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ABSTRACT

Ground-penetrating radar (GPR) measurements, in conjunction with
outcrop sedimentology, were carried out at Murphy Creek reser-
voir in the Upper Cretaceous Turonian Wall Creek Member of the
Frontier Formation in Wyoming. The objectives were to apply GPR
to map geometrical details of a top-truncated lowstand delta front
and to estimate the volumes of the prograding bar deposits of the
delta lobe. Eleven GPR profiles totaling about 4400 m (14,435 ft)
were acquired using 50-MHz antennas on a coarsely spaced, two-
dimensional grid of lines lying parallel and perpendicular to the
average depositional dip. Ground-penetrating radar reflections were
detected from within the outcrop to a depth of about 10-15m (33—
49 ft). Four southerly dipping major surfaces identified in the GPR
data are correlated with the boundaries of progradational delta-
front facies, stacked as distal mouth-bar deposits, in the outcrop.
The major boundaries correspond to lithological changes between
relatively clean sandstones that are interpreted to have been depos-
ited during floods with high sediment supply, alternating with bio-
turbated sandstones and mudstones deposited during interflood
periods with correspondingly low sedimentation rates. These two
lithological units, which also correspond to the two main GPR fa-
cies, repeat at least three times with no change in dominant average
sand-grain size. Subsequent erosion by transgressive ravinement
caused the significantly truncated lowstand delta long after the sand-
stones were deposited. The bar assemblage volume at successive
stages of growth is estimated using measurements from the outcrop
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GPR in a Delta Front

and the GPR data. The migrating bars have an estimated average half-
length of 650 m (2132 ft); a lower bound on the average volume of
the bar is 3.9 x 10° m® (1.37 x 10°® ft*). As the volume of the bars
increases, the bar deposits appear to have a landward as well as a
basinward component of accretion.

INTRODUCTION

Two-dimensional (2-D) characterizations of reservoir analogs from
outcrops of deltaic sand bodies have received relatively little atten-
tion, and there have been no three-dimensional (3-D) studies of
deltas despite the importance of delta deposits for studies of energy
resources and of fluid transport at environmentally sensitive sites.
A survey by Tyler (1988) demonstrated that the conventional de-
velopment of heterolithic fluvial-deltaic reservoir bypasses or fails
to contact 24—-69% of the mobile oil originally present. Recent pa-
pers document the importance of complex facies architecture and
heterogeneities in blocking or bypassing fluid flow in delta-front
sandstone reservoirs in the continental United States, Alaska, Eu-
rope, and Indonesia (Barton, 1997; Knox, 1997, Sullivan et al., 1997;
Tye et al., 1999; Ainsworth et al., 2000).

The Wall Creek Member is of scientific and economic impor-
tance, not only because it has produced hydrocarbons from the Salt
Creek and Teapot Dome fields (and hence, the site presents a good
opportunity to match outcrop analog results to subsurface per-
formance), but also because the depositional setting is analogous to
that of many other oil fields such as Prudhoe Bay (Tye et al., 1999).
Thus, the results of this study may make an immediate contribu-
tion to the improvement of reservoir engineering in Wall Creek
fields and longer term contributions to other delta-front reservoirs.

The objectives of this study are to acquire, process, and interpret
a grid of 2-D ground-penetrating radar (GPR) profiles, to describe
details of the internal architecture of a top-truncated, lowstand delta
front, and to estimate the sediment volumes of the migrating dis-
tributary mouth bars. The GPR interpretation is guided and con-
strained by sedimentologic data from outcrops, including an ad-
jacent cliff face.

GEOLOGICAL SETTING

The Wall Creek Member is exposed in east central Wyoming
(Figure 1) and lies at the top of the Upper Cretaceous Frontier For-
mation (Figure 2). The Frontier Formation is a Cenomanian to Tu-
ronian age clastic wedge, deposited as a consequence of uplift and
erosion during the Sevier orogen (Barlow and Haun, 1966; Dyman
et al., 1994). Sandstones and mudstones were deposited as major
deltaic complexes into the western margin of the Cretaceous



"luyy’[esauiw /asnoyduriea]d /npa oAmnoaps mmm//:diy anis gaj utewop d1iqnd ayi wiodj e Spaly Ses pue JI0 341 3y} ul pajedipul le dudnbaseled jsowdoy sy} uo papnpuod
SJUBLLIINSEALL UOIPIUIP JULINI03|Rd "SUOIPIS Panseaws 3y} pue “lesowojoyd 3y} ‘saulj ASAINS Y40 3y Jo suonedo| sy} ‘(S|easspul Jnojuod [w-960'9] Y-07 yum) ease Apnis ay)
jo Aydei8odoy ayy smoys jpued JySii ay] "Sa)els papun ‘SuioAp) [R13UD 1SS Ul UISR] JIATY JOPMOJ U} JO UISIBLL JSIM 3Y) UO SI IS JIOAIISI ¥9a1) Aydinpy 3y} jo uonedo - a1nSi4

OIVSOWOLOHd =======
(z002) ANIT YO
(1002) aNIT ¥dD
NOILO3S a3¥NSVAN

iy
=z
m

\

T \

w 00c

a4 1o SNIVINNOW NJOHOId 17139 d0dO1NO H3ILNOH
‘4

AdVANNOg ALNNOD NISVYE J3AIE ANIM NISVE 43AIE 43AMOd

wy 0z
e¢ 34NOI4

1141

LEE ET AL



89
> WALL CREEK
<_( I SANANAANANANANANN
Z
90 5 EMIGRANT GAP
% I\NANANANANNANNANN
i 0
o
91 - o
8 )
=
G| <
_ o2t A |z
g 2 |2  BELLE
> @ |  FOURCHE
< Z =
93| Z z
Z | Wlo
< | 7|
52|
z | = »
5
% —
- =
95 3
- MOWRY
SHALE
96 =

Figure 2. Stratigraphic profile shows the Frontier Formation
in the Upper Cretaceous of central Wyoming.

Interior seaway. Regional correlations along the out-
crop belt (Figure 3) show that the Wall Creek Member
consists of several different coarsening-upward facies
successions associated with distinctly different over-
lapping sandstone bodies separated by prodelta mud-
stones that form different delta lobes (Howell and
Bhattacharya, 2001; Sadeque and Bhattacharya, 2004).

The sandstones of the Frontier Formation were
previously interpreted as storm-dominated offshore
shelf delta plumes (Winn, 1991), but have recently been
reinterpreted as top-truncated deltas (Bhattacharya and
Willis, 2001; Bhattacharya et al., 2001; Howell and
Bhattacharya, 2001; Sadeque and Bhattacharya, 2004).
The exposed sandstone cliffs of the Wall Creek Mem-
ber contain a series of overlapping wave-, tide-, and
river-dominated, top-truncated, lowstand delta lobes
that are exposed as a series of sandstone cliffs (Figure 1).
The Wall Creek exposure represents shorelines that
migrated toward the southeast over a distance of more

than 300 km (186 mi).
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Figure 3. Locations of stratigraphic measured sections, represented by the closed circles (in a), are correlated to produce the regional cross section (b), along the Frontier outcrop
belt, containing six parasequences. The area in (a) is outlined in the left panel in Figure 1. The Murphy Creek reservoir site lies in the topmost parasequence (PS6).



A regional stratigraphic correlation (Figure 3) along
the eastern flank of the Bighorn Mountains identifies
six parasequences (PS 1 to PS 6 from oldest to youn-
gest) in Wall Creek outcrop (Howell et al., 2003). The
Murphy Creek reservoir site lies in the uppermost para-
sequence (PS 6) and shows a slightly coarsening-upward
succession of thick sandstones (~12 m; ~39 ft) in-
terbedded with thin mudstone. The sandstone contains
well-developed, delta-front clinoforms and provides
favorable conditions for GPR data collection.

The sandstone at Murphy Creek reservoir is ex-
posed along approximately 2 km (1.2 mi) of a westward-
facing, north-south—oriented cliff face (Figures 1, 4); the
top of the sandstone is exposed over a few square kilo-
meters, with relatively little soil cover or vegetation. Based
on six measured stratigraphic sections (Figures 1, 4)
and detailed mapping of a set of clinoforms, the strata
in the cliff face are interpreted as offlapping distribu-
tary mouth-bar deposits prograding seaward (Bhatta-
charya et al., 2002). The overall sequence of the sand-
stone consists of alternating sandy and slightly more
clay-rich layers that intersect the topographic surface
and that result in hogbacks by differential erosion of
the two lithologies.

GPR SURVEY LAYOUT, ACQUISITION, AND
DATA PROCESSING

The GPR reflection data used in this study were col-
lected at the Murphy Creek reservoir and consist of a
grid of 2-D profiles oriented parallel and perpendicular
to the depositional dip. The GPR profiles are identified
in Figure 1. The total length of all the lines is 4402 m
(14,442 ft).

The topography is surveyed along each GPR line
by a combination of traditional leveling and a real-
time global positioning system (GPS). The GPS topo-
graphic data were collected by a real-time kinematic
survey with a Leica GPS system 500 at an interval of
2 m (6.6 ft) or less, depending on the topographic fea-
tures encountered. The relative error in the GPS topo-
graphic data was +0.01-0.02 m (+0.03-0.06 ft). The
elevation is higher near the cliff edge than away from
it; the topographic surface dips about 8° to the east
(Figure 1). The topography along the north-south (strat-
igraphic dip) lines is relatively flat, with an elevation
change of less than approximately 10 m (33 ft) for
most of them, whereas on the west-east (stratigraphic
strike) lines, the elevation change is approximately 18 m

(59 ft).

GPR Data Acquisition and Processing

The GPR data were collected using a Sensors & Soft-
ware Pulse EKKO IV system with a 1000-V transmit-
ter. The data were collected using 50-MHz antennas,
with 3 m (10 ft) offset and 1 m (3.3 ft) station interval.
Common-midpoint gathers were collected for velocity
analysis.

Preprocessing of the GPR data includes “dewowing,
time-zero alignment, and airwave or average removal”
(Figure 5). Dewowing removes the low-frequency back-
ground discharge curve of the capacitor formed by the
antenna and the ground surface. Time-zero alignment
shifts each trace in time so that all the direct arrivals
(airwaves) line up.

Noisy parts of traces are replaced by weighted av-
erages of the nearest good traces; the weight is inversely
proportional to the distance to the good trace used. High-
amplitude spikes are removed because, if not corrected,
they produce correspondingly strong artifact “‘smiles”
in migration. Editing is done after time-zero correction
and before airwave or ground-wave removal.

The direct air- and ground waves have strong am-
plitudes that obscure near-surface reflections. These
waves are removed by subtracting from each trace, with-
in a user-defined time window, the average trace in the
neighborhood of that trace; this effectively removes
all time-stationary signals like the airwave. Frequency
band-pass filtering (6.25-375 MHZz) is applied to re-
duce ambient noise.

Kirchhoff Migration

The GPR data, after preprocessing, were input to pre-
stack Kirchhoff migration (Epili and McMechan, 1996).
The migration velocity used is a constant of 0.12 m/ns
(0.39 ft/ns) because that value seemed consistent across
the survey. To take advantage of this constant veloc-
ity, the migration code is modified to analytically compute
the traveltimes instead of ray tracing; this significantly
reduces the computation time. Migration is from the
topographic surface, so no elevation statics are needed.

OUTCROP SEDIMENTOLOGY
Sedimentary Structures and Facies
The Wall Creek Member at Murphy Creek reservoir

consists of simple and compound offlapping, meter-
thick, coarsening- and thickening-upward bedsets. The
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Figure 5. GPR data processing (a) shows the raw field data;
(b) after time corrections; (c) after trace editing; (d) after airwave
and ground-wave subtraction and filtering; (e) after prestack
migration; and (f) the same as (e) but plotted with automatic
gain control. These steps are applied to all the GPR data. These
data are part of line E2 (see Figure 1).

entire sediment package grades upward from burrowed
to current-rippled sandstones and mudstones, into struc-
tureless to flat-stratified and ripple cross-laminated sand-
stones (Figure 6). Bed thicknesses range from a few
centimeters to 50 cm (19 in.) thick. Commonly, the
bed tops are not preserved because of constant rework-
ing of the seafloor by an active nektonic community.
Sigmoidal clinoforms dip up to 5° toward the south (the
same direction as paleocurrents). These clinoform bed-
sets form a shoaling-upward sediment body, which is
bound above by a marine erosional surface. Mud content
increases, and sandstone lamina sets are mud mantled (5—
10 cm [2-4 in.] thick) as clinoforms toe out basinward.

The sandstones are commonly normally graded
(fining upward) (Figure 6¢, d), and they become wavy
bedded and more massive in the upper 5 m (16 ft)
(Figure 6a). Trace fossils record an episodic readjustment
type of behavior because organisms altered dwelling
and feeding structures to respond to changing sedimen-
tation rates. Articulated bivalves are found, suggesting
little to no transport or predation.

Two different sedimentation rates are interpret-
ed (Figure 6), and corresponding stacked bedsets are
interpreted as distributary mouth bars. The episodic
sediment accumulation is recorded by changes in strat-
ification type and trace-maker behavior. Rapid sedi-
mentation and progradation are indicated by the dip-
ping sandstone beds. The sharp-based sandstones suggest
a river-dominated depositional environment. The up-
per wavy and massive sandstones suggest deposition in
the wave-influenced middle delta front. The normally
graded sandstones are interpreted to represent delta-
front hyperpycnal turbidites (Bouma Tab units). These
form as rapidly decelerating frontal splays during major
river floods. The evidence for rapid sediment accumu-
lation suggests that these deposits record basinward
progradation of a fluvially influenced, mixed-process
hyperpycnal and hypopycnal delta lobe.

Muddier burrowed intervals represent slower de-
position during nonflood periods. Finer grained, poorly
stratified, bioturbated sandstones, siltstones, and mud-
stones are interpreted to represent accumulation dur-
ing more quiescent periods. The higher bioturbation
index of the quiescent lithofacies results from the ac-
tivity of infaunal, epifaunal, and nektonic organisms at
or near the sediment-water interface. The delta topset
is not preserved because of subsequent marine ravine-
ment (Howell and Bhattacharya, 2001; Howell et al.,
2003, 2004).

The Murphy Creek reservoir site contains concre-
tions, which are typical diagenetic features that may

LEE ET AL 1145
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GPR FACIES DESCRIPTION

EXAMPLE INTERPRETATION
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Figure 7. GPR facies recognized in this study and their geological interpretation.

affect fluid flow in the sandstone reservoirs (Dutton
et al., 2002). The cementation is in patchy, elongate,
tabular reddish calcite concretions in the host sand-
stone (Nyman, 2003). The concretions are widely
distributed, which is typical of calcite cementation in
sandstone (Bjorkum and Walderhaug, 1990; McBride,
1997; Dutton et al., 2002).

Lithostratigraphic Units

Four (colored) lithostratigraphic boundaries are identi-
fied where the depositional patterns change (Figure 4a).
The major boundaries are interpreted as representing
bedset (mouth bar) surfaces and show a pronounced
southward dip. The layers thin and downlap onto the
underlying mudstone. Five lithostratigraphic units (LU1
to LUS, from oldest to youngest) are identified between
the bounding surfaces. Despite little local variance in
average sand-grain size (implying a constant sediment
source over time), the lithostratigraphic units are inter-
preted as compound bedsets of migrating bars consist-
ing of delta fronts developed by different depositional
events. LU1, LU3, and LUS were deposited by high-
energy (flood) conditions, whereas LU2 and LU4 were
deposited in a relatively quiescent (interflood) depo-
sitional environment.

GPR INTERPRETATION

The migrated GPR sections show top-truncated dip-
ping reflectors on the north-south lines and relatively
flat features on the west-east lines, which are consistent
with the cliff outcrop (Figure 4). Three GPR facies are
recognized, namely, 1, 2, and 3 (Figure 7). The GPR
facies are better distinguished in the dip direction than
in the strike direction; GPR profiles are correlated with
the outcrop exposed along the cliff face. Each GPR
facies was interpreted using the basic principles of seis-
mic interpretation techniques on the basis of reflection
amplitude, continuity, and configuration (Mitchum et al.,
1977, Brown and Fisher, 1980).

Ground-penetrating radar facies 1 consists of reflec-
tions of moderate to high amplitude and moderate to
good continuity. It is interpreted as representing a bio-
turbated, somewhat muddier facies with poorly de-
fined sandstone beds (LU2 and LU4 in Figure 4). This
radar facies corresponds to a fairly constant, moderate
GPR penetration.

Ground-penetrating radar facies 2 is characterized
by uniformly southward-dipping reflectors of high am-
plitude and good continuity. This facies corresponds
spatially to well-stratified, medium-scale bedded clean
sandstone (LU1, LU3, and LUS5 in Figure 4). Although
discontinuous reflections are also seen locally, GPR
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facies 2 shows a relatively deeper penetration than the
other facies and occurs most clearly and dominantly on
the extended lines (lines C2, C3, and E2).

Ground-penetrating radar facies 3 is characterized
by high-amplitude signals from the shallowest struc-
ture, beneath which is a low-amplitude zone. This oc-
curs in two situations; one is the topographic lows be-
tween the hogbacks, and the second is at the south and
east extremities of the survey lines (lines 0, C3, and
E2), where the topography has flattened. Both are con-
sistent with surficial weathered and soil layers of rel-
atively high electrical conductivity (which attenuates
the deeper GPR signals).

Another distinct reflection pattern is recognized in
GPR facies 1 and 2. This configuration contains shal-
low, locally isolated, rounded, high-amplitude reflec-
tions, below which high attenuation is observed. The
high-amplitude ellipsoidal anomalies are visible only in
the upper part of GPR profiles and cut across the dip-
ping GPR surfaces. Concretions with similar behavior
are observed only at the top of the outcrop along the
cliff face (Figure 4a). Thus, the high-amplitude ellip-
soidal reflectors are probably indicators of concretions.

Structural Correlation with Outcrop

The outcrop at the Murphy Creek reservoir site (Figure 4)
is about 400 m (1312 ft) long and is correlated with
the GPR data. This correlation assumes that the bound-
ing surfaces are the same in the outcrop section and the
stratigraphic profiles and in the GPR profiles. The four
main surfaces identified in the GPR data (Figure 4b, ¢)
correspond to those in the outcrop. In the outcrops,
more surfaces lie between the major boundaries,
but these fall below the GPR resolution as they thin
southward.

The GPR lines A and C (Figure 4b, c) are approx-
imately 10 and 110 m (33 and 360 ft) away from the
outcrop (to the east), respectively. These two parallel
GPR lines show the southward-offlapping reflectors in
the same order as those in the outcrop. Lateral var-
iability in sedimentation inhibits a direct correlation
of GPR facies directly with the lithofacies in the out-
crop. Lithofacies vary laterally between the bounding
surfaces, containing more clay in the seaward direc-
tion. As a result, the GPR facies are also correspond-
ingly laterally variable.

The GPR facies can vary with lithofacies. Electrical
property contrasts that determine GPR facies depend
on subsurface features, including lithological changes,
water distribution, and sedimentary structures (Neal
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et al., 2002). The GPR facies do not necessarily match
with internally changing sedimentary facies (van Dam
and Schlager, 2000). The delta front is the most active
zone of a delta complex, internally as well as externally,
and contains high regional-scale sediment variability
(Willis et al., 1999). Bioturbation may also modify the
grain size distribution in the delta complex. The bio-
turbation is slight where deposition is rapid and be-
comes more intense as sedimentation rate decreases

(Bhattacharya and Walker, 1992; Reading, 1996).
Architecture of the Murphy Creek Reservoir Site

Figures 8 and 9 contain line drawings of the sedimen-
tological boundaries (and, thus, the internal structures)
extracted from the GPR lines (see Figure 1 for profile
locations). The strike lines are west-east trending and
show very low-angle, parallel, wavy reflections (Figure 8).
The subparallel reflections are interpreted as strike-
oriented sections through foreset beds prograding at
the delta front (Smith and Jol, 1997).

The dip lines are oriented north-south, running
slightly oblique to the main paleotransport direction
(Figure 1), and were recorded parallel to each other with
line spacing of about 50 m (164 ft) (Figure 1). The dip
lines (Figure 9) show top-truncated, low-angle, south-
erly dipping, offlapping reflections. A few of the dip-
ping layers are truncated by the younger overlying layers
and can be seen thickening to approximately 10 m
(33 ft). The layers can be traced downdip for about
80 m (262 ft), suggesting that their original bed forms
are substantially longer. The southward-dipping reflec-
tors are interpreted as delta-front clinoforms composed
of bar deposits that prograde basinward.

For interpretation of the 3-D facies architecture,
we use the GPR data volume, the photomontage, and
the sections measured at the outcrop. The intersecting
dip and strike GPR profiles allow the bedding surfaces
to be correlated in 3-D. The surfaces in the 3-D volume
(Figure 10) are based on the GPR data (excluding the
profile extensions [lines E2, C2, C3, and part of line 0]).
Individual surfaces (including major bounding sur-
faces) apparently downlap because they are beneath the
resolution of GPR. In the outcrop, the beds actually
converge as they thin into the underlying prodelta. Over-
all, a similar pattern of gently dipping bedding surfaces
can be seen throughout the dip lines, which are well
correlated across the gently undulating surfaces in the
east-west strike lines.

We interpret the gentle undulations to be related
to a depositional pattern of distributary mouth bars,
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Figure 8. Line drawings of migrated GPR lines 0-3 in the strike direction (Figure 1) showing subparallel, wavy GPR reflections,
which are interpreted as the strike direction of delta foresets. Ground-penetrating radar tie points are indicated by inverted triangles.

which are simultaneously deposited with the neigh-
boring bars in a delta lobe, resulting in the formation
of an interfingered distal bar complex (Coleman and
Prior, 1980; Bhattacharya and Walker, 1992). Within
the GPR volume, the interfingering zone is not directly
observed because of the lack of sufficient radar reso-
lution but is inferred from a series of apparently con-
tinuous horizontal reflections from one bar to the next.

The bedsets bounded by the major GPR surfaces
correspond either to sand-rich bars (LU1, LU3, and LU5
in Figure 4) or bioturbated sand bars with higher clay
content (LU2 and LU4 in Figure 4). From north to south,
we see at least three repetitions of sand-rich bar deposits
followed by bioturbated bar deposits. The maximum
thickness of each unit ranges between 5 and 10m (16 and
33 fo).

DEVELOPMENT OF MOUTH-BAR COMPLEXES
From the GPR interpretation, at least three flood-induced

cycles of sedimentation can be identified. Each cycle
consists of two phases, one with high and one with low

sedimentation rate; however, there appears to be neg-
ligible change in average sand-grain size during the
deposition of the distal delta-front bars through the
whole section. The stratigraphic evolution of the Murphy
Creek reservoir site is discussed below at the compound
bedset level (Figure 10).

In the Upper Cretaceous, a deltaic environment was
established as a clastic wedge that prograded east and
south away from the Sevier orogenic belt into a fore-
land basin (Howell et al., 2004). During this time, a
point-source fluvial delivery (i.e., a lowstand river sys-
tem) fed the clastic sediments into the basin, building
a delta on to a preexisting muddy platform along the
western flanks of the Cretaceous epicontinental seaway
(Bhattacharya and Willis, 2001). During this period,
the bed load was transported through the channels by
the fluvial-related current, forming the sandstone of
LUI as asuccessive bedset of a sandy bar in a distal delta
front. The bedset was deposited by a flood in which the
sediment load discharged from the river mouth was
relatively high. After flooding, a subsequent bar (LU2)
was formed as the delta prograded basinward, and low
sediment supply caused LU2 to be highly susceptible
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to bioturbation, followed by LU3 marking another
flood-induced cycle of sedimentation. LU3 was formed
as a rapidly prograding bar with an increase of sedi-
mentation rate that locally truncates the bedset of

Figure 10. Stages
in the development
of the prograding
distal delta-front bars
at the Murphy Creek
reservoir site. LU1
(@) and LU2 (b) are
composed of a cycle
of flood and inter-
flood phases. LU3
and LU4 comprise a
subsequent cycle;
LU5 is the start of
another.

LU2. The second sedimentation cycle (LU3) was capped
by a muddier postflood deposit (LU4), indicating re-
duced sediment supply. The thickness of LU4, how-
ever, is more than twice that of LU3, indicating that
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LU4 either is more proximal to the bar crest or was
deposited for a longer period of time.

The third cycle starts with LUS5, but we do not see
its top because it is not exposed. If the uniformly dip-
ping reflectors on line C2 represent a bedset of rapidly
prograding sandy bar, LU5 would be thicker than any of
the other units. These cycles, which are a consequence
of sedimentation rate, continued for a long period of
time until they were eroded by a significant transgres-
sive ravinement, resulting in a top-truncated delta front.
The foresets of the delta front are partially preserved,
but the delta tops (including the distributary channels)
were eroded away (Howell and Bhattacharya, 2001),
although the channels have been described in outcrops
of PS 6 (see Figure 3) farther south (Gani and Bhatta-
charya, 2003).

We interpret alternating high and low sediment
rate during the seaward growth of distributaries and
sediments of the delta front. This alteration occurred
without significant changes in average sand-grain size,
which is consistent with sedimentation whose primary
control is changing sediment supply from the sedi-
ment source instead of changing sediment sources.

ESTIMATION OF DEPOSITIONAL VOLUME

Mouth bars are composed of four principal regions: bar
back, bar crest, bar front, and distal bar (Wright, 1977).
The suggested depositional patterns of a top-eroded mi-
grating bar at the Murphy Creek reservoir site result-
ing from ravinement erosion are shown in Figure 11a.

We assume that the Murphy Creek reservoir site
is a distal part of the river-dominated delta where the
sediments may be radially distributed through the
distributary channels, forming mouth bars. Many bars
coalesce over time and become incorporated into a
bar assemblage resulting in semicircular, fan-shaped
structures (Coleman and Prior, 1980). Progradation of
the delta followed the dominant southeast paleocur-
rent direction (Figure 1). As the bar deposits were
growing steadily basinward, it appears that the local
channel mouth moved slightly landward (northwest)
(Figure 11b). This may correspond locally to a com-
ponent of landward accretion (i.e., upstream growth)
of the distributary mouth bars on decadal timescales at
a constant relative sea level (van Heerden and Roberts,
1988) for a modern analog.

To estimate the bar volume, we define the thick-
ness as the vertical extent of a succession between the
bar crest to the distal bar, and the length of the mi-
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grating bar as the horizontal distance from the channel
mouth to bar front (because the distal bars are not
visible with GPR; Figure 11a). The thickness of the bar
was inferred from the outcrop. The measurement was
conducted on the thickest interval of each bar succes-
sion between major boundaries, except for LU5 be-
cause this youngest unit is not clearly complete. The
complete thickness is estimated by doubling the ob-
served (truncated) thickness, assuming that the bar
complex is cut down to half of its original height by
transgressive erosion (Cattaneo and Steel, 2003), but
the actual amount of erosion is not known. The half-
length of each bar is derived from the radii of curvature
of arcs fitted approximately to the four major GPR
bounding surfaces (Figure 11b) to estimate the center
of curvature, where we assume that the local point sedi-
ment source is located. The average of the estimated
bar lengths is about 1300 m (4265 ft).

The volume of each bar is approximated by mul-
tiplying their areal extent by their average thickness
(Table 1). The area covered by the migrating bars is ob-
tained from the empirical relationship in figure 3 of
Van Wagoner et al. (2003), between the area and length
of sedimentary bodies. The volume of each bar is con-
verted to possible fluid volume using a porosity of 20%,
which is consistent with the average porosity values
measured in outcrop samples in the topmost parase-
quence (PS 6) along the Frontier outcrop belt (Figure 3).
The total potential fluid volume for LUT to LU4 is thus
estimated to be 2.0 x 107 bbl (3.1 x 10° m?). This esti-
mation has not considered allocyclic controls, includ-
ing receiving basin geometry, regional tectonic stability,
rates of subsidence caused by compaction of newly de-
posited sediments, or rate of sea level change.

SUMMARY

The geometry of a top-truncated, lowstand delta front
was delineated with about 4400 m (14,435 ft) of GPR
data collected at the Murphy Creek reservoir in the
Upper Cretaceous Turonian Wall Creek Member of
the Frontier Formation, in Wyoming, United States. A
photomontage and the GPR lines oriented along depo-
sitional dip show inclined foreset beds with tangential
bottomsets dipping south, slightly oblique to the major
paleocurrent direction, and are interpreted as delta-
front clinoforms.

Within the GPR volume, three different GPR fa-
cies were identified, but they are difficult to correlate
directly with the lithofacies in the outcrop because of
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Figure 11. A schematic cross section of (a) a bar showing the radius and thickness and (b) a 3-D GPR reconstruction used to
measure the radius from the channel mouth to bar front. Each semicircle represents the inferred area covered by each bar. As the
bar deposits were growing steadily basinward, they were apparently accreting landward as well, as indicated by the heavy arrow.

lateral lithological variance. However, a similar geom-
etry is observed in the outcrop and the GPR datain both
the strike and dip directions. The dip lines are char-
acterized by top-truncated, low-angle, southerly dip-
ping reflectors, whereas the strike lines are character-
ized by very low-angle, parallel, wavy reflectors.

Table 1. Estimated Depositional Volume of Each Mouth Bar

The four main GPR surfaces correspond to the
surfaces bounding the compound bedsets of the bars in
the outcrop. In each of the five lithological units iden-
tified, two different facies are repeated; one is charac-
terized by relatively clean-bedded sandstones, indicat-
ing a rapid sedimentation rate, whereas the other is

Lithostratigraphic Maximum Possible Fluid
Unit Thickness (m) Half-Length (m) Volume (m®) Pore Volume (m®) Volume (bbl)
LU1 13.0 492 2.3 x 10° 46 x 10° 2.9 x 10°
LU2 10.0 533 2.1 x 10° 42 x 10° 2.6 x 10°
LU3 10.4 672 35 x 10° 6.9 x 10° 43 x 10°
LU4 12.4 921 7.7 x 108 1.5 x 10° 9.7 x 10°
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characterized by poorly stratified bioturbated sandstones,
representing a low sediment supply. These seaward-
dipping lithological units are interpreted as prograda-
tional delta-front bar and interbar facies stacked in the
distal delta front. Heterolithic delta-front turbidites are
produced by sediment gravity flows.

The Murphy Creek reservoir site shows a complex
of distributary mouth bars with variable thickness con-
sistent with the prograding delta lobe. The geometry is
in general agreement with the internal structures of a
lowstand delta system (Hart and Long, 1996)], which is
substantially larger than the study site, with a sediment
source to the northwest. As the bar deposits were
growing steadily basinward, they were apparently ac-
creted landward as well (Figure 11b).

The minimum bar volumes at each stage of growth
were estimated by measuring the length and thickness
of the stacked deltaic deposits because complete and
accurate information on the top truncation of the Mur-
phy Creek reservoir is not available. The resolution
limits inherent in GPR measurements make the sea-
ward extension of the thin, deeper parts uncertain and
suggest that the actual volumes of the delta lobe may
be substantially larger.
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