks (Thomas et al., 1987), although examples
from braided rivers have also been described (Bristow,
1993). The paleocurrent directions measured in CD2 are
essentially unidirectional, unlike the tidal channels that
typically show bimodal paleoflow directions (Thomas et
al., 1987). The marine incursions observed in CD2 are
thus interpreted as seasonal, representing times of river
flooding, rather than tidal. The muds drape bar-scale
features rather than occurring at the scale of individual
cross-strata such as the double mud drapes and sig-
moidal cross-stratification diagnostic of tidal stratifica-
tion (e.g. Nio and Yang, 1991). No tidal bundles, tidal
rhythmites, nor double mud laminae were observed.
Extensive bioturbation by Teredolites on large logs
deposited on the basal, erosional scours of the inclined
beds and within the underlying delta plain suggests
marine influence (Bromley et al., 1984). The location of
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the coastline 24 km (15 mi) from Corbula Gulch made
possible a deposition on the lower delta plain affected by
repetitive incursion of marine waters, probably related
to times of seasonally low discharge. Bioturbation like
Planolites, Thalassinoides, Skolithos, and Arenicolites in the
siltstone/mudstone layers draping the inclined beds are
also indicative of brackish water influence suggesting
mixing of river and marine waters (Pemberton et al.,
1992).

Paleogeome’ay of the Point-Bar Deposits

The most important parameters for estimating the
dimensions of a meandering paleochannel are the maxi-
mum horizontal width of one inclined bed measured in
direction perpendicular to the flow and the vertical
depth from the toe to the top of the inclined beds
(Ethridge and Schumm, 1978). These widths and depths
are the expression of the bankfull channel width and the
maximum bankfull channel depth, respectively
(Ethridge and Schumm, 1978). The horizontal width (W)
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Figure 15. Vertical cross sections (A) perpendicular and (B) parallel to the flow through the interpreted point bar CD2 at Corbula Gulch. Grey
lines are estimated inclined surfaces before erosion; (C) reconstruction of channel margin and inclined surfaces (VII to 0) in horizontal section
at 7-m (23-ft) depth. Continuous lines are interpretation from the GPR data, dashed lines are inferred based on the local trend of each mapped
inclined surface. A-B and C-D show the location of the cross sections in (A) and (B) panels.

of one inclined bed is up to 150 m (492 ft) within the cen-
tral inclined bedset unit and up to 100 m (330 ft) within
the eastern inclined bedset unit (Figures 6A and 14). The
vertical depth (D) of an inclined bedset varies from 6 m
(20 ft) within the central inclined bedset to 8 m (26 ft)
within the eastern inclined bedset (Figures 6A and 14).
Applying formulas used by Ethridge and Schumm
(1978) to estimate the bankfull width (W*1.5) and mean
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bankfull depth (D*0.585/0.9), resulted in a value of 225-
150 m (738-492 ft) for the bankfull width of the channel
and a value of 3.9-5.2 m (12.8-17.1 ft) for the mean bank-
full depth. However, these values should be considered
as minimum estimates because the upper part of the
point bar may be completely removed by erosion associ-
ated with CD4.

The central inclined bedset shows the typical fining-
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upward and thinning-upward succession of a fluvial
point bar as described by Allen (1970). However, it has
been demonstrated that this fining- and thinning-
upward succession does not cover all possible vertical
successions in meandering channels, and is characteris-
tic only of certain models of channel migration (Bluck,
1971; Bridge and Jarvis, 1976; Jackson, 1976, 1978).
Jackson (1976, 1978) showed that necessary conditions of
velocity magnitude, intensity of spiral motion, and
depth of channel required to produce the "standard"
point bar depositional model could be reached only in
the downstream parts of point bars and at moderate
curved bends. Other positions along the bend can pro-
duce very different facies successions. Thus, the central
bedset unit is more likely to be deposited in the down-
stream half of the bend, while the eastern-most bedset
unit may represent deposition in a more upstream posi-
tion. The eastern-most unit of inclined bedsets was
deposited in a more marine-influenced environment,
characterized by thinner inclined beds and more exten-
sive mud drapes covering parts of the dip-length of the
bed surfaces. The distinct fining-upward succession
within each inclined bed (e.g. CG7 and CGS, Figure 6A)
is interpreted to be indicative of repetitive floods charac-
terized by flashy discharge with rapid dumping of the
sediments (presence of well-developed mudstone intra-
clast conglomerate at the base of each inclined bed and
the normal grading inside each inclined bed). Each
inclined bed is interpreted as the deposit of one flood
event (Thomas et al., 1987). The mudstone drape repre-
sents fines settling out from suspension at much-
reduced velocity, probably a consequence of marine
influence. At times of lower discharge, the salt wedge at
the downstream end of the distrbutary channel can
migrate tens of kilometers upstream (e.g. Nelson, 1970).

The different units of inclined bedsets described in
outcrop and identified in GPR appear to represent suc-
cessive, major phases in the growth history of a single
point bar affected by seasonal variations in discharge
with marine influence (Figure 15).

Channel Deposit 3

Channel deposit 3 cuts deeply into the underlying
CD1 and CD2 deposits and is confined to the southwest
edge of the outcrop. Channel deposit 3 has a highly ero-
sive base with a maximum relief of about 10 m (33 ft)
over a lateral distance of 50 m (164 ft) (Figure 6) and con-
tains thick basal mudstone intraclast conglomerates
along the scours. Internally, CD3 consists mostly of bed-
sets of 3-4.5 m (10-15 ft) thickness at their maximum in
the outcrop. The bedsets are composed of structureless
sandstone with small amounts of large-scale trough
cross-bedded, tangential and sigmoidal cross-bedded
sandstone and contains mudstone intraclast conglomer-
ate along basal erosional scours. Locally, mud clasts are
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up to 0.5 m (1.6 ft) long. In places, the upper part of
these internal units comprises centimeter-scale alterna-
tions of sandstone/siltstone and mudstone layers. The
paleocurrent measurements range from northeast
(azimuth 43°) to southeast (azimuth 109°) direction sug-
gesting that the channel flowed broadly eastward, rather
than CD1, which flowed broadly to the north.

The structureless nature, large clasts, and internal
scour surfaces suggests that channel deposit CD3 was
deposited during intervals of extremely high-flow con-
ditions (Wizevich, 1992) within a distributary channel.
A lack of burrowing, compared to CD1, suggests that
channel discharge was too high to allow any significant
incursion of marine water. Channel deposits of CD3 are
not recognized anywhere on the 2-D intermediate GPR
grid. The outcrop thus intersects the western margin of
a large, northeastward flowing channel deposit.

Channel Deposit 4

Channel deposit 4 is the uppermost unit and also
lies at the top of SC7. Channel deposit 4 has an erosive
basal bounding surface with moderate local relief and
overlies all previously described channel deposits
(Figure 7). Overall, CD4 is tabular, with significant
increase in thickness toward the west (about 4.5 m [15 ft]
interpreted from the GPR data). Element CD4 consists
of a complex mixture of medium- and large-scale,
trough cross-bedded sandstone, planar-tabular cross-
bedded sandstone with some mudstone drapes on fore-
sets, and sandstone containing convolute stratification.
Grain size within CD4 is highly variable ranging from
medium- to coarse-grained sandstone in fining- and
coarsening-upward successions.

Paleocurrent directions reflect the depositional com-
plexity of this uppermost element and ranges from a
northeast (azimuth 60°) paleoflow on planar cross-beds
to a southeast (azimuth 140°) paleoflow on trough cross-
beds. These alternating current directions suggest tidal
influence, probably related to the overall transgression
that caps SC7 at the top of the Ferron clastic wedge.
Poor exposure of CD4 in outcrops (due to erosion) made
it difficult to determine the detailed bedding architec-
ture and further interpretation has not been attempted.

DISCUSSION

The inclined bedsets deposited at Corbula Gulch are
an excellent example of marine influenced point bars
deposited within lower delta-plain distributary chan-
nels, and are quite different from the non-migratory,
straight channels that are inferred to be typical of lower
delta-plain distributary channels (e.g. Colemen and
Prior, 1982). These channels were affected by seasonal
and possibly longer-term changes in channel discharge,
but show little evidence of tidal processes. The charac-



teristics of this point bar deposited in a lower delta plain
differs from classical fluvial point bars, but also does not
match well with standard models for distributary chan-
nels. The 3-D geometry of the inclined surfaces within
the point bar indicates that they were formed by lateral
and upstream migration (Figures 15A and B). The later-
ally accreting bedset surfaces show, in vertical section,
perpendicular to flow, more linear to concave-upward
shapes, with long asymptotic ends toward the channel
axis (Figure 15A). This tendency of the inclined beds to
follow the shape of the channel was related by Hopkins
(1985) to the existence of "passive" point bars that plug
the channel before abandonment. Probably the eastern-
most inclined bedset represents the initial phase of chan-
nel infilling and abandonment. Also, these concave-
upward shapes are more linear and divergent in plan
view (Figure 15C) compared to the arcuate pattern of the
swell and ridge topography of other fluvial point bars
(cf. Puigdefabregas and van Vliet, 1978; Gibling and
Rust, 1993).

Compared to simple theoretical models of fluvial
point bars (Bridge, 1984; Willis, 1989) the inclined bed-
sets at Corbula Gulch show a much more complex grain-
size distribution than the theoretical fining-upward and
downstream trend. Also, the inclined bed surfaces are
concave upward and migrate both laterally and
upstream, while theoretical model generally predict con-
vex upward inclined surfaces, migrating laterally and
downstream. Upstream migration of the point bars is
not usually depicted in theoretical models of fluvial
point bars (Willis, 1989). Other factors, such as marine
influence, decrease in discharge and slope within dis-
tributary channels, may be required to generate more
representative theoretical models of point-bar deposits
associated with distributary channels.

The lithologic heterogeneities at Corbula Gulch are
represented by mudstone drapes along inclined accre-
tion surfaces, and by mudstone intraclast conglomerate
along minor erosional surfaces separating the inclined
beds. Quantification of 3-D distribution of the mudstone
drapes is performed through geostatistical analysis of 3-
D GPR amplitudes. These mudstones are not extensive
parallel to the flow and are never longer than 15 m (49
ft). Initially longer mudstones are typically fragmented
to smaller dimensions of 5 m (16 ft) as a consequence of
erosional scour by overlying units. Along the downdip
direction, the mudstones average 10 m (33 ft) long.
Combining the 3-D architecture of point-bar deposits
and the 3-D distribution of heterogeneities constitutes
important input to reservoir flow simulation (e.g.
Novakovic et al., 2002).

CONCLUSION

Point-bar deposits within lower delta-plain, high-
sinuosity distributary channels are described and inter-
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preted at Corbula Gulch, in the fluvio-deltaic Cretaceous
Ferron Sandstone Member of the Mancos Shale. The
paleoshoreline is located at 24 km (15 mi) north, and
marine (Teredolites) and brackish water (Skolithos,
Arenicolites, Thalassinoides) burrows are common within
the delta-plain deposits and the mudstone/siltstone
drapes at the tops of the inclined beds.

The grain-size distribution is more complex than the
upward- and downstream-fining prediction from theo-
retical point-bar models.

The inclined bedset surfaces migrated laterally and
upstream and show concave-upward shapes paralleling
the channel. In horizontal section these inclined surfaces
are linear and divergent, parallel to the channel cutbank.
Present fluvial theoretical models do not predict these
geometries and these geometries may be more charac-
teristic of point bars formed within marine-influenced
distributary channels (Bhattacharya et al., 2001).

The main radar facies characterizing the point-bar
deposits in 3-D and 2-D GPR surveys are inclined, par-
allel or concave upward, continuous, high-amplitude
reflections that truncate upward against the erosional
surface of the overlying deposits and downlap down-
ward onto the base of the channel.

The estimated minimum paleochannel bankfull
width and mean depth are 150 m (492 ft) and 4 m (13 ft),
respectively, but the upper part of the inclined beds is
probably completely removed by erosion and thus we
may be underestimating the dimensions of the inclined
beds.

The main heterogeneities within the point-bar
deposits at Corbula Gulch are shale drapes on the
inclined accretion surfaces, and mudstone intraclast con-
glomerate along basal erosional surfaces of the inclined
beds. These high clay content layers were originally
longer parallel to the flow (15 m [49 ft]) but are now dis-
continuous (< 5 m [16 ft]) because of deep erosion by the
overlying units. Perpendicular to the flow (downdip the
inclined beds) the mudstone and mudstone intraclast
conglomerate are more continuous, reaching about 10 m
(33 ft) in length. This detailed distribution of the hetero-
geneities within a reservoir analog interpreted from GPR
data is important to predict flow behaviour.
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