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AN ABSTRACT OF THE THESIS OF Willard Sidney Titus, III for

the Master of Science in Geology presented June 2, 1987.
Title: Development and Application of some Quantitative
Stratigraphic Techniques to the Coos Bay Coalfield, A

Tertiary Fluvio-Deltaic Complex in southwestern Oregon.

APPROVED BY MEMBERS OF THE THESIS COMMITTEE:

Michael L. Cummings, Chainiyan

Robert O. Van Atta

arvin H. Beeson

A computer technique for interpreting geophysical
logs of drill-holes in gquantitative lithologic terms has
been developed and tested on the aeposits of the late Eocene
Coaledo Formation, a well-studied fluvio-deltaic complex in
southwestern Oregon. The technique involves the use of

induced and natural gamma logs for separation of coal and



claystone from coarse~grained detrital rocks and the use of
the ratio of resistivity and natural gamma responses
(defined hére as the “"grain size index") to divide the
coarse clastic rocks into a series of textural classes
corresponding to the Wentworth-Udden particle size scale.

The technique was used to examine 3,300 meters of
geophysical logs at 0.33 meter intervals in 17 drill-holes
penetrating the coal-bearing section of the upper member of
the Coaledo Formation in the central portion of the Coos Bay
coal field near Coquille, Oregon. The vertical sequences of
lithologies produced by this analysis were integrated into a
series of lithofacies develcped by a first—-order, embedded
Markov analysis of the lithological transitions. A series
of quantitative techniques were developed to use the
vertical relationships between these lithofacies to model,
in three-dimensions, the characteristics of the depositional
system responsible for the accumulation of the complex.

The result of these procedures were subjected to
statistical tests for internal consistency, for
correlation against independent lithological determinations
and for comparison with analogous modern depositional
systems. The techniques were found to be rapid, practical
and effective, producing useful, reproducible stratigraphic
information with a resolution an order of magnitude better
than previously available. The results of the log

interpretation technique, which consist of sequence of



quantitative textural parameters, can be treated by any of a
number of mathematical and statistical techniques for
smoothing, transition frequency analysis, spectral analysis

and correlation.
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CHAPTER I

INTRODUCTION

The application of quantitative methods to geological
problems is developing very rapidly {(Mann, 1981). Although
sedimentologists were early leaders in the use of numerical
and statistical methods, the difficulty of obtaining and
handling large data sets has, until recently, permitted the
quantitative analysis of only the simplest of stratigraphic
problems. The recent availability, capacity and speed of
microcomputers has led to the development of quantitative
techniques suitable for application to intricate and complex
stratigraphic problems (Davis, 1986). Concurrent
improvements in the sophistication of geophysical logging
devices (Doveton, 1986) have made an enormous amount and
variety of reliable stratigraphic data available. In spite
of these technical advances, little has been published
regarding techniques for inferring the fundamental
lithological characteristics of detrital sequences from
their geophysical responses (Vaninetti, 1981) or for using
vertical lithostratigraphic sequences to prepare

qguantitative three-dimensional depositional models. The



value of such techniques is considerable, particularly in
the fields of applied stratigraphy, petroleum and mineral

exploration, hydrology and waste management.

SCOPE AND PURPOSE

The purpose of this study is to develop and test a
series of guantitative techniques for:

1) interpretation of geophysical logs in fundamental

lithologic terms,

2) integration of the resulting lithologic

sequences into functionally related lithofacies

units,

3) use of stratigraphic relationships among the

resulting lithofacies to infer areal relationships,

4) use of the resulting three-dimensional

lithofacies architecture to model the behavior of

complex depositional systems.

Testing of the results of these technigues against
one another and against independently determined parameters
is an important part of the study. For that reason, the
techniques were applied to a well-studied stratigraphic
section, the coal~bearing strata of the upper member of the
Coaledo Formation, a portion of an upper Eocene
fluvio—-deltaic complex exposed in the southern Coast Range

of southwestern Oregon (Diller, 1899, 1901; Diller and



Pishel, 1909:; Allen and Baldwin, 1944; Duncan, 1953; Dott,
1966). The coal seams in this section are excellent
stratigraphic markers in that they are readily identifiable,
of considerable lateral extent, and have been correlated

over considerable areas.

PROCEDURES

The study area, approximately 23 square kilometers (9
square niles) in size, is located near the town of Coquille,
Oregon, 19 kilometers (12 miles) southeast of Coos Bay
(Figure 1) and includes the central portion of the Coos Bay
coalfield. Since the time of the last in-depth studies of
the area, a number of exploratory wells have been drilled
to better define the location and geometry of the coal
resources. Geophysical and lithologic logs, cuttings and
cores of these drill holes have been made available for this
study by The Kennecott Exploration Company and The
International Paper Company, joint partners in a recent
re-evaluation of the coalfield. This information, coupled
with the numerous measured sections, mine and prospect
descriptions and structural measurements published by Allen
and Baldwin (1944) and Duncan (1953) and the results of
approximately four months of field work by the author forms
the body of data used to test the techniques developed in

this study.



INDEX TO STUDIES IN THE COOS BAY AREA
/

Allen & Baldwin, 1944

Duncan, 19563
Baldwin, 1969
Dott, 1966

Ryberg, 1978

Rooth, 1979

Chan, 1982

THIS STUDY

Figure 1. 1Index to geologic studies in the Coos Bay area.



This study proceeded in three phases. In the first
phase, structural and stratigraphic observations made at and
near the surface throughout the Coaledo Basin were collected
and correlated with first-order, qualitative stratigraphic
picks of coal seams from the geophysical logs. Geologic,
structure contour, and isopach maps and cross—sections based
on this work were prepared and first-order structural and
stratigraphic models of the study area were developed. This
phase was essentially a refinement of earlier work in the
area based on information obtained by additional field work
and a preliminary inspection of the logs of recent drill
holes. The results of this work provided a general
structural and stratigraphic context for the more detailed
work which follows.

The second phase involved a quantitative,
foot-by-foot analysis and interpretation of the geophysical
logs of a set of drill holes in the China Creek area (Figure
2). For this work, interpretive techniques were developed
and tested against data obtained by granulometric analysis
of samples recovered from cuttings and examination of cores
removed from reference drill holes. Using these techniques,
the geophysical data was converted first into lithologic
sequences and subsequently into lithofacies sequences. The
distribution of the lithofacies in three-dimensional space
was then determined by an application of Walther's Law and

conventional subsurface mapping techniques. This phase of
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the study resulted in a series of small-scale lithofacies
maps which, when considered sequentially, constitute a
depositional model.

The third phase of the study involved a spatial
analysis of the model and a comparison of the essential
characteristics of the model with independently determined
parameters measured in the study area and in analogous
modern depositional systems. This phase constitutes a test
of the suitability and interpretative power of the

techniques developed during the study.

GEOLOGIC SETTING OF THE STUDY AREA

The southern Coast Range of southwestern Oregon is
composed of oceanic basalts of Paleocene and early Eocene
age overlain by a thick sequence of younger Paleogene
sedimentary rocks of marine, deltaic and fluvial origin
(Snavely and Wagner, 1963; McKee, 1972; Baldwin, 1976;
Armentrout and Suek, 1985). Although poor exposures, rapid
facies changes and complicated field relationships have
fostered some uncertainty and confusion in the literature
describing the stratigraphy of the region, an essentially
complete stratigraphic section has been assembled (Baldwin,
1976; Chan and Dott, 1986; Chan, 1982; Armentrout and
others, 1983). 1In general, the sedimentary rocks within the

province exhibit a consistent regressive trend from offshore



turbidites deposited at bathyl depths near the base of the
section, upwards through shelf and slope fan deposits to
prodelta, delta front and fluvio-deltaic sediments near the
top of the section (Figure 3).

Thése rocks have been deformed on several scales,
most notably into three large, open, north to
northeast-trending structural basins arranged in an en
echelon pattern (Figure 4). These basins exhibit systematic
variations in a number of fundamental characteristics,
including their orientation, degree and style of
deformation, and the age, thickness and general lithologic
character of the rocks influenced by the structures. The
easternmost basin, the Tyee Basin, is the largest and most
gently folded, has the most northeasterly trending axis, and
contains the oldest, most thickly bedded and most generally
marine rocks. The westernmost basin, the South Slough
Basin, 1s the smallest and most tightly folded, has the most
northerly trending axis and contains the youngest, most
thinly bedded and most generally terrigenous rocks. The
Coaledo Basin is intermediate or transitional in each of
these respects.

Within the Coaledo Basin, the section consists of the
coarse—grained deltaic and fluvial deposits of the lower and
upper members of the Coaledo Formation alternating with the
fine grained prodelta sediments of the middle member of the

Coaledo and the Bastendorf Formations (Allen and Baldwin,
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1944; Dott, 1966; Baldwin and Beaulieu, 1973; Rooth, 1974;
Ryberg, 1978; Chan, 1982). The stratigraphic position of
the underlying rocks, which are exposed only on the extreme
flanks of the basin and which have rarely been penetrated by
drill holes, has been a subject of controversy for many
years. Most recent workers have assigned them to the Elkton
Formation (Dott, 1966; Rooth, 1974; Ryberg, 1978; Chan,
1982).

A major shift in provenance in the regional
stratigraphic record occurs across the Elkton/Coaledo
boundary. The Coaledo and Bastendorf Formations contain
increasingly abundant volcaniclastic debris not present in
the older strata. This material is believed to have been
contributed by eruptive events in the western Cascade Range
which was developing nearby during the Late Eocene and
Oligocene Epochs (Heller and Ryberg, 1983).

The structural style of the Coaledo Basin is
characterized by broad, deep, open folds. Structural relief
of nearly one kilometer (3,000 feet) occurs across the
central portion of the basin and dips along its flanks range
from 20 to 30 degrees. Faults within the basin occur on two
distinct scales, one comparable to the folds in geographic
extent and structural relief, the other considerably
smaller. Large scale reverse faults, which are common south
and east of the basin, are not known to occur within it

(Allen and Baldwin, 1944, Baldwin and Beaulieu, 1973).



CHAPTER II
PRELIMINARY INVESTIGATIONS

A preliminary study of the Coaledo Basin was
conducted in order to determine:
1) whether the stratigraphic section contains
appreciable erosional surfaces,
2) whether or not appreciable syndepositional
deformation occurred within the basin,
3) whether the coal seams in the basin are distinct,
recognizable and of sufficient continuity and lateral
extent to constitute useful stratigraphic markers,
4) whether the textural and/or compositional
characteristics of the clastic rocks in the area are
sufficiently diverse to support a lithostratigraphic
classification system
This project consisted of field mapping, analytical work and
a preliminary examination of drill-hole records.
The field study involved a re-examination of
exposures identified by previous workers and the location
and examination of new outcrops. The general texture and

composition of the rocks, the attitudes of the primary
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bedding and the nature and orientation of primary
sedimentary structures were determined. Although an
extensive system of newly constructed logging roads and
clear-cuts facilitated access to areas not previously
examined in detail, deep weathering, the tendency of the
underlying bedrock to erode into a smoothly rounded
topographic surface, and the rapid growth of a dense ground
cover limited the exposures available for examination.
Nevertheless, a network of observations covering the area in
reasonable detail was established. Where extensive portions
of the study area were inaccessible, low altitude
stereophotographs (U.S. Department of Agriculture, 1967) of
the area were examined in order to determine the general
nature and attitude of the bedrock.

Since the completion of the work of Diller (1899),
Diller and Pishel (1909) and Allen and Baldwin (1944), a
number of exploration holes have been drilled within the
Coaledo Basin. Those drilled by the U.S. Geologic Survey
were continuously cored and the records of those holes
consist of lithologic logs prepared at the drill site by
visual inspection of the cores (Duncan, 1953). The
remainder were drilled as part of an exploration program
conducted jointly by the International Paper Company and The
Kennecott Minerals Company. The records of these holes,
which consist of mud logs, geophysical logs and core

descriptions, were examined to determine the depth at which
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the major lithologic breaks and coal seams identified at the

surface occurred.

SEDIMENTOLOGY AND STRATIGRAPHY

The sequence of rocks within the Coaledo Basin are
divided into four lithostratigraphic units based on their
overall textural character and stratigraphic position.

These units, from the base of the section, are:

1) a sequence of interbedded conglomerates,

sandstones, siltstones and mudstones with

intercalated carbonaceous claystones and ccal seans,

2) a sequence of interbedded tuffaceous siltstones

and mudstones which lacks significant sandstone beds,

3) a lithostratigraphic unit which is very

similar to the basal sandy unit, being separable from

it only by stratigraphic position, and

4) a sequence of interbedded tuffaceous siltstones

and mudstones which is similar to the lower shale,

the major difference between the two being their
stratigraphic position.

These units correspond to the lower, middle and upper
members of the Coaledo Formation and the Bastendorf
Formation described in detail by Allen and Baldwin (1944),
Duncan (1953) and Chan (1982). There is no evidence

pointing to appreciable unconformities at the contacts
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between these units, the boundaries being gradational over
stratigraphic distances of 30 to 50 meters (100 to 150
feet).

Textures of individual strata within these units
range from coarse pebble conglomerate to claystone, the
variability being most pronounced in the lower and upper
members of the Coaledo Formation. The results of
granulometric analysis of a suite of grab samples
from surface outcrops chosen to represent the textural
variety of the section are summarized in Figures 5 and 6.
Although considerable variability is present, four distinct,
normally distributed sub-populations can be distinguished,
with break points in the neighborhood of 0.5, 1.0-1.5 and
3.5 phi. Median framework grain size ranges from 1.0
to 3.5 phi. 1In general, the rocks are poorly to moderately
well-sorted, sorting coefficients range from 0.8 to 1.5.
Median grain size and sorting are inversely related, with a
correlation coefficient of -0.78.

Compositionally, much less variety is present. The
sandstones are typically litharenites or feldspathic
litharenites, with subordinate but conspicuous mica
(predominantly muscovite) and carbonaceous plant debris.
The most commonly occurring rock fragments are extrusive
volcanics and include basalt and andesite fragments and
glass shards. The composition of the siltstones and

mudstones is more difficult to characterize due to the small
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size of the framework grains, but the majority are
tuffaceous and rich in organic material. Specimens of
similar texture collected from different stratigraphic
levels and localities within the Coaledo Formation are
compositionally indistinguishable. The Bastendorf Formation
can be distinguished from the Coaledo Formation, as it
contains a significantly higher proportion of lithic
fragments. The results of a modal analysis of the medium
sand fraction of 20 samples from each of the
lithostratigraphic units is summarized in Figures 7 and 8.
The medium sand fraction composition averages QizzFsoLss .
Petrographic variation between samples collected from
adjacent stratigraphic horizons at the same outcrop is often
greater than that which occurs between widely separated
sample sites.

Three major and a number of minor coal seams varying
in thickness from a few centimeters (inches) to 10 meters
{30 feet) occur within the upper member of the Coaledo
Formation. The major seams consist, for the most part, of
clean coal "benches" a few centimeters (inches) to a few
meters (feet) thick separated from one another by thin
clastic deposits (Figure 9). These "splits" are generally
more tuffaceous and carbonaceous than the clastic material
which constitutes the interburden strata. The proportions
of the alternating coal benches and splits are consistent

from one location to another within the same seam and the
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resulting profile of each of the major seams is distinctive,
both in outcrop and on geophysical logs. The Beaver Hill
seam, for example, is clearly identifiable in the coastal
cliffs at Yokam Point, 22.5 kilometers (14 miles) from its
exposure at Cedar Point in the Coaledo Basin (Robertson,
1982).

A compilation of the occurrences of the major coal
seams in each of the logged drill-holes (Table I) makes it
clear that they have not been subjected to appreciable
post—-depositional erosion. Among the minor seams, the
stratigraphic record is nearly as complete. Only two
instances of coal seam erosion ("wants") could be
documented. 1In each of these cases, less than 7 meters (21
feet) of section had been removed and the section in
adjacent drill-holes was normal, indicating that the erosion
was localized in both time and space.

The general petrologic character of the
lithostratigraphic units in the region and their first-order
cyclicity were recognized by early workers (Diller, 1899;
Diller and Pishel, 1909; Allen and Baldwin, 1944; Dott,
1966) and lead to an interpretation of the depositional
environment involving alternating progradation and
inundation of a deltaic complex of considerable extent (for
an alternate hypothesis, refer to Duncan, 1953). This
interpretation has been extended in more recent years by

work in the excellent exposures along the coastal cliffs
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between Coos Bay and Bandon (Rooth, 1974; Ryberg, 1978;
Chan, 1982). Each of these workers suggested that the
cyclic progradation and inundation of the Coaledo delta
complex may have been related to its position on an active
tectonic margin. The composition of the framework grains
has also been investigated (Dott, 1966, Heller and Ryberg,
1983) and lead to the suggestion that the fluvial system
which built the delta complex had its origin on the western
slopes of the Cordillera but was subjected to considerable
influence by the developing Cascade volcanic arc. The
first-order stratigraphic observations and petrologic
analyses made during this study are consistent with these

interpretations.

STRUCTURAL GEOLOGY

The first-order structure of the study area, as
interpreted from the surface and subsurface information
described above, 1s summarized in Figure 10. The major
structural feature is a broad, open, northeasterly plunging
structural basin, referred to here as the Coaledo Basin.
The central portion of this structure is bounded on the
southeast by a northeast-trending anticline, the Pulaski
Arch, which separates it from a smaller basin to the
southeast, known as the Coquille Basin. The Pulaski Arch

loses its identity northeast of the town of Coquille, where
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the two basins merge. The northeastern boundary of the
resulting structure is truncated by erosion and a series of
large outcrops of the Roseburg Volcanics, which separate the
Coaledo Basin from the much larger Tyee Basin to the east.
The northwestern flank of the Coaledo Basin is bounded by
the Westport Arch, a broad, open anticline trending to the
northeast which separates the Coaledo Basin from the much
smaller South Slough Basin to the northwest. On its
southwestern margin, the Beaver Slough Basin merges with the
South Slough Basin, both being separated from the
pre-Tertiary terrain to the southwest by the Cape Arago
Anticline. Within the Coaledo Basin, several smaller scale
folds occur, most notable among these is the Catching Slough
Arch, a small, elongate, northeasterly trending dome
immediately west of the town of Sumner.

Folding in the area deviates substantially from the
ideal cylindrical form, the axial surfaces are nonplanar and
the profiles of the folds are asymmetrical, the eastern
limbs being steeper than their western counterparts. The
folding style, however, is very nearly concentric, there
being no detectable, systematic thickening of the folded
strata in the hinge areas of the folds or thinning on the
limbs. The overall structural pattern is a radiating series
of north to northeasterly plunging fclds, which diverge,
flatten, lose amplitude and increase in wavelength towards

the northeast.
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A broad, first-order fault system trends in a
northwesterly direction across the central portion of the
Coaledo Basin, dividing the study area into three distinct
structural domains. The northeastern portion of the area
has been uplifted approximately 600 meters (2,000 feet)
across this fault zone relative to the southwestern portion
and approximately 1.5 kilometers (5,000 feet) of
left-lateral strike~-slip displacement has occurred across
the fault zone. A series of smaller, high-angle, dip-slip
faults occupies the central portion of the study area
between splays of the major fault system. Movement across
these faults, which occur in an anastomosed pattern trending
across the major fault zone, is an order of magnitude
smaller than that of the major fault system and is down to
the southeast in every case.

The nearly uniform thickness of the major litho-
stratigraphic units participating in the first-order folding
is an indication that the deformation occurred after the
youngest of the units exposed in the area was deposited.
Additional evidence of the post-depositional nature of the
folding comes from a comparison of the attitudes of primary
bedding in different portions of the basin (figure 11). No
systematic relationship between location and the degree or
style of deformation of the units is evident, as would be
expected if the structural basin had been forming as

deposition proceeded. The fault along the axis of the
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Pulaski Arch probably occurred during the folding event. It
separates the Beaver Slough Basin from the adjacent Coquille
Basin only in the southeastern portion of the study area
where the axes of the two structures approach one another
and the radius of flexure of the Pulaski Arch begins to
decrease sharply. The fault is not identifiable northeast
of the Coquille River, where the Pulaski Arch opens into a
broader structure.

The major fault zone crossing the basin from
southeast to northwest in the central portion of the area,
referred to here as the Transverse Fault Zone, appears to
have been the result of a second episode of deformation. The
axis of the basin has been offset by approximately 1.5
kilometers (5,000 feet) across this fault zone in a
left-lateral sense and the trace of the axis shows
indications of drag in the vicinity of the fault zone.
Moreover, there is approximately 600 meters (2,000 feet) of
net slip across the fault zone, the northeastern portion of
the area having been uplifted relative to the southwestern
portion. The outcrop pattern of the folded strata are
sharply truncated by the fault zone and the sense of motion
across the fault is in opposite directions on opposite sides
of the basin axis, a situation which would be difficult to
explain unless the slip across the fault zone postdated the
folding. Finally, there is no discernable change in the

style of the folding across this fault zone, as might be
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expected if the faulting and folding had occurred
simultaneously.

The Transverse Fault Zone can be divided into three
segments which merge at the approximate intersection of the
fault zone and the axis of the Coaledo Basin. Northwest of
the junction, the fault appears to be a single entity,
referred to here as the Cox Canyon Fault, across which both
dip-slip (up to the northeast) and strike-slip
(left-lateral) motion have occurred. Southeast of the
junction, the situation is more complex. The fault zone
there appears to have split into two major faults, referred
to as the Beaver Creek and Coquille River Faults, which
diverge towards the southeast. The Beaver Creek Fault is
very nearly co-linear with the Cox Canyon Fault and has
experienced the same amount ziid sense of dip-slip motion.
The Coquille River Fault, however, appears to have
experienced dip-slip motion which is not only much smaller,
but is also in the opposite sense. The wedge—-shaped block
between these segments of the Transverse Fault Zone is
broken by a closely spaced series of high—-angle normal
faults across which the motion has invariably been down to
the southeast. These faults are sub-parallel, anastomosed
and form a recurved, serif-shaped pattern which is truncated
by the Beaver Creek and Coquille River faults.

The location, orientation and estimated motion across

and within the Transverse Fault Zone suggests the operation
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of a mechanism similar to that described by Crowell (1974)
in southern California. There, double bends and splays
interrupting the continuity of regional strike-slip faults
have produced a wide variety of secondary vertical
deformations, ranging from pull-apart basins to tipped
fault-wedge blocks. Crowell interpreted these vertical
deformations to be a direct result of the opening of zones
of extension in the releasing bends of strike-1lip faults.

If the Transverse Fault Zone is viewed as a splayed
fault with a left-lateral strike—-slip component, then the
northeast-trending anastomosed pattern of high—angle normal
faults in the inter-splay area can be explained as the
result of the subsidence and tipping of a wedge into the
extensional zone formed as strike-slip motion alternated
between the splays (Figure 12). This interpretation is made
particularly attractive by three features of the inter-splay
zone, the recurved, serif-like pattern of the inter-splay
faults, which suggests drag consistent with significant
left-lateral motion across the fault zone, the consistent
down-to-the-southeast normal motion across the faults, which
suggests an overall extensional regime and the sharp
boundaries of that extensional regime which coincide with
the transverse fault segments.

The structural history of the Coaledo Basin appears
to have been two-fold, consisting of an early phase during

which the pervasive north to northeast-trending basins and
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arches were formed followed by a later phase during which
the northwest-trending fault zone developed. The timing of
these events is clear only to the extent that one stage
foliowed the other and that both occurred after the
deposition of the stratigraphic units exposed within the
area had been completed. The regional stresses responsible
for the folding episode were clearly compressional, with the
axis of maximum stress nearly horizontal and varying in
azimuth from approximately east-west to approximately
northwest-southeast. The gentle, open style of the folding
indicates that the stresses involved were below the elastic
limit of the strata during the deformational event. 1In
contrast, the second period of deformation appears to have
been primarily torsional and evidently proceeded above the

elastic limit of the strata.

CONCLUSIONS

The conclusions drawn from the preliminary
stratigraphic and structural study of the Coaledo Basin are:

1) that deposition of the stratigraphic section in
the basin was neither interrupted by significant erosional
periods nor accompanied by significant deformation,

2) that the major coal seams in the upper member of
the Coaledo Formation are distinctive, recognizable and of

sufficient lateral extent to serve as useful stratigraphic



markers,

3) that the textural diversity of the clastic rocks
in the upper member of the Coaledo Formation is sufficient

to serve as the basis of a lithological classification

scheme.
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CHAPTER III

QUANTITATIVE STRATIGRAPHY

The area chosen for gquantitative stratigraphic
analysis is shown in Figure 13. Truncated on its northern
border by the Transverse Fault Zone, on its southern and
western borders by the Coquille River Fault and on its
eastern boundary by westerly-dipping outcrops of the marine
shales of the middle member of the Coaledo Formation, the
area occupies the central portion of the Coos Bay coalfield
and the hinge of the Coaledo Basin. The stratigraphic
section includes portions of the middle and upper members of
the Coaledo Formation and the basal portion of the
Bastendorf Formation. Geophysical logs of nineteen drill
holes within the area permit examination of approximately
200 meters (600 feet) of the central, coal~-bearing portion
of the upper member of the Coaledo Formation. The
distribution of drill holes allows resolution of lateral
variations on the order of 0.8 kilometers (0.5 miles).
Vertical resolution, limited by the technigques used to
record and analyze the geophysical logs and the contrast

between adjacent lithological units, is on the order of a
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meter (3 feet).

GEOPHYSICAL LOG INTERPRETATION

The analysis is based primarily on interpretations of
geophysical log responses. Those lithological properties
which generate recognizable log responses include thickness,
texture, composition and density. Other characteristics
such as primary sedimentary structures, internal fabrics,
and fossil content have not been addressed. The information
available for the drill holes consists of a mud log,
cuttings, a core log and a geophysical log of the completed
drill hole. A limited number of cores and cuttings were
collected during the drilling program. Examination of these
samples was carried out to test the interpretations derived
from the analysis of the geophysical logs.

The suite of geophysical logs consists of
simultaneous and continuous measurements of hole diameter
(caliper), conventional resistivity, natural gamma emission
(gamma) and induced gamma attenuation (density). A
multi-step process was developed to interpret the
geophysical logs. The initial step involves standardization
of the response scales and digitization of the standardized
log responses. This was done manually, the data being read
from the logs as the mean response level for each log trace

over 0.3 meter (1 foot) increments of depth. Due to
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differences between individual logging tools and variations
in the composition of the drilling mud from hole to hole,
calibration of the log responses was also necessary. A
frequency response curve was constructed from the log
responses in a reference drill hole (MF-09) and a linear
correction factor was applied to the responses of each of
the other drill holes in order to bring their peak response
frequency into correspondence with that of the reference log
(Figure 14). The resulting data represent the geophysical
responses of the strata, measured in standardized and
calibrated units.

The second step involves estimation of the bulk
lithological properties of the strata from the geophysical
responses which they generated. A number of methods for the
determination of lithological properties from geophysical
logs héve been developed (Wyllie, 1963; Anonymous, 1972;
Anonymous, 1982). Each involves the transformation of
individual log responses into an unordered interval scale,
the classes of which represent mutually exclusive
lithologies. They differ from one another mainly in the
types of geophysical logs on which the scales are based and
the type of lithologies for which classes are defined. The
two systems in common use in coal-bearing sedimentary
sequences involve the use of natural gamma or resistivity
responses for identification of clastic rocks and the

induced gamma attenuation for recognition of carbon-rich
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rocks (Vaninetti, 1981). 1Initial attempts to interpret the
China Creek logs by these methods were made, but
correspondence between the results of the two methods was
found only in the distinction between the clastic and
carbon-rich rocks. A comparison with lithologic
descriptions of the logged holes indicated that neither the
natural gamma nor the resistivity logs, used alone, was
effective in identifying textural properties.

In order to improve the correlation between the
lithologies inferred from the geophysical data and those
obtained from direct examination of cuttings and cores, an
alternative method of interpreting the geophysical data was
developed. The method involves three steps:

1) An initial comparison of the caliper log and the
drill bit diameter is made. If the hole diameter varies
more than 3 inches from the diameter of the drill bit, then
the lithology at that depth is considered to be
indeterminate. This eliminates unreliable data caused by
collapse or caving of the drill hole.

2) The carbon-rich rocks, clay-rich rocks and coarse
clastic rocks are then separated, using the induced gamma
attenuation and natural gamma emission responses. Those
rocks whose density, as indicated by the induced gamma
attenuation response, is less than 2.0 gm/cc are considered
to be coal, densities between 2.0 and 2.2 gm/cc are

considered to represent carbonaceous shale, and densities
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greater thanm 2.2 gm/cc are considered to indicate clastic
rocks. Of the rocks in the clastic category, those whose
natural gamma response is greater than 100 API units are
interpreted as claystones, the remainder are interpreted as
coarse élastic rocks. This initial classification is based
on geophysical responses which are largely controlled by
chemical composition (Vaninetti, 1981).

3) A further division of the coarse clastic rocks is
made on the basis of the ratio of the resistivity and
natural gamma responses. This ratio appears to be sensitive
to textural variations in clastic rocks,'low values
corresponding to fine textures and high values corresponding
to coarse textures. The resistivity to natural gamma
emission ratio, multiplied by an arbitrary scale factor of
100, is defined here as the "grain size index", and is used
to divide the coarse grained clastic rocks into seven
textural categories, as outlined in Figure 15.

The credibility of this method of inferring
lithological characteristics from geophysical data is a
function of three factors:

1) the nature of the theoretical foundation of the
relation between the geophysical responses and the specific
lithological characteristics inferred from them,

2) the degree to which the assumptions implicit in
the method reflect geological realities in the area in which

the method is applied and
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3) the degree to which the method is successful in
predicting lithological characteristics.

The method is based, in part, on established theoretical
work, but also rests on assumptions regarding the
composition of the materials and the ideal characteristics
of the lithologic classes established by the method.

The attenuation of induced gamma radiation is a
direct consequence of the mass per unit volume of the
material surrounding the source of gamma rays, and the
induced gamma attenuation log is calibrated directly in
gm/cc, the units of density. The radius of interaction of
the induced gamma radiation employed in gamma-—gamma
bore~hole logging devices of the type employed in this
project is on the order of 15 centimeters (6 inches), the
accuracy of the readings is on the order of 0.1 gm/cc and
the resolution is approximately 0.3 meters (1 foot)
(Vaninetti, 1981). The cut-off values between the coal,
carbonaceous shale and clastic rock categories established
for this study are largely empirical, having been determined
by trial and error matching of the geophysical logs of
several drill holes with core logs of the same holes. For
the most part, the changes in density across a sediment-coal
boundary are sharp and easily identified. Difficulties
arise only in those instances where very thin seams of coal
are interbedded with clastic rocks. For interbeds less than

10 centimeters (4 inches) thick, the vertical variations in
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the properties of the rocks are below the limit of
resolution of the logging device. The resulting values of
density obtained from the geophysical logs lie between the
actual densities of the interbedded materials. These
occurrences have been interpreted as belonging to the
intermediate "carbonaceous shale" lithologic category,
whereas they may, in actuality, be either homogenous
carbonaceous shale or finely interbedded sequences of
relatively pure coal and clastic rocks, the gamma-gamma tool
being unable to distinguish between the two. The method is
quite efficient in recognizing coal beds more than 10
centimeters (4 inches) thick. In every case where such a
coal seam was observed in a core or inferred from an
examination of cuttings, the seam was identified
independently by examination of the corresponding density
log.

The separation of claystones from coarse clastic
rocks using natural gamma emission levels is based on the
abundance of naturally radioactive trace elements (uranium,
thorium, etc) in clays and the relative lack of non-clay
mineral phases in claystones. The natural gamma emission
response of detrital rocks is a function of the abundance of
potassium-bearing minerals, chiefly the clays, feldspars and
micas. Lithologic units which contain an abundance of
either or all of these mineral groups would be expected to

produce elevated natural gamma emission responses, and those
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which contain one or another without significant dilution by
potassium—poor phases would be expected to produce extremely
high natural gamma emission responses. Modal analyses of
the detrital rocks in the study area indicate a relatively
constant proportion of feldspar within a given grain size
class (Figure 7, p. 12), so high natural gamma emission
responses are unlikely to be due to the presence of
unusually arkosic rocks. Claystones, on the other hand, are
quite common in the stratigraphic sequence in the study area
and are assumed to be the source of natural gamma emission
levels in excess of 100 API units. The 100 APT unit cut-off
value was determined empirically, by comparing the natural
gamma emission responses of a number of coreholes with the
lithological descriptions contained in the core logs. The
method works quite well, but is subject to interference from
lithological units rich in volcanic glass. These tuffaceous
units have a natural gamma response which is comparable to
that of claystones and, where present, are misidentified.
The division of the coarse clastic rocks into a
series of textural classes based on an ordinal scale is a
unique feature of the interpretative method developed for
this study. Although the classes defined by the method
are textural, the theoretical basis for the division is
essentially compositional. The translation of compositional
characteristics into textural characteristics is possible

because the two are not independent variables. The
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relationship between the mineralogical composition and
texture of clastic sediments is well-known (Figure 16).
Within the sediments deposited by a given process from
material originating from a given source, quartz is more
prevalent than the predominant potassium-rich phases in
coarse size classes and the reverse is true in fine size
classes. Since the natural gamma emission response of a
sedimentary rock is a function of its concentration of
potassium-rich minerals, an inverse relationship ought to
exist between grain size and natural gamma emission. That
this is the case is demonstrated by the correlation between
grain size and natural gamma emission responses described by
Vaninetti (1981). That the natural gamma emission response
is also related to other, independent factors, however, is
demonstrated by the disappointing results obtained by using
natural gamma emission response as the sole indicator of
texture.

The resistivity of clastic rocks is dependent, to a
first approximation, on the porosity of the rock, the
concentration of ions in interstitial fluids and the
abundance and mode of occurrence of clay minerals {Wyllie,
1963). Since the clays are excellent electrolytic
conductors, their presence in a clastic rock reduces its
resistivity. The clay content and the resistivity are thus
inversely related, the constant of proportionality varying

with the mode of occurrence of the clay. If the clay 1is
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present in isolated interstitial spaces, the proportionality
constant is small and the effect is negligable. However, if
continuous clay films are present, forming a conducting
network which pervades the rock, then the constant of
proportionality is large and the resistivity of the rock is
dramatically reduced. Although the abundance of clay in a
clastic rock is not normally considered to be a strict
function of framework grain size, there is a relationship
between framework grain size and some combination of
porosity, clay content and the continuity of clay films.
This can be demonstrated by the positive correlation between
resistivity and framework grain size in clastic rocks
saturated by the same interstitial fluid (Vaninetti, 1981).
That the relationship is dependent on other factors, as
well, is apparent from the disappointing results of a direct
interpretation of clastic rock texture from resistivity
measurements discussed earlier.

Although neither the natural gamma emission nor the
resistivity response, used in isolation, are effective
indicators of texture, the ratio of the two parameters seems
to work quite well. Each parameter is partly responsive to
texture and the combination of them into a single parameter
enhances the effect of textural variation. Several
important assumptions are, however, implicit in the use of
the resistivity/natural gamma ratio as an indicator of

texture. They are, in order of probable importance,
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1) that the quartz/feldspar ratio and the potassium
feldspar/plagioclase ratio of the clastic rocks is constant
throughout the section being examined,

2) that the mode of occurrence of clay within the
rocks does not change appreciably from one portion of the
section to another and

3) that the ionic concentration of pore water 1is
similar throughout the section.

These assumptions are reasonable ones in the area and
stratigraphic section involved in this study. Modal
analysis of the rocks in the study area revealed no
significant changes in the quartz-feldspar ratio with
stratigraphic position. The possibility of appreciable
differences in the mode of occurrence of clays between
different strata is more difficult to evaluate, but the
variations present appear to be related to texture within
individual beds rather than to stratigraphic position. The
chemistry of the ground water in the study area has not been
examined, but the drill holes involved were less than 600
meters (2000 feet) deep and no overpressured zones or brines
were encountered during drilling. There is no compelling
reason to believe that significant variations in ground
water chemistry exist in the area at these depths.

The cut-off values which divide the various clastic
categories were determined by a comparison of the

geophysical log of a 134 meter (440 foot) section of a
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reference drill hole (MF-09) with the results of a textural
analysis of cuttings removed from the same hole. Cuttings
collected at 3.3 meter (10 foot) intervals were split (50
grams), washed, disaggregated and sieved to determine their
median framework grain size. The mean grain size index was
calculated for corresponding 3.3 meter (10 foot) intervals
in the same section and the resulting bivariate data set
(Figure 17) was examined by least squares regression
techniques. The resulting relationship (Figure 18) was used
to determine the grain size index values corresponding to
the standard particle size scale. The best fit regression
line is of the second order, with a correlation coefficient
of ~-0.92 and a goodness of fit of 0.84. The improvement
obtained by an increase in the order of the regression is
not statistically significant. A runs test for
autocorrelation of residual deviations from the regression
line and an ANOVA examination for a depth-related trend in
the residual deviation from the regression line were
negative at the 99% confidence level. This indicates that
the initial assumptions underlying a linear model of the
relationship between median framework grain size and the
grain size index are reasonable. This is an important
consideration, as the range of the available data is limited
to the fine and very fine sandstones, cut—off values
separating other categories being projected beyond the data

base on the assumption that the linear relationship holds in
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CALIBRATION OF THE TECHNIQUE
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Figure 18. Calibration of grain size index to the standard
phi scale.
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both directions.

The high correlation coefficient between the two
independent measures of texture and the excellent fit of the
regression line relating them are measures of the efficiency
of the grain size index interpretation procedure. The log
interpretation procedure was further tested by comparing the
lithological identifications produced by the procedure with
independent lithological descriptions of a core removed from
drill hole MF-12C. A statistical analysis of the results
was performed to test the null hypothesis of a random
association. Cross—association (Figure 19) resulted in 28
matches and 20 mismatches in the 15 meter (48 foot)
sequence, an efficiency of 58 per cent. Cross—-association
of two random sequences with lithological distributions
identical to those observed yields 9 matches and 39
mismatches. A chi square computation leads to rejection of
the null hypothesis at the 99 per cent confidence level.
Examination of the nature and distribution of the mismatches
indicates that the accuracy of the technique is
approximately +/~ 0.30 meter (1 foot) and +/— one
lithological category. When the matches and mismatches are
recalculated using these caveats, the efficiency of the

technique is increased to approximately 90 per cent.
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DATA REDUCTION

Use of the lithological information generated by the
interpretation of 3,300 meters (10,000 feet) of geophysical
logs requires condensation of the information into a
manageable format. The first of several condensation
procedures used here involves the preparation of measured
sections from the raw sequences of lithological
determinations. This was carried out by calculating the
elevation of the top, bottom and thickness of each of
continuous lithological unit. These calculations and the
data file production were handled by a micro-computer
routine "LITHLOG", produced for this purpose by the author.
An example of one of the "measured sections" produced by
this routine is shown in Figure 20.

From these measured sections, the data was further
consolidated by grouping sequences of similar lithologies
into generalized lithofacies categories. The lithofacies
categories were designed to reflect the energy of the
environment of deposition. This procedure requires,
however, that the categories be extended to incorporate the
coal and claystone lithologies, which have been identified
by other criteria. Coal and claystone have been assigned
arbitrary indices of 1 and 3 respectively, on the assumption
that coal accumulates under conditions of extremely low

current energy and that clay is deposited under slightly
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MEASURED SECTIDN
DRILL HOLE rF-1B

DEPTH OF TOP DEPTH OF BOTTDM LITHOLOGY THICKNESS
(FT) {FT) (FT)
93.5 94.5 CDARSE SANDSTONE 1
94.5 97.5 MEDIUM SANDSTONE 3
97.5 101.5 FINE SANDSTONE 4
101.5 102.5 MEDIUM SANDSTONE 1
102.3 103.35 FINE SANDSTONE 1
103.5 104,95 CoAL 1
104.5 108.5 FINE SANDSTONE 4
108.5 109.5 MEDIUM SANDS TONE 1
109.5 110.5 FINE SANDSTONE 1
110.93 111.5 MEDIUM SANDSTONE 1
111.5 114.3 FINE SANDSTONE 3
114.3 115.5 MEDIUM SANDSTONE 1
115.5 117.5 FINE SANDSTONE 2
117.5 118.5 COARSE SANDSTONE 1
118.5 119.95 MEDIUM SANDSTONE 1
119.5 133.5 FINE SANDSTONE 14
133.5 134.95 MEDIUM SANDSTONE 1
134.95 137.5 FINE SANDSTONE 3
137.3 139.35 MEDIUM SANDSTONE 2
139.5 141.5 COARSE SANDSTONE 2
141.5 146.5 FINE SANDSTONE S
144.3 1351.5 MEDIUM SANDSTONE 3
131.5 152.5 COAL 1
132.5 133.3 FINE SANDSTONE 1
133.95 154.3 MEDIUM SANDSTONE 1
134.5 153.5 COAL 1
133.5 140.5 FINE SANDSTONE - S
140.5 161.3 MEDIUM SANDSTONE 1
161.3 1462.5 FINE SANDSTONE 1
162.5 174.3 V. FINE SANDSTONE 12
174.5 175.5 FINE SANDSTONE 1
175.5 177.3 CoAL 2
177.5 182.5 V. FINE SANDSTONE S
182.5 187.95 FINE SANDSTONE S
187.3 188.5 MEDIUM SANDSTONE 1
168.5 195.3 FINE SANDSTONE 11
199.5 202.95 MEDIUM SANDSTONE 3
202.3 23.3 FINE SANDSTONE 21
223.5 223.95 V. FINE SANDSTONE 2
223.95 227.5 FINE SANDSTONE 2
227.5 228.95 V. FINE SANDSTONE 1
228.53 231.3 FINE SANDSTONE 3
231.5 232.5 MEDIUM SANDSTONE 1
232.95 234.3 FINE SANDSTONE 2
234.5 235.3 V. FINE SANDSTONE 1
235.5 236.95 MEDIUM SANDSTONE 1
236.5 238.5 FINE SANDSTONE 2

Figure 20. Example portion of a measured section produced by
microcomputer program "LITHLOG" (drill hole MF-01B).
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higher, but still very low energy conditions. The grain
size indices for the coarse clastic rocks have been used
without modification on the assumption that the energy
present during deposition of the sediment is proportional to
median grain size. The new index has been designated as the
"environmental energy index"” to distinguish it from the
grain size index, for which no values representing the
claystones and coals can be calculated.

The environmental energy index, smoothed by an
eleven-foot running mean, has been used to define five
lithofacies. The boundaries between categories were based
on the results of a first—-order embedded Markov analysis of
the vertical transitions from one lithology to another
within the measured sections. Each of the geophysical logs
was processed by a microcomputer routine, "FACIES6" , which
produces the sequence of lithofacies present in the drill

hole.

SPATIAL DISTRIBUTION OF LITHOLOGIES

In order to identify systematic lateral and vertical
relationships between depositional environments, a series of
independent techniques have been applied to the data base:

1) sand and coal isoliths were drawn for each of ten
consecutive and approximately equal stratigraphic intervals

covering the coal-bearing portion of the section,
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2) a series of facies maps were prepared showing the
lateral distribution of the predominant lithofacies in each
of twenty-three consecutive and approximately equal
stratigraphic intervals covering the section, and

3) a one-step embedded Markov analysis of the
lithofacies was used to model the vertical and lateral
relationships between lithofacies.

The results of these technigques were tested statistically
for internal consistency. The lateral and vertical
relationships between lithofacies revealed by these
techniques were then compiled into a generalized
three-dimensional model of the depositional system.

On the assumption that the maximum contrast available
is between the environments in which coarse clastic material
and vegetation which served as the precursor of coal
accumulated, the lateral and vertical distributions of these
lithologies were chosen for detailed examination. The
stratigraphic section between the Beaver Hill and the J coal
seams (Figure 21) was divided into ten intervals of
approximately equal thickness. Since the total thickness of
the stratigraphic section varies significantly from one
location to another across the study area, the thickness of
these intervals varies slightly between drill holes. The
average value is 20 meters (60 feet). Within each
stratigraphic interval, the relative proportions of coal,

mudstone and sandstone in each drill-hole were calculated.
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Figure 21. Lithologic character of the coal-bearing section,
China Creek area.
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The results of these calculations were then contoured,
producing a stratigraphically ordered series of ten coal and
sand isolith maps.

An examination of the isolith maps reveals several
general characteristics of the section. Within a given
interval, the accumulation of sand tends to occur within
broad, curvilinear belts and smaller, isolated depocenters.
This tendancy 1is most apparent in Figure 22, in which areas
containing more than 10 percent sand have been outlined. An
association between the isolated depocenters and the larger,
curvilinear belts is clear in several instances (intervals
2, 3, 5, 6 and 7). The distribution of coal (Figure 23) 1is
more irregular. Curvilinear belts and isolated depocenters
occur, but the occurrence of both in the same interval is
rare. The spatial relationship between sand and coal within

each stratigraphic interval is shown in Figure 24. 1In

several intervals, the concentrations of coal and coarse
clastic materials appear to be mutually exclusive (intervals
2 and 7). 1In other intervals, concentrations of coal tend
to occur in association with the smaller, isolated clastic
depocenters (intervals 1 and 6). 1In general, however, the
coal tends to occur along the edges of belts of sand
deposition. This tendancy is best developed where narrow
zones separate areas of clastic deposition {intervals 3, 4,
5, and 6).

The vertical relationships between depositional
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environments can be examined by comparing the depositional
patterns between stratigraphic intervals. Figure 25 shows
the patterns of coarse clastic deposition within each
stratigraphic interval superimposed on those for the
immediately preceeding stratigraphic interval. Where no
dramatic change in the configuration of the patterns has
occurred (the 1,2 and 7.8 sequences), the depositional
system operating during that period must have been
relatively stable. Where dramatic changes have occurred
(the 2, 3, 4, and 5 sequence), the depositional system must
have undergone a considerable internal reorganization.
Intermediates between these two extremes (the 5, 6, 7, and 8
sequence} represent instances where incremental,
evolutionary changes were occurring in the depositional

system.

LITHOFACIES DEFINITION AND INTERPRETATION

The utility of the analysis of individual lithologic
states carried out above 1s limited by:
1) the lateral resolution of the data set,
2) the division of the section into relatively thick
intervals, and
3) the choice of extreme lithological units.
Since additional drilling in the area is not expected,

improvement in the lateral resolution of the data set is not



Figure 25. Changes in coarse clastic depocenter locations with

time,

China Creek area.
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possible. The vertical resolution, however, can be improved
considerably by dividing the section into a larger number of
thinner stratigraphic intervals. The substitution of a
series of lithofacies for the generalized lithological
states used above would also result is a more useful
analysis.

The cut-off values used to separate lithofacies
categories from one another and and a description and
ranking of facies by the relative hydraulic energy of the
inferred depositional environment are given in Table 2. The
depositional environments are an interpretation based on the
blend of individual lithologies which comprise the units.
The distribution and variability of individual lithologies
within each facies in a reference drill hole are shown in
Figures 26 and 27. Although each of the facies contains
several different lithologies, the modal lithology in each
is distinct and both the mode and the mean environmental
energy indices increase progressively from the coal swamp to
the channel facies. Lithological variability within the
units is an exponential function of the mean environmental
energy index, with the coarser facies showing the greatest
variability. The overlap between facies is, in part, an
artifact caused by the smoothing of the sequence of values
upon which the facies units are based, but is also a
reflection of the real mixing of lithologies within the

facies units.
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ENVIRONMENTAL ENERCGY INDEX
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Figure 27. Mean and standard deviation of environmental energy

index in individual lithofacies.
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MARKOV ANALYSIS OF LITHOFACIES SEQUENCES

A one-step, embedded Markov analysis (Carr and
others, 1965; Gingerich, 1969; Davis, 1986) of the
transitions between the lithofacies units was carried out to
determine whether or not systematic relationships among the
facies units exist and to characterize them. The
calculations for the Markov analysis of lithologic states
were performed by a microcomputer program "MARROV", which
tallies the number of transitions between the various
lithofacies and determines the probability of each
transition. The resulting probability matrix is compared
with the probability matrix generated by considering the
transitions between lithofacies to be random. The two
probability matrices are compared with one another using a
variation of the chi square test suggested by Gingerich
(1969). To the extent that the probability matrices are
different, the lithofacies sequences are systematic.
Transition probabilities which are larger than the
probability for the same transition occurring at random
identify "favored™ transitions, those which occur less often
than would be expected by random succession are "supressed"
to some degree. The pattern of favored and supressed
transitions produces an idealized sequence of facies

transitions. This sequence is peculiar to the depositional
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system in operation during sedimentation and can be used to
reconstruct it.

The initial results of the Markov analysis are listed
in Table 3, a summary matrix which catalogs the difference
between the actual and random succession probability
matrices. Negative values in this matrix identify
"supressed"” transitions and positive values identify
"favored™ transitions. A chi square test of the null
hypothesis of no significant difference between the observed
probability matrix and the random succession matrix results
in rejection at the 99% significance level, an indication
that the overall succession of lithofacies is systematic.
This implies that the values within the difference matrix as
a whole are significantly different from zero, but does not
identify those individual values responsible for the
difference. In this analysis, all positive probability
differences are considered to indicate significantly favored
transitions and all negative probability differences are
considered to represent significantly supressed transitions.
This convention is conservative, ensuring that no
significant transitions are neglected.

Of the 20 possible inter-facies transitions, 9 are
favored and 11 are supressed. In general, transitions
between similar facies units are favored and transitions
from facies with larger environmental energy indices to

those with smaller environmental energy indices (fining



UNDERLYING STATE

Table III. Transition probability difference matrix, China Creek area.

OVERLYING STATE

OVERBANK LEVEE/SPLAY POINT BAR CHANNEL COALSWAMP

OVERBANK ZERO +0.17 -040 -0.15 +0.38
LEVEE /7 SPLAY ~-0.05 ZERO -0.29 -0.12 +046
POINT BAR -0.2¢ +0.17 ZERO +0.11 -0.05
CHANNEL -0.14 -0.06 +0.11 ZERO +0.10
COALSWAMP +0.14 +0.23 -0.32 -0.06 ZERO

TL
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upwards sequences) are more common and more strongly favored
than the reverse.

The transition probability difference values which
correspond to individual facies unit pairs can be used to
quantify the spatial relationships between pairs. Two
values can be calculated for each facies pair, one
corresponding to the first facies overlying the second, the
other corresponding to the reverse sequence. The sum of
these values measures the degree to which the two facies are
inter—-related. Since modelling emphasizes favored
transitions, the sum of the positive transition probability
differences for facies unit pairs is of special interest.
This sum, which may range from 0 to 2, is referred to here
as the "fidelity" of the facies pair. Within this range,
large values indicate close relationships and small values
indicate random associations. Since fidelity is the sum of
two transition probability differences, intermediate values
may be the result of the addition of two small values or the
presence of a single large value. The interpretation of the
relationship of the pair is quite different in these two
cases, so it is important to eliminate the ambiguity.
Fidelity values which are the result of a single transition
probability difference are accompanied by the symbol "*" to
distinguish them from fidelity values which are the result
of mutually favored transitions.

A graphical representation of favored transitions is
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shown in Figure 28. Favored upward transitions are
indicated by arrows from the underlying member of the facies
pair to the overlying member of the pair. Positive
transition probability differences are indicated. The
general tendancy for fining upward is clear, as are the
mutually favored relationships between several facies pairs.
Where two units have a mutually favored transition
relationship, a laterally interfingering relationship is
inferred. Where only one of the transitions between members
of a pair is favored, a lateral replacement of the lower
facies by the upper facies is inferred. 1In either case, a
straight-forward application of Walther's Law allows the
vertical transitions to be translated into horizontal
transitions. This can be used to model the spatial
relationships among facies. The frequency of occurrence,
mean thickness and fidelity values of those facies pairs
which are associated can then be used to gquantify the model.
Figure 29 is a summary of the facies units present in the
study area, the fregquency with which they occur, their mean
thicknesses and the proportion of the section accounted for
by each. From an examination of the frequencies of
occurrence, it is apparent that some are much more common in
the section than others. It is also clear that the

thickness of the facies units vary considerably.
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Figure 28. Graphical summary of favored upwards
transition probabilities among lithofacies, China
Creek area.
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THREE DIMENSIONAL LITHOFACIES MODEL

Based on this information, Figure 30 outlines the
facies relationships which would be expected if the area
under study were seen in cross-section. Two distinct types
of relationships must be involked to account for the
observed transition probabilities. 1In the first, a
generally fining upward sequence in which levee deposits
separate interfingering channel and point bar deposits from
interfingering coal and overbank deposits account for the
most common transitions. A second set of relationships, in
which coal swamp deposits directly overlie channel deposits
is necessary to account for the remaining observations. The
idealized sequence is asymmetrical in several respects.
Although channel and point bar deposits interfinger freely,
as do coalswamp and overbank deposits, the same is not true
of the other facies units. Levee/crevasse splay deposits
systematically overlie both point bar deposits and overbank
deposits, but neither of these systematically overlie levee
and crevasse splay deposits. This asymmetry implies that
levee deposits form a buffer between channel-point bar and
the coalswamp—-overbank complexes.

These models can be combined, if assumptions as to
the geometry of at least one of the facies units are made.

Figure 31 shows a generalized map view of the facies units
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based on the linear, mirror-image geometry which might be
expected in the immediate vicinity of a single fluvial
channel. The lateral transitions between facies are fixed
by the results of the Markov analysis, only favored
transitions being incorporated into the model. The length
of the inter—facies contacts are directly proportional to
the fidelity of the facies involved and the area occupied by
each facies unit is proportional to the frequency with which
it occurs within the section.

Since the model represents a single depositional
episode, which is repeated many times to produce the
observed stratigraphic package, the thicknesses of each of
the facies within the model should be comparable to the
observed mean thicknesses of those same facies within the
study area. The mean thickness of each of facies in the
cross-sectional model is obtained by averaging the thickness
of each facies in a series of transects through the
cross-sectional model. The actual mean thickness of each
facies in the study area is obtained by averaging the
thickness of the facies observed in drill holes. A
comparison of the two (Figure 32) is a test of the model.
The relationship between the two sets of thickness is
linear, with a correlation coefficient of 0.94. A t-test of
the null hypothesis that the correlation coefficient is
equal to zero results in rejection at the 99.5 % confidence

level.
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SPATIAL DISTRIBUTION OF LITHOFACIES

The actual distribution of lithofacies in time and
space can be examined by constructing lithofacies maps in a
manner similar to that used in the construction of the
isolith maps. The section was divided into a set of 22
consecutive, stratigraphic intervals of approximately equal
thickness. The distribution of lithofacies within each
interval was then drawn in map view. The result is an
ordered series of maps outlining the distribution of
lithofacies as some function of time. Thin, 8 meter (25
foot) intervals were used to minimize the averaging effect
of facies changes and to ensure that the material in each
drill hole would fall into a single lithofacies category.
The quantum nature of the data base requires that lateral
transitions between adjacent, coeval lithofacies be
indicated as sharp boundaries along lines between the drill
holes. This requires that an artificial set of inter-facies
boundaries be established along the lines which divide the
area into polygons centered on the drill hole locations. The
sharp changes between facies along these polygon boundaries
give the maps a marked "cartoon"™ appearance.

The thickness of the intervals chosen for the
analysis and the limit of lateral resolution resulting from
the distribution of drill holes require modification of

the lithofacies units. There are significant inequalities
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in thickness, frequency, and volume among the lithofacies.
The coal swamp, overbank, bar, and channel lithofacies are
thin or occur infrequently, or both. Individually, they
constitute a relatively small percent of the total section.
It is unlikely, therefore, that the areal extent of any of
them in any interval would be determinable with reasonable
accurracy, given the distribution of drill holes.
Fortunately, the hydraulic characteristics of the
environments reflected by these lithofacies are such that
little information would be lost if they were consolidated
into two composites, a lithofacies composed of the coal
swanmp and overbank lithofacies and a lithofacies composed of
the bar and channel lithofacies. These composites
constitute 35 and 19 percent, respectively, of the section,
the remaining 46 percent falling into the levee/splay
lithofacies. These proportions are more likely to be
visible at a lateral resolution of 0.8 kilometers (0.5
miles). A circle with a radius of 0.8 kilometers (0.5
miles) constitutes 9 percent of the study area.

The series of lithofacies maps are reproduced in
Figure 33. Although some of the patterns are complex, a
number of broad generalizations can be can be made. The
most useful of these are:

1) In most of the intervals, the coalswamp/overbank

lithofacies occupies most of the area and serves as a
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background in which the other lithofacies occur as
curvilinear bands or isolated depocenters.

2) In those intervals where both bar/channel and
levee/splay lithofacies occur, they appear to be related
spatially. They commonly share a linear boundary. Where
they do not share a boundary, they are usually in point
contact across a junction between adjacent polygons.

3) In those intervals where the bar/channel
lithofacies occurs in several drill holes, the pattern
formed is a single curvilinear or branching band, and in the
majority of these cases, the trend is continuous.

4) Where a trend established by the bar/channel
lithofacies is interrupted, the intervening area is usually
occupied by the levee/splay lithofacies. In those cases
where the curvilinear bar/channel lithofacies trend ends
abruptly, it can usually be continued through a series of
levee/splay deposits.

5) Where isolated depocenters occur, they are usually
composed of the levee/splay lithofacies and are usually
separated from a curvilinear trend by a narrow, zone
occupied by the coalswamp/overbank lithofacies.

Although the precise relationship between the
accumulation of sediments within the study area and the
passage of time has not been established, it is clear that
each successive mapped interval is younger than the interval

below it. If the generalizations listed above are valid and
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if they result from systematic changes in the geometry of
the depositional system over time, then it 1s possible to
link successive depositional patterns into a continuous
series. If the depositional patterns of successive
intervals are systematically compared, therefore, the
sequential development of the depositional system in the
study area emerges.

A comparison of the patterns taken in their
stratigraphic context reveals several general trends. The
most obvious of these is an overall increase, from the base
of the section to the top, in the proportion of the area
covered by bar/channel deposits. This increase occurred at
the expense of the coalswamp/overbank lithofacies, as the
proportion of the levee/splay lithofacies varies little over
the section. Also evident is the general tendancy towards
increased stability from the base of the section upwards.
Less change occurred from interval to interval in the upper
portion of the section than in the lower portion. Those
changes which did occur were less drastic as the system
developed.

In order to compare the depositional patterns among
successive intervals, the curvilinear belts in each interwval
have been reduced to lines constructed along the centerline
of each belt (Figure 34). This device reduces the
complexity of the patterns, facilitating analysis. Although

there is no progressive relationship between patterns which
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persists over the entire section, several periods of
relative stability appear to be separated from one another
by periods of reorganization. During intervals 1-3,
curvilinear belts are concentrated in the northern portion
of the study area and oscillate about an east-west trend.
Following a period of reorganization (intervals 3-6), this
trend was re-established (intervals 6-7), the belts
gradually migrating into a northwest-southeast trend
(intervals 8-10) and back to their original position
(intervals 11-15). A northeast trend was then established
(intervals 15-17). This trend gradually rotated into an
east-west position slightly south of the initial trend.

In order to test these generalizations, the
information contained in Figure 34 was further simplified.
For each of the intervals, an estimate of the azimuth of its
trend was made (Table 4). The resulting sequence was
examined for systematic stratigraphic progressions. Since
any of these trends may be described by either of two
opposite azimuths, two separate analyses were made. The
direction for each subsequent trend was chosen to minimize
angular departure. For the following analysis, the first
data set (Figure 35) was chosen, as its mean direction, 68%
confidence interval, and modal interval compare favorably
with the paleocurrent directions obtained from measurements
of primary sedimentary structures within the study area.

Examination of Figure 35 a reveals the similarity



STRATIGRAPHIC INTERVAL
NUMSER

TOP  OF SECTION

U Weno~oW

BASE OF SECTION

TABLE IV
ESTIMATES OF BAR/CHANNEL AZIMUTHS,
CHINA CREEK AREA
ESTIMATED BAR/CHANNEL  THREE-TERM RUNNING
, TREND MEAN :
330 j—
300 ‘305
285 293
235 270
230 247
215 218
210 183
125 142
090 115
130 Mz
205 207
285 : 263
300 300
© 318 315
330 312
.290 303
035 222
140 155
030 105
085 075
050 —-
UECTOR MEAN 270 DEGREES
CIRCULAR VARIANCE ---------—- 076
STANDARD ERROR -------------- 35 DEGREES
68% CONFIDENCE INTERVAL ----- 235 TO 305 DEGREES
95X CONFIDENCE INTERVAL ----- 200 TO 340 DEGREES-
RUNS UF/DOWN 3

PROBABILITY OF ONLY 3 RUNS -- 0.018



Bar /channel azimuths derived from lithofacies analysis

Paleocurrent directions measured
from primary sedimentary structures

VECTOR MEAN

a
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Figure 35.
directions,

Comparison of bar/channel azimuths and paleocurrent

China Creek area.
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among the trend estimates. A strong modal direction is
indicated, 36% of the trends falling in 11% of the compass
rose. Systematic stratigraphic progressions among the
estimated trends were examined by plotting them against
stratigraphic position (Figure 36). The sinusoidal nature
of the sequence of smoothed values is obvious. Fourier
analysis of the sequence results in the power spectrum shown
in Figure 37. Significance testing indicates that the
essential wavelength corresponds to 180 feet, approximately
one third of the thickness of the stratigraphic section
under investigation. Fitting the sequence with a
three-harmonic Fourier series (Figure 38) results in a
correlation coefficient of 0.91 and a goodness of fit of
0.82, which is significant at the 99.5% confidence level.
The data is consistent, therefore, with the hypothesis that
the sequence of trends was systematic and wvaried
sinusoidally, reversing four times from the base of the

section to the top.

COMPARISON OF LITHOFACIES DISTRIBUTIONS

It is interesting to compare this model, based on the
generalized frequency of occurrence and idealized sequences
of lithofacies, to the series of actual facies maps of the
area produced by direct analysis of geophysical logs of

individual drill holes. A qualitative estimate of the



STRATIGRAPHIC CHANNFEL AZIMUTH VARIATIONS
CHINA CREEK STUDY ARFEA, CO0S BAY COAL FIELD

sz..

,-'@
2
&
....... '@
&
)
.
......... 655
@ -----
.
.
"’
-
:
“‘@
........
O
-
........
‘‘‘‘‘ ®
B
RO}
RO)
;
.
""
-
O’—‘"’
--------
......
’O”G
]
4--

Figure 36.

30 60 90 120 150 180 210 240 270 300 330 360

BAR/CHANNEL AZIMUTH (degrees)

Stratigraphic channel azimuth variations, China Creek study

area, Coos Bay coal field.

z6



FOURIER ANALYSIS, BAR/CIIANNEL AZIMUTIIS
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STRATIGRAPHIC CHANNEL AZIMUTH VARIATIONS
CHINA CREEK STUDY AREA, CO0S BAY COAL FIELD
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similarity between the model and the actual facies
distributions can be made by superimposing the two in
several different orientations, as has been done in Figure
39. Examination of the results of the superimpositions
leads to the conclusion that distortion of linear patterns
and the generation of false contacts between units occurs,
but little essential information is lost.

A comparison of the behavior of the bar/channel
trends in the study area with the behavior of channel trends
in modern meandering streams reveals several similarities.
Figure 40 shows the channel pattern of a stretch of Watts
Branch, a small meandering stream in Maryland (Leopold,
1873). Figure 41 summarizes the downstream distribution of
thalweg azimuths over 27 consecutive intervals, each
approximately 25 feet long. Figures 42 and 43 show the
results of a similar study of a 35 kilometer (22 mile) reach
of the lower Mississippi River near Jackson Point, Louisiana
(Russell, 1967). The geometry of the two systems are
similar, despite the order-of-magnitude differences in
scale. The mean directions of the Watts Branch and lower
Mississippi River data sets are excellent approximations of
the transport directions of the streams, an indication that
the logic used in selecting between the complementary
azimuth sets in the study area is reasomnable. The
similarity between the downstream progression of channel

azimuths along the modern meandering streams and the
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Thalweg, Watts Branch, Md. (fram Leapold, 1973).
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Rona diagram of thalweg azimuths, Lower Mississippi River near
Jackson Point, Louisiana.

CHNANNEL AZIMUTIIS NORTH

165
150
130
190
210
275
270
180
110
175

215
160
140

170

235
235
200
160
085
oon
130
180

VECTOR MEAN

Thalweg, Lower Mississippl River near Jackson Point, Louisiana
(from Russell, 1967).
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Figure 43.

DOWNSTREAM CHANNEL AZIMUTH VARIATIONS
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stratigraphic progression of bar/channel azimuths in the
study area invites consideration of a mechanism by which the
channel patterns of an aggrading, meandering stream may be
preserved as a vertically stadked stratigraphic section.

The mechanism by which stratigraphic variations in
the sequence of bar/channel azimuths in the study area may
be linked to downstream variations in thalweg azimuths along
the modern analogs involves the developmental behavior of
aggrading, meandering streams. Although this aspect of
fluvial behavior has not been studied over appreciable spans
of geologic time, the character of the processes involved
may be inferred from a short-term study of the Vermilion
River, an aggrading, meandering stream near Eugene, Indiana
(Jackson, 1980) and a study of flood plain development along
the Little Missouri River near Watford City, North Dakota
(Everitt, 1968). Figure 44 shows the location of the
thalweg of a stretch of the Vermilion River, mapped on four
occasions spanning thirty years. Of particular interest is
the tendancy for meanders to grow and migrate downstream.

If the development and downstream migration of meander loops
were to continue over a protracted period and if continuous
deposition by vertical accretion were to occur during that
same period, then the sequence of channel azimuths over a
stationary point within the meander belt of the stream would
vary in the same fashion as the downstream sequence of

azimuths. These same tendancies are shown in the flood
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plain age distribution map of a stretch of the Little
Missouri River which Everitt (1968} produced by contouring
the ages of Cottonwood trees within the floodplain (Figure

45).



104

2000

LEGEND

o= gmara direction
at How in channel

= TopaqQrapmc dreghs,
meiyding channet Damag,
limits of ™e votley loor

and carps detween levels
on the voiley Hoor

—— isOCiwONEs OF Qe CORTOUTS;
T iarerval 29 yeors.

[—] enclove roage ot coftonwond ages
whare Aot RBSe Clear Dy e isgchrones

Figure 45. Sequential development of a flood plain, Little
Missouri River.



CHAPTER IV

CONCLUSIONS

The application of qguantitative techniques to the
stratigraphic analysis of data derived from geophysical log
suites is both practical and effective. The benefits of
this type of analysis include the high resolution of the
results, the ability to derive fundamental lithological
properties rapidly, directly from geophysical logs and
simple granulometric analysis, the stratigraphic continuity
and quantitative nature of the results, and the ease with
which the results may be tested.

The resolution of the techniques used in this study,
- is an order of magnitude better than can be obtained from a
combination of surface mapping, the projection of scattered
measured sections and a qualitative inspection of the
geophysical logs (Figure 46). Not only can very thin (less
than 1 meter) strata be recognized, but subtle textural
differences between strata can be detected. The results,
moreover, are both measureable and reproducible, and do not
include a significant personal operator bias.

The results of the initial log interpretation
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technique is the "environmental energy index", which has
been demonstrated to correlate with median grain size, a
primary and extremely useful property of sedimentary rocks.
Calibration of the technique is based on simple
granulometric analyses of the cuttings produced during
normal drilling operations. The technique, moreover, does
not require exotic or expensive data processing equipment.
All of the data processing for this study was carried out on
a desktop microcomputer. The lithology interpretation
program is capable of producing foot-by-foot environmental
energy index logs and lithological interpretations of a 330
meter (1000 foot) geophysical log in less than ten minutes.
Since modern logging vehicles are equipped with
microcomputers of normal capacity, and produce digitized log
response files, the logs could be interpreted on-site, as
they are produced.

The log interpretation technigque was developed and
calibrated specifically for the rocks present in the study
area and the general application to other rock suites in
other areas has not been addressed. Since the grain size
index is sensitive to a combination of factors, including
modal composition, it is probably not directly applicable to
rock types substantially different from those present in the
study area. Since, however, the technique incorporates an
internal calibration process, by which the grain size index

values are scaled to match the results of a series of
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granulometric analyses of cuttings of the rocks being
drilled, the technique is self-correcting to some extent.
Provided, therefore, that the basic underlying assumptions
of relatively stable quartz/feldspar and potassium
feldspar/plagioclase ratios, uniform mode of occurrence of
clay in the fabric of the rocks and low ionic concentrations
in the pore water in the section being drilled are not
violated, the technique should be applicable to a wide
variety of unaltered sedimentary rocks.

The stratigraphic continuity and the quantitative
nature of the initial lithologic interpretation allow the
application of a variety of analytic techniques. Those
whose suitability and efficacy have been demonstrated here
include:

1) smoothing techniques, which can identify

functional lithofacies,

2) Markov analyses of lithofacies transition

probabilities, which can be used to identify the

sequential patterns among depositional packages,

3) Walther's Law, which can be used in conjunction

with calculated transition probabilities to infer

the three-dimensional architecture of the

deposits, and

4) sequential lithofacies map interpretation and

spectral and vector analysis which can be used to

infer the behavior of depositional systems over time.
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Many other analytical techniques could be applied to the
data sets produced by these processes. The rapid advances
currently being made in the analysis of time series and
spatial distributions seem particularly applicable.

One of the most attractive features of the
quantitative approach used in this study is the degree
and ease with which its results can be tested. As has been
demonstrated, testing is not limited to the final
conclusions reached by the sequential application of many
techniques. The results of each individual technique can
be subjected to statistical test procedures before the next
level of abstraction is attempted.

The resolution and flexibility of the stratigraphic
information and the speed at which it can be produced by the
techniques demonstrated in this study suggest a number of
practical applications. Correlation of lithologic sequences
within stratigraphically complex systems, calibration of
remote subsurface sensing techniques (seismic, gravity,
magnetic, etc), exploration for coal, petroleum and mineral
resources, and the understanding of ground water and
contaminant transport could benefit directly from the

techniques.
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