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ABSTRACT

In this paper we use three-dimensional seismic attribute imaging
and well data to reveal the previously unknown quantitative
measures, directionality, and spatial locations of the Oligo-
cene middle Frio fluvial channel systems within an area of
254 km2 (98 mi2) that covers two oil and gas fields in the
Texas Gulf Coast Basin of the United States. The objective of
this study is to apply quantitative seismic geomorphology
techniques to quantify the morphometric parameters im-
portant to building predictive geologic models for fluvial
reservoirs. Three categories of channel systems are differ-
entiated based on their geomorphology, seismic signature,
and the mode of transport. The first, category 1, includes
channel systems of high-amplitude, moderate- to high-
sinuosity, mixed load channels. Category 2 channel systems
are high-amplitude, straight to low-sinuosity, bed load
channels with both category 1 and 2 channels filled with
coarse-grained sandstone deposits. Category 3 crevasse channel
systems are low-amplitude, highly sinuous, suspended load
channels filled with fine-grained deposits. These fluvial system
categories were found to show unique morphometric charac-
teristics such as channel width, meander belt width, and me-
ander length. Analysis of the middle Frio channel systems
imaged in the south Texas study area revealed a significant
downstream decrease of channel belt width along the length
of the channel belts. The creation of a quantitative morpho-
metric database for the middle Frio fluvial reservoirs in the
basin would be very useful for exploration and development
purposes. The results of this study may have general appli-
cability to the Texas Gulf Coast Basin and to similar fluvial
reservoirs worldwide.
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INTRODUCTION

Recently, deep water channel systems and turbidites
plays have been the primary focus of hydrocarbon
exploration with emphasis on seismic geomor-
phology, sedimentary processes, and their tectonic
controls. Although fluvial–deltaic reservoirs have
long produced oil and gas in the United States Gulf
Coast, few published studies show their expression
using modern three-dimensional (3-D) seismic inter-
pretation workflows and tools.

Quantitative seismic geomorphology is a tech-
nique in seismic interpretation that can be used to
improve our understanding of reservoir geometry and
distribution in a complex depositional system. The
essence of this technique is to collect quantitative
dimensional data of fluvial and deltaic systems from
3-D seismic data maximizing time-equivalent lateral
variability (Posamentier, 2002; Carter, 2003; Davies
et al., 2007; Posamentier et al., 2007; Wood, 2007;
Wood and Mize-Spansky, 2009). Because of their
relevance for hydrocarbon exploration and produc-
tion, quantitative data on the dimensions of fluvial
deposits provide statistical insight into the morpho-
metric characteristics of these clastic systems. In this
study the term morphometric refers to the measured
quantitative parameters of the shape and dimen-
sionality of the channel belts and associated sand
bodies that make up the Oligocene middle Frio fluvial
depositional sequences.

Although the geometry of channel belts has re-
ceived much attention (Gibling, 2006), data on the
3-D variations of channel belt sand body geometry is
relatively scarce. Some field studies (e.g., Shanley and
McCabe, 1993; Ryseth et al., 1998; Tye et al., 1999;
Holbrook et al., 2006) have focused onunderstanding
the architecture (geometry and spatial distribution) of
channel belts and overbank deposits in fluvial suc-
cessions. Miall (2002) conducted a study on a non-
marine Pleistocene section in theMalay Basin,Gulf of
Thailand, using 3-D seismic surveys. He analyzed
seismic time slice images that revealed five types of
fluvial systems ofwidely varying style and dimensions.
These fluvial systems range from braided systems
with channel belt widths of more than 4 km (2.5 mi)
to small-scale meandering systems with meander belt
widths (MBWs) of a few hundred meters. Gaining
insight into the variation of channel belt dimensions
could improve alluvial architecturemodels and lead to

better predictions of hydrocarbon reserves. There-
fore, this study focuses on analyzing the middle Frio
fluvial channel systems imaged in the 3-D seismic
data to (1) quantify the geometric variability of
the middle Frio channel belts and (2) test if along-
stream geometric variations of channel belts is com-
mon in the middle Frio sequences.

Study Area and Geologic Setting

The Frio Formation represents a sediment supply–
driven progradational pulse into the northwestern
passivemargin of theGulf ofMexico basin (Galloway
et al., 1982a) that lasted approximately 8 m.y. during
theOligocene (ca. 33–25Ma).Galloway et al. (1982b)
subdivide the Frio into three operational units:
the progradational lower, aggradational middle, and
retrogradational uppermembers. This study focuses
on the basal part of the middle Frio aggradational
unit. The Stratton and Agua Dulce fields are located
in south Texas (Figure 1). Production from the
two fields comes mainly from the Frio Formation.
The thickness of the Frio Formation penetrated by
the Union Production Company 7A Driscoll well
in the study area is ~1005 m (~3300 ft). The middle
Frio Formation consists of vertically stacked reservoir
sequences (Figure 2). This study focuses on the ag-
gradational fluvial sandstone reservoirs of the deeper
F-series, referred to as basal middle Frio, which may
be unconformably resting above the progradational
upward coarsening deltaic reservoir sequences of the
lower Frio Formation. Galloway (1989) indicated the
presence of inner coastal plain unconformity between
the middle and the lower Frio Formation. Kerr (1990)
noticed that the lenticular fluvial sandstone deposits
of the middle Frio Formation is in marked contrast to
the underlying laterally extensive sandstones of the
lower Frio Formation, deposited in a lower coastal plain
to inner shelf setting (Galloway et al., 1982b). Thies
et al. (1993) interpreted the middle Frio to uncon-
formably overlie the lower Frio in Orange County,
Texas. The interval of detailed analysis of this study
covers the interval from the top of the G2 reservoir
to above the top of the F11 reservoir, which has an
average total thickness of 152 m (500 ft) (Figure 2).

The gas reservoirs in the Vicksburg and lower–
middle Frio Formations are affected by southern
dipping growth faults. The two contiguous fields are
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included in a large rollover anticline truncated by
normal faults, which are synthetic and antithetic to
the Vicksburg and Agua Dulce major growth faults.
Over most of the study area, the deepest part of
the middle Frio section is affected by these structures
(El-Mowafy and Marfurt, 2008).

The Frio Formation in south Texas comprises the
Gueydan fluvial system, which drained a semiarid

source areas in the desert southwest (Galloway et al.,
1982a) and entered the Gulf of Mexico through the
Rio Grande embayment. TheGueydan fluvial system
is interpreted as having been deposited by mixed
load to bed load, slightly sinuous streams with broad,
well-developed natural levees (Galloway, 1977).
Single-story (storey of Friend et al., 1979) channel
sandstone bodies are 3–10 m (10–33 ft) thick, but

Figure 1. Index map showing
the location of the contiguous
Stratton and Agua Dulce fields
and locations of the two three-
dimensional (3-D) seismic sur-
veys used in this study. The two
fields are represented schemati-
cally by one polygon (not to
scale), which approximates the
structure closure at the middle
Frio stratigraphic level. The two
fields occur next to each other,
and they are defined by parallel-
to-the fault northeast–southwest-
trending large rollover anticline
that is related to the Vicksburg
and Agua Dulce faults’ hanging
wall deformation. Stratton field
extends from northern Kleberg
County into southern Nueces
County, and Agua Dulce field
extends farther to the northeast
and is mostly covered by the
Union Pacific Resources (UPR)
3-D seismic survey. Polygon A
delineates the interpreted area
of the UPR 3-D seismic survey.
Polygon B delineates area with
well control inside the UPR 3-D
seismic survey. Polygon C defines
area covered by the smaller
University of Texas Bureau of
Economic Geology (UT-BEG) 3-D
seismic survey. The FR-4 gas play
is the prolific Frio gas trend in
south Texas with production from
Frio and Vicksburg fluvial and
deltaic sandstone reservoirs, re-
spectively, along the Vicksburg
fault zone. Stratton and Agua
Dulce fields are located in this

play (modified from Kosters et al., 1989). Location of Union Pacific Resources Company (UPRC) 175 Wardner well with vertical seismic
profile (VSP) is shown on themap. Line of the stratigraphic section in Figure 4 connecting the UPRC 182 and 185Wardner GP wells is shown.
Corpus Christi bay is also marked on this map. Reprinted by permission of UT-BEG, whose permission is required for further use.
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they commonly amalgamate into units as thick as
30 m (100 ft). These amalgamated multistory sand-
stone bodies develop into multilateral belts as much
as several miles wide. Crevasse splay deposits are
widespread and can extend as far as several thousand
feet from the main channel (Galloway, 1981).

Data Description

Two stacked, slightly overlapping, 3-D seismic sur-
veys have been used in this study for the inter-
pretation of lateral and vertical variability of the
middle Frio fluvial deposits. The signal-to-noise ratio

is high, and nomultiples or coherent noise is apparent
in the data. The first survey (area A in Figure 1) was
acquired in 1993 by Union Pacific Resources (UPR)
and processed byWestern Geophysical, resulting in a
frequency bandwidth of 10–90 Hz with a dominant
frequency of 50Hz. The size of this survey is 233 km2

(90 mi2). The second survey (area C in Figure 1)
was acquired in 1992 by the University of Texas at
Austin–Bureau of Economic Geology (UT-BEG) and
was reprocessed by Mercury International Technol-
ogy Company in Tulsa, Oklahoma, resulting in a
frequency bandwidth of 10–60 Hz with a dominant
frequency of 35 Hz. The size of this survey is
19.7 km2 (7.6 mi2). Using the average frequencies of
the two 3-D seismic data sets and the average interval
velocity of 10,500 ft/sec (3200 m/sec) of the middle
Frio interval obtained from sonic logs, the average
vertical resolution of the UT-BEG survey is 23 m
(75 ft) and of the UPR survey is 15.8 m (52 ft). We
generated several wedge models to estimate and
confirm the minimum resolved thickness of the
seismic data. Ricker wavelet with 35-Hz dominant
frequencywas used in the generation of thesemodels.
Themodels indicate that theminimum thickness that
can be resolved seismically in the UPR survey is
15.2 m (50 ft). The detectability limits are estimated
to be 26 and 17m (85 and 56 ft) for the UT-BEG and
the UPR 3-D surveys, respectively. We also used
digital and hard copies of well logs for 171 wells as
well as one core described by Kerr and Jirik (1990).

Well-to-Seismic Tie

The tools used in associating seismic data with geo-
logic horizons are the vertical seismic profile (VSP) of
the Union Pacific Resource Company (UPRC) 175
Wardner well (Figure 3) and synthetic seismograms.
These tools are used to define the predicted two-way
travel time for each of the depositional surfaces of
interest in the two 3-D seismic data sets. The two
poststack 3-D seismic volumes (UT-BEG and UPR)
partially overlap in the northern Stratton field area
(Figure 1). The UPRC 175 Wardner well with the
VSP lies in the heart of the smaller UT-BEG 3-D
seismic survey but on the southern border of the UPR
survey. The east–west crossline 204 was extracted
from the UT-BEG survey that passes through the
UPRC 175Wardner well, the VSPwasmatched with

Figure 2. Type log from the Union Producing Company 7A
Driscoll well showing the middle Frio reservoir groups and no-
menclature at Stratton (left) and AguaDulce (right) fields (modified
from Kerr, 1990). Reprinted by permission of the AAPG Gulf Coast
Association of Geological Societies, whose permission is required
for further use. BMF = basal middle Frio; ResD = deep resistivity;
SP = spontaneous potential; U. Vicksburg = Upper Vicksburg.
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the seismic data, and events of interest were marked
on this crossline. The E41, F11, F39, and G2 events
were translated from crossline 204 into inlines 190 and
210 from the UT-BEG survey as shown in Figure 3.
The stratigraphic positions of the basal middle Frio
reflectors are in good agreementwith respect to travel
time. To tie the geologic horizons of interest (E41,
F11, F39, and G2; Figures 2, 3, 4) with the UPR 3-D
seismic volume, the north–south inline 1238 (the
closest seismic inline to the location of UPRC 175
Wardner well) was extracted from the UPR 3-D
seismic volume, and events of interest from the VSP
were tied to that seismic inline.

Seismic Attributes

Amplitude horizon slices extracted every sample
(4 ms) away from the interval of interest show in-
dications for channelized features and incised valleys
but were not sharply resolved. For this reason we
generated multiple attribute volumes in an attempt
to clearly delineate and resolve fluvial channel fea-
tures to enable greater analysis. Seismic attributes
combine amplitude values at adjacent time samples

and traces to quantify amplitude, phase, or frequency
of the seismic data. Single-trace attributes use ad-
jacent samples in a given trace. Multitrace or geo-
metric attributesmeasure lateral changes in waveform,
amplitude, and phase. We find simple root-mean-
square (RMS) amplitude (the RMS of the seismic
amplitudes) within a 10-ms window to be particularly
sensitive to thin bed tuning effects associated with our
fluvial systems. The 3-D seismic attributes that best
revealed the middle Frio fluvial architectural elements
are the RMS amplitude extracted within a 10-ms
window, coherent amplitude gradients, energy, and
volumetric curvature (Chopra and Marfurt, 2007).
These seismically enhanced delineations of the archi-
tectural elements of the middle Frio fluvial systems aid
in themeasure of theirmorphologic characteristics and
reservoir parameters.

Methods

Commercial interpretation packages are used for 3-D
seismic interpretation and attribute extraction. The
E41, F11, F39, andG2 seismic horizons (Figure 3) are
picked in the two 3-D seismic data setsmade available

Figure 3. Vertical seismic profile (VSP) display of Union Pacific Resources Company 175 Wardner well (modified from Hardage et al.,
1994). The horizons of interest, E41, F11, and F39, are located at 1.45, 1.58, and 1.65 sec, respectively. The peaks (black-filled to the right)
are top of reservoir units. Crossline 204 from the University of Texas Bureau of Economic Geology three-dimensional (3-D) seismic volume
was tied with inlines (ILs) 190 and 210 and then tied with IL 1238 from the Union Pacific Resources (UPR) 3-D seismic volume. Reprinted by
permission of the Society of Exploration Geophysicists, whose permission is required for further use.
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to this study, and a series of stratigraphic horizon
slices are produced in one-sample (4-ms) increments
above and below the reference surfaces, an interval
corresponding in these data to approximately 6 m
(20 ft) of strata. Some of the channel systems shown
in this article are imaged on window attribute maps,
e.g., Figures 5 and 6, and other channel systems
are imaged on horizon slices, e.g., Figures 7 and 8. It
should be noted that the morphometric measure-
ments should be considered minimum because they
are restricted to the resolution of the seismic images.

MIDDLE FRIO FRAMEWORK AND
GEOMORPHOLOGY

Sequence Stratigraphy

The sequence models for fluvial systems is docu-
mented in detail by Miall (2014, chapter 6). Se-
quence stratigraphic reconstruction of the middle
Frio in the study area is awork in progress. A sequence
stratigraphic workflow was applied to reconstruct
the architecture and framework of the middle Frio
sequences. In this workflow, four architectural ele-
ment levels are evaluated: facies, channel belts,
systems tracts, and the middle Frio depositional se-
quences. In this paper we focus on the channel belt
element. Sequence stratigraphic subdivisions of the
middle Frio are based, to a greater extent, onwell logs
in addition to one core description and the two 3-D
seismic data volumes used in this study. We estab-
lished the log response for different types of the
middle Frio deposits by comparing the core char-
acteristics and the corresponding well log shapes
derived from spontaneous potential (SP), gamma ray
(GR), and resistivity logs. In the study area, the well
log profile of the channel bodies is characterized by
both blocky and bell-shaped or upward-fining pat-
terns. Crevasse splays are recognized by a funnel-
shaped or upward-coarsening pattern. Levee bodies
are represented by a spiky pattern, and floodplain
mudstones are dominated by a baseline pattern. Based
on the well log signatures and stacking patterns, the
interval between the two sand-dominated channel
belt complexes F11 and F39 is interpreted as a high-
stand systems tract (HST) (Figure 4). The deposits of
the lowstand systems tracts (LST) of the basal middle
Frio depositional sequences I and II in the study area

Figure 4. Stratigraphic well log cross section flattened on the
top of F11 showing the subdivisions of the basal middle Frio (BMF)
sequences into system tracts at the Union Pacific Resources
Company (UPRC) 182 and 185 Wardner well locations. Lowstand
systems tracts (LSTs) are characterized by amalgamated multistory
sandstone bodies. Highstand systems tracts (HSTs) are charac-
terized by single-story and multistory channel bodies and single-
story crevasse splay and levee bodies encased within floodplain
mudstones and siltstones. The F11 channel incision at the UPRC 182
Wardner well marks the upper boundary of the BMF depositional
sequence I. Connected sand bodies are interpreted based on well
log sequence analysis. No pressure data were made available to this
study. Location of the cross section XX9 is shown in Figure 1. depo.
seq. = depositional sequence; GR = gamma ray; ILD = induction log
deep; SP = spontaneous potential; TVD = true vertical depth.

542 Quantitative Seismic Geomorphology of the Middle Frio Fluvial Systems



consist mostly of single-story and multistory mul-
tilateral channel bodies deposited above sequence
boundaries, whereas those of the HST are made up
of single-story and multistory channel bodies, cre-
vasse splays, and levee bodies isolated within flood-
plain mudstones (Figure 4).

The criteria used for the recognition of sequence
boundaries that bound the basal middle Frio se-
quences in the study area (Figure 4) are as follows.
First, the coarse-grained deposits that accumulate
on the channel floor form a channel lag. This lag lies
above the basal erosion surface and consists of lo-
cally derived material such as mud clasts and blocks
eroded from the channel banks and bottom, plant
debris, and coarse-grained gravel and sand. This
channel lag may represent a sequence boundary
surface in fluvial strata. The sequence boundary can
then be traced at the top of paleosol horizons that
are correlative to the unconformities generated in
the channel subenvironment (Wright and Marriott,

1993; Galloway and Hobday, 1996). Themudstone
intraclasts and the paleosol layer—marked by car-
bonate nodules and root molds from a core cut in
the UPRC 184 Wardner well—represent a channel
lag (refer to Kerr and Jirik, 1990, for detailed core
description). This lag may indicate the upper
bounding surface of the basal middle Frio deposi-
tional sequence I at the base of the F11 interval
(Figure 4). Second, abrupt deflections to the left of
the GR and SP log curves indicate erosional bases
of the F11 and F39 channel belt bodies; additionally,
the local incisions (e.g., base F11 in the UPRC 182
Wardner well; Figure 4) could be interpreted to
represent sequence boundaries. Third, the presence
of the low- and high-sinuosity channel belts imaged
on the 3-D seismic attribute maps at the F11 and
F39 stratigraphic intervals might also indicate se-
quenceboundaries. Fourth, an incised valley imagedon
a most-negative curvature attribute map (not shown;
ongoing sequence stratigraphic work) just below the

Figure 5. Root-mean-square
(RMS) seismic attribute map
generated within a 10-ms window
around the F11 horizon from the
Union Pacific Resources three-
dimensional seismic survey
(area A in Figure 1). Several fluvial
architectural elements are shown
on this map. See close-up views
in Figures 6, 9, and 10. Dotted
circles indicate locations of pos-
sible crevassing and/or nodal
avulsion points controlled by
growth faults. The coordinate
reference system shown in this
map and in Figures 6, 9, and
10 is the Universal Transverse
Mercator grid (X = easting;
Y = northing), zone 14 north.
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F39 interval may also be an indication for a sequence
boundary at the base of the basal middle Frio depo-
sitional sequence I (Figure 4).

The controls on the middle Frio fluvial archi-
tecture may be a function of several factors. Miall
(2015, p. 4) argued that “systematic changes in al-
luvial architecture are not the product of changing
avulsion rates and changes in fluvial style under the
influence of variable rates of accommodation, but
reflect regional shifts in facies belts, that themselves
are a response to tectonism and to changes in ac-
commodation and other variables (e.g. discharge,
sediment supply, bank materials, Gibling, 2006).”

Seismic modeling indicates that high seismic
amplitudes are related to a high content of coarse-
grained sandstone deposits, and low amplitudes are
related to fine-grained–dominated layers. These re-
sults suggest the ability to use seismic morphometric
data to identify fill type within fluvial incisions. The
middle Frio channel belts incorporate both main
channels and crevasse channels. Based on the seismic

signature the main channels are high-amplitude fea-
tures andnamedcategories 1 and2 (category2 channels
are expected to be filled with the coarsest grain size
relative to category 1), whereas crevasse channels are
low-amplitude features and named category 3.

Channel Belts

A channel belt can be defined as an array of con-
tiguous channel deposits formed by lateral migration
of a single channel (Friend, 1983). Based on this
definition, a channel belt can be composed of mul-
tistory channel bodies (multiple depositional epi-
sodes) such as the succession of channel bodies
composing the F11 channel belt described from the
core cut from the UPRC 184 Wardner well (for
detailed core description, refer to Kerr and Jirik,
1990). A channel belt can be identified from well
logs by analyzing channel fill sandstone bodies
bounded by log breaks. Channel belt dimensions

Figure 6. Close-up view, of the northwest part of the F11 root-mean-square (RMS) amplitude map in Figure 5, showing a high-amplitude
meandering channel belt, depicted by the circled 1 in (B), imaged in the footwall block of the Agua Dulce growth fault. This channel belt
trends in a northeast–southwest direction parallel to and confined by the major Agua Dulce growth fault. Note the bright amplitudes inside
the meander loops, interpreted to represent point bars. (A) Uninterpreted and (B) interpreted.
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and directions can be best estimated from the 3-D
seismic amplitude extractions. A channel belt appears
on the study area’s 3-D seismic maps as a sinuous
channel and the associated point bars or lateral accre-
tion deposits that are represented by bright amplitudes
inside its meander loops (Figures 5, 6). Based on these
results, single channel belts (Figures 6, 7 [feature 1], 8)
can be resolved using 3-D seismic attributes.

Abandoned channels are a common architectural
element in the meandering fluvial systems, which result
from avulsion processes. Abandoned channels are com-
monly filled with fine-grained sediments but sometimes
may also be filled with deposits equal in grain size to
the deposits of the main channel (Figure 9, feature 7).

The architectural elements found in the middle
Frio interval indicate a great variety in channel belt
directionality and dimensionality (e.g., Figures 6–10).
The seismic extractions further indicate variations in
vertical and lateral stacking of amalgamated channel
belt deposits.

Feature 8 in Figure 9 is situated in the footwall
side of the Agua Dulce fault and has a distinctive
seismic character and morphology. It could be in-
terpreted as a segment of an incised valley because it is
verywide comparedwith other channels of the fluvial
system and contains internal channel segments. It
could also be a segment of a wide and highly sinuous
channel belt. However, the area of this feature is too
small to be sure of the identification. This feature is up
to 3600m (11,811 ft) in width and 1600 m (5250 ft)
in meander arc height (MAH).

Crevasse Channels

Miall (1996) defined crevasse channels as small delta-
like distributary systems up to a few thousand feet
in width that become shallower away from the main
channel and consist mainly of fine- tomedium-grained
sandstones and siltstones. In this study, we identify

Figure 7. Horizon slice 24 ms
above the F11 horizon through
the north–south inline coherent
amplitude gradient attribute. The
two channels depicted by circled
numbers in the southeast part of
the survey appear clearly and run
in a northeast–southwest
direction.
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the crevasse channel architectural element from
seismic attribute maps. In the southern and northern
parts of the hanging wall side of the AguaDulce fault
(Figures 9, 10) we recognize two wide category 3
low-amplitude crevasse–channel systems composed
of narrow individual channels. Unfortunately, nowell

data aremade available in this part of the study area to
calibrate with the seismic. The branching of the low-
amplitude crevasse channelsmay indicate that several
channels are being imaged on the same map, either
by geologically cutting down through earlier features
or by seismically mixing vertically stacked features

Figure 8. (A) The image to the
left is a coherence slice extracted
from the Union Pacific Resources
three-dimensional seismic survey
at approximately the F39 strati-
graphic interval near the base of
the middle Frio. The image to the
right is an east–west component
of the coherent energy–weighted
amplitude gradient attribute ex-
tracted at the same level. This
attribute is less sensitive to faults,
which are generally incoherent,
and more sensitive to amplitude
changes. Note the classic ex-
pression of a channel in the ver-
tical seismic section (upper left
corner) where it is both vertically
and laterally confined with dif-
ferent reflection strength. At this
location it is not fault controlled.
(B) Same as in Figure 8A but the
image to the right is overlain by
a multiattribute image of peak
frequency (modulating the hue)
and amplitude at the peak
frequency (modulating the light-
ness). Blue corresponds to 5 Hz,
and red corresponds to 70 Hz. The
channel indicated by the magenta
arrow, depicted by number 3,
shows up as bright green, imply-
ing that it is tuned at about 40 Hz
and has strong amplitude. Two
channels, depicted by numbers 1
and 2, appear in the section (or-
ange arrows). These are deeper
and have very low-amplitude fill,
such that they do not show up in
the coherent energy–weighted
east–west amplitude gradient. The
deep blue color indicates that
these gouges are quite thick.
Note: A color version of this
figure appears in the online
version of this paper.
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through the band-limited seismic wavelet. We in-
terpret the category 3 crevasse channel systems to be
filled with overbank fine-grained deposits resulting
in a low-amplitude anomaly corresponding to a low
acoustic impedance contrast between these overbank
deposits and the surrounding channel fill coarse-
grained sandstone deposits.

Quantitative Seismic Geomorphology of the
Middle Frio Fluvial Systems

Quantitative seismic geomorphology is the quanti-
tative analysis of landforms imaged in 3-D vertical
and horizontal seismic sections, with the objective of
understanding thehistory, processes, andfill architecture

Figure 9. Close-up view of
the southern part of the F11
root-mean-square (RMS) ampli-
tude map in Figure 5. Eight fluvial
architectural elements (depicted
by numbers 1–8) are detected on
this map: crevasse channels,
abandoned meander loops, and
possible segment of incised valley
or highly sinuous channel belt.
The crevasse channels and
abandoned channels have low-
amplitude and high-amplitude fill,
respectively. Feature 8 is domi-
nated by low-amplitude fill with
internal high-amplitude channels.
Dotted circle indicates location of
trunk channel crevassing and/or
possible upstream nodal avulsion
point controlled by Agua Dulce
growth fault activity. In the anal-
ysis window, the dominant
low-amplitude nature of feature 8
may be attributed to fine-grained
lithologies near the base of
the channelized feature. (A) Un-
interpreted and (B) interpreted.
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Figure 10. Close-up view of
the northern part of the root-
mean-square (RMS) amplitude
map in Figure 5 showing crevasse
channel systems, depicted by
circled numbers 1–3 in (B), on the
hanging wall of the Agua Dulce
fault. The low-amplitude crevasse
channels are interpreted to be
filled with fine-grained facies.
Dotted circle indicates location of
crevassing and/or possible up-
stream nodal avulsion point
controlled by Agua Dulce growth
fault activity. The interpreted tie
channel, feature 2, and floodplain
depression, feature 4, are com-
mon architectural elements of a
meandering fluvial system that
may also be related to avulsion
and abandonment. A tie channel
is a channel that transfers water
and sediment to floodplain de-
pressions from the main river
channel during high-flow events
(Coffman et al., 2010). (A) Un-
interpreted and (B) interpreted.
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of a basin (Wood, 2007). The 3-D seismic data were
used for the collection of deterministic quantitative
data on the middle Frio channel system morphology
that can be used for field development planning and
reservoir modeling.

To the knowledge of the authors, no published
work is available on the quantitative aspects of the
middle Frio fluvial systems in the Texas Gulf Coast
Basin and, to some extent, the general lack of such
data are generally lacking in the global fluvial data-
base. Hammes et al. (2005) analyzed deep seismic
data from an interval equivalent to the lower Frio
Unit in the Corpus Christi area and demonstrated
the evolution from basin floor fans at the base of the
section, to slope fans in the middle of the section, to
prograding wedge systems at the top of the section.

Table 1 summarizes examples of published quan-
titative morphometric data of global fluvial systems
compared with those of the Frio Formation in south
Texas.

The aim of applying quantitative seismic geo-
morphology techniques to the study of the middle
Frio fluvial systems in the Texas Gulf Coast Basin is
to (1) collect key morphometric data derived from
3-D seismic attribute maps, which include channel
width (CW), MBW, MAH, meander wavelength
(ML), channel thalweg length, sinuosity, and point
bar length and width; and (2) examine the spatial
and temporal morphometric trends in the middle
Frio fluvial architecture.

Morphometric parameters of fluvial architec-
tural elements (channels, abandoned meander
loops, and point bars) imaged in the study area
(Figures 5–10) were measured. The seismic at-
tribute maps with spatial fluvial morphologies of
interest were selected. Each feature of interest
(e.g., channel or point bar) in each map was traced
carefully with a smooth line(s) or polygon(s) iden-
tical with the measured feature in commercial
seismic interpretation packages. Then, the lengths
of each of the lines and/or polygons of each ar-
chitectural element were measured and automatically
translated into numbers. Each morphometric pa-
rameter was measured as graphically illustrated in
Figure 11.

Cross plots of the 10 best-imaged channel sys-
tems (Figure 6, feature 1; Figure 7, features 1 and 2;
Figure 8, features 1, 2, and 3; Figure 9, features 1 and
2; and Figure 10, features 1 and 3) that have

measurable morphology are used to assess sim-
ilarities that would enable them to be categorized
into families on the basis of their morphology
(Figure 11) and to examine the relationship between
the different morphometric parameters. The chan-
nel systems are differentiated based on their geo-
morphology (straight versus sinuous), seismic
character (low amplitude versus high amplitude),
depth in the middle Frio sequence (shallow F11
versus deep F39), and spatial locations of each ar-
chitectural element.

Quantitative Morphometric Analysis

The structure attitude of the middle Frio strata in the
study area in south Texas is highly variable where it
ranges frommajor syndepositional growth fault (>91m
[300 ft] of vertical throw) deformation and associated
sediment rotation to hanging wall rollover anticlines,
in addition to the preexisting topography. The main
architectural elements of the middle Frio fluvial
systems imaged in the study area include straight to
low-sinuosity channels, moderate- to high-sinuosity
channels and associated point bars, and abandoned
meander loops. Each channel system was divided
into segments. Segments are defined as the lengths
of channels that display similarity with respect to
channel morphology or planform. Dividing each
channel system into segments is practical for segment-
level analysis and comparing characteristic changes
between different segments (Wood andMize-Spansky,
2009). In this study, changes in the planform along
the path of the same channel system are considered
the characteristic feature and used to calculate seg-
ment sinuosity.

Several keymorphometric variables were derived
from 3-D seismic data, including CW, MBW, MAH,
ML, and sinuosity (Figure 11). Because of limitations
in seismic resolution, all the measurements should be
considered asminimum.Refer toWood (2007) about
the issues that can affect the ability of seismic data to
reflect accurate measurements of the extent and di-
mensions of the depositional morphology and fluvial
architectural elements. The morphometric parame-
ters of these channel systems could assist in building
accurate geologic models for hydrocarbon production
and in reducing exploration risk in the study area in
south Texas.
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Middle Frio Fluvial System Categories

Channel morphology can be related to several
factors, some of which include discharge of sedi-
ment and water (Schumm, 1960), sediment cali-
ber (Schumm, 1968), climate (Stanistreet et al.,
1993), and river grade. Schumm (1968) classified
the channels or rivers into three types: bed load,
mixed load, and suspended load systems. Each
has its own range of geomorphologic charac-
teristics, fill, and fill architecture. Variations in
channel dimensions among many rivers may be
caused by differences in sediment caliber, with lower-
sinuosity channels transporting coarser-grained,
bed load material and highly sinuous streams
transporting finer-grained, suspended load mate-
rial. Moderately sinuous streams are shown to trans-
port a mixture of bed load and suspended load
material.

Ancient fluvial deposits preserved in the rock
record document events of channel development and
abandonment. Horizontal seismic slices preserve
successive instances in time, sufficient to define the
average pattern of a fluvial system over time (Wood,
2007).

Three types of channelized systems are visible
in the 3-D seismic attribute images taken from
the study area. Category 1 systems are interpreted as
meandering fluvial systems with moderate to high
sinuosity, large MBWs, and large MAHs (Figures
6, 7). These systems can form extensive flood-
plains with abandoned meander loops and meander
cutoffs (Figures 9, 10). Category 2 channel systems
are straight channels that have significantly lower
sinuosity and small MAHs (Figure 8). Milliken et al.
(2012) conducted a study to test the scaling rela-
tionships in fluvial depositional systems as related to
backwater effects. They found a good correlation
between the scales of modern fluvial systems and
channel belt scales interpreted in the ancient
record. In the middle Frio study, the differences
in the scales of the channel belts range from
wide—category 1— on the footwall side of the Agua
Dulce fault (upstream) to narrow—category 2— on
the downthrown side of the fault (downstream).
These changes may be caused by scaling relationship
differences of two different fluvial systems: mean-
dering versus braided or low sinuosity. Category 3
channel systems are represented by highly sinuousTa
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and nearly anastomosing crevasse channels (Figures 9,
10) that form narrow meander belts.

Sinuosity and System Categories

The sinuosity of a channel can be defined as the ratio
of channel thalweg length divided by valley length
(the length measured down the axis of the meander
belt containing the channel; Figure 11). Galloway
(1981) described the channel belts of the Cenozoic
Gueydan fluvial system, including the Frio For-
mation, of the Texas Gulf Coast from a combination
of outcrop and subsurface well log data as low-
sinuosity rivers. In this study, the sinuosity and
direction of lateral continuity of the middle Frio
channel belts are estimated from 3-D seismic at-
tribute maps. Sinuosity has been noted (e.g., Rust,
1977; Schumm, 1981;Miall, 1996) to be influenced
by a variety of parameters. Schumm (1981) noted a
strong relationship between sinuosity and dominant
grain size transported by the flow in subaerial chan-
nels. The sinuosity of bed load transported channels
ranged from 1.0 to 1.4, the sinuosity of mixed load
channels ranged from 1.4 to 2.0, and the sinuosity of
suspended load channels was 2.0 and higher. The
measured sinuosities of the middle Frio channel sys-
tems exhibit low,moderate, andhigh sinuosity ranges.

The sinuosity of each of the 10 selected channels
systems (labeled in Figures 6–10) was calculated
and is one of the variables used to place them into
three separate categories (Figure 12). Category 1 has

moderate to high sinuosity (Figures 6, 7) and is easily
differentiated from the relatively straight category 2
systems (Figure 8). The sinuosity of category 3 sys-
tems (Figures 9, 10) is higher than the category 1
sinuosity range. Because the classification of these
channelized systems is not based on sinuosity alone,
the range of sinuosity in categories 1 and 3 is some-
what overlapping (Figure 12).

The average sinuosity of each of the 10 chan-
nels selected for quantitative analysis is shown in
Figure 12. It shows that all the data points fall within

Figure 12. Graph showing three middle Frio channel systems
categories and their sinuosities. According to Schumm (1968) the
boundaries of the sinuosity of bed load channel systems range
from 1.0 to 1.1, mixed load channels range from 1.4 to 1.7, and
suspended load channels are greater than 1.7. Some overlap exists
between category 1 and category 3 channel systems.

Figure 11. Zoom of the
northwest part of the map view
in Figure 6 showing various
quantitative geomorphologic
measures: channel width, mean-
der arc height, meander wave-
length, meander belt width,
channel thalweg length, and
point bar length and width.
Sinuosity is calculated as a
function of channel thalweg
length and meander length.
RMS = root-mean-square.
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the range defined by the fluvial geomorphologists
as bed load, mixed load, and suspended load in
character (Schumm, 1968). Category 2 system sinu-
osity ranges from 1 to 1.15 (bed load), category 1
system sinuosity ranges from1.4 to 1.78 (mixed load),
and category 3 system sinuosity is 1.64 and higher
(suspended load).

Based on sequence stratigraphic reconstructions,
categories 1 and 2 systems are interpreted as lowstand
systems tracts and contain most of the good quality
sandstone reservoir and exhibit sharp-based, blocky,
and upward fining log character (e.g., Figure 4). The
core-measured porosity and permeability of category
1 system sandstone reservoirs range from 5.4% to
25.7% and from 0.03 to 135 mD, respectively
(Figure 13). Category 3 systems were not evaluated
for sand quality.

Morphometric Measurements

Channel Width
The fluvial CW is defined as a measure of the bank-to-
bankwidthof a channel feature, as indicatedby changes
in seismic amplitude measured at its maximum spatial
extent. For example, in Figure 8 we note the classic
expression of a middle Frio fluvial channel in the
vertical seismic section (upper left corner), which is
both vertically and laterally confined with different
reflection strength. In general, themiddle Frio channels
are not well defined in the vertical seismic sections,
partly because of their shallow nature and also because
of the limited vertical resolution capabilities of the
seismic data. The CWmeasurements of all the channel
systems imaged in Figures 6–10 are performed on the
planform of each channel, as depicted in Figure 11, and
are considered to represent the minimum bankfull
width. Each channel was divided into segments, and
each segment is the channel distance between the
apexes of two sequential meanders. Within each seg-
ment, two width measurements were made, one up-
slope and one downslope (locations of two inflection
points shown in Figure 11). The two measurements
are combined to provide an average width of the
segment. The minimum and maximum widths of
category 1 channel systems (Figures 6, 7) range from
110 to 560 m (360 to 1837 ft), category 2 channel
systems (Figure 8) range from 175 to 570 m (574 to
1870 ft), and category 3 channel systems (Figures 9, 10)
range from 70 to 270 m (230 to 886 ft).

Meander Belt Width
TheMBW ismeasured in seismic images as the width
between two lines that bound outermost visible
meander loop sets (Figure 11) and defines the con-
tainer within which individual channels migrate.
When measured from seismic data, it is considered
the minimum width that might characterize that
meander belt. The minimum and maximum MBWs
(a measure of the width between the minimum and
maximum deflections of the meander loops, re-
spectively) were measured for each segment of the
middle Frio fluvial channel systems. The MBWs of
category 1 systems (Figures 6, 7) imaged in the study
area range from 670 to 2375 m (2198 to 7792 ft),
category 2 channel belt widths (Figure 8) range from
560 to 1275 m (1837 to 4183 ft), and category 3
crevasse channel belt widths (Figures 9, 10) range
from 140 to 835 m (459 to 2740 ft).

Meander Wavelength
Wood (2007) defined the ML as a measure of a
straight line between updip-most and downdip-most
inflection points defining a single, complete meander
(Figure 11). The ML is related to the planform prop-
erties of CW and the radius of curvature (Leopold
and Wolman, 1960). In modern fluvial channels, the
ratio of ML to CW is approximately 10 (Brice, 1984).
In the study area in south Texas, the average middle
Frio ML to CW is 10 for category 1 and 2 channel
systems (Figures 6–8) and 8 for the category 3 crevasse

Figure 13. Cross plot of core porosity versus permeability for the
cored interval (F11–F15) from theWardner 184 well. The plot shows
the channel fill sandstone reservoir facies exhibits good reservoir
quality. Depth and location of the core are shown in Figure 2.
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channels systems (Figures 9, 10). Reaches lacking a
complete meander were not measured. The mini-
mum and maximum MLs measured for the middle
Frio category 1 channel systems (Figures 6, 7) imaged
in the study area range from 1025 to 2930 m (3363
to 9613 ft), category 2 channel system wavelengths
(Figure 8) range from 2240 to 2455m (7349 to 8055
ft), and the lengths of the category 3 crevasse channel
systems (Figures 9, 10) range from 280 to 1670 m
(919 to 5479 ft).

Meander Arc Height
TheMAH ismeasured as a distance along a line drawn
perpendicular to a line that bisects two inflection
points bounding updip and downdip limbs of a me-
ander (Figure 11). The MAH could be used as a
measure of bend symmetry (Brice, 1984) and the
fairway within which the channel is migrating similar
to the MBW (Wood and Mize-Spansky, 2009). The
MAH of the category 1 channel systems ranges from
285 to 625m (935 to 2051 ft), and category 2 channel
systems range from 205 to 470 m (673 to 1542 ft).
The MAHs of category 3 crevasse channel systems
range from 45 to 585 m (148 to 1919 ft).

Dimensions of Other Fluvial Architectural
Elements

Point Bars
Information on sand body thickness and internal
lithofacies composition commonly comes from out-
crops and subsurface wells. These two sources yield
no direct information regarding the lateral continuity
of the fluvial sand bodies. During exploration and
early development phases, well spacing generally is
inadequate for accurate sand bodydelineation, except
in cases of tight well spacing during enhanced oil
recovery projects (Miall, 1996). Lorenz et al. (1985)
suggested that given average sedimentation rates, the
width of a typical point bar would be approximately
equivalent to the amplitude of the meanders.

In the south Texas study area, point bars have
been identified in 3-D seismic attribute extractions as
high-amplitude anomalies caused by coarse-grained
sandstone facies deposited inside meander loops. The
point bar width is considered as equivalent to me-
ander amplitude, whereas the length is equivalent to
the diameter of the meander loop (Figure 11). The

width and the length of the interpreted point bar in
Figure 5 are 650 and 930 m (2132 and 3051 ft),
respectively. The average width and length of the
point bars in Figure 6 are 470 and 1800 m (1542 and
5905 ft), whereas the width and the length of the
point bar identified in Figure 9 (feature 7) are 300 and
1200 m (984 and 3937 ft), respectively. When
prospecting in fluvial sandstone reservoirs in south
Texas, quantitative information on reservoir dimen-
sions such as the width and the length of point bars
should be very useful for reservoir modeling and in
determining the best locations of development or infill
drilling.

Floodplain Depressions
Floodplain depressions are the lowest areas of the
valley floor where water and sediment are stored
during and after overbank flow events. Water and
sediment are sometimes transferred to floodplain
depressions from the main river channel during
relatively high-flow events through tie channels
(Coffman et al., 2010). In addition, floodplain de-
pressions can be associated with abandoned channels
(Wilcox, 1993).

The middle Frio crevasse channels and associ-
ated splays (Figures 9, 10) are likely formed during
flooding of the trunk channel systems that occupy
the accommodation space created by the major
Agua Dulce fault. Features 3 and 4 in Figure 10 are
interpreted as possible tie channel and floodplain
depression, respectively. The width and length
of the interpreted floodplain depression imaged at
the F11 stratigraphic level in the northern part of
the study area are 1667 and 3083 m (5469 and
10,115 ft), respectively.

Comparison of Middle Frio Morphometrics
with Global Fluvial Database

The morphometric parameters measured for the
middle Frio fluvial channels in the study area in south
Texas are compared with some published examples
from the global fluvial database (Table 1). Some
middle Friomorphometric parameters (e.g., sinuosity
and CW) are similar or fall in the range of some
available global examples, whereas others, such as
MBW, ML, and point bar dimensions, are different.
Gibling’s (2006) compilations of the dimensions of
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fluvial channel bodies from the ancient record
(his table 6, p. 741, based on the work of Reynolds,
1999) indicated that the widths of the fluvial chan-
nel bodies range from 57 to 1400 m (187 to 4593 ft).
In comparison, the width dimensions of the Oligo-
cene middle Frio fluvial channels range from 140 to
2375 m (459 to 7792 ft). He also presented a re-
vised classification of the channel bodies according
to their size and form and found that the channel
bodies range from very narrow ribbons less than
10 m (32.81 ft) to very wide sheets greater than
10,000 m (32,810 ft). The differences in the
morphometrics may be related to (1) local geology
(e.g., riverbank lithology, floodplain vegetation,
sediment regime supply and load, and valley or
river gradient), (2) the type of the data sets used,
e.g., outcrop versus subsurface well logs and/or
3-D seismic, and (3) the accuracy in measurements.
Primarily 3-D seismic data are used in the case of the
middle Frio versus variable outcrop, well logs, and

3-D seismic data sets used in the published global
examples and documented in Table 1.

Middle Frio River Gradients

Multiple types of middle Frio channel systems (e.g.,
categories 1 and 3 in Figures 5, 6, 8, 10) occur across
the study area. The possible contemporaneous nat-
ure of the channel systems suggests that controls
on channel morphology may be a function of local
variables, such as valley gradient, sediment supply,
and caliber. In addition, some of the channel systems
are preferentially oriented parallel to the direction of
tectonic extension, such as themeandering channel in
Figure 6 that is structurally controlled and confined in
the footwall side of the Agua Dulce fault. Category 3
crevasse channel systems imaged in Figures 9 and
10 may also be controlled by syndepositional growth
fault activity.

Figure 14. Seismic section from the Union Pacific Resources three-dimensional seismic survey showing steeper gradients at the deeper
F39 stratigraphic level relative to shallower gradients at the F11 stratigraphic level. It also shows the increase in the number of the sand
bodies (black peaks) and overall thickness in the area closer to the Agua Dulce fault. The interval between F11 and G2 consists of four layers
(peaks) at the crest of the rollover anticline and nine layers (peaks) closer to the growth fault. Possible onlap on the lower Frio G2 layer is
interpreted as evidence for sequence boundary between the lower Frio progradational deltaic sequence and the overlying middle Frio
aggradational sequence. Line index YY9 is shown in Figure 5. (A) Uninterpreted and (B) interpreted.
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Tectonic tilting associated with basin extension
influences the graded profile of a river, leading to
stream deflection and avulsion in the direction of
maximum subsidence (Emery and Myers, 1996).
Leeder (1993) found that individual river channels
are highly susceptible to gradient changes caused by
tectonic tilting. This causes channel belt migration,
incision, or avulsion depending, to some extent, on
the magnitude of the gradients involved. Leeder and
Alexander (1987) noted that the form of the aban-
doned meander loops within the Madison and South
Fork meander belts, southwest Montana, indicates
that they were produced by gradual migration of the
active channels. This progressive migration can be
related to tectonic tilting produced by regional ex-
tensional faulting. In the study area, tilting caused by
growth fault deformation increased accommodation
space and focused the position of channels on the
hanging wall side (e.g., Figures 9, 14) leading to
greater channel deposit density and sand body in-
terconnectedness (El-Mowafy and Marfurt, 2008).
Rotation of the middle Frio strata into the major
Vicksburg and Agua Dulce growth faults super-
imposes more tilting and steeper gradients of the
older lower andmiddle Frio strata. Consequently, the
deeper middle Frio category 2 channels (Figure 8)
imaged at the F39 stratigraphic level are straight to

very low sinuosity, reflecting higher river gradients
relative to the shallower category 1 F11 channels
(Figures 6, 7) that exhibit moderate to high sinuosity
and lower river gradients.

Meander Arc Height versus Meander Belt
Width

The MAH is an important measure of a channel’s
tortuosity that affects the ability of flow to stay
confined to the channel (Wood and Mize-Spansky,
2009). In the study area, these morphometric pa-
rameters are assumed to be influenced by down-
stream changes associated with local structures such
as growth faults and associated rollover anticlines.
The MAH values of the middle Frio deeper F39
category 2 systems range from 205 to 470m (673 and
1542 ft). These values increase to range from 285 to
625m (935 to 2051 ft) for the shallower F11 category
1 channels. The sinuosity values of the category 2
channels increase from about 1.06 at the deeper F39
stratigraphic level to 1.78 for the category 1 channels
at the shallower F11 stratigraphic level.

Hudson and Kesel (2000) have shown that
high ratios of MAH/MBW are associated with large
migration rates. The morphometrics of the middle
Frio channels in the study area (Figure 15) indicate
roughly 3:1 and 1.5:1MBW/MAH ratios exist for the
F11 category 1 and F39 category 2 channel systems,
respectively. These ratios indicate smaller migration
rates for the deeper F39 category 2 channel belts
relative to the shallower F11 category 1 channel belts.
The cross plot in Figure 15 also indicates that increasing
MAH directly correlates with increasing MBW, al-
though category 3 crevasse channels are more pre-
dictable compared with other categories.

Meander Belt Width versus Meander
Wavelength

TheMBWdefines the extent of the areawithinwhich
the fluvial reservoir units can be deposited and lat-
erally accrete (Figure 11). In seismic amplitude maps,
MBW could be recognized by the maximum de-
flection on both sides of high-amplitude or low-
amplitude individual channels. Figure 16 is a cross
plot of MBW versus ML of the three categories of
channel systems identified in the study area. It shows

Figure 15. Cross plot of meander arc height versus meander belt
width of the segments of three channel system categories. It shows
that as the meander belt widths increase, meander arc heights
increase. The envelope around the data points indicates a higher
chance of predicting the actual channel body sizes as systems
become larger. Note the overlap of the category 2 low-amplitude
systems (features 1 and 2 in Figure 8) and category 3 systems.
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the three channel families are distinct in size. Channel
categories 1 and 2 show no tendency for MBWs to
grow with increasing ML, but the relationship is
relatively true for category 3 system. Category 3
systems show smallMBWs of less than 140m (459 ft),
as well as small MLs of less than 280 m (918 ft).
Category 1 channel systems show tight MBWs of
anywhere from 670 to 1750 m (2198 to 5742 ft)
but high MLs ranging from 920 to 2930 m (3019
to 9613 ft). The lower-sinuosity category 2 systems
show narrow MBWs of 560–1275 m (1837–4183 ft)
for the scale of their MLs of 2240–2405 m
(7349–7890 ft). Relationships derived from data
analyses of the middle Frio fluvial systems indicate
that in contrast to categories 1 and 2, category 3
crevasse channel systems (Figures 9, 10) have less
variability in MBWs and are more predictable.

Meander Arc Height versus Channel Width

TheMAH for all categories ranges from 45m (148 ft)
to a maximum of 625 m (2051 ft). Widths of all
channel systems range from 70 m (230 ft) to a
maximum of 570 m (1870 ft). Cross plot of MAH
versus CW of the three system categories (Figure 17)

is intended to examine the empirical relationship
between these two variables. Category 1 systems are
represented by wide ranges of MAHs with values
from 285 to 625 m (935 to 2051 ft). The CWs of
category 1 system range from 105 to 560 m (345 to
1837 ft). The values of the MAH of category 2 sys-
tems are lower and range from 205 to 470 m (673 to
1542 ft), and their CWs range from 190 to 570 m
(623 to 1870 ft). Category 3 systems are smaller
morphologies with MAH ranges from 45 to 580 m
(148 to 1903 ft), and CWs range from 70 to 270 m
(230 to 886 ft). Increasing CW clearly correlates with
increasing MAH for all system categories. Although
the three category systems show significant overlap in
the size of the MAHs, they are distinct in the size of
their widths, with category 2 system having larger
incisions. Category 3 systems show low variations in
CWs relative to categories 1 and 2.

Meander Belt Width versus Channel Width

TheMBW is an important parameter for defining the
extent within which a reservoir can develop. The
MBW shows a large variability and defines the area
within which the channel may migrate laterally. The

Figure 17. Cross plot of meander arc height versus channel
width of the segments of the three system categories. The wid-
ening envelope as the channel widths and meander arc heights
increase indicates increasing uncertainty of predicting the actual
channel body sizes as systems become larger. Although overlap
exists, the three systems categories fall into distinct provinces on
the plot that allows their differentiation. Note that the category 2
low-amplitude channel systems (features 1 and 2 in Figure 8)
overlap of the category 3 low-amplitude systems.

Figure 16. Cross plot of meander belt width versus meander
length for the segments of the channel systems imaged within the
study area. Category 1 channels show a high meander belt width
and a moderate meander length, indicative of larger, sinuous
systems. Category 2 channels show a low meander belt width and
a high meander length, indicative of straight to low-sinuosity
larger systems. Category 3 channels show a low meander belt
width and a low meander length, indicative of narrower systems.
Note the partial overlap in the meander lengths of category 1 and
category 3 channel systems.
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CW is an important parameter for defining the cross
sectional size of channel elements and fills (Wood and
Mize-Spansky, 2009).

A cross plot of MBW versus CW is shown in
Figure 18. The plot shows a wide scatter in the widths
of the category 1 channel systems where the data
points cluster into two groups. The shallowest
channels imaged above F11 (Figure 7) have a narrow
range (875–1625 m [2871–5331 ft]) of MBWs
(cluster to the right) versus wider range (642–2375m
[2106–7792 ft]) of MBWs of the channel systems
imaged at the F11 (Figure 6) stratigraphic level
(cluster to the left). Changes inMBWs of category 1
channels may be related to changes in substrate
lithology. Channel belts with constant width tend
to form on sandy substrate, whereas channel belts
with variable widths tend to form on floodplain
deposits (Gouw and Berendsen, 2007). Category 2
channel systems have a narrower range (575–1275 m
[1886–4183 ft]) of channel belt widths relative
to categories 1 and 3. Category 3 crevasse channel
systems are also clearly separated into two clusters
(Figure 18) representing two crevasse channel
complexes. The CWs in the left cluster represent
the crevasse channel complex shown in Figure 9

(features 1 and 2) and range from 70 to 130m (230 to
427 ft), and MBWs range from 190 to 650 m (623 to
2133 ft). The channel widths in the right cluster
represents the crevasse channel complex shown in
Figure 10 (features 1 and 3) and range from 170 to
230m (558 to 755 ft), andMBWs range from 335 to
835 m (1099 to 2740 ft).

Category 2 channels (Figure 8)measure from two
to three times wider than category 1 channel systems
(Figures 6, 7). In contrast to category 1 and 2 chan-
nels, category 3 crevasse channels (Figure 9, 10) have
variable widths and show relatively persistent pat-
terns of change. Category 3 channels are generally
narrow as they progress downslope on the hanging
wall side of the major Agua Dulce growth fault, al-
though they may widen again as they continue ba-
sinward or down slope.

Channel Width versus Meander Wavelength

In seismic amplitude maps, ML is measured as a
straight line between updip-most and downdip-most
inflection points (Figure 11). Figure 19 is a cross plot
of CW versus ML of the three categories of channel
systems identified in the study area. The plot shows
that channel categories 1 and 3 have limited and

Figure 18. Cross plot of me-
ander belt width versus channel
width of the segments of the
three channel system categories.
Wide scatter in the widths of the
category 1 channel systems may
reflect changes in substrates.
The shallowest channels imaged
above F11 (Figure 7) have a
narrow range or more or less
constant meander belt width
(cluster to the right) versus wide
range of meander belt widths of
the channel systems imaged at
the F11 (Figure 6) stratigraphic
level. Category 2 high-amplitude
channel systems have the big-
gest channel widths relative
to the other two categories.
Category 3 crevasse channel
systems are isolated into two
clusters representing two cre-
vasse channel complexes
imaged in Figures 9 and 10.
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overlapping MLs compared with category 2. The
category 1 channel system imaged at the F11 strati-
graphic level (Figure 6) shows an increase of ML
with increasing CW where the MLs range from 928
to 2928m (3045 to 9606 ft) andCWs range from107
to 250 m (351 to 820 ft). Compared with those
in Figure 6, the cluster of category 1 channel systems
imaged at a shallower stratigraphic level (Figure 7)
exhibits wider CWs but shorter MLs that range from
343 to 562 m (1125 to 1844 ft) and from 750 to
1875 m (2461 to 6152 ft), respectively. Category 2
channel systems have the highest channel widths and
lengths, ranging from175 to566m (574 to1857 ft) in
width and from 2240 to 2452 m (7349 to 8045 ft) in
length. Compared with categories 1 and 2, category 3
channel systems exhibit the narrowest widths and
the shortest lengths. The dimensions of the southern
crevasse channel complex shown in Figure 9 range
from 69 to 128 m (226 to 420 ft) in width and from
279 to 1488 m (915 to 4882 ft) in length. However,
the dimensions of northern crevasse channel complex
imaged in Figure 10 are higher than those in Figure 9,
which range from 166 to 270 m (545 to 886 ft) in
width and from 418 to 1666 m (1371 to 5466 ft) in
length. A partial overlap exists in the dimensions of
category 1 and category 3 channel systems.

DISCUSSION AND INTERPRETATION

Different architectural elements were recognized in
the middle Frio fluvial system and analyzed through
quantitative seismic geomorphology techniques.
These elements have different morphometrics (sinu-
osity, CW, channel belt width, meander length, and
MAH) and different fill type (bed load, mixed load,
and suspended load systems). The Gueydan fluvial
system of the Frio formation is interpreted as having
been deposited by mixed load to bed load, slightly
sinuous streams with broad, well-developed natural
levees (Galloway, 1977). Eighteen fluvial systems
channel features (labeled in Figures 6–10) are ob-
servedwithin themiddle Frio stratigraphic sequences.
As the channel systems evolved through time, the
number of the middle Frio channels increases from
three straight to low-sinuosity channels at the deeper
F39 stratigraphic level (Figure 8) to more than eight
channels at the shallower F11 stratigraphic intervals
(Figures 6, 9, 10). The number of channels decreases

back to two channels (Figure 7) imaged in the inter-
val above the F11 stratigraphic level. The younger
(shallower) channels aremore sinuous than the older
(deeper) channels. These channels change lateral
positions and exhibit different directionality. Changes
in the directions and lateral continuity of the middle
Frio channels (Figures 6–10) observed in the study
area in south Texas may be attributed to channel
nodal avulsions caused by growth fault activity
(Figures 9, 10) and possible lateral migration over
time. The highest channel segment sinuosity,
1.4–2.37, and total channel lengths, 94 km (58 mi),
are seen at the F11 stratigraphic level (Figures 6–9)
versus 1.05–1.15 and 23 km (14 mi) at the F39 level
(Figure 8). Both the F11 and the F39 intervals are
apparently periods of high channel density: up to 11
channel features at the F11 (Figures 6, 9, 10) and 3 at
the F39 (Figure 8), which are interpreted as LSTs in
the study area (Figure 4).

Channel Belt Dimensions and Interpretation

The quantitative seismic geomorphology method
used for interpretation of the middle Frio fluvial
channel systems provides reasonable predictions for

Figure 19. Cross plot of channel width versus meander
wavelength of the segments of all system categories. Category 1
channel systems can be separated into two clusters, and they
show marked decrease of meander wavelength with decreasing
channel width. Category 2 channel systems exhibit the highest
channel width and meander wavelength. Category 3 channel
systems show variable narrow meander wavelengths and narrow
channel widths, and they are also isolated into two clusters.
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the category 1 and 2 high-amplitude sand-dominated
(high net/gross ratio) channel systems and higher
predictions for the category 3 low-amplitude fine-
grained sandstone and siltstone-dominated crevasse
channel systems. The high-amplitude sand-dominated
category 1 and 2 channels are the main sediment
transport conduits in the study area. Identification and
prediction of the sand-dominated reservoir intervals is
important because they are typically the most prolific
reservoirs and ideal targets for exploration and infill
and step-out drilling in the study area.

Increased attention to the dimensions of the
fluvial channel belts is relevant to petroleum ex-
ploration and production. Based on surface field
studies, Gouw and Berendsen (2007) indicated down-
stream decrease of channel belt width along the
length of the channel belt. They also found that the
width of channel belts encased in cohesive deposits
decreases by a factor of 4 to 6.5 in a downstream
direction along the length of the channel belts.
However, the width of a channel belt incised in a
noncohesive substrate remains constant along the
entire course. These observations are related to bank
erodability and stream power. In the study area in
south Texas, it was found that the channel belt
widths of categories 1 and 2 decrease by a factor of
1.33 to 3.4 in a downstreamdirection along the length
of the channel belts (Figures 6–8) and from 1.2 to
1.8 of the category 3 crevasse channels encased in
cohesive overbank deposits (Figures 9, 10). Down-
stream narrowing of channels in a fluvial system is a

function of grade change and aspect ratio changes
associated with it, as well as with bifurcations.
Significant narrowing of a fluvial system over a very
short distance typically occurs after the river has
entered the backwater (T. Payenberg, 2015, personal
communication). Hudson and Kesel (2000) and
Nittrouer et al. (2012) showed the extraction of
suspended sand fraction by net deposition might
cause channels to become narrower and deeper
after reaching the backwater length. Ullah and
Bhattacharya (2015) identified three incised valley
fills in the downstream area in Utah that show a
vertical translation from fluvial to tidal facies at the
top of the valley, which suggests the rivers entered
into their backwater length at the later phase of
valley filling. To the knowledge of the authors, and
based only on one core description (Kerr and Jirik,
1990), the basal middle Frio fluvial deposits in the
south Texas study area do not show any tidal in-
fluence. However, Blum et al. (2013) hypothesized
that most of the Texas coastal plain alluvial valleys
are well within the range of backwater effects and
thus characterized by rivers that are aggradational,
avulsive, and distributive in nature.

Figure 20 shows an overall trend of decreasing
the width of the channel belt imaged in Figure 6 in
a downstream direction. The factor of decrease is
2.9 where it decreases from 1855 to 642 m (6086 to
2106 ft). Makaske et al. (2007) proposed two factors
to explain the downstream changes in the channel
belt geometry: the stream power and substrate
erodability. Decreasing stream power and or bank
stability will result in decreasing the ability of the
river channel to migrate laterally. The stream power
of the channel belt shown in Figure 6 may have
decreased because of the loss in the discharge induced
by the crevasse channel systems shown in Figure 9.
The trace or surface exposure of the AguaDulce fault
may have acted as a terrace where the channel runs
behind it. This fault terrace may have been crevassed
and resulted in decreasing stream power. As men-
tioned earlier, the channel belt imaged in Figure 6 is
structurally controlled and confined in the footwall
side of the Agua Dulce fault. The Agua Dulce and
Vicksburg growth faults (Figure 5) form a half-
graben structure. Thus, the downstream narrowing
of the shallower middle Frio channel belts may be
related to the confinement experiences in this half-
graben structure.

Figure 20. Width of the F11 high-amplitude channel belt shown
in Figure 6 plotted against downstream distance along the channel
belt axis. Downstream direction is to the left. The plot shows a 2.9
factor of decrease along the meander belt length.
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Applications to Geomodeling

In fluvial architecture models, if channel belt di-
mensions are held constant, most likely they will
overestimate sand quantities and connectedness in
fluvial successions. We therefore propose changes
in channel belt width to be incorporated in future
geologic models to make more realistic estimates of
sand quantities in fluvial sequences in south Texas
and elsewhere. Therefore, based on the limited da-
tabase available to this study, the shallower F-series
middle Frio (Figures 2, 6) reservoir models should
honor changes in the channel belt width in a down-
stream direction instead of assuming constant width
along the entire channel belt length. This may over-
estimate the predicted volume of fluvial sandstone
reservoirs and as a result may overestimate the
hydrocarbon volumes. However, the deeper F39 low-
sinuosity channel belts (Figure 8, feature 3) exhibit
more or less constant width that may be caused by
limited lateral migration.

This reflects the value of the quantitative mor-
phometric data of the middle Frio fluvial channel
systems and the associated sand bodies mapped from
3-D seismic data that are important to improve the
input parameters for subsurface modeling and res-
ervoir prediction in the Texas Gulf Coast and in
similar sedimentary basins worldwide.

SUMMARY AND CONCLUSIONS

The 3-D seismic horizon slices and window attribute
maps revealed the dimension, direction, and spatial
location of the Oligocene middle Frio fluvial archi-
tectural elements in south Texas. In the study area,
the middle Frio category 1 and 2 channel belts trend
in northeast–southwest and east–northeast to west–
southwest directions, and category 3 crevasse channel
systems trend in east–west and northwest–southeast
directions. Other category 1 abandoned channels and
meander loops trend in an east–west direction.

The middle Frio channel belts are highly variable
in their morphology. Application of quantitative
seismic geomorphologic techniques in the inter-
pretation ofmiddle Frio fluvial systems improved our
understanding of reservoir development and dis-
tribution in a growth fault depositional setting. The
channel belt systems imaged in the study area can be

divided into three categories on the basis of their
morphometric characteristics. Category 1 is mean-
dering fluvial systems showing moderate to high
sinuosity, wide meander belts, and larger meander
arc heights with point bars inside meander loops.
These systems are common in the shallower part of
the middle Frio interval in the study area. Category 2
systems are straight to low-sinuosity channel belts
with wider and longer channels than categories 1 and
3. Category 1 and 2 channel belts are interpreted to
have good quality sand content, and they form on
subaerial unconformities during low accommodation
times. Category 3 systems are crevasse channels with
high sinuosity, narrowwidths, smallmeander arc heights
when compared with category 1 system, and shallow
incision when compared with categories 1 and 2.

Multiple channelized reservoirs exist within the
same timewindow across the study area. Categories 1
and 2 channelized systems appear to have the highest
sand content and better reservoir quality. Category 3
crevasse channels appear to be dominated by fine-
grained deposits and as a result lower reservoir
quality. Category 2 channel systems appear to be
deposited by higher-gradient rivers compared with
category 1 lower-gradient rivers.

New morphometric data are introduced for the
middle Frio fluvial systems in south Texas. Fluvial
channel architectural elements are measured across a
254 km2 (98 mi2) area through the middle Frio
stratigraphic interval. The morphometric data col-
lected include CW, MBW, MAH,ML, sinuosity, and
point bar width and length. Category 3 crevasse
channels exhibit lower CW, MBW, MAH, and
ML than categories 1 and 2 high-amplitude sand-
dominatedmain channel belt systems. The shallower
category 1 high-amplitude channel systems exhibit
higher MBW and MAH than the deeper category 2
high-amplitude channel systems. Alternatively, the
deeper category 2 channel systems exhibit higher
CWs and lower sinuosities than the shallower
channel systems that may be related to changes
in valley gradients. The morphometrics are cross-
correlated with each other, and relationships be-
tween the different parameters could be assessed and
provide useful data for exploration risk assessment
and well planning.

The morphometric data collected are compared
with some published examples from the global
fluvial database. Some morphometric parameters

EL-MOWAFY aND MARFURT 561



(e.g., sinuosity and channel width) are similar or
fall in the range of some available global examples,
whereas other parameters, such as meander belt
width,meanderwavelength, andpoint bar dimensions,
are differentiated. The differences in morphometrics
may be related to local bedrock geology, bank resis-
tance and stream power, valley gradient, and variations
in incision.

Variable channel morphologies occur simulta-
neously in the study area, suggesting more influence
of local downstream controls such as syndepositional
growth fault activity, accommodation changes in-
duced by relative structure subsidence, and nodal
avulsions. Syndepositional Agua Dulce growth fault
activity provided higher accommodation space for
sediment accumulation and focusing of channels on
the hanging wall side. These channels represent the
downstream part of the Gueydan fluvial system that
fed the sand into these systems.

The quantitative morphometric data of the
middle Frio fluvial systems and the associated sand
bodies are important to improve the database for
geologic and reservoir modeling and for petroleum
exploration and production along the Texas Gulf
Coast. Also, the variations in the middle Frio fluvial
channel style and scale should be used against mak-
ing simplistic assumptions about the uniformity of
the quantitative parameters during architectural
reconstructions and reservoir modeling.
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