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ADBSTRACT

A quantitative approach to selecting modern-depositional settings analogous to those of the
Cretaceous Ferron Sandstone is presented as well as an approach to using these analogs to improve
subsurface interpretations. Paleotectonic, paleogeographic, and climatic setting of the U.S. Western
Interior are integrated to estimate the size of the Ferron drainage network to be 50,000 km? (19,000
mi?). Estimates of flow depths, flow velocities, and channel cross-sectional areas suggest maximum
trunk river paleo-discharge was on the order of 50 x 10° m3/year (250 x 10” ft3/year).

Analogous modern examples include moderate-sized rivers that drain active mountain belts like
the Po (Italy), Rhone, (France), and Ebro (Spain). Continental-scale systems, such as the Mississippi
(USA), Niger (West Africa), Amazon (South America), and Nile (North Africa) deltas, are not appro-
priate analogs. Incised-valley systems within the Ferron are comparable in depth (about 30 m [100 ft])
to distributary channels in more continental-scale systems. A key difference is that Ferron valleys are
filled with multiple channel deposits, with individual channel fills less than about 9 m (30 ft) deep.

The relatively uniform size of distributary channels suggests that Ferron rivers experienced only
a few orders of bifurcation as they flowed across the delta plain. Shoreline and delta-front deposits
are wave-influenced. Locally, the basal Ferron deltas were fluvial dominated, although these fluvial-
dominated lobes may lie on the downdrift side of asymmetric wave-influenced deltas, similar in plan
to the Brazos, Ebro, and Rhone deltas, and to the southern St. George lobe of the Danube delta.

Sizes and geometries of various depositional bodies in modern deltas better constrain estimates
of inter-well heterogeneity in subsurface correlations. Correlations of Ferron core and wireline-log
datasets are compared with the more complete stratigraphy documented in outcrop. Although the
broad clinoform geometry of strata in these deposits can be recreated from subsurface correlations,
specific parasequences could not be reliably correlated using only the subsurface data. The subsur-
face-to-outcrop comparison demonstrates a risk of over-correlating reservoir compartments (i.e. non-
connected bodies) separated by minor flooding shales within complex, offlapping fluvial-deltaic
reservoir deposits. The Ferron outcrop data provides a measure of uncertainties in correlation of sub-
surface analogs.
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INTRODUCTION

The Ferron Sandstone Member of the Cretaceous
Mancos Shale, a superbly exposed fluvio-deltaic clastic
wedge in central Utah, U.S.A,, has long been used as an
outcrop analog for subsurface fluvial-deltaic reservoirs
(e.g. Barton, 1994; Gardner, 1995; Knox and Barton, 1999;
and numerous papers in this volume). There are
numerous reservoir-characterization studies of Ferron
outcrops (Lowry and Jacobsen, 1993; Barton, 1997; Knox,
1997, McMechan et al.,, 1997, Corbeanu et al., 2001;
Novakovik et al., 2002; Forster et al., this volume).

Core and wireline-log data give lithofacies type and
thickness (Z dimension), but distributing depositional
facies, such as the deposits of channels, bars, splays, and
other elements, between wells remains one of the most
difficult challanges in subsurface interpretation. Studies
of modern depositional settings can be helpful in reser-
voir analog studies because they provide plan-view geo-
morphic data about specific depositional elements, such
as length and widths of channels and bars, that ideally
can be linked to a specific vertical facies association or
facies achitectural element in an ancient example (e.g.
Bridge, 1993). Sizes and shapes of architectural elements
in modern systems are highly variable, although they
commonly follow specific trends, such as increasing
channel size with increasing drainage basin area. Such
trends helps constrain correlation lengths of analog sub-
surface facies elements.

A traditional practice in interpreting stratigraphic
successions is to compare them with modern deposi-
tional settings. However, one of the challenges in using
data from modern depositional systems is identifying an
appropriate analog. Most comparisons between modern
and ancient systems tend to be qualitative and anecdot-
al. Specifically, the Holocene delta lobes and distribu-
tary channels of the Mississippi delta have been cited as
analogs to the Ferron (e.g. Cotter, 1975a, Moiola et al.,
this volume), but comparisons have not been rigorous.

We present a quantitative approach to determining
the size of the Ferron rivers and associated deltas for
comparison to modern systems. We specifically wish to
address the question of whether the Ferron compares to
the continental-scale Mississippi River and delta system,
or whether a smaller system might be more appropriate.

Several recent papers provide a methodology for
estimating the paleohydraulics and dimensions of
ancient river deposits (e.g. Collinson, 1978; Lorenz et al.,
1985; Williams, 1986; Bridge and Tye, 2000; Le Clair and
Bridge, 2001). These can be used to estimate the scale of
Ferron rivers. With knowledge of the size and discharge
of the drainage network, one can constrain the size of the
associated deltas, and choose modern-depositional sys-
tems most resembling the Ferron, recognizing that there
may be several.
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Following identification of modern analogs, dimen-
sions of features in the appropriate modern systems are
used to enhance subsurface correlations. The second
aspect of this paper is a subsurface interpretation of the
Ferron Sandstone, using wireline logs and core data,
integrating facies-based concepts of stratigraphic corre-
lation, and geomorphic insights from modern analogs in
order to demonstrate the stratigraphic uncertainties that
are inherent in subsurface studies.

Regional stratigraphic studies of the Ferron
Sandstone document several regionally mappable clastic
wedges (e.g. Cotter, 1975a, 1975b; Ryer and McPhillips,
1983; Thompson et al.,, 1986; Garrison and van den
Bergh, this volume), each of which contains numerous
smaller-scale stratigraphic units. Terminology is vari-
able and includes sequences, parasequence sets, parase-
quences, and bedsets (Garrison and van den Bergh, this
volume; Anderson and Ryer, this volume), and the long,
intermediate, and short-term stratigraphic cycles of
Gardner et al. (this volume).

As depositional facies vary greatly within the Ferron
Sandstone (as described in this volume by Anderson et
al., Mattson and Chan, Ryer and Anderson), it is clear
that more than one delta type is represented. Therefore,
no single modern example will be entirely analogous to
the Ferron.

METHOD FOR FINDING A MODERN
ANALOG

Finding an appropriate modern analog for an
ancient fluvio-deltaic system requires an assessment of
temporal and spatial scales in the ancient system.
Certain physical processes, such as the formation and
migration of bedforms that produce distinctive stratifi-
cation, operate over time scales of minutes to hours. For
example, ripple and dune-scale cross-stratification can
be readily compared between modern deposits and
ancient rocks. Various bedform-phase diagrams provide
a theoretical and experimental framework that can be
used for interpreting paleohydraulic conditions. In par-
ticular, Rubin and McCulloch (1980) showed that specif-
ic bedforms (e.g. ripples and dunes) are stable within
specific ranges of flow velocity, flow depth, and grain
size (Figure 1). The occurrence of dune-scale bedforms,
for example, is only weakly dependent on flow depth
but is strongly dependent on grain size and average flow
velocity. The size (height) of a dune, in contrast, is
strongly dependent on flow depth (LeClair and Bridge,
2001). Dune-scale cross-stratification is therefore partic-
ularly useful in determining both velocity and water
depth.

Other types of stratification, such as hummocky
cross-stratification, may be related to longer-term sea-
sonal processes, such as storms. However, determining
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Figure 1. Bedforms, grain size, water depth, and velocity plots modified after Rubin and McCulloch (1980). Range of velocities matching Ferron
observations are shown with the circles and suggest a flow velocity of between 75-150 cm/sec (29-59 in./sec). Data show that the presence of
dunes is weakly dependent on flow depth, but strongly dependent on grain size and velocity. The size of the dunes, however, is strongly depend-

ent on flow depth (see LeClair and Bridge, 2001).

storm or flood frequency in an ancient example can be
difficult, because of an inability to date the rock succes-
sion at time scales at which the events occur. For exam-
ple, large storms are thought to occur at decadal, cen-
tennial, or millennial frequencies, but it is very difficult
to quantify this frequency in most ancient settings.
Long-term processes controlling the distribution and
style of sedimentation include tectonic setting, subsi-
dence, and eustasy. Many of these parameters can be
estimated. Environmental parameters such as climate,
bedrock geology, and topographic relief, control sedi-
ment flux and may correlate to tectonic and paleolatitu-
dinal setting. Prevailing paleoclimatic and tectonic con-
ditions within a drainage basin can be estimated using
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plate tectonic and paleo-oceanographic data to recon-
struct the position, size, and elevation of land masses rel-
ative to the oceans. Additionally, paleoclimate can be
interpreted from examination of floodplain paleosols
(Wright, 1992; Mack et al., 1993; Mack and James, 1994).

CHARACTERIZING THE FERRON

Estimating Size of the Ferron
Drainage Basin

The Ferron clastic wedge was built by rivers eroding
and draining highlands uplifted during the later phase
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Figure 2. Paleogeographic
reconstriction of mid-
Cretaceous clastic wedges.
Ferron delta complexes lie
primarily in Utah. The
drainage basin lengths are
estimated to be about 1/2
the width of the western
lands bordering the
Cretaceous Seaway.
Drainage basin widths are
estimated based on the
localization of wedges,
assuming each is fed by a
different major trunk river,
and that drainage divides
coincide with major basin
lineaments. Aggradational
alluvial and delta plains

(close stipple) are assumed
to begin seaward of the
major thrust front. The
Last Chance drainage is
estimated to be about 500
km (300 mi) in length and
about 100 km (60 mi) wide
(50,000 km? [19,000 mi?]).
| Reconstructions are prima-
| rily based on Gardner

\ (1995) and Williams and
\ | Stelck (1975).

of the Sevier orogeny (Fouch et al., 1983). To the east of
the Pavant thrust front, three Ferron depocenters,
termed the Vernal, Last Chance, and Notom delta sys-
tems (Gardner, 1995; Garrison, this volume) formed in a
foreland basin (Figure 2). Gardner (1995) suggests that
owing to the segregations caused by major fault linea-
ments, three drainage basins developed. Gardner (1995)
also shows that during Ferron deposition, the distance to
the eroding Pavant thrust front was on the order of 100
km (60 mi). Integration of the tectono-stratigraphic
interpretations of Gardner (1995) with the general paleo-
geographic reconstructions of the Cretaceous (Williams
and Stelck, 1975) is shown in Figure 2. The drainage
basin is interpreted to have been about 500 km (300 mi)
long by about 100 km (60 mi) wide, suggesting that the
Last Chance delta was fed by a river draining an area of
about 50,000 km? (19,000 mi%). Comparing this with the

other Ferron drainage basins suggests that they were all
on the order of about 10* km? in area (Figure 2).

Ferron drainage networks appear to have been
broadly similar in scale to modern intrabasinal rivers
draining active mountain belts, like the Po (Italy - 70,000
km? [27,000 mi?]), the Rhone (France - 96,000 km? [37,000
mi?]), the Ebro (Spain - 83,000 km? [32,000 mi?]), and the
Red River (Vietnam - 120,000 km? [46,000 miZ]). Ferron
drainages were clearly orders-of-magnitude smaller
than continental-scale drainages (10* km? versus 10°
km? [1500 mi? versus 57,000 miz]) such as is associated
with the Mississippi (USA), Amazon (Brazil), Yellow
(China), and Ganges-Brahmaputra (India
Bangladesh) Rivers and their associated deltas (Smith,
1966).

and
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Estimating Climate and Nature of the
Receiving Basin

The Ferron Sandstone succession developed at a
time generally thought to represent global “greenhouse”
conditions that enhanced a major tectono-eustatic sea-
level highstand (Dean and Arthur, 1998). This area of
Utah lay at a paleolatitude of about 40° N (Ryer and
McPhillips, 1983). Abundant coals, gleysols, and a lack
of aridisols, caliche, and evaporites in Ferron floodplain
deposits indicate extensive lower coastal plain wetlands
with a generally high water table (Corbeanu et al., this
volume; Garrison and van den Bergh, this volume).
Given the global greenhouse setting, the Ferron climate
was thus likely humid and sub-tropical.

The intracratonic seafloor over which Ferron
depocenters prograded was unlikely to be flat, but
rather, consisted of a series of lows and highs that partly
controlled local wave and tidal regimes. In the Last
Chance delta complex, rivers predominantly flowed
northeastward, parallel to the foreland axis (Ryer and
McPhillips, 1983; Gardner, 1995; Ryer this volume).
Locally, deltas prograded to the northwest, at nearly 90°
to the more general northeast progradation (Anderson et
al., this volume). The northwest-building deltas are the
most fluvial-dominated, probably because they prograd-
ed into an embayed area, protected from waves
(Anderson et al., this volume; Bhattacharya and Davies,
this volume).

Searching for Ferron Trunk Rivers

Major trunk rivers supply sediment to the delta
plain and delta front, and are commonly contained with-
in incised valleys, especially where an incised tributary
drainage network formed. Delta-plain streams and dis-
tributary channels tend to be confined only by aggrada-
tional levees, particularly when they build over flat wet-
lands. Once a trunk stream leaves the degradational
region of its valley and becomes unconfined, the river is
able to avulse. In many modern delta plains, upper
delta-plain channels tend to be few (e.g. Bhattacharya
and Giosan, 2003), whereas, multiple distributary chan-
nels of various scales occur on the marine-influenced
lower delta plain (Figure 3).

Distributary channel bifurcation occurs at a point
where the water can no longer flow over the distribu-
tary-mouth bar, therefore it splits into two small chan-
nels circumventing the bar crest. Channel-bifurcation
frequency and branching patterns are strongly depend-
ent on delta type. Multiple bifurcations are favored in
low-gradient, fluvial-dominated deltas, where friction
exerts a strong control on sediment dispersal and depo-
sition (Welder, 1959; Wright, 1977). This is true whether
or not the sediment load is sandy or muddy. Trunk-
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stream avulsion and distributary crevassing are com-
mon processes in fluvial-dominated deltas because
hydraulic gradients decrease as rivers and distributaries
extend their course.

In wave-modified deltas, much of the sediment
delivered to the distributary-mouth bar is carried away
by longshore transport. Thus, compared to fluvial-dom-
inated deltas, the progradation rate of wave-influenced
deltas is retarded. This allows rivers to maintain a
greater slope that inhibits avulsion. As a consequence,
wave-influenced deltas typically have only a few active
distributary channels, whereas fluvial-dominated deltas
have numerous active distributary channels (Figure 3).

Ferron Delta Types

Most Ferron researchers agree that the Ferron deltas
were broadly wave-influenced, although the lower sea-
ward-stepping parasequences show greater fluvial influ-
ence than the landward-stepping parasequences (e.g.
Anderson et al., this volume). Tidal facies have also
been recognized, particularly within the upper Ferron
parasequences. Anderson and Ryer (this volume, Figure
4) suggest that the lower fluvial-dominated deltaic lobes
within parasequence sets Kf-1 and Kf-2 of the Ferron
possibly formed within embayments positioned on the
downdrift margin of an asymmetric wave-influenced
delta. A general model for wave-influenced deltas, pre-
sented by Bhattacharya and Giosan (2003; Figure 4), con-
forms to paleogeographic reconstructions of delta lobes
associated with the lower Ferron parasequences, and in
particular parasequence Kf-2-Mi (e.g. Figure 4 in
Anderson and Ryer, this volume). Paleogeographic
maps of Ferron delta-plain channels depict major trunk
streams splitting into a few terminal distributary chan-
nels. At most, two orders of branching are interpreted
(e.g. Anderson et al., this volume, Figures 31 and 33).
These paleogeographic reconstructions are quite consis-
tent with the plan-view geometries of modern wave-
influenced deltas (Bhattacharya and Giosan, 2003) and
contrast with the large, low slope, modern fluvial-domi-
nated deltas, such as the muddy Mississippi and
Atchafalaya deltas in the Gulf Coast and the more sandy
Colville, Saganavirtok, and Lena Rivers in the Arctic that
show up to 10 orders of branching. Truly fluvial-domi-
nated delta lobes are largely formed as crevasse deltas
(e.g. Welder, 1959; Wells et al., 1984; Bhattacharya and
Davies, this volume) and generally form in bays protect-
ed from waves by a wave-formed barrier island
(Bhattacharya and Giosan, 2003; Figure 4).

Gardner et al,, Garrison and van den Bergh, and
Barton (this volume), note a remarkable uniformity on
the scale of preserved channel and bar deposits, which
also suggests a low order of distributary branching.
Cross sections through deltas with many orders of
branching should show large variability in the size and
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Figure 3. Comparison of distributary channel branching patterns in a fluvial- versus wave-dominated deltaic coastline. (A) Fluvial-dominat-
ed Lena River delta (Russian Arctic) shows numerous orders of branching with many tens of terminal distributary channels (photo from NASA

Earth Observatory website - http://earthobservatory.nasa.gov/Newsroom/Newlmages/images.php3?img_id=10291).

(B) Wave-dominated

coastline associated with the Paraibo do Sul, Brazilian coast. (C) Po delta, Italy. (D) Ebro delta, Spain. Bifurcation is inhibited in wave-dom-
inated deltas because the river is unable to prograde into the basin as rapidly. This effectively allows the river to maintain its grade, which in
turn inhibits avulsion. For the most part, Ferron deltas are interpreted as primarily wave-influenced. The Po and Ebro are considered to be like-
ly modern analogs (photos of the Po, Ebro, and Paraibo do Sul deltas courtesy of W. R. Muehlberger).

distribution of channels than is generally observed in the
Ferron Sandstone. This suggests that the largest of the
documented Ferron channels are trunk streams.

Va“egs or Channels in the Ferron?

Several Ferron studies (Barton et al., this volume,
Figures 5 and 17; Garrison and van den Bergh, this vol-
ume) interpret multistorey channel belts to lie within
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incised valleys. Barton et al. (this volume) show 22-24 m
(70-80 ft) deep incisions filled by multiple, stacked chan-
nel stories each less than 6 m (20 ft) thick (Figure 5).
These observations satisfy the definition of incised val-
leys as “elongate erosional features larger than a single
channel” (Dalrymple et al., 1994; Willis, 1997). The mul-
tistorey fills clearly show that streams were underfit rel-
ative to the larger incised valley (Figure 5).

Rivers confined to valleys are candidates for the
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Figure 4. Conceptual model for evolution of a modern asymmetric
delta lobe, such as the St. George of the Danube delta: (A)
Subaquaeous Delta Phase - sediment deposition is primarily on the
subaqueous part of the delta; the beach-ridge plain on the updrift
flank is also advancing; (B) Middle-Ground Bar Phase - a middle-
ground bar forms at the mouth, forcing the distributary to bifur-
cate; linear barrier bars form on the subaqueous delta; (C) Barrier
Island Phase - the linear barrier bars coalesce and become emergent
to form a barrier island that rolls over to attach to the mainland; a
secondary, fluvial-dominated, bay-head delta may develop in the
sheltered lagoon behind the barrier island. Longshore drift (repre-
sented by the open arrow) is southward. Modified after
Bhattacharya and Giosan (2003).

largest-scale trunk channels. Therefore, their multi-
storey channel-belt deposits provide insight into the
depth and width of the formative channel, although the
amalgamated character means that channels may be
incompletely preserved. Interpretations based on
incomplete channel thicknesses may result in underesti-
mation of bankfull channel depth (Bridge and Tye, 2000),
although more complete channel fills are found in the
higher storeys (Figure 5).

Although the Mississippi Delta has been used as a

,

/ k rier

(c)
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modern analog for the Ferron Sandstone (e.g. Cotter,
1975a; Moiola et al., this volume) comparisons have not
been rigorous. In fact, a significant Ferron stratigraphic
debate is centered on the interpretation of channelized
deposits on the order of 20 m (65 ft) deep and a few hun-
dred meters wide. Moiola et al. (this volume) suggest
that because these incised features are comparable in
size to distributary channels in the modern Mississippi
Delta, they are distributary channels. In contrast, Barton
et al,, and Garrison and van den Bergh (this volume)
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Figure 5. Facies architecture of an interpreted Ferron valley fill in cliffs along Interstate 70. Base of valley erodes into several upward-coarsen-
ing parasequences (A, B, C). Valley depth (Hv) is about 21 m (70 ft). In contrast, associated channel depths (Hc) are only about 6 m (20 ft).
Valley is filled with five channel storeys (1-5). Lowest channel belt deposit (1) is largely eroded by migration of younger channels. Predominance
of laterally accreting bars, define the internal facies architecture of each channel-belt deposit. The bedding geometry shows that the rivers were
single thread, meandering streams that gradually filled the larger valley. Calculation of water depth from dune-scale cross-strata within the bar
deposits suggests maximum bankfull depth of about 9 m (30 ft). Figure modified after Barton et al. (this volume).

interpret these deposits as incised valleys, that contain
the deposits of numerous, vertically stacked, small-scale
channels. Thus, these differing opinions are manifested
in numerous sequence stratigraphic interpretations of
the Ferron. Ryer (this volume) points out that seven
sequence boundaries identified in the Ferron by several
research groups do not match!

In the previous section we concluded that the Ferron
drainage area was far too small for the development of a
Mississippi-scale river. Additionally, the ratio of bank-
full-channel depth to the maximum-erosion depth
defines a valley, not the absolute depth of the incision.
In the Ferron Sandstone, the ratio of valley depth to
channel depth is about 4.

Estimating Paleodischarge of Ferron Rivers

To compare interpreted Ferron channel belts with
modern counterparts it is helpful to calculate a possible
discharge for the Ferron rivers. Matthai (1990 [quoted in
Mulder and Syvitsky, 1995]) demonstrates that peak-
flood fluvial discharge is related to drainage basin area
by the equation:

M

Given drainage area A = 50,000 km? (19,000 miz), we cal-
culate log Qgq = 5-49. This, in turn, yields a calculated

Log Qpy0q =-0.070 (logA?) + 0.865l0gA + 2.084
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peak flood (Qgyoq) of 309,029 m?/sec (10,914,854
ft3/sec), although there is an order of magnitude uncer-
tainty in this calculation. It is emphasized that this value
would not apply year round, would primarily reflect
only times of high seasonal discharge, and should not be
used to calculate average yearly discharge. Data com-
piled by Mulder and Syvitsky (1995) suggest that
Qfo0d” Qaverage ratios can range over 4 orders of magni-
tude, from 10 to 10,000. This ratio suggests that average
discharge for Ferron rivers could be as high as 30,000
m3/sec (1,060,000 ft3/ sec) but as low as 30 m3/sec (1060
ft3/sec). Clearly the uncertainty in these estimates is
large, and results must be interpreted with caution.

A more robust method of estimating discharge is
based on the paleohydraulics of the river deposits them-
selves. We start with the equation for channel discharge:

Q=AxU @)

where Q = discharge, A = cross-sectional area of the
channel (width x depth), and U = average velocity. For
this method, estimates of water depth, channel width,
and flow velocity (U) are required. Channel velocity
could be calculated from the slope, but ancient fluvial
slopes are notoriously difficult to estimate, primarily
because they are low and range over several orders of
magnitude (typically 0.001 to 0.00001). Water depths of
the interpreted trunk streams can be readily estimated



from the mean preserved thickness of dune-scale cross-
strata (Bridge and Tye, 2000; Le Clair and Bridge, 2001)
using the equation:

H,, = 5.38 + 0.0012 (3)

where f§ =s,,/1.8, s, = mean cross-set thickness, and H,,
= mean dune height.

To use this technique, it is essential that data on the
measured thicknesses of cross-sets be accurately pre-
sented. Bridge and Tye (2000) stress that abnormally
thick, isolated cross-sets formed by unit bars should be
excluded from the data. Based on measured sections
presented by Gardner et al. (this volume) and Garrison
and van den Bergh (this volume), thickness of dune-
scale cross-stratal sets are shown to average 20-30 cm (8-
12 in.). Setting s, = 20-30 cm, the above equation there-
fore yields a mean dune height of about 59-88 cm (23-35
in.). LeClair and Bridge (2001) further show that flow
depth is typically 8 to 10 times mean dune height. This
suggests flow depths of between 4.7-8.8 m (15.4-28.9 ft).
We thus determine maximum (i.e. bankfull) flow depths
to be about 9 m (30 ft).

Channel depth can also be independently estimated
from thicknesses of fully preserved bar deposits (i.e.
macroform) and channel-fill deposits, typically repre-
sented in the uppermost storey within the interpreted
valley fills. Thickness of bar-scale macroforms reaches a
maximum of about 8 m (26 ft) (Gardner et al., Figure 15,
this volume). With the assumption that bar deposit
thicknesses are roughly 90% of channel depth (c.f.
Bridge and Mackey, 1993) we again estimate a flow
depth of about 9 m (30 ft), similar to that calculated
above. Maximum thicknesses of channel-fill deposits,
based on measured sections presented by Gardner (this
volume) and Garrison and van den Bergh (this volume)
are also on the order of 9 m (30 ft). These independent
estimates of maximum bankfull-channel depth (d,) all
suggest a value of about 9 m (30 ft). Taking the mean
channel depth to be approximately 0.57 the maximum-
bankfull depth (5.1 m [16.7 ft]) (Bridge and Mackey,
1993) and these equations from Bridge and Tye (2000):

w, = 8.88(d,,) 1% 4)
w =59.86(d,)'® (5)
w =192.01(d )" (6)

where d,, = mean channel depth, gives a channel width
(w.) of 174 m (571 ft) and a range of channel-belt widths
from 1135-1800 m (3724-5900 ft). Several of the valley-
scale channels in outcrop (9 m [30 ft] deep, 250 m [820 ft]
wide) show laterally accreting point-bar deposits
(Barton et al., this volume), suggesting single-channel,
meandering streams. Equation 6 is most applicable for a
high-sinuosity channel. The equations of Fielding and
Crane (1987) (equation 7) and Collinson (1978) (equation
8):
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w =646 (d )
w = 65.6 (d)17

@)
®)

where d = maximum channel depth, give a range of
channel-belt widths from 650-2100 m (2130-6900 ft). The
value in these calculations is that they give a range of
possible channel and channel-belt sizes that compare
favorably with outcrop observations where the Ferron
channels are confined, or where channel margins are
observable (channel not confined within a valley).

Garrison and van den Bergh (this volume) measured
channel-belt widths, and thicknesses. They show that
maximum thicknesses are 30 m (100 ft) and widths do
not exceed 2 km (1.2 mi). Channel widths within the
belts average 250 m (820 ft). There is no outcrop evi-
dence that Ferron river channels were wider than a few
hundred meters. Numerous unconfined distributary
channels occur in the Ferron delta plain (e.g. Corbeanu
et al., this volume), but it is impossible to estimate over-
all stream discharge from these types of channels
because it is not known how many distributary channels
were active simultaneously.

Sedimentological descriptions of the fluvial deposits
show a predominance of dune-scale cross-stratified,
pebbly, coarse- to medium-grained sandstone, fining
upward into fine-grained sandstone and mudstone
(Ryer and Anderson, this volume). Ryer and Anderson
(this volume) present strong evidence for sinuous chan-
nels that migrated laterally (e.g. upward-fining aban-
doned-channel fills, lateral accretion surfaces). The
abundant mud deposited in both the floodplain,
prodelta, and offshore areas demonstrate that the Ferron
rivers carried a significant muddy load in suspension, as
well as a sandy bedload moving primarily as dune-scale
bedforms. Channel deposits become increasingly mud
rich, down depositional dip and in higher stratigraphic
positions (Barton et al., this volume; Gardner et al., this
volume).

Flow velocities in the Ferron rivers can be estimated
using the method of Rubin and McCulloch (1980). Their
method is based on bedform stability as a function of
grain size, water depth, and velocity (Figure 1). A flow
velocity of between 50-110 cm/sec (20-43 in./sec) is esti-
mated based on grain size (fine sand), water depths (9 m
[30 ft]), and the fact that three-dimensional dunes were
the primary stable bedforms. Assuming that grain size
and sedimentary structures represent high-discharge or
early, post-flood depositional conditions, we use 100
cm/sec (1 m/sec [3 ft/sec]) as a reasonable estimate of
flow velocity.

A maximum channel depth of 10 m (33 ft) and a
width of 250 m (820 ft) gives an average cross-sectional
area of on the order of 1250 m? (13,460 ftz). From this it
is easy to calculate a discharge (Q,,) of 1250 m>/sec (50
x 10% ft3/sec). Of course the channel-forming discharge
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was likely related to times of major floods, so the aver-
age discharge is probably lower than 1250 m3/sec.
Assuming that discharge was this high year round,
allows us to place an upper limit of maximum possible
discharge of about 50 x 10° m3/year or 50 km?/year
(about 250 x 107 £t3/ year). This contrasts with the dis-
charge calculated using an estimated drainage area,
which suggests maximum possible peak-flood discharge
of 309,000 m>/sec (10,900,000 ft>/sec) compared to 1250
m3 /sec. The 1250 m3 /sec estimate is, however, within
the range of possible average discharge values of 30-

30,000 m3/sec (1060-1,060,000 ft3/sec) using the alter-
nate approach of Matthai (1990).

COMPARISON OF FERRON WITH
MODERN DELTAS

We now have a relatively complete characterization
of the Ferron system (although focused primarily on the
lower parasequences within the Last Chance delta).
Width and depth estimates for Ferron rivers are an
order-of-magnitude less than for those of the modern
Mississippi, whereas the overall sediment caliber in the
Ferron channel and bar deposits is considerably coarser
grained. The Mississippi, therefore, should not be used
as an analog in comparing the scale of the delta and its
associated elements, particularly the major Mississippi
distributary channels.

A narrow range in sizes of distributary channels
suggests that there were only a few orders of bifurcation.
This is consistent with predominantly wave-influenced
shorelines and delta fronts in which only fluvial domi-
nance is localized (Figure 3). The Ferron deltas were
likely wave-modified and probably asymmetric, similar

in plan to the Brazos delta, the Ebro, Rhone, or the south-
ern St. George lobe of the Danube (see summary in
Bhattacharya and Giosan, 2003; Figures 3 and 4).
Fluvial-dominated lobes may have prograded into bays,
protected by wave-formed barrier systems on the down-
drift margins of these systems. The low number of bifur-
cations is characteristic of highly wave-modified delta
systems (Figure 3).

The Ferron river systems are more similar to moder-
ate-sized, sandy-bedload rivers such as the Brazos
(Texas), or the Po (Italy), Rhone, (France), and Ebro
(Spain) that drain off the active alpine systems in central
Europe (Figure 3). The Ferron rivers did not drain a cra-
ton, and therefore mud-dominated continental-scale sys-
tems, such as the Mississippi (USA), Niger (West Africa),
Amazon (Brazil), and Nile (North Africa), are not appro-
priate analogs.

Our calculated estimates suggest that the Ferron
rivers were an order-of-magnitude smaller in discharge
than the smallest of the world’s 25 largest rivers (Meade,
1996). The two smallest of the top 25 rivers (Niger River
in Africa and Fly River in Papua New Guinea) have
respective water discharges of 190 and 150 x 10°
m3/ year (950 and 750 x 107 ££3/ year) (Meade, 1996) three
times larger than the 50 x 10° m3/year (250 x 10’
ft3/ year) calculated for the Ferron rivers, which as dis-
cussed is probably still too high an estimate. Estimates
of the Ferron drainage area are also two orders-of-mag-
nitude lower than for continental-scale river systems like
the Niger, Amazon, and Mississippi. Additionally, the
estimated size of the mapped subaerial delta plains
formed by each of the Ferron deltas (10% km? [240 mi?])
is an order-of-magnitude less than that for major conti-
nental deltas (e.g. Gardner, 1995; Anderson et al., this
volume).

Table 1. Summary data for Holocene deltas possibly analogous to Ferron deltas. Data summarized from Russell (1942), Coleman and Wright
(1975), Wells et al. (1984), Ecological Research Associates (1983), and van Heerden and Roberts (1988).

Climate Basin Area Aluv. Channel Delta Area Discharge No. of Tidal Range

(x10°km?) _Length (km)  (km?) (m®/sec) Mouths  (m)
Ebro (Spain) Dry Trop. 89.8 67 624 552 2 0
Colville (Alaska) Arctic 59.5 481 1687 491.7 19 0.21
Sagavanirktok (Alaska) Arctic 11.8 55 1178 600 11 0.21
Cubits Gap (Louisiana) Temp. 3344.6 - 200 2262 8 0.5
Atchafalaya (Louisiana) Temp. 3344.6 - 125 937 10 0.5
Wax Lake (Louisiana)  Temp. 3344.6 - 107 1537 8
West Bay (Louisiana) Temp. 3344.6 - 300 750 0.5
Danube (Romania) Cool Temp. 712.6 774 2740 6250.1 14 0
Magdalena (Columbia) Humid Trop. 251.7 136 1689 7500 1 1.1

13,000 (max.)

Rhéne (France) Dry Trop. - 177 1813 360 (min) 6 0
Sé&o Francisco (Brazil)  Humid Trop. 602.3 150 734 3420 1 1.86
Last Chance delta Humid Sub-Trop. 50 100 1000 1250 <2.0
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A collection of data on modern deltas (Table 1) that
may span the sizes and morphologic types of Ferron
deltas include the Ebro (Spain), Colville and
Sagavanirktok (Alaska), Rhone (France), Danube
(Romania), Magdalena (Columbia), Mississippi River
subdeltas (West Delta, Cubits Gap, Atchafalaya, and
Wax Lake), and Sao Francisco (Brazil).

USE OF MODERN ANALOGS FOR
SUBSURFACE INTERPRETATION OF
FERRON WELL DATA

Having restricted the population of possible modern
river and delta analogs for the Ferron Sandstone, the
validity and usefulness of using their geomorphic traits
(Table 2) were tested on a dataset of 16 wells to guide a
subsurface interpretation of the Ferron (Figure 6). Core

Scarching for Modern Ferron Analogs and APPlication to Subsurface Interpretation

and wireline-log data include research wells drilled at
Ivie Creek (Utah Geological Survey), Muddy Creek
(British Petroleum), and a regionally spaced set of wells
drilled by ARCO. Well spacing is highly variable. At
Ivie Creek and Muddy Creek, closely spaced wells (0.5
km [0.3 mi]) provide control on correlation of facies asso-
ciations, whereas the distance between the remaining
wells leaves much room for interpretation.

Each well has gamma-ray and density logs; most of
the ARCO wells also have neutron-porosity logs.
Existing core descriptions (Thompson et al., 1986, Utah
Geological Survey; and Moiola et al., this volume) for
the two lowermost Ferron parasequence sets (Kf-1 and
Kf-2; Anderson et al. this volume) provide the basis for
our stratigraphic interpretation.

Given the clustered wells at Ivie Creek and Muddy
Creek, plus the widely spaced ARCO wells, our assump-

Table 2. Summary statistics for length and width of channels and distributary-mouth bars in various deltaic settings.

Length (km) Width (km)

Colville Min. Mode Max. Min. Mode Max. N
Channels N/A N/A N/A 0.27 0.5 0.78 40
Ab. Channels 0.09 0.39 2.74 0.03 0.05 1.07 140
Distributary Channels N/A N/A N/A 0.05 0.42 2.43 281
Dist.-Mouth Bars 0.14 0.43 6.73 0.09 0.16 293 109
Sagavanirktok Min. Mode Max. Min. Mode Max. N
Channels N/A N/A N/A 0.09 0.53 1.25 65
Ab. Channels 0.22 0.53 2.95 0.06 0.09 0.93 75
Distributary Channels N/A N/A N/A 0.05 0.16 0.68 75
Dist.-Mouth Bars 164
Atchafalaya Min. Mode Max. Min. Mode Max. N
Distributary Channels N/A N/A N/A 0.07 0.09 1.78 51
Dist.-Mouth Bars 0.44 2.05 3.43 0.26 1.05 2.07 14
Wax Lake Min. Mode Max. Min. Mode Max. N
Distributary Channels N/A N/A N/A 0.03 0.12 0.78 102
Dist.-Mouth Bars 0.16 0.57 4.94 0.09 0.41 1.33 64
West Delta Min. Mode Max. Min. Mode Max. N
Distributary Channels N/A N/A N/A 0.06 0.22 1.22 73
Cubits Gap Min. Mode Max. Min. Mode Max. N
Dist.-Mouth Bars 0.15 0.17 2.61 0.08 0.16 2.14 46
Rhéne Min. Mode Max. Min. Mode Max. N
Distributary Channels N/A N/A N/A 0.5 0.6 1.0 11
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Table 3. Fluvial channel, distributary channel, distributary-mouth bar, and shoreface dimensions summarized from 671 paralic sandstone bod-

ies. From Reynolds (1999).

Sandstone Body Type Length (km) Width (km)

Min. Mean Max. Min. Mean Max.
Fluvial Channels N/A N/A N/A 0.06 0.76 1.4
Distributary Channels N/A N/A N/A 0.02 0.52 5.9
Dist.-Mouth Bars 24 6.48 9.6 1.1 2.87 14
All Shoreface/Shelf Sandstones 47 93.2 190 1.6 254 106

tion is that the well data are a reasonably unbiased sam-
ple of the lower Ferron stratigraphy. Our hypothesis is
that subsurface interpretations integrating core data
with modern analog observations are superior to those
made in which geomorphic guidance from modern
analogs are lacking. The exercise also allows us to esti-
mate the degree of stratigraphic uncertainty inherent in
subsurface data sets compared to continuously exposed
outcrop data sets.

To evaluate the hypothesis, our stratigraphic inter-
pretation was compared to the cross sections based on
nearly continuously exposed outcrops presented by
Garrison and van den Bergh (this volume; their Figure
3). Parasequences within parasequence sets Kf-1 and Kf-
2 were correlated in all the wells using genetic-sequence
and allostratigraphic concepts (Figure 6; c.f. Van
Wagoner et al., 1990; Cant, 1992; Bhattacharya, 1993;
Posamentier and Allen, 1999). We deliberately did not
refer to the detailed outcrop stratigraphies presented in
this volume to constrain our correlations. The intent was
to illustrate the degree to which a more-or-less random
series of wells represents the actual stratigraphy:.

A stratigraphic cross section paralleling the Ferron
outcrop belt (Figure 6) shows the parasequences, bound-
ing surfaces, and facies associations bundled into trans-
gressive — regressive cycles, similar to those described by
Anderson et al. (this volume) and Ryer (this volume).
Moiola et al. (this volume) attribute many of the bound-
ing surfaces to be localized flooding surfaces created
through delta-lobe abandonment.

In making subsurface interpretations given only
wireline logs and cores, one can measure facies associa-
tions, and bedset and bed thicknesses in addition to
interpreting unconformities. Lorenz et al. (1985),
Fielding and Crane (1987), Bridge and Tye (2000), and Le
Clair and Bridge (2001), provide insights into how thick-
ness data can facilitate estimating channel dimensions.
Additionally, Reynolds (1999) gives good thickness-to-
width relationships for paralic facies associations (Table
3).

In a revised Ferron cross section (Figure 7), the size,
connectivity, position, and frequency of occurrence of
specific facies elements (e.g. fluvial, distributary, and
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tidal channel; distributary-mouth bar; bay/lagoon;
shoreface) were governed by geomorphic constraints
based on these published thickness versus width
datasets. Channel dimensions were varied according to
whether the channel’s interpreted environmental setting
was fluvial, distributary, or tidal in nature. Fluvial and
distributary-channel dimensions were estimated using
the methods previously described and those of Bridge
and Tye (2000). Also, size ranges for distributary chan-
nels and distributary-mouth bars in various river-influ-
enced deltas were incorporated (Table 2). The number of
interwell channels and their connectivity were estimated
using the net-to-gross observed in each stratigraphic
interval (Bridge and Mackey, 1993). Correlations at Ivie
Creek and Muddy Creek, where well spacing is as close
as 0.5 km (0.3 mi), demonstrate the localized extent of
the distributary channels (Figure 7). Had we assumed
that distributary channels were at the scale of the
Mississippi delta, we would have correlated them over
longer distances. The proportion and dimensions for
tidal-inlet channels are based on thickness-to-width rela-
tionships of Holocene examples (Tye and Moslow, 1993).

A third correlation (Figure 8) assumes that the mul-
tistorey channel sandstones are incised valleys. A major
difference between it and Figure 7 is the over-correlation
of channel facies, especially in the uppermost part of the
Ferron Sandstone.

The subsurface and outcrop cross sections (Figure 7,
and Figure 3 of Garrison and van den Bergh, this vol-
ume) capture the progradational and aggradational
stacking pattern of multiple Ferron parasequences and
the flooding surfaces separating them. Three sequences
(FS1, FS2, and FS3) identified by Garrison and van den
Bergh (this volume) are projected onto Figure 7;
although, their placement on the wireline logs is approx-
imate.

This comparison illuminates interpretive differences
and difficulties between outcrop and subsurface inter-
pretations. Given the greater exposure and more com-
plete sampling, the outcrop interpretation contains a
greater diversity in interpreted facies associations, an
increased number of identified parasequences and bed-
sets, and consequently greater stratigraphic fidelity.
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Searc]qing for Modern Ferron Analogs and Application to Subsurface Intcrpretation

Table 4. Distributary channel and distributary-mouth bar dimensions in river-dominated and wave-reworked progradational parasequences in
the Last Chance delta. From Garrison and van den Bergh (this volume).

Last Chance Delta Length Width  Thickness Length/Thickness Width/Thickness Length/Width
(km) (km) (m) Aspect Ratio Aspect Ratio Aspect Ratio
Distributary Channels N/A 0.364 9.7 N/A 38.0 N/A
Dist.-Mouth Bars 3.67 2.69 8.9 512 169.4 25

However, considering that in the absence of the outcrop
data, Figures 7 and 8 could represent equi-probable
stratigraphic interpretations, its similarity to the work of
Garrison and van den Bergh (this volume) is reassuring.
For instance, at the base of FS1 (Figure 7), both interpre-
tations show bay/lagoonal deposits separating parase-
quence set 1 from parasequence set 2. In outcrop, the
bay/lagoonal deposits grade into prodelta/offshore sed-
iments between Ivie Creek and Muddy Creek. In the
subsurface section, the bay/lagoonal deposits are corre-
lated continuously between Ivie Creek and Muddy
Creek as if they are landward facies equivalents of dis-
tributary channel and distributary-mouth bar deposits
in well MC-1. This illustrates the greatest difference
between the two interpretations and a drawback to sub-
surface interpretations — the inability to recognize and
correlate all parasequences and to potentially over-cor-
relate potential reservoir compartments. This is a partic-
ularly common problem where subsurface data under-
sample complex stratigraphic features, such as offlap-
ping clinoform strata. Data from modern environments
can help make predictions about the maximum likely
extent of a clinoform feature, such as a delta lobe,
although to date, there are far more data on channelized
facies elements. Additionally, although Ferron channel
widths average less than 0.5 km [0.3 mi]) (Table 4), the
lateral continuity of amalgamated channel deposits
(channel belts) demonstrated by Garrison and van den
Bergh (this volume) is generally greater than that shown
in Figure 7, but not as much as shown in Figure 8. Thus,
the subsurface interpretation in Figure 7 is optimistic in
estimating the continuity of shallow-marine facies asso-
ciations (i.e. delta front, shoreface) in parasequences but
pessimistic in estimating the dimensions and number of
channel deposits. The over-thick channel-belt deposits
could also represent candidates for incised valley fills, as
illustrated in Figure 8, which would result in interpreta-
tion of several additional sequence boundaries. The val-
ley systems would correlate over larger distances than
smaller distributary channels. However, even with such
excellent datasets, correlation of sequence boundaries is
far more uncertain than correlation of the flooding sur-
faces (Ryer, this volume).

In evaluating the probability that Figure 7 accurate-
ly represent the Ferron geology, and using Garrison and
van den Bergh’s work as the ground truth, this subsur-
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face Ferron interpretation falls on the low side of a most-
likely case scenario, with a greater level of compartmen-
talization of sandstone bodies than is seen in the out-
crop. Figure 8 tends to over-correlate the channel sand-
stones.

Making multiple interpretations of the same subsur-
face data set can be a valuable method in determining
the range of stratigraphic uncertainty. If the degree of
uncertainty can be incorporated in building two- or
three-dimensional reservoir models, then the risk associ-
ated with a development program can be better evaluat-
ed. In a sense, the question for a reservoir geologist
should not be, “how big is a distributary channel (or any
other facies architectural element),” but “what is the
range of possible or most likely sizes.” This is the scale
of reservoir description at which data from modern
depositional analogs can be most useful.

CONCLUSIONS

Integration of the tectono-stratigraphic interpreta-
tions of Gardner (1995) with the general paleogeograph-
ic reconstructions of the Cretaceous (Williams and
Stelck, 1975) suggests that the Last Chance delta was fed
by a trunk river draining an area of about 50,000 km?
(19,000 miz). This drainage basin area can in turn be
used to estimate maximum flood discharge (Matthai,
1990) which suggests that peak flood discharges could
have been as high as 300,000 m3/sec (10,600,000 ft3/ sec),
although estimates using this method vary over several
orders of magnitude. More robust calculations of river
discharge, based on paleohydraulic estimates of chan-
nel-flow depths, cross-sectional channel areas, and flow
velocity, suggest maximum discharge of Q,, = 50 x 10°
m?/year (about 250 x 10° ft*/year).

Discharge estimates for Ferron rivers are orders-of-
magnitude less than for those of the modern Mississippi
River, whereas the overall sediment caliber in the Ferron
channel and bar deposits is considerably coarser
grained. Some of the larger-scale Ferron trunk rivers lie
within 20 m (60 ft) deep incised valleys. Although these
valleys are comparable in scale to distributary channels
in continental-scale deltas, like the Mississippi, such
comparisons can be misleading. Anecdotal comparisons
of ancient delta systems with well-studied modern con-
tinental-scale systems, such as the Mississippi, may
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result in erroneous interpretations of valleys as distribu-
tary channels (Bhattacharya et al., 2001). Ferron chan-
nels were on the order of 5-9 m (16-30 ft) deep, compared
to the greater depths of continental-scale rivers.
Recognition of valleys within the Ferron Sandstone sug-
gests significant erosion and has important sequence
stratigraphic implications.

A lack of size variability of distributary channels
suggests that there were only a few orders of bifurcation.
The low number of bifurcations is characteristic of high-
ly wave-modified delta systems. Shoreline and delta-
front facies are predominantly wave-influenced, with
only local fluvial dominance. The Ferron deltas were
likely wave-modified and probably asymmetric, similar
in plan view to the Brazos, Ebro, and Rhone deltas, or
the southern St. George lobe of the Danube (see summa-
ry in Bhattacharya and Giosan, 2003; Figure 4). Fluvial-
dominated lobes may have prograded into bays, pro-
tected by wave-formed barrier systems on the downdrift
margins of deltaic depocenters.

Lastly, dimensional compilations from modern ana-
log data can be used to better constrain interwell hetero-
geneity in subsurface correlations. Comparison of sub-
surface-type correlations of Ferron core and wireline log
datasets with the detailed outcrop stratigraphy shows
that despite capturing the clinoform geometry, several
parasequences could not be reliably distinguished in the
subsurface data. Over-correlating shallow-marine reser-
voir compartments in subsurface interpretations is a
danger. In the Ferron subsurface example, the lateral
continuity of shallow-marine facies associations was
overestimated, whereas the sizes and number of channel
facies associations interpreted were underestimated.
The Ferron outcrops are an excellent guide to evaluating
correlation uncertainties in subsurface settings.
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