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FOREWORD

This Bulletin is published in furtherance of the purposes of NASA grant NGL
03-002-313 entitled ""Research for Application of Remote Sensing to State and Local
Governments,. "' The purpose of the grant is to assist, with the use of NASA high-
altitude pho_tography and satellite imagery, state and local agencies whose
responsibility lies in planning, zoning, and environmental monitoring and/or
assessment of energy and mineral resources.

This report is the ninth in a series of publications designed to present
information bearing on remote sensing research and applications in Arizona. This
present study utilized small-scale LANDSAT~-1 imagery as a field base for mapping
the distribution of monoclinal folds and, to a lesser extent, anticlines and
synclines within an 35,000 square-mile region in the Colorado Plateau tectonic
province of Arizona. A literature search was sonducted to add to this map the major
fold structures in the Plateau that lack a significant photogeologic expression. The
resultant map pattern is analyzed in this report, particularly as the pattern reflects
(1) the tectonic framework of the Colorado Plateau, and (2) potential loci of
entrapment of oil and gas pools. Like other states, Arizona is feeling the ""energy
crtinch. " Tt is hoped that the structure map of folds and the perspective for analysis
contained herein might serve as a guide to further assessing Arizoiia's energy-resource
potential and provide the impetus for industrial exploration of oil and gas in

Arizona.
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ABSTRACT

Structural mapping and analysis of folds in Phanerozoic rocks in northern
Arizofna, using LANDSAT-1 imagery as a base, bas led to the formulation of a
tectonic model uéeful in identifying regional fracture zones Both within northern
Arizona and within the Colorado Plateau as a whole. The Colorado Plateau tectonic
province is cut by systematically aligned, regional fracture zones that can be discerned
from the monoclinal-fold pattern. Monoclines within the province have developed as
a response to differential movements of basement blocks along high-angle faults.
Because each monocline is the upper-crustal expression of discrete basement~fracture
zones, the monoclinél—fold pattern, in total, records the position and trend of many
elements of the regional fracture system. In specific, the monoclines disclose four
regional fracture sets whose orientations are N. 20° w. s N. 55° W. sy No 20° E. ’ an&
N. 55° E. Numerous zones have been identified, ahd their traces range in length
from 100 to 600 km, averaging approximately 350 km. Spacing between adjacent
fracture zones is approximately 45 km.

The regional fractures are narrow zones of concentrated strain that serve to
subdivide the Plateaiu into a mosaic of crustal blocks. Zones of convergence of
monoclines and abrupt changes in trend of the axial traces of menoclines are rec-
ognized as plan ~_év§éw expressions cf the corners of the basement blocks. The blocks
‘themselves are compléx polyhedra whose steeply dipping faces correspond to |
major fracture zones. Igneous (and salt) diapirs have been emplaced into many of
the designated zones of crustal weakness. As loci of major fracturing, folding,
and probably facies changes, the fracture zones have exerted control(s) on the

éntrapment of oil and gas.



INTRODUCTION
Background and Objectives

During 1974 the American public became acutely aware of its dependence on
energy resources, particularly the fossil fuels. With the advent of awareness of the
"energy crisis,!' certain organizations and individuals within Arizona expressed
renewed interest in the need po identify more specifically the State's potential for
oil and gas resources. This study is one outgrowth of that expressed concern. It
represents Oneiof several interdependent preliminary steps in evalﬁétmg Arizona's
non-renewable energy-resource potential, A major purpose 6f this stﬁdy was to |
delineate on a single mdp (see Plate I, by Davis and Kiven) the distribution and |
geometry of large—scalé; folds within the Colorado Plateau tectonic province of
Arizona, with the knowledge that the resultant pattefn might serve as a guide to
potential loci of oil and gas entrapments. Folds, particularly domes and anticlines,
are well known to provide excellent structural controls for the concentration of oil
and gas. The _complete designation of all large-scale folds within sedimentary rocks
in Arizona has the practical merit of identifying individual structures which, in
association with a suitable assemblage of lithologically favorable pétroliferous
sedimentary rocks, might serve as exploration targets. for oil and/or gas.

In this study the structural geology of the Colorado Plateau tectonic province

of Arizona was examined because the known oil and gas pools in Arizona lie within

 that province. Future work should be directed toward analysis within the more

‘complexly deformed Paleozoic/Mesozoic sedimentary rocks in southern Arizona,



Methods

The methods employed in this study chiefly include: (1) LANDSAT-1 imagery
analysis, (2) regional geologic mapping using LANDSAT-1 imagery as a 1:500, 000
base for control and perspective, and (3) compilation of published data. In addition,
simple laboratory deformational experiments were oonducted in order to provide
insights regarding variations in fold profiles with depth.

. LANDSAT-1 imagery analysis was conducted in the spring of 1974 and involved
the inspection of black and white Band 7 prints ‘or the presence of photogeologic
lineaments of possible tectonic significance. Specifically, an attempt was made to
define lines or zones which reflect positions of hinges of major folds, particularly
monoclinal folds (see Figure 1, ps 7). The photogeologic linears were recognizable
as (1) zones of anomalously steeply dipping strata, (2) long, straight-lined stream
segments, (3) straight-lined or syétematically curvilinear hillslope segment, and
(4) zones marked by differential incisement of drainages. The ground expressibn of
most of the photogeologic linears recognized proved to be (1) breached monoclinal
hinge zones, (2) faulted monoclines, (3) faults, and (4) margins of mesas. The first
three of these have direct tectonic significance; the fourth is a geomorphic expression
commonly lacking an observable, direct relationship to deformation by folding or
faulting. 7

Using photogeologic analyéis alone, it proved to be impossible to interprét
unequivocally the specific type of geologic situation manifested in each of the
photogeologic linears. In particular, without referring to published geologic maps,
it was not possible to specify which of the many linears were indeed expressions of
monoclinal folds. It also became evident during the photogeologic analysis that
- broad, open folds characterized by gentle limb dips (less than 5 degrees) had no -

appreciable photogeologic expression.



As a result of the photogeologic analysis, monoclines were singled out as the
only fold-type in the Colorado Plateau province of Arizona that could be defined
accurately through reconnaissance structural mapping using LANDSAT-1 imagery
as a base for control., Other large-scale folds are so broad and gentle that they are
essentially invisible on LANDSAT-1 imagery and impossible to place accurately in
the field without detailed geologic mapping. The expression of most of the monoclines
is clear both in the field and on LANDSAT-1 photos because of profound rotation of
the middle limbs of these folds. HoweVer, since the monoclines grade locally into
faults along commc}n "lines" of structural weakness, photogeologic analysis alone
could not be used fo define explicitly the full, detailed extent of the folds.

In carrying out field investigation of the monoclinal folds, LANDSAT-1 imagery
was a valuable base on which to work. Individual roads and highways, drainages,
physiographic features, miscellaneous cultural features, and vegetation patterns
provided reference for readily and accurately plotting positions of folds and data
stations. Additionally, the strong photogeologic expression of ""potential'" monoclines
served to delimit critical areas for *study within the 35,000 square-mile region. The
small scale of LANDSAT-1 imagery (1:500, 000) coupled with the large area encompassed
by each sheet (approximately 12,000 square miles) served to focus regional tectonic
relationships. Furthermore, the lack of distortion in the LANDSAT-1 imagery
permitted a quick, reliable transfer of the carefully collected and plotted data to a
topographic map of the same scale.

The final step in the compilation of the structure map (Plate I) consisted of
the transfer of the axial traces of folds and additional orientation data from previously
published large-scale maps to the 1:500, 000 topographiq base, Data from approximatelyk
40 geologic maps were transferred. Reliability of the £6ld relationships expressed
on the previously published maps could not be tested in a.ny meaningful way. The
problem of positioning hroad, gentle folds is difficult, and it is probable that a -

)
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number of folds shown may be misiocated by as much as 2 miles and incorrectly
oriented by as much as 15°. To minimize error, only those folds that were documented
by attitude measurements were incorporated in the final structure map included with
this report,

The compilation included, as an integral part, the transfer of representative
bedding attitudes, just as the field work for this study involved systematic
measurement of bedding data along the monoclines. Commonly, regicnal structure
’maps do not include strike and dip readings for bedding; yet such readings provide
a readily appreciated guide to thebreadth, structural relief, and tightness of the folds.

The fold pattern that emerged from the application of the above-mentioned
methods is ess_entially that displayed on existiflg small-scale structure maps of all
or portions of 'fhe Colorado Plateau tectonic province of Arizona (e. g. , Kelley, 1955b;
Kelley and Clinton, 1960; Scurlock, 1967; Peirce and others, 1970). It is hoped that
the utility of the map compiled in this study lies in detail made possible through (1) the
availability of LANDSAT-1 imagery, (2) the published records of previous workers,
(3) field studies specialized in the sense that folds were the chief focus of study, and

(4) the inclusion of bedding data.
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MONOCLINES
Form

Monoclines are 'fnarrow persistent downbends' (Kelley, 1955a, p. 799) bf
sedimentary strata which are particularly abundant in the Colorado Plateau tectonic
province of the western United States. In fact, the current usage of the term
"monocline, ' as noted by Kelley (1955a), was introduced to the literature by John
Wesley Powell (1873; 1875), based on his geologic observations in Utah and Arizona
during the 19th century. Monoclines display subhorizontal ""upper' and 'lower' limbs
which are séparated by relatively short, gentle to steep-dipping middle limbs (Figure 1).
The lower hinge zones of monoclines tend to be sharper and less rounded than the
upper hinge zones. The hinges of monoclines are seldom perfectly straight; rather
they tend to be gently curvilinear to strongly sinuous. Locally, the monoclinal folds
branch and split.

Monoclines are enormous, ranging up to 300 miles in length and commonly
displaying structural relief measurable in thousands of feet. They are singularly
important regional structural elements because (1) they commonly mark the boundéries
between uplifts and adjacent basins, and (2) they display a structural relief which
is 5 to 10 times greater than that expressed within the adjacent uplifts and basins |
(Kelley, 1955a, 1955b). The spatial relationship of 'monocﬁneé to the distribution
of uplifts and basins clearly reveals that the monoclines are fundamental zones of
weakness within the Colorado Plateau (Figure 2).

Where excellent three-dimensional exposures of monoclines permit, the
monoclines can be seen to be associated with and/or project downward intc high-angle

reverse faults (Maxson, 1961; Huntoon, 1969, 1974).



Figure 1. Schematic diagram of an idealized monoclinal fold.
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Figure 2, Map showing the distribution of basins, uplifts, and monoclines within
the Colorado Plateau, from V. C. Kelley (1955b).



Time of Formation

Interpretations regarding the age of monoclines of the Colorado Plateau have
been reviewed by Kelley (1955a) and Huntoon (1974). The monocliﬁés are regarded
bv: most workers as Laramide in age (approximately 80 to 50 m. y.), but the evidence
for this age assignment is not as strong as might be desired. The chief evidence
cited by most workers consists of the angular unconformable stratigraphic relationships
between '"late Cretaceous and’ Eocene Strata' described by Gilbert (1877) and Gr’ﬁegory‘
an§d Moore (1931) along the Waterpocket and East Kaibab monoclines, respectively.
However, Huntoon (1974, p. 323) comments in regard tothe Laramide age assignment
for the monoclines in the eastern Grand Canyon: |

""To date, the only evidence that has been advanced to support
tl‘lis interpretation comes from an unconformity between the
Paleocene Pine Hollow Formation and the Paleocene-Eocene
Wasatch Formation along a northward extension. of the East
Kai,bab monocline at Canaan Peak, Utah (Gregory and Moore,
1931; Strahler, 1944; and Babenroth and Strahler, 1945)‘. o
The Lm”confqtmi‘ty, .+« has been attributed by Bowers (1972)

to large-scale gravittltidnal sliding, so the date may be-

invalid. "

| Kelley (1955a) concluded that most of the monoclin»:t’ss are Lar:imide products,
~and by way of support cites‘s‘tratigr"’lphic and structural felationships observed in

the v1c1mt\ of the Whnc Rlver uplift, the Uinta uphft (ChlldS, 1950), the Dehancc
monoclme, the Naumu.nto uphft, and the Hogback monoclme. Barnes (1974, P. 446)
f‘;suggested on the basis of detailed 1nvest1gatmns in the Gray Mountain area, 'that
‘the knuibri' monnclin;al uplifts, while presuhably earls; Tértiary, are by no means
q\nchumous. "R uxthu, he beheves th'lt some monoclmal foldmg may l)e as

young as. lewne (Barnes, 1975, pers. comm, )

SO TR e T T e TR S e



Origin

Differencés exist among the genetic models proposed for the origin of mono%:hnes;
Powell (1873, 1876), Gilbert (1875), Dutton (1880), Walcott (1890), and Nevin (1949) v
interpreted the monoclines as products of the draping of near-surface strata over
deep-seated high-angle faults; vertical forces were considered tQ be responsible for
the movements., Baker (1935) postulated that the monoclines formed above deep-seated
thrust faults in a stress field characterized by horizontal compressioxi. Kelley (1955a,
1955b) also favored the concept that horizontal compression was the "dominating action"
in the formation of the large monoclines. Noble (1914), Maxson (1961),‘ and Huntoon
(1969, 1971,; 1974, 1975), based on their work in the Grand Canyon, observed that the
monoclinal folds in that region commonly are associa‘ted with reverse faulting aldn
reactivated Precambrian high-angle faults. Based in part on such relationships,
these workers postulated that monoclinal folds are products of horizontal compression.
Woodward (1973, p. 97) attributed the development of monoclines to "primary horizontal
compression deep within the crust" resulting in "local secondary stress fields near
the surface having strong vertical components.' Barnes and Marshall (1974) envisiop .
the formation of monoclines to have involved a step-like féulting of the basement and
the synchronous development of a curved principal stress trajectory in the supraé rustal
rocks, resulting in flexural folding of the sedimentary layers. The -dynam.ic aspects
of their model are based on the analytical and experimental work of Sanfox"d‘ (1959).

In spite of differences that are implicit in the various dynamic modelé proposed
for the origin of monoclines, n’id‘st workers have concluded that the folds, at their
present levels of exposure, are expressions of differential vertical movements ‘

‘along high-angle faults. Lucchitta (1974, p. 348) states, ""The association b‘étween
monoclines and faults suggests that the monoclinal flexures are the surface expression

of zones of weakness in the competent basement ... The antiquity and repeated

-11-



reversal of movements on faults, as well as the association of monoclines with
faults at depth, are well documented for the Grand Canyon.' Huntoon (1974, p. 323)
suggests that ""the sinuosity and branching that are characteristic of the ‘monocline ‘
in the eastern Grand Canyon result from pre-existing trends of thé Precambrian
faults that were rejuvenated as the monoclines developed. "

Observations by this worker of the monoclines in the Colorado Plateau tectonic
qrovince of Arizona are consistent.with the kinematic generalization that monoclines
a{re the upper-crustal expression of high~angle faults, Certainly the faults that are
associated with the middle limbs of monoclines'in Arizona are highf-angle. Exceptiops |
_ag'ré“gravity-glide phenomena, such as those found in the Gray Mountain area (Barnes,
1974) and in the middle limbs of the Red Lake, West Defiance, and Comb Ridge
monoclines. The range of dip-magnitude of the middle limbs of monoclinal folds
observed in Arizona implicitly suggests that the faults associated with the monoclines
are high-angle. In few areas are the middle limbs overturned, and, where overturning
is observed, it is only by sméll émounts (less than 5 or 10 degrees). Further, the
middle limbs seem to be related.‘systematigé,lly in dip-angle to proxinuty to baéérhent
rock. The Hunters Point (Figure 3 and 4) and Black Creek segments of the East
Defiance monocline are vertical and, at those sites, the distance to basement is lésé
thar; several hundred feet. In contrast, monochnés in Arizona involving Mesozoic
beds, separated from basemeht by the entire Palebzoic“se‘ction, seldom have
middle-limb dip-angles greater than 45 degrees. This geometric pattern is consistent
with flexural-slip and flexural-flow monoclinal fol‘dinmguover basement blocks B
differentially uplifted along high-angle faults. o

The inferred kinematics of ;:levelopment of monoclines were modeled expeﬁmentally

~in order to visualize more clearly the variation in the form of such structures with
depth. Guided by the basic genetic model outli.ned’abkove, a sequence pf "basexherit

rocks" and overlying "sedimentary strata" was fashioned from pine 2'" x 8" and

-12-
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Figure 3. Tracing of a photograph of the Hunters Point segment of the East
Defiance monocline; view to the northwest.
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Figure 4. Closer view of the Hunters Point segment of the East Defiance
monocline showing vertical attitude of middle-limb strata.
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alternating dry kaolinite and modeling clay, respectively (Figure 5). The pine-board
basement was sawed at an angle designed to mimic that of the high-angle basement
faults described by Maxson (1961). Shortening of the '"basement" ‘was achieved by
reverse faulting along the suitably oriented, pre-existing '"basement fault.! Shortening
of the ""'sedimentary section' was achieved by reverse yn‘lo‘/vements along a zone of
high-angle faults in the dry clay layers, and by monoclinal folding of the thin, modeling-
clay layers. (The modeling-clay 1ayers were too ductile to permit deformation by
faulting.) During uplift the ""sedimentary strata' rode on the ""basement' passively

and became involved in the deformation only along the narrow upwjard projection of

the sawcut. Modeling-clay layers situated near the top of the seqﬁence displayed
monoclinal folds with gently dipping middle limbs. Modeling—clayi layers close to the
"basement" displayed monoclinal folds with very steeply dipping middle limbs. Had
stiffer modeling-clay layers been used, those layers close to the ;"baisement" undeubtedly
would have been ‘def,ormed by faulting. Although the experimentation was performed |
crudely and without attention to scale-model fectbre, the deformation style of the
modeling-clay layers is consistent with the forms of the monoclines observed during

the field studies.
" Photogeologic Expression

The photogeologic expr.ession of the monoclines is remarkably clear because
 of the distinctive physiogrebhic appearances of the folds. Of course, those monoclines
- with the greatest structural relief are the most easily discerned both in the field and
through photogeologic analysis. Two major physiographic classes of ‘n"xo’noclivnal
expre_ésioh can be distinguished. One class is characterized by the more or less
complete topographic expression of the monoclinal form. . Such 1dent1tyofstructure
and topogrephy occurs where erosion has resulted in the ‘stripp’i‘ng; of 'relafively non-

~ resistant beds to the level of some resistant lithologic imit., The result is a etripped



Figure 5. Photograph of experimental deformational model of "strata' of
kaolinite and modeling clay resting on a rigid ""basement' of pine
board. Reverse faulting of basement block along a pre-cut
high-angle fault produces monoclinal fold in overlying thin layers.
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structural surface. Where the resistant unit is horizontal, the land shrface is flat;
where the resistant unit is folded into the form of a monocline, the land surface is
chsracterized by a down-stepping of the topography along a hillslope which corresponds
in position and angle-of-dip to the monocline's middle limb. This class of monoclinal
expression is best developed in the Grand Canyon region where the ‘land surface is
: almost without exception, to the middle limbs of monoclines (Figure 6). Such hillslope
segments are typically quite narrow (less than 5 miles) and are relatively deeply incised
by numerous, closely spaced stream channels. Another excellent example of the
identity of topography and structure is provided by the Houck ;mqnoclme (Figure 7)
on the southwest side of the Defiance uplift (see Plate I). In areas where this class
of monochnal expression prevails, the middle limbs of the monoclmes can be accurately
mapped on LANDSAT-1 imagery by simply tracing out the narrow, ‘curvilinear
hillslope zones which are marked by an anomalously close spacing and deep incisement
of stre:am“chanhsl‘s. Examples include the East Kaibab, Graﬁdvisw, Coconino Point,
and Additional Hill monoclines in the vicinity of Gray Mountain (Figure 8 and Plate I).
A second‘physiographic classh:f'monoclvinal expression is characterized by lohg,
narrow, curvilinear to sinuous ridges vhhich contrast markedly with the adjacent
broad flat surfaces 80 typ1ca1 of the Colorado Plateau, The ridges are the expression
"~ of resmtant, moderately to steeply d1pp1ng middle-limb strata of breached monochne,
(Figure 9). The Echo Cliffs and Comb R1dge monoclines (Plate I) are excellent

examples of this form of physiographic expression.

Pattern

The monoclinal fold pattern in northern Arizona within thef Colorado Plateau
tectonic province is shown in Plate I. The basic monoclinal fold pattern has been

known for some time, due to careful mapping a.nd/ox_' compilatiori by many pfevious .
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Figure 6. Photograph showing the physiographic expression of a portion of
the East Kaibab monocline, Hillslope corresponds to the middle
limb of the fold.
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Figure 7. Photograph showing the physiographic expression of a portion of
the Houck monocline. Hillslope corresponds to the middle limb
of the fold.
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Figure 8.

Photogeologic expression of the interference of the East Kaibab,
Grandview, Coconino Point, and Additional Hill monoclines in
the vicinity of Gray Mountain (approximately 45 miles north of
Flagstaff) as revealed in LANDSAT-1 imagery.
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Figure 9. Piotograph of the east-dipping middle-limb strata of the breached Echo
Cliffs monocline. View toward the northeast.
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workers (e.g. Babenroth and Strahler, 1945; Akers and othei's, 1962; Wilson and
others, 1960; Moore and others, 1960; Maxson, 1961, 1967a, 1969; Cooley and
others, 1969; Kelley 1955a, 1955b; Kelley and Clinton, 1960; Scurlock, 1967; Peirce
and others, 1970; Doeringsfeld and others, 1958, etc.). However, the structure map
included with thisi report may represent in some ways a refinement in that (1) the
traces of both the upper and lower hinge ;zones of the monéclines are presented,
(2) the poitibning of the axial traces of the folds is generalized as little as possible,
"and (3) attitude data for upper, middle, and lower limbs are genefously supplied.
Furthermore, the uée of a LANDSAT-imagery mosaic as a base provides added
pec3spective regardir;g the_‘gebmorpﬁhic expression of the major structures.

All of the ‘momz)clines reprreresented‘ on the stiructure map involve Paleozoic a.nd/ or
Mesozoic sedimentai‘y 'str'ata. In fact, at the present level of exposure in the Coléﬁdo
Plateau of Arizcna, most of the monoclines ai'je developed in late Paleozoic and
Mesozoic rocks. For example the monoclines in the Grand Canyon region are optimally
displayed by the form of the Permian Kaibab Limestone; the monoclines on the kgast
and west flanks of the Defiance Uplift are expressed at the surface by rocks which
range in age from Pennsylvanian through Cretaceous. Near the Monument Valley the
monoclines are revealed at the surface in strata of Triassic age. Although
stratigraphy is not conveyed on the structure map, the distribution of stratigraphic
systems is available on the Geologic Map of Arizona (Wilson and others, 1969)
which, like the structure map, is scaled at 1:500,000.

Several factors may be responsible for the apparent absence of monoclinal
folds in major portions of ‘thé Colorado lsiateau tectonic province of Arizona. In
northwestern Arizona the absence of major monoclines might be attributable to a
relatively close proximity to basement rocks combined with the massive character
of the Paleozoic rocks. The major mode of deforniation was by faulting, not folding,

_Wi‘thin‘ the south-central portion of the Colorado ’Plateau tectonic province in Arizona,
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great expansés are covered with Cenozoic volcanic rocks which serve to cover

any monoclinal structures which might otherwise ci‘bp out. Within the Black Mesa
basin there is a great thickness of Mesozoic strata. Given the concentric, parallel
geometry of monoclinal folds, it is probable that any major monocline at depth in
the bas';p ‘wou'ld gradually die out before reaching the present level of exposure. In
summary, it would seem that the formation of monoclines is dependent in a sensitive
way ;;:on (1) the capacity of stratigraphic units to fold and (2) the distance above

faulted basement blocks. As a consequence, optimum development of monoclines in

the Colqrado Plateau tectonic province of Arizona is perceived by this worker to be
restric;:ed to a relatively narrow stratigraphic interval. H

The map pattern of monoclines in northern Arizona is multi-directional,

sinuous, and branching (Plate I). Three distinct directional groupings of monoclihe ”
trends are recognizable: NNW, NE, and north to NNE. The NNW—trending monoclines.
are the most dominant and are represented by approximately 250 miles of cumulative
axial length. The NNW-trending monoclines inclpde maj_or segments of the East
Kaibz;b:, Echo Cliffs, and East Defiance monoclines as well as the Red Lake, Crazy
Jug, and Oraibi monoclines. The NNW-trending set of monoclinal folds are
asymmetric in an easterly direction (i. e. the middle limbs dip easf). The NE-trending
monochnés include segments of the Grandview, Coconino Poi'nt, ,Bl:%_lqk Point,

Cow Springs, Comb Ridge, and West Defiance monooiines. Their cﬁmuiéfive iength

is appbroximately 110 miles. With the exception of the segments' of the West Defiance
‘and Grandview monoclines, these NE\-t_rending monoclines are asymmetric to the -

t

souiﬁeast. The north to NNE-trending monoclinal segments include portions of the :

West Kaibab, East Kaibab, Echo Cliffs, Organ Rock, West Defiance, and East
’_Deﬂance monoclines. With the exception of the West Kaibab and West Défiance
sfructures, asymmetry of these north’tovNNE-trending structures is e»as.ter‘;‘ly.v L |

. The sinuosity of the monoclines is conspicuous and has been discussed by

many previous workers (e.g. Kelley, 1955b; Huntoon, 1971). The East Kaibab
e S o3 ' |



monocline is systematically curvilinear, a composite of NNW- and NNE-trending
segments (Plate I). The Echo Cliffs monocline is comprised of two NN'WV-trkending
segments connected by a relatively short NNE-trending segment. The East Defiance
monocline displays the most éxtlfe‘rpe sinuosity; its form has been described in
detail by Kelley (1967). o o

Locally, the monoclines in northern Arizona are seen to branch and split. At
juncfures of convérging monoclineé or monoclinal splays, relatively complex étrﬁctural

“relationships are evident. Such complications include (1) the structural terraces

alohg the East Kaibab monocline (Babenroth and Strahler, 1945), | (2) the fold interference

patterns at Gray Mountain, the locus of convergence of the Grandview, East Kaibab,
Coconino Point, and Additional Hill monoclines (Barnes, 1974), (3) the Canergence
of the Red Lake and Cow Sprmng 'rhonoclines near.Tonaléa, and (4) the "wishbone
junction"‘kof the Comb Ridge, Organ Rock, and Cow Springs monoclines near Kayenta
(Plate I).
The major monoclines in northern Ax:'izona- occupy critical structural positions
with fespect tothe distribution of tectonib subprovinces within the Colorado Plateau.
This is explicit in V. C. Kelley's tectonic subdivision of the Color;.do Plateau in which
mondclijhes commonly mérk the boundaries between adjacent, structurally distinctive,
subprovinces (Kelley, 1955b; Kelley and Clinton, 1960) (Figure 2, p. 9). Based on
the magnitude of structural relief and total length, the major monoclines in northern
Arizona, frorh west to east, include the West Kaibab, East Kaibab, Grand View-
Coconino Point, Echo Cliffs, Red Lake, Cow Springs, Organ Rock, Comb Ridgek," ’
West Defiance, and East Defiance (Plate I). Of these, the West and East Kaibab
monoclines _mark the west and east margins, respectively, of the imposing north- .
tren_ding Kaibab uplift (structural relief approximately 3500 feet). The East Kaibab
and‘ Echo Cliffs monoclines form the west and east boundaries; fési)ectivély,' of

- the NNW-trending Echo Cliffs uplift. The polygonal Black Mesa basin is bounded
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on several sides by monoclines, most notably the Cow Springs, the southern éxtension
of thé Red Lake, and the disjointed West Defiance monocline. Tl;é hconvergence of the
Org?n Rock and Comb Ridge monoclines near Kayenta delimits the SSW terminus of
the If\/Ionument upwarp. The Defiance uplift, whose structural relief 1s approximately
6000 feet, is bounded by the West and East Defiance monoclines. The East Defiance
monoclinal complex, in turn, marks the west boundary of the Gallup sag and a portion

of ihe San Juan basin.
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ANTICLINES AND SYNCLINES

The anticlines and synclines shown on the structure map included with this
report have been compiled in large part from the work of others (see citations on
Pl?ﬁ.te I). Excellent descriptions of specific anticlines and synclines within the
Coflorado Plateau tectonic province of Arizona are provided by Gregory (1917)',

Ke;ley (1958), and Kelley and Clinton (1960). No attempt will be made to summarize
those descriptions; rather, general'comments' will be made régarding the-
anticlinal/synclinal fold pattern, in total, |

Almost without exception, anticlines and synclines within northern Arizona are
shallow-plunging, broad, open, upright folds with curvilinear traces. Most trend
in a northwesterly direction, but many NE-trending folds ighore the regionally
noi'thwesterly orientation. Each of the major, relatively narrow uplifts of the Plateau

“(i.e., the Kaibab, Echo Cliffs, Monument, and Defiance) is surmounted by a major
anticline as well as lesser »anticliines and synclines which are subparallel to the -trend‘
of the uplift itself (Plaié I). The'hplifts may be thought of as enormous é,hﬁclines,
asymmetric to the east or southeast. Each is bounded on the east or southeast by a
major monocline, directly to the west of whigh can be delineated a major, subparallel
anticlinal hinge (for example, the Kaibab, Ebho Cliffs, Monument, ‘and Defiance |
anticlines). Similarly, the lower hinges of the major monoclines are commonly
paralleled basinward by several closely spaced upright anticlines and synclines. - The
Comb Ridge, East Defiance, and drgan Boék monoc_lipes are illustrative in this
regard.

 In contrast to the above-mentioned anticlines and synclines which are spatially,
| ‘geometrically, and, by inference, genetically related to the formation of the major

“uplifts and associated monoclines, a great number of anticlines and synclines within
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thé‘ Colorado Plateau of Arizona are unrelated to the monoclinal fabric. Examples
of Ethis class of folds include the Tuba City-Howell Mesa syncline, the Presfqn
Mesa~Mount Beautiful anticline, the Kaibito-Black Mesa syncline, and the Cow Springs
a.n!ticline (Plate I). As represented on Kelley's (1955b) structure map of the Colorado
Plr'zsttéau, these folds éppear to be refolded by the monoclines. For example, the
N\g?v-trending Cow Springs anticline and Kaibito and Black Mesa synclines both‘ appear
to plunge into the NE-trending Cow Springs monocline. Such relationships suggest
that many of the northwesterly~trending, broad, upright folds in northe;’n Arizona
‘may pre-date the major monoclinal folding.

Many relativeiy short, northeasterly-trending anticlines and synclines havé |
been reported by previous workers, and these are plotted on the structq;fg map
(Plate I). Examples include the Turner Springs and Winslow folds near Winslow,
and the Carrizo fold near Holbrook, Like most of the anticlines and s;ynclineS in
northern Arizona, these folds are open with limb dips generally less than 5 degrees.

The tightest anticlines and synclines in Phanerozoic rocks within the Colorado - |
Plateau tectonic province in Arizona occur as cross-folds on the East Defia.nce
monocline (Kelley, 1967) (Plate I). These folds plunge gently to moderately to the
southeast and display limb dips as great as 45 degrees (Kelley, 1955b; Woodward,
1973). The largest folds of this._= type are located in New Mexico, but “(ithjn 15 miles
of the Arizona/New Mexico state boundary. “ |

W1thm the extreme northeast corner of Arizona, the fold pattern is rélétivgly
cbmplex and anomalous in trend (Plate I)., Anticlines and synclines trend
' west-nbrthwest, parallel to the trace of Rattlesnake monocline which borders this
: zone to the south. = In addition, anticlines and synclines marginal to the 'Ca.,rrizo’_.

dome plunge radially away from the vicinity of the Carrizo igneous centers.
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RELATION OF FOLDS TO BASEMENT TECTONIC FRAMEWORK
Dilemma

North-northwest; northwest, northeast, and north-to-northeast trends have been
cited as representative of folding within the Colorado Plateau tectonic province in
Arizona. Difficulties have been encountered by most workers in attempting to explain
the diversity of trends of monoclines, anticlines, and synclines by means of a
fconstantly oriented stress pattern transmitted through the crustal rocks. Kelley and
Clinton (1960) recognized two major monoclinal fold sets (northwest and northeast)
and explained the development of these sets in a two-phased Laramide deformation:

", .. the northeasterly trending monoclines may have formed first under the influence
gf, a dominant regional horizontal pressure from the Central Rockies. ... the Plateau
;xlonochnes «++ of northwesterly trend, may have formed slightly later during a second
major phase of Laramide orogeny.’ (Kelley and Clintcn, 1960, p. 96). They add:
"In?th_e above analysis the northerly trending ... monoclines were not mentioned.,
Although they might be the product of a separate diastrophic phase, it is preferable
for'_ the present to include them with the first phase. However, their relationship to
the northeasterly trending monoclines is not clear.' (Kelley and Clinton, 1960, p. 97).

The abrupt nature of the changes in trend of individual monoclines is impressive.
Thé zones where the shifts in trend take place serve to connect two (or three) relatively
étraight monoclinal segments (Plélte I). For example, approximately 45 miles NNE Of’
' I;‘légstaff, the axial trace of the Black Point segment of the East Kaibab monocline
éha.nges in trend from 8. 35° E, to S. 30° W. Sixteen miles NNW of Cedar Ridge, the
Echo Cliffs monocline abruptly shifts its axial orientation from N. 30° W. to N. 10° E.
(Plate I). Near Tsegi at the SW end of the Monument upwarp, the N. 10° E. —trending

Organ Rock monocline becomes the N. 450 E. <trending Cow Springs monocline,
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North of Canyon De Chelly, the Sheep Creek segment of the West Defia.xvlce‘ monocline
undérgoes a shift in trend of approximately 85 degrees, from N. 600 W.,;'to N. 25° E.
The most dramatic changes in monoclinal trends occur in the vicinity of Gray
Mountain; these relationships have been described by Barnes (1974) and involve the
Grandview, East Kaibab, Coconino Poinlﬁ, ‘and Additional Hill monoclines (Plate I;
Figure 8, p. 20). .
| Abrupf changes ip fold orientation of the type described are not characteristic
of systems of flexural or buckle folds in most sedimentary rock sequences. Generally,
folds developing within a uniform regional compressional stress regifne tend to remain
constantly oriented at right angles to the direction of gr_eateét principal stress. (Such
a ﬁééponse to regional compression may well be represented by the Black Mesa
syncline, Cow Springs anticline, Tuba City syncline, etc.). It seems unlikely that
the complexities of the monoclinal fold pattern can be expiained in a satisfactory
manner by inferring profound changes in the principal stress configuration during the
folding. If systematic sgperimposed fold patterns could be ideﬁtified, such a dynamic
model might be permissible. However, the field data clearly reveal 'that many
individual monoclines contain genetically synchronous segments. of dramatically

different orientation.
~ Premise for Interpretation

'. ..;t__.is probable that most of the monoclines in the Colorado Plateau devéioped’
_aé a response of the stratified rocks to differential vertical \iplift of the‘P_re‘damb_r.ian
bésefnent along reactivated, pre-existing, high-angle faults "(oxi fault zones). The
major amount of deformation of this type presumably took place during the Laramide;
_ Assuming that each monocline is the upper-crustal expres si_o‘n‘ of a discrete |

“ -bas_einent-fré.cture zone, it should follow that the monocl‘inal-”fo‘ld pa't'terxi,‘ in total, 1s

 the expression of part of the ‘Colorado Plateau basement—fracttire system. Developing
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this concept, abrupt changes in orientation of the axial traces of monoclines may be
recognized as plan-view expressions of the ""corners' of basement biocks. The blocks
themselves may be viewed as complex polyhedra whose steeply dipping faces
correspond to major fracture zones. Differential vertical movements involving
adjacent basement blocks may produce monoclinal folding of stratified rocks higher

in the crust.

Support for a basement-block tectonic model is evident in the recent contributions
of a number of workers in the Colorado Plateau and the Rocky Mountains. Shoemaker
and others (1974, p. 382) concluded on the basis of their analysis of the Bright Angel
and Mesa Butte fault systems of northern Arizona: '"Mayor (Precambrian) displacement
probably occurred on a few main faults, which divide the crust into blocks tens of
kilometers across ... both the major and minor faults controlled later, domina.ntly
vertical displacement in late Precambrian and Phanerozoic time." Thomas (1974)
analyzed regional lineaments in the Williston-Blood Creek basin of North Dakota and -
Montana and reported that the systematically ar-ra_nged NE- and Nw-trending‘ lineaments
are the express'ion of a block pattern within the pasement rocl‘ts. Saunders (1975),
through the 'Study of regional lineaments in the West, concluded: T'ﬁé regional
lineaments ... '"are interpreted to represent the basic tectonic frameWork of North
America, and are believed to be very old, i.e., Precamblran, deep- seated planes
of weakness which divide the continental plate into blocks .... Per1odlc tectomc stress
during geologic time has resulted in block interactions at’nd adjustments producmg‘
geologic structures, and has, in part, controlled depositional environments.’ Also,
Matthews and others (1975) studied folds and faults within the northern Front Range
and concluded that most of the major folds were produced by a passive draping of
sedimentary strata over the edges of basement blocks. |

In applying the basement-block tectonic model to the analysis of monoclines,
it has been assumed that each stralght-lme monocnnal segment represents the

approx1mate upward pro;ectlon of part of a regional basement fracture zone, By
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extending the numerous straight-line monoclinal segments, the systematic nature

of the inferred basement-fracture pattern of the region becomes apparent., Specific
fracture-zone traces are identifiable as loci of (1) individual monoclines, (2) two or
more monoclinal segments, (3) end-points of monoclinal segments, (4) abrupt changes
in trend of the monoclines, and (5) zones of convergence of two or more monoclines

(Figure 10).
Inferred Basement-Fracture System for the Colorado Plateau

The principlies of analysis may be conveyed by considering the monoclinal fold
pattern for the Colorado Plateau as a whole. Most of the mohoclinal segments can be
related to four fundamental inferred fracture directions which correspond to the
preferred monoclinal folds trends: N. 20° w. » N. 55° W. s N. 20° E. , and N, 55° E,
Of these, the N. 55° E. trend is coincident with the NE-trendmg Precambrian grain
(foliation, elongate massifs, etc.) within and adjacent to the Colorado Plateau
(Kelley, 1955b). NE and NW trends were cited by Wise (1968) as the two major
fracture directions for the Colorado Plateau. Additionally Mayo (1958), in his
lineament-tectonic analysis of the Southwest, emphasized the degree to which NW
and NE lineaments express the mega-fabric of the Colorado Plateau and surrounding
tectonic provinces. . |

The inferred N. 20° W. -striking regional fracture zones are presented in
Figureyll* and, for convenience, are identified by names related to local structural,

or geographic, features. The Kaibab and Echo Chffs fracture zones project through

the East Kaibab and Echo Cliffs monoclines. The Lee s Ferrx fraoture zones passes
through relatively short, northern-most segments of the East Kaubab and Echo

Cliffs monochnes. The Red Lake fracture zone is the loc;.....:o_f the:inW-trending

- Upper V_e.lley and Red Lake monoclines. ’l‘hevEscalante fracture zone is coincident

- with the- Excalante monocline and the SE eXteneion of sa‘me.'_ The Watergocketb

*Although the inferred fracture zones are presented herein (Figures 11-15) on a very :
small-scale map of monoclines, the actual analysis was carred out using Kelley's
(1955b) 1:1, 000,000 tectonic map of the Colorado Plateau.




Flgure 10, Examples of some of the criteria used to define the traces of inferred
fracture zones. (A) monoclinal segment; (B) two or more monoclinal
segments, (C) end-points of monoclinal segments, (D) “abrupt change
in monoclmal trend and (E) convergence of two or more monochnes
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Figure 11. Map showing traces of the inferred NNW-striking fracture zones.
map of monoclinal fold pattern from V, C. Kelley (1955b).
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f}acmre zone parallels the east flank of the Circle Cliffs, uplift and projects SSE
through the junction of the Organ Rock, Comb Ridge, and Cow Springs monoclines.

The Henry fracture zone extends SSE from the marked bend in the San Rafael monocline
fhroughﬂ the SW termination (and bend) of the West Defiance monocline, although the
Comb Ridge monocline between is not noticeably affected. Finally, the Nutria fracturev
zone is expressed by segments of the San Rafael, Comb Ridge, and Nutria monoclines;
i{n addition, it represents the SE terminus of the Lukachukai monocline, the NW
‘terminus of the Rattlesnake monocline, and coincides with the axial planés of
cross-folds on the middle limb of the East Defiance monocline.

| “"The so-called Nutria fracture zone corresponds to a significant lineament cited
by Kelley (1955b) as separating two tectonic subprovinces within the Colorado Plateau:
a southwestern subprovince, dominated by major uplifts, and characterized by NE-facing
'mohoclines, and a northeastern subprovince containing the major basins, and
characterized by SW~facing monoclines. The profound expression of the inferred
i*INW-striking fracture zones appears to be restricted to the southwest portion of the
Colorado Plateau. With the exception of the Henry fracture zone, all are in part
coincident with monoclinal segments (i.e., zones of demonstrable differential vertical
movement).

Many N, 55° W. -striking fracture zones can be identified on the basis of the
monoclinal fold pattern (Figure 12). In fact, the N. 55° W. tectonic trend in the
Colorado Plateau was recognized and emphasized by Kelley (1955a; 1955b) and
Kelley and Clinton (1960) as a major one. The Rico fracture zone is coincident with
the; NW-trending segment of the Hogback monocline, projecting NW through the

southern terminus of the San Juan monocline and a major bend in the San Rafael

monocline. Northeast of the Rico fracture zone, the La Sal, Uncompahgre, Davis

Ra.hch, Redlands, Book Cliffs, and Grand fracture zones can be identified on the

basis of N. 55° W. -trending monoclinal segments.
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Figure 12, Map showing traces of the inferszed NW-striking fracture zones. Base
' map of monoclinal fold pattern from V. C. Kelley (1955b). '
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Southwest of the Rico fracture zone, the inferred Capitol fracture zone is
nowhere coincident with a monoclinal segment, but is positioned on the basis of a
major bend in the San Rafael monocline, the northern terminus of the Comb Ridge
monocline, and a bend in the Nacimiento monocline. The southeastern portion of this
inferred zone is conjectural, especially as its crossing does not appear to affect the
Hogback monocline. The Rattlesnake fracture zone projecte SE from the juncture of

the Waterpocket and San Rafael monoclines and coincides with the eastern terminus
| of the Rattlesnake monocline, and the northern-most segment of the East Defiance
monocline. It does not seem to affect the Hogback monocline. The Lukachukai
fracture zone includes a monocline of the same name apd a NW-trending segment :
of the East Defiance monocline, and from there passes 'through a méj'or bend in the
Comb Ridge monocline. The De Chelly fr'acture zone is’ coincident with the short
NW-trending segment of the East Kaibab monocline at its northern terminds, pesses
SE through the junctien of the Organ Rock, Comb Ridge, and Cow Springs ’mcl‘)noclines,
through the NW-trending bend and ‘break in the West Defiance monocline, and along
the Pinedale monocline, the northeast boundary of the Zuni uplift. The trace of this
fracture zone is similar to the Zuni hneament of Kelley (1955b). With the exception
of the Capitol and Rattlesnake zones, all of the N. 55° W. ~trending fracture zones
are in part coincident with monoclines.

The inferred NNE-s.friking fracture zones are presented in Figure 13. The
Kane fracture zone includee a segment of the East Kaibab monocline and marl-{.s th‘e‘
northwest terminus of the Escalante monocline, although its cyressing does not aﬁ'ect;'
the Upper Valley menocline in between, The;CLdgL fracture zone projects north-
eastward from fhe bend in the Grandview monocline, through the NW terminus of é. ”
structural terracer(Cedar Mesa section) of the East Kaibab monocline, along a NNE
segment of the Echo Chffs monocline, and along the sinuous NNE juncture of the

Waterpocket and San Rafael monoclines,  The D1r§x vil fracture zone, dashed in
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Figure 13. Map showing traces of the inferred NNE-striking fracture zones.
Base map of monoclinal fold pattern from V, C. Kelley (1955b).
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Figure 13, is expressed by NNE-trending aligned segments of the Additional Hill
and San Rafael monoclines, although its effect onthe Echo Cliffs and Waterpocket
monoclinesin betweenis minimal. The Organ Rock fracture zone includes the Organ
Rock monocline and the SW projection of same, its orientation is askew of the :

preferred N, 20° E. trend. The Comb fracture zone coincides with the NNE-trending

segmen’ of the Comb Rxdge monochne. The West Defiance zone, like the Organ Rock,
strikes approximately N. 5° E.; ; it is the locus of segments of the West Defiance
monochne. The inferred Todilto fracture zone is 400 km long and includes segments
of the East befiance, Hogback, and San Juan monocliﬁes; it projects to a SW~-convex

. bend in the Grand monocline. Southeast of the Todilto zone are the Piedra, San Mateo,

and Ignacio fracture zones which are defined by aligned, ‘short monocline segments.
The inferred N. 20° E. -trending fracture zones would aépear to be best developed
in the southwestern and southeastern parts of the Colorado Plateau.,

The N. 55° E. -striking fracture zones 1nferred from the monoclinal fold pattern
(Figure 14) are for the most part deﬁned on the basis of ahgnments of termmatlons
of segments, and bends and branches of monoclines. However, some coincide in part
with relatiVer long menoclinal segments. The San Rafael fracture zone projects from
the NW terminus of the Upper Valley monocline, along the NE—trending' segment of the
San Rafaei monocline; through the NW termini of the Cisco and Garmesa monoclines,
to the abrupt NE-convex bend in the Grand monocline. The Ellen fracture zone extends
from a bend in the East Kaibab monoeline, through the SE terminus of the Upper Valley
menocline, through the juncture of the San Rafael and Waterpocket monoclines, . throdgh
the SE terminus of the Davis Ranch monocline, to a major SW-convex bend in the
Grand monocline. The Snowmass fracture zone projects NE from the southern
termination of the Kane Canyon structural terrace of the East Kaibab monoc}ihe; | through
a bend in the Echo Cliffs monocline, a.lqng the southeastern termini of the Waterpecket

and Uncompahgre monoclines, the northern termini of the Balanced Rock, Comb Ridge,
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Figure 14. Map showing traces of the inferred NE-striking fracture zones.
Base map of monoclinal fold pattern from V. C. Kelley (1955b).
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and Gunnison monoclines, and through the SW-convex bend in the Grand mpnocline.
The Klondike fracture zone passes through the northern termini of the Gra.ndvi'ew,
Cedar Mesa, Red Lake, and Organ Rock monoclinal segments, and projects through
a major bend in the Comb Ridge monocline to a NE-convex bend in the Grand monocline,
The Coconino fracture zone is the ""type example' of the inferred N, 55° E. -trending
fracture zones, and part of its length as defined herein corresponds to the Coconino
» lineament. of Kelley (1955b). The Coconino zone includes the junction of the East
Kaibab (1955b) and Grandview monoclines, the SE terminus of thé Echo Cliffs monocline,
the Red Lake - Cow Springs and Cow Springs - Organ Rock - Comb.Ridge monocline
junctures, the Cow Springs monocline, and segments of the Comb Ridge and Sén Juan
monoclines, The Chuska fracture zone is'c'onj_ectu'ral and is inferred to compf-isé a;
segment of the Coconino Point monocline, the south terminus of the Organ Rock
monocline, a bend in the San Juan monocline, and the south end of the Crookton
monocline. The Hogback fracture zcne projects NE from a break and apparent offset |
in the Wés.t Defiance monocline, through the SE terminus of the Lukachukai monocline,
and along segments of the East Defiance and Hogback monoclinés. " The Rock Mesa
fracture zone coincides with aligned segments of the West and East Defiance monoclines
and marks the eastern terminus of the Hogback monocline. |
The entire array of inferred NNW-, NW-, NNE-, and NE-striking fracture
zones is.3 prgsented in Figure 15. It is suggested that this array m'ayi reﬂ-eét the
, characteriétics (e. 8. trend, spacing, and length) of that portion of the basement-
fracture system of the Plateau that was to some extent active during monoclinal
folding. The array of fracture zones represents a basemezit—fractufe ”sﬁbsystem"
for the Plateau in that it lacks regional elements, that have no apparent expreésion
in thermonroclinal fold pattern. Within the subsystem, during the time(s) of
monoclinal folding, individual blocks niow}ed differentially with respect to one
anbth,er producing, where the foxfce vectors, displacement magnitudes, and rock

~ properties permitted, interblock folding,
. > : =40~



200 km
ARIZONA

NEW MEXICO

Figure 15. Map showing inferred fracture system for the Colorado Plateau.
Base map of monoclinal fold pattern from V. C. Kelley (1955b).
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Evidence for Deep~Seated Nature of the Inferred Fracture System

Several factors suggest that most of the inferred fracture zones are associated
with deep-seated fault zones, some of which record major displacements. The
clearest, most direct indication of this association is that most of the inferred fracture
zcgmes, by definition, are locally coincident with monoclinal segments of demonstrable
m%ovement ranging froia several hundred to thousands of feet. Indirect support for
tﬁe deep-seated nature of theinferred fracture sets is evident in the regional
distribution of igneous centers and in regional geophysical data patterns.

' Individual inferred fracture zones and intersections of inferred fracture zones
are systematically related to some of the igneous centers of the Colorado Plateau
(Fi‘g'ure 16). For example, in Utah the Heep Mountain intrusives comprise
NNW-trending dikes which lie on the Henry zone and between the Henry and
Waterpocket zones. Within the Henry centers, the Ellen stock lies on the intersection
of the Henry and Ellen zones, the Pennel stock lies on the intersection of the
Dirty Devil and Rattlesnake zones, and the Hillers stock occurs at the intersection
of the Henry and Rattlesnake zones.. The La Sal centers occur near the intersection
of the Comb and Uncompahgre zones., In Colorado, the La Plata centers are close
to and ibcaily on the Todilto zone. Within the San Juan centers, the Wilson intrusive
crops out near the intersection of the Todilto and Uncompahgre zones, and the
Baldy Peak intrusive occurs at the intersection of the Davis Ranch and Coconino
- zones. In southern Colorado and northern New"México-, a broad zone of NNE -frending
_ dikes pervade the region between the San Mateo and Pi__‘e’d_z_'a;. zones. In Arizbna, ;
‘although plugs occur on the Red Lake zone, and dikes é’rﬁi:r out at the intersection

of ‘fhe Comb and De Chelly zones, the relationship of ignedu's- centers to the

inferred fracture zones is in general poor.
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~See Figure 16 on page 44.
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Figure 16. Map showing relationship of members of the inferred fracture
' . system to the distribution of igneous centers in the Colorado
~ Plateau. Map distribution of the igneous centers from Kelley
' (1955b), and Kelley and Clinton (1960). :
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The relationship of igneous centers of the Colorado Plateau to the composite
inferred fracture-zone pattern seems to suggest that the loci of emplacement of
some of the igneous bodies are related to the distribution and attitude of specific
inferred fracture zones identified herein, If this is true, those fracture zones
associated with the igneous rocks must be deep-seated. ? The NW, ﬁNW, NNE, and
NE gets s/hown- in Figure 16 undoubtedly contain members that lack a monoclinal
expression, but that nonetheless may have controlled the emplacement of some of the
plutons, plugs, and dikes whose positions may seem aberrant with respect to the
inferred fracture system.

“Eastwood (1974) evaluated the distribution of volcanic activity in the southern
part of the Colorado Plateau as it might relate to lineament tectonics. He identified
two major trends of lineaments (N. 45°W,.'and'N. 50°E.) based on the occurrence
of volcanic fields, as well as one minor but persistent tren& (N. 20° E. ). These trends
clearly correspond to three of the four inferred fracture trénds recognizable on the
bési's of monoclinal folds, i. e., N. 55° W., N. 55° E. , and N, 20° E. Eastwood
(1974, p. 250) concluded:

""The persistence of volcanism and plutonism along two lineament

systems throughout Cenozoic time suggests that they are ancient

and large-scale tectonic features, Correlation of these directions

with structural elements of Precambrian age in Precambrian

rocks attests to their antiquity. Because magma of mantle origin

occur along lineaments, these tectonic features therefore extend

‘through the lithospheric crust and into the upper mantle, as

suggested by Lipman and Moench (1972), " ;

1 Case and Joesting (1972) provide geophysical support for 1) the conceptual

basis for the basement-block tectonic model of monoclinal folding as presented
_in this study as well as for (2) the reality of the inferred basement-fracture system

deduced from application of the model. They examined regional gravity and

aeromagnetic patterns within a major portion of the Colorado Platéati and noted that
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the monoclinal uplifts are associated with gravity highs and high-amplitude magnetic
anomalies bordered by relatively steep magnetic gradients. According to them
(Case and Joesting, 1972, p. 10):

"Tjhe anomalies across the crests of the monoclinal uplifts are more
heterogeneous than those over the adjacent structurally low areas,
and this increased heterogeneity"suggests a difference in Pre-
caxinbrian basement lithology, which may reflect the existence of
Precambrian or late Paleozoic structural boundaries that were
rejuvenated during the Laramide. .,.the near-linear zones of
steepened magnetic gradients and lines of discontinuities of
anema].ies persist many miles in parts of the region. These zones
reﬂect major lithologic discontinuities within the Precambrian |
baéement and probably indicate a fundamental fracture pattern of
Precambrian age. ...dominant trends of these fracture zones

are northwest, northeast, ndrth, and east." (Emphasis added.)

They concluded, on p. 26:

"Where the gradients and geophysical discontinuities fall along
lines, they clearly indicate faults in the basement; so, we may
generalize that the basement pattern is one of fault blocks, which
‘correspond to zones of nearly straight steepened gravity and:
magnetic gradients ..,."

In the same paper, they show that the Precambrian fracture zones exerted
a profound influence on Phanerozoic sedimentation, tectonism, and igneous activity.
They cite subsurface evidence for the existence of post-Precambrian, pre-Pennsylvanian
faults (or warps) with displacements of as much as 5000 feet. Within the Paradox
basin, such faults have controlled the locus of emplacement not only of salt anticlines
but also of elongate igneous intrusions. Furthermore, they note, the regionally
extensive gravity and magnetic lineaments tend to intersect at most of the laccolithic

centers.
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Summarizing, the Colorado Plateau contains deep-seated, near-vertical
zones of weakness, Precambrian in age, which serve to subdivide the Colorado
Plateau into blocks.

During the Phanerozoic, these zones were subject te reactivation at various
times, resulting in major faulting, monoclinal folding, and the structurally controlled
emplacement of igneous bodies. At the surface, the tectonic adjustments of the blocks
influenced the configuration of basins of sedimentatioq.,

A basement-block tectonic model is perhaps what V. C. Ke}ll'ey (1955a, p. 802)
envisioned when he commented that the distribution asd form of the monoclines of the
Colorado Plateas may be influenced by a ""mosaic of differing Precambrian subcrustal
huclej_" whose "shapes-approxirnete those of the vé.rieusly oriented tectonic divisions
at the surface." It is certainly what Hodgson (1965) must have had m mind when he
noted tﬁat- in the Grand Canyon: region, "Maximﬁrs deformation of the rocks occurs
along narrow, linear zones which appear to follow elements of a primordial fracture
pattern in the Precambrian basement. Sedimentary rocks play a passive role in the
formation of folds eeee (p. 935). "The lack of uniform distribution of deformatiorx
in the rocks, coupled with the predominant vertical sense of the displacements,
suggests ... differential vertical movements of discrete basement-blocks. "

Inferred Basement-Fracture Pattern in the Colorado Plateau Tectonic
Province of Arizona

The 1arge-sca1e fold pattern w1thm the Colorado Plateau tectomc province of
Arizona clearly reveals basement control brought about by d1fferent1a1 vertmal
movements along high-angle fracture zones. Plate II displays traces of the mferred
base‘ment—fracture zones which appear to have exerted the most profoundcontrc)l on
‘ the fold pattern. The prominent NW, NNW, NNE, and NE regmnal fracture
directions,  outlined above, are all represented However, some of the fracture

zones projected into Arizona on the basis of the regional analysis do not have obvious
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expression in the folds. Conversely, the representation of short monoclinal
segments, anticlines, and synclines on the structure map of folds in Arizona (Plate I)
permit inferred fracture zones to be discerned‘whiéh are not identifiable on the
small-scale structure map of monoclines for the Plateau as a whole. It is presumed
that detailed, large-scale investigations of any portion of the Colorado Plateau

would reveal additional, systematically brlented and dlstributed fracture zones with
a range in subtlety of expression.

Of those NNW-striking fracture zones recognized in the analysis of the Colorado

Plateau as a whole, the Kaibab, Echo Cliffs, Lee's Ferry, Red Lake , and E:aca.lante
have some visible expression in Arizona (refer to Plates I and II throughout this
discussion). The existence of the Escalante fracture zone in Arizona is the most
questionable, but it may be evidenced in the short, curvilinear monoclinal segment
at the northwest corner of Black Mesa just southwest of the Cow Springs anticline
(Plate I). Additional NNW-striking fracture zones recognized include the Kla_,getoh
and Hunters. The Klagetoh fracture zone includes the Klagetoh monocline and a
segment of the Rock Mesa monocline. 7The Hunters fracture zone coincides in part
with the Hunters Point segment of the East Defiance monocline.

NE-striking fracture zones recognized in the regional analysis which have some

expression in the fold pattern of northern Arizona include the Snowmass, Klondike,

Coconino, Chuska, Hogback, and Rock Mesa. The Snowmass fracture zone is defined

on the basis of the short Wheeler monocline, the south end of the Kane Canyon
structural terrace of the East Kaibab monocline, and the bend in the Echo Cliffs
monocline. The Klondike fracture zone extends from the north end of the Cedar

Mesa structural terrace of the East Kaibab monocline thrdﬁgh the south termini

of the Rainbow monocline, Rainbow anticline, Piute syncline, Balanced Rock anticline,
and Nakai syncline. The Coconino fracture zone is a profound break and has been
de'scribed above. It determines the SSE terminus of both the Kaibab syncline and the

Echo Cliffs monocline. The Chuska fracture zone marks the south portion of the
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Additional Hill monocline, the south terminus of the Red Lake monoclinal zone,

the abrupt bend in the Big Mountain anticline, and ,is nearly coincident with thé
Tyende Creek syncline, The Hogback fracture zone is marked by an abrupt bend

in the Sheep dreék monocline, the south termini of the Lohali syncline and the

Black Mountain anticline,‘ and the NW terminus of the GreatEGleet anticline. The
Rock Mesa fracture zone parallels the monocline of the same name. Many additional |
NE-striking inferred fracture zones éan be identified using all of the folds on Plate I
as a basis for control. The Jacob Lake fracture zone marks the north end of the

- Kane Canyon structural terrace of thé East Kaibab monocline and may be expressed
as the south terminus and bend of the Wést Kaibab monocline, The Dibe Chaa is an
interesting fracture zone nia‘rked by a humber of terminations. It passes through
the NNW termini of the Mount Beautiful anticline and the Howell Mesa syncliné ’ jthe
NW termini of the Oraibi anticline and syncline, the ""wishbone'' junction of the

Cow Springs anticline and the Big Mountain anticline, theAsouth termini of the Big
Mountain anticline and the Maloney syncline, the NW terminus of the Sheep Creek
syncline, the SE termini of the Chilchinbito anticline and the Church Rock syncline,
and the wishbone junction of the Red Rcck and Sweetwater synclines. The Round Rock
fracture zone extends SW from the Round Rock monocline through slight bends in the
Tochee and Craibi monoclines. The Chinle fracture zone passes across the south
terminus of the Chinle segment of the West Defiance monocline. The Ruin fracture
zone is defined on the basis of the south terminus of the Ruin monocline and the
nov¢h terminus of the Kiagetoh monocline., Finally, a series of inf_efred fracture
zones are recogx;u'zed on the basis of aligned anticlines and synclines whose NE trend

is anomalous with respect to the prevailing NW trend of most of the anticlines and

synclines. ' These include the Painted Desert, Little Carrizq, _and Beaver zones.
NW-striking inferred fracture zones are poorly represented in northern

Arizona. The De thellz fracture zone is expressed in a segment of the Sheep Creek
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monocline, the Chilchinbito anticline, and a NW segment of the Oljeto syncline. The
Lukachukei fracture zone, inferred to be NW-striking on the basis of the regional
analysiy, may strike in a north-northwesterly direction. It appears to bisect the
convergence of the Walker Creek anticline and the Defiance anticline. An additional
NW-trending zone, the Tochee, is marked by a segment of the Tochee monocline, the
NE terminus of the vMaloney syncline,. and the complex zone of the deformation along
the Cow Springs monocline.

NNE ~striking inferred fracture zones in Arizona are fairly well developed. The
Kane fracture zone is expressed in the NNE-trending segment of the East Kaibab
monocline. The Cedar fracture zone is denoted by a major bend in the Grandview
monocline, the east terminus of the Heather monocline, the NW margin of the Cedar
Mesa structural terrace, the south termini of the Vermillion anticline and the Paria
syncline, and a segment of the Echo Cli_ffs monocline. The Dirty Devil fracture "zoné
is inferred to be represented merely bﬂr a portion of the Additional Hill monocline.
The Organ Rock fracture zone is expressed in the Orgah Rock monoclines as well*asé
in a segment of the Big Mountain anticline. The Comb fracture zone splits the |
convergence of the Chinle Was“h syncline and the Red Point Mesa anticline. The

West Defiance fracture zone generally marks the locus of segments of the Rock Mesa,

Chinle, and Sheep Creek monoclines. The Todilto fracture zone is expressed in
Arizona only as relatively short segment of the East Defiance monocline.

The traces to the inferred fracture zones noted above are for the most part
congruous with patterns expres'sed on the Residual Aeromagnetic Map of Arizona
(Sauck and Sumnerv,' 1971). Over portions of the lengths of many of the inferred
fracture zbnes, the fracture-zone traces tend to be subparallel to contour trends
(Figure 17). In addition, segments of many of the inferred fracture zones (1) pass
through magnetic highs, (2) outline domains of aberrant contour trend, 3) split'

adjacent, 'subc'ircular magnetic highs, and (4) ‘corre'spond to steep magnetic
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Figure 17.

Inferred fracture-zone system for a portion of the Colorado
Plateau tectonic province of Arizona superimposed on the
residual aeromagnetic map of Sauck and Sumner (1971).

-
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gra.dients. Detailed comparisons of the residual aeromagnetic contour pattern

to surface-expressed structural and photogeologic pattérns might afford optimum
positioning and projection of the inferred fracture zones. Such an approach has been
employed successfully by Shoemaker and others (1974) for the Bright Angel and Mesa

Butte fault systems of northefh Arizona.
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RELATIONSHIP OF INFERRED FRACTURE SYSTEM TO THE
DISTRIBUTION OF OIL AND GAS

Evidence has been presented that the Colorado Plateau tectonic province is cut
by sysfematically aligned, regional fracture zbnes which subdivide the Plateau into
. a mosaic of crustal blocks. The fracture zones are thought to have originated in
Precambrian time. They exerted structural control on Laramide and middle to late
Cenozoic tecton‘is_m, including folding, faulting, volcanism, and plutonism, and it is
likely that they influenced Paleozoic and Mesozoic depositional patterns, From the
_perspective of structural geology, the fracture zones are narrow, linear belts of
concentrated strain which separate crustal blocks that are essentially undeformed.
The mqnbclj.nal downbends are ,spegtacular examples‘ of such concentrated strain in
which the deformation was achjeved by folding. From the stratigraphic perspective,
the frécture zones probably correspond locally to narrow, linear belts marking facies
and thickness changeé within Paleczoic and Mesozoic stratigraphic units, but this
hypothesis was not tested in this study. Physically, the regionally persistent
inferred ;fra.cture zohe-é cdmmonly consist of anomalously highly fractured strata that
are folded or ;ho,mo_cl,in,al; {sff'atigraphic units in the vicinity of these zones may
display complex facies variations. " rDiaprirs of igneous rock and salt have been emplaced
into many of the zones of crustal weaknerss. | ~

The distribution of oil and gas pools in the Colorado Plateau bears a correspondence
to ele’me'nts within the system of inferred fracture zones. This is not suprising in - k
view of the probable geologic characteristics of these fracture zones, particularly
the high degree of fracturing, the profound deformation by folding and faulting, and
the presumed facies changes. Given the existence of source layers for oil and gas :

within a rock system, rock fracturing may aid in the migration of the fluids, and
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sedimentary and structural complexities may be conducive to entrapment. Fﬁlv'thewrmore,
the nature of the basement-fracture system envisioned for the Colorado Plateau, and
the prolonged history of differential vertical movements within the system, favors the
phenomenon of cross folding, particularly in the vicinity of fracture intersections.
For example, anticlines or monoclines fo;'med by differential vertical movements
along one fracture zone may be transformed into domes or doubly plunging anticlines
by a superposed differential vertical movement along a proximate fracture zbh'e of
different strike (see Ramsay, 1962, 1967; O'Driscoll, 1962). An example of one type
of cross folding is found on the middle limb of the East Defiance monocline, wﬁere
the NE-striking, SE-dipping limb is refolded about SE-plunging anticlines and synclines
(Plate I). Woodward (1973, p. 97) has interpreted these cross folds as a zone of drag
folding caused by a major shifting of the western part of the Colorado Plateau to the
northeast (as a response to the ""westward drift of the North American plate over an
easﬂ,wardédipping subduction zone ... along the eastward edge of the oceanic Fér@lon,,
plate'). Using the model derived herein, the cross folds are more simply mterp£'eted
as an interference product of SE-directed high-angle reverse faulting along the m_l_tg
fracture zone and SW-directed reverse faulting along the Nutria fracture zone.
Thomas (1974) has demonstrated that "lineament-block tectonics'' exerted
profound control on oil and gas entrapment within the Williston~-Blood Cregk basin.
He observes (p. 1319): '"... the subblocks defined by the weakness zones éan be
coug)léd by orogenic forces to form intrablock folds. . ... these folds and lineaments
in turn ... can influence the development of paleotopographic highlands and subbasins
withih the regional basinal area, thereby affecting shelf development and trend.
Paleostrand lines, facies changes, and thickness variations may, in turn, be
tcontrolled’ by this shelf development onthe flanks of the highlands and subbasins«
and:along lineaments. Because these weakness zones are the same tectoniéally

mobile zones producing drag folds in the stratigraphic section, it is logical to find
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many oil and/or gas localizations in proximity to the weakness zones in addition to
those fields surrounding or within drag folds." |
Figure 18 shows the distribution of oil and gas pools and salt anticlines in the
Paradox and San Juan basins based on maps presented in the Geologic Atlas of the
Rocky Mountain Region: (Rocky Mountain Association of Geologists, 1972, p. 283 and 2‘85).
In addition, Figure 18 provides the distribution of the oil and gas fields in Arizona
(Conley, 1975). Traps for the control of oil and gas pools in the rocks of the Plateau
.are both stratigraphic and structural. For example, in the southern part of the
Paradox basin, major production is derived from primarily stratigraphically controlied
Pennsylvanian reservoirs whereas in the northern part of the basin, the controls
are primarily structural, including domes, anticlines, and faulted, homoclinal ‘strata
(Rocky Mountain Association of Geologists, 1972). In the central portion of the San
dJuan basin, the controls for oil and gas are primarily hydrodynamic, but on the
weétern' margin of the basin the major controls include structural elements, particularly
domes and anticlines. In northeastern Arizona, the most productive zones for oil a.nd
gas are within the Hermosa Group of Pennsylvanian'age (Conley, 1974) with trapping
aided by the presence of anticlines and domes. The greatest production in Arizona
has been derived from Dineh-bi-Keyah, an unusual field in which the reservoir is a
Tertiary igneous sill in the Pennsylvanian strata (Peirce and ofhers, 1970). |
Many oil and gas fields in' the Colorado Plateau ere spatielly associated with
the regional fracture zones delineated in this study. Within the Paradox basin, the
- McElmo Dome; Tohonadla, Gothic Mesa, Aneth, Andy's Mesa, SE Lisbon, Big Indian, |
and Lisbon fields all appear to be spatially, and perhaps genetically, linked to speeifi'c
fracture zones (Figure 18). The McElmo Dome gas field lies on the Capitol fi"acture ;
zone. Both the Tohonadla and Gothic Mesa fields lie on or close to the Ceeonino, and

the Aneth ﬁém occurs near the intersection of the West Defiance and Coconino fracture

zones. In western Colorado, the Andy's Mesa field is elongate N. 55° W. and_ oceurs
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Figure 18. Map showing relationship of the members of the inferred fracture system of the
g Colorado Plateau to the distribution of oil and gas pools and salt anticlines in
the Paradox and San Juan basins. Distribution of oil and gas pools and salt
anticlines from Rocky Mountain Association of Geologists (1972) and Conley
(1975). 0il and gas pools shown in black. Close-spaced line pattern indicates
location of salt anticlines. ' S : , ‘
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on the Klondike fracture zone, and the SE Lisbon field lies on the Rico fracture

zone. In east-central Utah, the Big Indian field is on the intersection of the

Comb and Rico fracture zones, and the Lisbon field occurs near that same intersection.
The Agate field is associate‘d with the Reulends zone, ‘

On the western margin of the San Juan basih, the Table Mesa field occurs on
the Todilto fracture zone, near the i.ntersection with the Rattlesnake fracture zone.
The Rattlesnake oil and gas field occurs atthe intersection of the Hogback and
Rattlesnake fracture zones, and the Hogback field is on the Todilﬁo fracture zone.
The Horseshoe Canyon field is near the intersection of the Hoghack and Todilto
fract;uremzones, with several other fields, including Many Rocks, on a line trending
N. 55° W. from that intersection. Within the central portion of the San Juan basin,
the oil a.nd gas fields are paraliel to the N, 55° W. freeture—zone direction. The
Bisti field lies on and just northeast of the Rattlesnake fracture zone. Most other
fields within the central portion "of the basin' are contained between the Capitol
and Ra’i:tlesnake fracturerzones‘ and are elonge.te ndrtﬁwesterly. Based on the
dlstnbutlon of oil and gas flelds, it appears that a regmnal fracture zone lacking
expression in the monoclinal fold pattern might extend S. 55° E. from the
Horseshoe Canyon field through the Escrito field in New Mexico.

The oil and gas fields discovered in Arizone eccur in the northeasfern part of
the State and most appear to be systematically disposed with respect to the major
fracture zones (Figure 18).. The Dineh-bi-Keyah field occurs :)n the Hogback
fracture zone with its intersection with the Nutria and Lukachukai fracture zones.
The Bita Peak/Teec Nos Pos/Twin Falls Creek field is on the Rattlesnake fracture
zone. The East Boundary Butte/North Toh—Atm field is at the mtersectxon of the
West Dehance and Nutria fracture zones, Fmally, the Dry Mesa/ Black Rock

f1e1d is on the Nutna fracture zone,
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In regard to oil and gas exploration in Arizona, Peirce and others (1970, p. 99)
commented: | |

", .. there are no recognized geologic trends for explorationists to
follow that lead away from the immediate Four Corners producing
region. As a consequence, with the exception of the helium pro-
ducing areé, the remainder of-the State can be classed as rank
wildcat country, The drilling rate in Arizona away from the Four

- Corners region is low, which suggests that the industry is awaitihg:
some form of encouragement to look further. Because so much of
Arizona is untested there are large gaps in knowledge concerning
important geologic details. Under these circumstances
encouragement to take a closer look can come only from a favorable
assessment of one or more of the broader aspects of the geologic

- framework. " R T ‘ ' o

1t is hoped that the apparent spatial reiationship of many of ’trl‘le oil and gas fields
in the Colorado Plateau tectonic province to elements of the independently derived -
fracture-zone system discussed herein may rebresent a form of the "'é.ncouragement. "
Application of the basement fracture ‘model proposed herein, fhrdugh integrated
studies involving seismic gréﬁ}ity, and magnetic geophysical ahalysis, subsurface -
’ structuijal and isopachous investigations, flacies mapping, photogeologic/ geofncfbhic
mapping, and lineament analysis utilizing LANDSAT imagery, should lead to the |

identification of oil and gas exploration targets.
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CONCLUSIONS

Structural mapping and analysis of folds in Phanerozoic rocks in northern
Arizona has led to the formulation of a tectonic model for the specification of regional
fracture zones within the Colorado Plateau as a whole, The monoclinal fold pattern
in the Colorado Plateau tectonic province is interpreted to have resulted from
differential vertical movements along reactivated high-angle faults of inferred
Precambrian age. Because each monocline is the upper crustal expression of a
discrete basement~fracture zone, the monoclinal fold pattern, in total, expresses the
natufe of the Colorado Plateau basement-fracture system. The major fracture sets,
as deduced from the predominant trends of the monoclinal folds, strike N. 20° w. y
N. 55° W., N. 20° E., and N. 55° E. The Plateau itself may be envisioned as |
composed of an assemblage of polyhedra whose steeply dipping faces correspond to
major fracture zones.

Durmg the Phanerozoic, the regional fracture zones of the Colorado Plateau
weré ‘subject to reactivation at various times, resulﬁﬁg in major faulting, monoclinal
folding, and the structurally controlled emplacement of igneous bodies. At the
surfac“e, the tectonic adjustment of the various ""blocks!'' probably influenced ‘_
sedimentation patyefhs. and the resultant facies distribution.
| As loci of xﬂajor fracturing, folding,. ind "r;a"pid" facies changes, the mferred
fracture zones may have exerted some control on the entrapment of oil and gas.

A spatial and presumed genetic association exists between many of the oil aﬁd gas
pools in the Paradox basin and the San Juan basin to members of the inferred
regional fracture system for the Plateau. Virtually all of the oil and gas fields in
Arizona are positioned on the traces of fracture zones. Work in progress suggests

that uranium distribution on the Plateau may also be systematically disposed, to -
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some extent, with respect to the major fracture zones (Figure19). Finally, as
"lines" of repeated tectonic movements, the fracture zones deduced from the
monoclinal fold pattern may be imbor.tant elements in the evaluation of the

seismotectonics ofa major portion of the wescern United States.
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URANIUM DEPOSITS

UTML N ; COLORADO
. <
o e & i
x-! ) ,;\\ : SN 5 39
° “ N, l 2, E‘w
° ‘ &60(
'3 o 2
[ 4&«,&
; * I ° 4‘4440‘1
og LR ) /
» . ‘
ar ?“ g\'\' [P ‘i ' /
5 & . ¢
° K 4&,, 2 @, Qg (/4,0% /
® ¥ X UV $ .e:,,%
i gk P2 % ' ™
o /o [ ‘u .
y H \J ; . /
% o A @ ST ’ ,i /
T BN\~ 0 py
Ky e : 4
& ) i ; W
-~ Y 1 ¥ 2 ' C‘\\f’ ®
& ¢ &5 .
9 & l / o
3 s o
© /
- e R v e B e b o N T T, - N A e e = o i o —]37e
1 o, G ° g 08°
.~ 04 5
o & a § Y
o
s 'S
> e\ & s
® < & ’ &, &
%_1 L4 H “9%
3 v' g / r Y 59
% ¢ 3
@ \ ° &
(s & 5
9 ® § o H3e°
o & >4
N -
387 g > 0 \32
% ARIZONA . NEW MEXicO ¢ il s
-]

Figure 19. Map showing array of members of the inferred fracture system
of the Colorado Plateau and the distribution of uranium deposits, -
Map of distribution of uranium deposits fromV. C. Kelley (1955b).
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