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ABSTRACT 

Soft-sediment and Hard-rock Deformation of the Chinle Foxmation, 

Northeastern Arizona 

(August 1983) 

Jsy Roger Scheevel, B. S. , University of Illinois; 

Chairman of Advisory Committee: Dr. Melvin Friedman 

The Triassic Chinle Formation of Northeastern Arizona is 

studied with a view toward distinguishing between features formed 

as a result of soft-sediment (Triassic) and bard-rock (Laramide) 

deformation. In outcx'op both types of deformation have similar 

structural style and scale. Soft-sediment and hard-rock 

localities were chosen initially by theix proximity to large 

monoclines, i. e ~ , to obvious tectonic features. The only macr'o- 

scopic features unique to soft-sediment defoxmation are soft- 

sediment small-faults with up to 2 cm of dip-slip displacement at 

high angles to bedding. These fault arrays form in orthorhombic 

symmetry with respect to strike and dip of bedding. The macro- 

scopic features unique to hard-rock deformation are: (1) open 

fractures oriented normal to bedding, with little or no offset, 

and locally high ahundances (30/meter) as composite arrays which 

are more ordered with respect to regional coordinates than to 



bedding strikes; and (2) hard-rock small-faults (fault-zones 1-3 

mm wide) which show up to 2 cm of offset at any angle to bedding, 

appearing as reverse-weathering bands of comminuted sand grains. 

Features which are ambiguous as to deformation-type are: (1) 

chevron-folds (1 to 300 m wavelengths), (2) decollement or 

truncated surfaces, (3) plunging folds, (4) slickensided shear- 

surfaces in claystones. 

Microscopic observation of the deformed sandstones reveals 

that the order and abundance of the following are diagnostic of 

hard-rock deformation: (1) sharp extinction boundazies in quartz, 

(2) microfractures, (3) deformation lamellae in quartz, (4) 

undulatory extinction in quartz, (5) calcite twin-lamellae. 

Correlations between clay models and their natural counterparts 

indicate that soft-sediment small-faults form due to bending 

stresses. Rock models deformed at elevated confining pressures 

suggest that the Chinle acted as a detachment horizon in the 

Laramide, producing intraformational deformation of the same style 

as earlier soft-sediment deformation. 
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CHAPTER I 

INTRODUCT ION 

Si nificance of the Stud 

This study charactsrises the structural behavior of a bentonite- 

rich formation which deformed as a soft-sediment hy gravity processes 

soon after its deposition in the Triassic, and later after burial 
and lithification, as a hard rock during the Laramide. The primary 

importance of the study is that it points out the striking macro- 

scopic similarities of the structures produced under both deforma- 

tionsl regimes, as well as important field snd laboratory criteria 
for distinguishing their origin. 

~ob * t' 

The objectives of this study are to (I) analyse the geometry, 

kinematics and dynamics of deformation of the sandstones snd 

The style snd format of this thesis follow that of the Bulletin of the Geological Society of America. 



1 claystones of the Chinle Formation of Northeastern Arixona, on a 

variety of scales, in both the field and the laboratory; (2) demon- 

strate applicable criteria for distinguishing between "soft-sediment" 

(Triassic) and "hard-rock" (Late-Cretaceous) deformation of these 

rocks; (3) estimate the relative mechanical behaviors of the lithol- 

ogies studied, under the inferred deformstional conditions; and (4) 
evaluate the validity of loading conditions interpreted from (1) ~ 

Integral to (4) will be the use of experimental, physical models 

involving a variety of loading conditions and material components. 

Structures Studied. 

The principal structures studied are symmetrical and assym- 

metrical folds with shallow or steeply dipping limbs- The folds 

range from 1 to 300 m or more in wave length. Often they do not 

have well-exposed or preserved hinges. The folds msy be truncated 

by horixontal surfaces of similar lithologies ~ The folded units are 

often cut by reverse faults which do not transgress the formation 

boundary. Most of these folds and faults are found only in the 

lower~oat member of the Chinle fonsation. Because the claystone in 

the folded units is usually poorly exposed, the majority of the 

study was carried out through observation of the sandstones. 

(1) In this study the term claystone is used in lieu of terms 
such as "highly bentonitic siltstones and shsles"; this is done to 
emphasixe the smectite clay content (up to 90X) of the rocks, a 
characteristic which has critical importance in the structural be- 
havior of the formation. 



Some of the structures are unquestionably due to soft-sediment 

processes (probably gentle-slope and gravity-induced), as indicated 

by their location distant from large tectonically-induced structures 

of Laramide age (e. g. Figure 1, near St. Johns). Other features of 

similar macroscopic character in the Chinle, are undoubtably the re- 

sult of Laramide deformation as evidenced by their proximity and 

geometric relationship to Larsmide structural features (e. g ~ Figure 

1, near Ft Defiance). 

Distinction between the various causes of similar structures in 

both settings is s key goal of the study. In support of this, use 

of recent studies of microscopic deformation mechanisms and the re- 

lationships of micro-and macroscopic deformation mechanisms in rocks 

are valuable for meaningful interpretation of deformation features 

at sll scales. Mechanical conditions interpreted from the micro- 

structures constitute the groundwork for reinforcing field observa- 

tions regarding the genesis of the macroscopic deformation 

features. 

Geolo ical Framework. 

The Late Triassic Chinle Fonsation of Northeastern Arisona is 
composed of sequences of redbeds (Figure 2). The formation has a 

large areal extent being found in parts of Arizona, Nevada, Utah, 

Colorado, and New Mexico but is generally limited to within the 

boundaries of the Colorado Plateau physiographic province. The 

formation varies from a feather-edge thickness on several boundaries 

to a maximum thickness of approximately 500 m neaz Ft ~ Wingate, New 



Figure 1. Location Msp of study area shows locations of major 
Larsmide structural features (monocline symbols)- Stippled areas 
are areas observed for this study. 



UTAH 

I 

I COLORADO I 

I 

~4SIAT 

00 IAN09 PLATEA 
8 0 0 00 0 A 1 Y 

NANT . 0ANNO ~ CP 

CNINLCN 

PQNACL 

WINNOW 
lOCi 

ARIZONA 

110' 

I 
1 
I 

I NEW 
MEXICO 

I 109' 109' 
0 00a 



Figure 2. Stratigraphic column of Chinle and encompassing form- 
ations near Ft. Defiance, Arisons. 
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Mexico. The Chinle is composed of many membezs which vazy in nomen- 

clature geographically. Stewart and others (1972) have divided the 

formation into two basic components for purposes of provenance 

analysis. This division provides a useful structural division in 
that it separates the silty, calcareous, upper red-bed portion of 
the Chinle Formation from the lower, largely bentonitic portion. 
Part of the lower bentonitic sandstone and clsystone portion, the 

Monitor Butte member, commonly contains the most abundant examples 

of the type of structures under investigation. Stewart snd others 
(1972) show the thickness of the lower bentonitic part of the Chinle 

to be between 220 and 370 m in the vicinity of the Defiance Plateau 

(Figure 1, p. 3). This bentonitic section is unique in composition 

relative to the rocks immediately above and below it (mostly 
"blanket" ssndstones and siltstones) ~ The deformational features 
found in the Chinle also sre unique to the section in the region, 
perhaps due to the well known contrasts in strength and ductility 
between sendstones and claystones. 

The Chinle Formation was deposited in a flood plain, swamp and 

shallow lake environment (Stewart and others, 1972; Happening and 

others, 1969; Cooley, 1957) ~ The lithologies in the bentonitic por- 
tion of the Chinle are fluvial and lacustrine-deltaic sandstones, and 

claystones. Many of the individual sand bodies in the lower Chinle 

sre not traceable over large distances due to facies changes, poor 

outcrop and deformation. However, the gross uniformity of composi- 

tion, lithologic sequences and localized but regionally distributed 
intrsformational structural features further suggest that the 



mechanical behavior of the Chinle Formation was uniform throughout 

its areal extent. For example, identical lithologies are similarly 
folded rotated and truncated in the same stratigraphic position 
(Monitor Butte Member), on the same scale across an area between 

Capitol Reef State Park, Vtah and St. Johns, Arizona, a distance of 
more than 320 km (R. E. Thaden, personal communication, 1980). 

Deformation of the Chinle Formation has not been extensively 
studied in Northeastern Arisona. The folding and truncation of the 

lower~oat member of the formation has been documented by studies of 
Reppening and others (1969), Cooley (1957), and Stewart and others 
( 1972). They all conclude that the deformation occurred contempor- 

aneously with deposition when the Chinle was largely unconsolidated, 

i. e. , soft-sediment deformation. Reppening and others found, on the 

basis of thickness variations, that the deformation may have been 

related to local uplift' That is, the deformation and thinning pos- 
sibly were due to local uplift at or near the time of deposition 
(Late Triassic). The only specific study of this deformation was 

made by Green (1956), who mapped and described folds in an area of 
outcrop of lower Chinle, northeast of St. Johns, Arisona. He con- 

centrated primarily upon description of fold morphology and possible 
scenarios for their development, and concluded that the folds were 

the result of slumping of an over-steepened lake delta. Although 

Green observed only one locality, his study describes folds snd 

lithologies quite similar to those found in the field area of the 

present study. 

Deformation of the Chinle Fozmation during the Laramide, i. e. 
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subsequent to the soft-sediment phase, has not been studied in greet 

detail, with descriptions of the nature of deformation restricted 
only to regional accounts, none of which consider tbe Chinle indivi- 

dually. 

Definitions. 

In order to describe the deformation of the Chinle effectively 
it is necessary to define criteria which permit recognition of the 

different origins of geometrically similar deformational features. 
Accordingly, s maj or element of this study is the definition of the 

terms "soft-sediments and "hard-rock" deformation. An understanding 

is necessary of how the mechanical properties of rock~terials 
which fall into the two classifications vary and what is the conse- 

quent effect on the observed deformstional features on all scales. 

Soft-sediment Deformation. 

This is defined as the deformation of uncemented sediments dur- 

ing or soon after deposition and usually at or near the surface. 
processes include gravity slumping, high pore~ressure diapirism, 

differential compaction, liquifaction, and desiccation. In the study 

area, soft-sediment deformation of the Chinle in Late Triassic is 
attributable to gravity-induced slumping and gliding, probably the 

result of unstable lake deltas (Green, 1956). 



Hard-rock deformation. 

This term will be used to cover all deformational events that 
are not in the soft-sediment category, and which in the study area 
produced the folds and faults of the Laramide orogeny (Late 
Cretaceous-Early Tertiary). Unlike soft-sediment deformation the 
hard-rock classification actually makes no restrictions on the age 
of the rocks which are deformed, or the physical locale or environ- 
ment of the deformation. 

t d k k-dm *t' 

With the definitions of hard-rock and soft-sediment deformation 

go implicit generalizations about the nature of the rock and its de- 
formational environments Hard-rock deformation of the Chinle in the 
Laramide is estimated to have taken place at a depth of approximate- 

ly 2, 000 m or greater. Burial of rock imposes an effective confin- 
ing pressure on the rock which is ideally equal to the weight of the 
overlying rock column minus the pore-fluid pressure in permeable 

rocks (Handin and others, 1963). Due to the great amount of low 

permeability clsystone, it is possible that there may have been high 

pore-pressures trapped in the sometimes lenticular sandstones of the 
Chinle during hard-rock deformation. If this was the case, then the 

effective confining pressure would have been somewhat less than 

estimated below. Compaction accompanying burial produces a decrease 
in porosity and permeability of an aggregate, as well as an increas- 
ed frictional and solution-induced interlocking of grains. All of 
these effects tend to increase rock strength (e. g. , Dunn and 
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others 1973) ~ Also accompanying burial is sn increase in tempera- 

ture dependent in magnitude on the thermal gradient at that local- 
ity. The effect of temperature is to increase ductility and de- 
crease strength (Heard, 1963) ~ The estimated effective confining 

pressure, in Late Cretaceous time is about 22 Npa, assuming that 
pore fluids (water) communicated with the surface and a depth of 
burial of the Chinle of 2000 m. The estimated temperature with s 

normal geothermal gradient (27. 5-37 ' 5 C/Km) is 80-100'C. Tempera- 

tures higher than 100'C are also inconsistent with preservation of 
the observed smectite content. Based on the work of Handin snd 

others (1963), 22 Spa is considered sufficient pressure to strength- 
en the rocks of the Chinle noticably, however 100'C is considered 

insignificant temperature to appreciably weaken the same rocks. 
The chemistry of the pore fluid can also effect the mechanical 

properties of the rock (e. g. , 8wolfs, 1971). The magnitude of the 

effect is expected to be small and estimation of its effect is beyond 

the objectives of this study. 

Soft-rock environments of deformation in the Chinle necessarily 
exclude almost all of the above property modifications due to burial 
and might be expected to induce only slightly tighter packing and s 
slightly greater cohesion between grains prior to deformation. 

Evidence presented in this study suggests that no cementation occur- 
red prior to soft-sediment deformation. 
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Deformational Criteria. 

Soft-sediment deformation. 

Macroscopic features related to soft-sediment deformation that 

have been observed in rocks like those of the Chinle are as follows: 

(1) Kliest (1974) studied features in sandstones and shales of 
the Coastal-Belt Franciscan Group in California and concludes 

they were formed by depositional slope processes. He found a 

unit traceable along strike. for 35 km which showed deformational 

features typical of argille scalliose: the claystones showed 

intensely developed slickensided shear-surfaces. The sandstones 

exhibited pull-apart structures with rounded terminations ~ He 

also found cases of sharp truncations between deformed snd un- 

deformed beds, and undeformed burrow-tubes transecting small 

folds in sandstone. 

(2) Thomsen (1969) investigated the Tesnus Formation sandstones 

and shales in West Texas and observed small normal faults with 

less than 2 cm of displacement striking parallel to the paleo- 

slope. 

(3) Sonstegaard (1979) observed similar faults along with small 

recumbent folds in silts and sands of glacial origin in western 

Norway, and attributes their genesis to stresses generated by 

advancing ice. 

(4) Straccia (1981) described folds, truncated thin-sands, 

sheared glide-planes, and small normaland reverse-faults with 

approximately 2 cm of displacement in cores from the deep Wilcox 
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sands and shales of South Texas. These features he attributes 
to soft-sediment faulting and gravity-creep sliding on s large 

scale. 

(5) Priedman and White (1980) described small normal faults in 

cores from Leg 59 of the Deep Sea Drilling project in the West 

pacific parece Vela Basin Sediments' Adjacent to some faults 
they found fractured feldspar grains indicating some lithifica- 
tion and a high stress differences at the time of faulting. In 

other cases they also found untwinned and unbroken calcite fos- 
sils and unbroken grains that suggest lesser degrees of lithi- 
fication and lower stress differences' They conclude that the 

faulting was a result of regional tectonic extension of at 
least partially-lithified sediments. 

Hard-rock deformation. 

Descriptions of deformational features commonly attributed to 
hard-rock deformational conditions are abundant in the literature. 
Authors often relate these features genetically to larger tecton- 
ically induced structures of which they are a part. These include 

fractures, cleavage, pressure solution features, subsidiary folding, 

faulting and small to large scale cataclasis, as well as many intra- 
granular deformationsl features. Many of these have been observed 

in rocks similar to those in the Chicle. 

Por this study, macrofracture abundance and orientation are 
used extensively in the field as indicators of hard-rock deforma- 

tion. In the laboratory, microscopic hard-rock deformation features 
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in ssndstones are used extensively and more quantitatively' 
Accordingly, a summary of past use of microscopic petrofsbrics for 
analysis of mechanical aspects of rock deformation is given below. 

(1) Friedman and others (1980) used the orientation of micro- 

fractures produced in uncemented quartz grains to delineate 

stress orientations in experimentally induced drape-folds 

formed at high confining pressures. Through comparison with 

those formed in calcite-cemented sandstones deformed under 

similarly high confining pressures, they emphasize that ordered 

fracturing increases with the degree induration of the deformed 

aggregates. 

(2) Carter and Friedman (1965) demonstrate that intrscrystal- 
line deformation in quartz (deformation lamellae) in nsturslly- 
deformed calcite-cemented sandstones suggests the same orienta- 
tion of principal stresses as twin lamellae in the adjacent 

calcite cement. Both features relate to stresses expected dur 

ing folding. Thus, an indurated plate of cemented sandstone 

was folded rather than an unconsolidated sand. 

(3) Friedmsn and Stearns (1971), show that natural formation 

of calcite twin lamellae in naturally deformed limestones and 

limey-dolomite of Teton Anticline, Montana, delineate the 

principal stress directions which produced at least part of the 

macroscopic fracture pattern observed in outcrop. 

Ordered development of microscopic features such ss those 

above indicate that they were formed as a consequence of hard- 

rock deformation. This ordered development of microstructures 
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is of primary importance in this study as it serves to inde- 

pendently confirm which of the field~bserved macroscopic 

features are related to hard-rock deformation. 

Size. 

Size of a feature is widely used as a primary criterion for the 

differentiation between hard-rock and soft-sediment deformations. 

Host hardrock features (folds, faults, macrofractures) tend to be 

large in scale (greater than 100 m) and often are linked geometri- 

cally to regional tectonism. Soft-sediment features, on the other 
hand are often smaller and more localized. Soft-sediment features 
are usually considered to be completely confined to the outcrop 

scale (e. g. , 1 to 100 m) ~ However, where the internal deformation 

of a tectonic structure is complex, deformation can adopt the same 

scale as soft-sediment structures that have developed in the same 

rocks earlier. In this case, distinction is complicated by over- 

printing of hard-rock and soft-sediment structures' In such cases 
size or scale alone are not a useful differentiation criterion. 

Studies by Coleman and others (1974), Berg (1979), and Straccia 
(1981) show that soft-sediment deformation in sediments similar to 

2 those in the Chinle Pormation can occur over large areas (5 km ) ~ 

Similarly, studies by Prucha and others (1965), Wienberg (1977), 
Vaughn (1976), and Cook (1975) demonstrate that irregular smaller 

scale hard-rock, subsidiary structures can form in response to 
larger Laramide folds, in lithologies similar to those of the Chinle 

(see especially Prucha and others, 1965; Pig. 30 A, B, C, 
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p. 989). Due to the possibility of confusing similar deformation 

features on the basis of scale and form alone, other macroscopic and 

microscopic criteria are used in this study as additional necessary 

diagnostic criteria of soft-sediment and hard-rock deformation. 

~A* h. 

Field ~stud 

The first step of study was the field observation of structures 
in a variety of locations in Northeastern Arisona. All structures 
were described on the macroscopic scale. A preliminary classifica- 
tion of macroscopic features due to each type of deformation was 

established on a basis of their proximity and apparent involvement 

with larger known Laramide structures. These criteria are later 
confirmed by thin section study of microstructuzes from the same 

locations. 

Supplemental to the field study is a compilation and geometric 

analysis of macrofracture abundances and orientations measured in 
the field. This analysis is included in the discussion of field 
observations. 

M~ ~d 
Oriented thin sections were prepared from samples collected in 

the field. These sections were observed and microscopic deformation 

features recorded. Because microscopic petrofabrics have been shown 

to be very definitive of the type of conditions which produced them, 
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they can be used to clarify the degree to which each type of deform- 

ation influenced the macroscopic features observed in the field. 

Model ~stud 

Complementary to the field and microscopic studies, a series of 

physical models were constructed and deformed. These models which 

vary in scale, geometry, material-properties and experimental condi- 

tions, all attempt to help clarify the possible loading schemes and 

relative material responses which may have produced the soft-sediment 

and hard-rock deformation features found on a variety of scales in 

the field. 
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CHAPTER II 

FIELD OBSERVATIONS 

Introduction. 

Several localities of exposed Chinle Formation in Northeastern 

Arizona were selected for detailed study with the goal of describing 

and distinguishing between soft-sediment and herd-rock structures. 
The strategy was to formulate a set of general field-criteria for 
the interpretation of each type of deformation by recognizing fea- 
tures cozsson to many localities exhibiting each style of deforma- 

tion. By using many localities a more complete data base of common 

macroscopic features was assembled. This base would be nearly im- 

possible to assemble at any one location due to incomplete exposure. 

After observation of s number of such localities qualitative clas- 
sification of additional localities was made while in the field. 

The method used initially to distinguish between the two types 
of deformation is to first observe a heavily deformed locality that 
is so distant from major tectonic (Laramide) structural features 
(70 km) so as to be certainly unaffected by any hard-rock deforma- 

tion. The beet such locality is in 'an area northeast of St. Johns, 

Arizona, located 70 km south of the East Defiance Monocline (Figure 

1, p. 5). After study of features in this locality, other areas 
which are closer to, but still uninvolved-in Laramide structures 
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were observed. After observing these structural features common to 
soft-sediment localities, separation of soft-sediment features from 

any remaining deformation features involved in Laramide structures 

then yields a qualitative assessment of the degree to which each 

type of deformation acted on those rocks. 

Soft-Sediment Deformation. 

Six localities displaying soft-sediment deformation were stud- 

ied. As zeasoned above, four of these were chosen so as to be dis- 
tant from or uninvolved in maj or Laramide structures such as the 

East Defiance Monocline (Figure 1, p. 5) ~ These four soft-sediment 

localities are discussed below. The remaining two which display 

overprinting of hard-rock deformational features will be discussed 

in later sections. 

St. Johns, Arizona. 

G I ~d' ' . A * f pp fly jh, I *d 3l 2 

east of St. Johns, Arisona (Figure 3), is the best exposed of all 
localities studied. Green (1959), who mapped and described this 
same area of folds concluded that the deformation wss the result of 
down-slope slumping and folding of an over-steepened lake delta. 
Green did not distinguish structurally significant units on his 

maps. In order to delineate specific structural members produced by 

slumping snd gliding, the area was remapped for this study using 

three structural divisions (Figure 4). 



Figure 3. Location of the soft-sediment deformation locality 
(detailed map area) near St. Johns, Arisona ~ The double lines 
schematically show axial trends of folds in the area. 
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The rocks at this locality consist primarily of calcareous, 

micaceous, bentonitic, ripple-laminated claystones, siltstones snd 

fine-grained sandstones ~ These rocks are components of the lower- 

most member of the Chinle Formation. The ssndstones are intercalated 

with poorly cemented clay and mica-rich beds with less obvious ripple 

laminations. The intercalation of the two lithologies, as well as 

more complete quartz-cementation in the clay poor beds, leads to a 

stair-step weathering pattern The more resistant quarts-cemented 

beds weather to greenish brown. Medium-grained, cross-bedded Lithic 

arenites and Lime~ebble conglomerates are also present locally but 

are not as abundant or ss traceable as the ripple-laminated sand- 

stones. 

Folds and decollement. Deformed beds are present within a well de- 

fined zone which varies from approximately 20 m thick in the 

western~st exposure (Figure 4) to less than 10 m thick to the 

East. The rocks within the zone are clearly truncated above and 

below by near-planar, subparallel, slightly westward-dipping (2-3') 
shear surfaces (decollements). The rocks within this middle struc- 

tural unit are folded along a NNW trend (Figure 4). The folds show 

a general increase in limb dip (from 3-10' to 5-80') and decrease in 

wavelength (from 1. 0 to . 33 km) from east to west. The rocks in the 

middle structural unit are cut in two places by west-dipping thrust 

faults (inferred from truncstions of resistant weathering sandstone 

ridges) and in st least one place, by a high-angle (75' east-dip) 

reverse fault. Folding is almost exclusively chevron in style; 



Figure 4. Detailed map of soft-sediment deformation near St. 
Johns, Arizona. 
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accordingly very few curved limbs are observed in the deformed beds' 

The hinge ares of the folds are very restricted, and in most in- 

stances are either not exposed or are truncated by the planar de- 

collements above and below the zone. The folds are quite often de- 

fined in the field only by adjacent limbs which dip in opposite 

directions. Dips of the axial planes, where they can be defined, 

are not systematic. However, in the western margin of the Chinle 

outcrop some of the west-dipping limbs are near vertical or slightly 

overturned. In map view the folds typically plunge-out along strike. 
The sandstones in the middle structural unit display a system- 

atic variation in the intensity of deformation with respect to the 

thickness of the sandstone unit involved. That is, beds that are 

the most isotropic, thick-bedded and clay~ocr tend to show the 

least deformation (most widely-spaced fracturing) ~ Beds that are 

thinnest, moat anisotropic and clay rich tend to show the most 

deformation. 

Soft-sediment small-faults ~ Folding and faulting of the sand- 
2 

stones in the middle-structural unit are typically accompanied by 

formation of soft-sediment small-faults. Soft-sediment small-faults 

are essentially planar shear-surfaces oriented at various angles to 

bedding which have 0. 1 to 5 cm of dip-slip displacement' Each 

fault-plane consists of a zone of disturbed sand grains 0. 25 to 1 mm 

(2) Assumed to be soft-sediment in origin due to association with structures near St. Johns. 
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in width across which displacement of current-ripple foresets can 

usually be traced. There is no evidence for grain breakage or 

crushing within the fault zones. The soft-sediment small-faults 

are made obvious in outcrop do to preferential weathering, probably 

due to a more disordered packing and higher content of calcite and 

clay along the faults. In the coarse-grained calcite-rich units, 
the fault zones effervesce with the application of dilute HCI. 

Most commonly the soft-sediment small-faults are inclined at 
60-80' to bedding and generally strike within 30' of the strike of 

the bed which contains them. Usually they form sets of conjugate 

shears which are acutely bisected by the normal to bedding. The 

detailed geometry of fault sets in any one outcrop is usually quite 

consistent. Many outcrops show assemblages detailed below. 

With rare exception, soft-sediment small-faults observed in 

this and other soft-sediment localities fall into 3 categories 

(Figure 5). Since the morphological character of the individual 

faults-planes themselves is identical (as above), the categorical 

separation of the different fault arrays is based solely upon their 
orientations relative to bedding. The first category consists of 

two conjugate shear planes with strikes parallel to each other and 

to that of bedding, which intersect at about 60' (Figures 5a, 6). 
All planes show macroscopically observable offset, identified by 

displacement of bedding planes. The trace of the line of intersec- 

tion of an individual fault with bedding is undulatory but grossly 

consistent. Striations occur on some exposed fault planes that 

confirm movement down the dip of the fault surface The effect of 



Figure 5. Lower hemisphere, equal-ares stereographic projec- 
tions of geometries of soft-sediment small fault arrays are: a) 
Category 1, poles to fault planes; b) Category 2, poles to fault 
planes; c) Category 3, poles to fault planes. Planes marked with 
circles have normal displacement and planes marked with X's can have 

either normal or reverse displacement relative to bedding. Bedding 

strike is marked with s line. 
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the observed displacements is to produce elongation parallel to the 

bedding dip direction, shortening normal to bedding, and no strain 
parallel to bedding-strike. This geometry is consistent with a 

Coulomb-Nohr shear failure where the principal compressive stress is 
normal to bedding and the least principal stress is parallel to the 

dip direction. 

The second category of fault geometry consists of a four-fault 

array (Figure 5b, p. 29). Two identical sets of conjugate shear- 

plsnes are oriented such that all four faults are in orthorhombic 

symmetry around three axes: (1) the pole to the bedding; (2) the 

strike of the bedding; and (3) snd dip of the bedding. The acute 

angle (10 to 30 ) between the strikes of the conjugate shear-sets 

(defined by the angle between their traces on bedding) is bisected 

by the strike of the host bed. As in category 1 the acute angle 

between the individual faults of a conjugate-set is bisected by the 

normal to bedding. The effect of the category 2 fault array is to 

shorten the bed normal to bedding and extend it principally in the 

direction of dip and secondarily parallel to strike. This category 

sometimes is manifest in outcrop by only 3 fault orientations (one 

of the conjugates is missing in one of the sets) ~ The category 2 

fault-array is very similar to that produced experimentally in clays 

by Oertel (1965), and that proposed theoretically by Reches (1978) 
to explain faulting in a three dimensional strain field. 

A third category of faults is defined by the addition of more 

sets of conjugates, also in orthorhombic symmetry relative to bed- 

ding directions, which show either normal or reverse senses of 
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displacement (Figure 5c. , p. 29) ~ No faults of this category 

(category 3) were observed at the St. Johns locality, snd details of 

their geometry will be covered in the description of the Many Farms 

locality. 

Faults not falling into one of these three categories sre rare. 

Where found they consist of three types and occur only in the more 

massive sandstones. These three types are: (1) Isolated faults, 

oriented normal to bedding and with a strike st a small angle (less 

chen 20') to the dip direction (Figure 7a). Displacement along the 

faults is parallel to bedding (i. e. , strike-slip with respect to 

bedding) ~ (2) Widely spaced normal faults that have strikes parallel 

to that of bedding. Their dips are always opposite to the dip di- 

rection of the bed, and displacements are dip-slip thereby serving 

to extend the bed parallel to dip. (3) A reverse fau'lt was observed 

only at the St ~ Johns locality which makes a high angle to bedding 

(75') and has greater than 3 m of displacement. Near the fault sur- 

face are soft-sediment small-faults with similar senses of shear and 

smaller displacements (Figure 7b) ~ 

~Sb 'd' k~k-f ld' . Th* k ' h* 'ddl t 1 

tend to have higher limb dips in the western part of the map area. 

At one exposure in the west-central map-area a sandstone unit is 

nearly vertical and is truncated at both top and bottom by nearly 

horizontal upper and lower structural units (Figure 7c, p. 34). In 

this unit the beds exhibit a high soft-sediment msall-fault density 

(category 2 geometry) and chevron-folds of continuous bedding units 



Figure 7. Soft-sediment features in sandstones near St. Johns, 
Arisons are (a) gadding~creel soft -sediment small-faults' (direc- 
tion of dip is parallel to the pencil), (13 cm in length), (b) Soft- 
sediment small reverse faults adjacent to larger soft-sediment, 
reverse fault (hanging wall missing to the left), (c) NW view of 
20 m thick deformed middle structural unit, (dscollement surfaces 
are marked with arrows and dotted lines), (d) Closer view of ver 
tical beds in (c) showing details of subsidiary chevron-folding 
(hammer is 28 cm in length). 
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on a small scale (0. 15 to 1 m) (Figuze 7d, p. 34) . This was the 

only set of beds at the St. Johns locality to display this small- 

scale subsidiary kink-folding. It is known that during kink-folding, 

slip occurs on layer contacts such that their normals rotate toward 

parallelism with the maximum principal stress (Borg and Handin, 

1966). The present geometry of subsidiary folds (Figure 7c ~ , p. 34) 

suggests that the maximum principal stress which produced them is 
oriented east~st and plunges 30' or more to the west, i. e. , 
oblique to the decollement surfaces. The sense of rotation of these 
subsidiary folds is always towards the west ~ The absence of the 
"conjugate" rotation may suggest the presence of a single sense of 
shear across the middle structural unit, probably exerted by 

simultaneous shear motion on both upper and lower decollement 

surfaces. 

Slickensided shear-surfaces. Slickensided shear-surfaces in the 

claystones are the principal defozmational feature present near the 

decollement surfaces. These sheer-surfaces are small curvi~lanar 
discontinuities which show shiny, undulatory slickensides. The den- 

sity of slickensided shear-surfaces (measured along a line) in the 

lower unit increases from 50/m at 2 m below the decollement, to ap- 

proximately 750/m near the upper contact. The nature of the indivi- 
dual shear surface changes from a relatively planar geometry to an 

anastomosing and undulatory one with promixity to the upper contact. 
Some of the more planar suzfaces are filled with fibrous calcite 
whose fiber orientation is normal to the fracture surface. These 
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calcite fracture fillings are 1-3 mm thick (Figure ga). The 

anastomosing shear-surfaces near the decollement are highly slicken- 
sided, and their fabric is similar to that described by Rliest 
(1974) for a small-scale argille scagliose. By gross observation 

the slickensided shear surfaces in the clay tend to have common 

north-south strike (roughly parallel to the fold-axes and decolle- 

ment strike). 

The upper structural unit is a non-calcareous claystone. 

Shear-surface intensity decreases more rapidly away from the decolle- 

ment in the upper structural unit (to 50/m at 0. 6 m above the 

contact). In the upper structural unit the slickensided shear- 

surfaces show roughly north-south strikes like their counterparts in 

the lower structural unit. The claystones in both upper and lower 

structural units have a background density of approximately 10 shesr- 

surfaces per meter where exposed not adjacent to the contacts. 

The similarity of character of the sheared claystones, along 

with the planar nature of both the upper and lower contacts of the 

middle structural unit; indicates that they are correctly interpreted 

as decollement horizons. This interpretation is kinematically re- 
quired at least for the lower contact to explain the discordant 

relationship of the beds in the middle structural unit to the lower 

surface. Evidence suggesting simultaneous, oppositely directed 

senses of' shear on both upper and lower decollement surfaces is 
found in the subsidiary kink-folds of the middle structural unit 

(discussed earlier). 



Figure 8. Soft-sediment deformation features near St. Johns 
and Many Farms, Arisona show (a) Slickensided shear-surfaces in 
claystone beneath lower decollement at St. Johns, (note that 
intensity increases upwards towards the decollement surface), (b) 
Category 3 soft-sediment small-faults near Many Farms, (c) Category 
3 soft- sediment small-faults down-strike from (b). 
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~Man Farms, Arizona. 

G * ! ~d' . I! !' ! ! f — di ! ! !1 
investigated on the western Defiance Uplift is located 8 km east of 
the town of Many Farms on Navajo Highway 8. It is reached by an 

unpaved Navajo access road with the permission of the Navajo Tribe. 
In this area, outcrops which cover an area of approximately 3 km 

2 

are as well exposed as those near St. Johns although the drainage is 
not as deeply incised. The lithologies are identical to those found 

at the St. Johns locality. 

Hacroscopically, the structures appear as tilted beds varying 

in dip from 0 to 35' and striking from east~est to N 15' E. All 

dips are to the north or west' Thus, geomorphologically, the area 

is a series of similar hogbacks with variable strikes, 40-500 m in 

length and spaced 50 to 100 m apart. Unlike the St. Johns area, 

there are no exposed complementary fold limbs. Only very thin 

bedded units in this locality demonstrate noticeable bending; massive 

units, ss at St. Johns, are noticeably less faulted. No decollement 

surfaces such ss those found st the St. Johns locality could be 

identified here, however the base of the inclined units is not 

exposed, so the possible existence of a lower decollement cannot be 

excluded. 



Soft-sediment small-faults. The most obvious deformation features 
are soft-sediment small faults, identical in morphology to those 
described at the St ~ Johns locality, and exhibiting the geometry of 
both category 1 and category 2 (Figure 5a, b, p. 29) discussed 
earlier. One outcrop contains an extensive (10 m x 2 m) exposure of 
soft-sediment small-faults of category 3 (Figure 5c, p. 29). The 

acute angle between the strikes of the two sets of conjugate faults 
bisected by the dip direction is slightly higher (up to 34') than 
that for the conjugate shears bisected by the strike direction 
(approx. 20'). The additional planes in category 3 also show both 
normal and reverse senses of slip (consistently only one or the 
other at any one place on the outcrop), snd are in orthorhombic 

symmetry with respect to the bedding (Figure Sb and c, p. 38). 
Careful measurements were made of fault orientations and senses 

of slip in hand specimens collected from sll of the soft-sediment 
localities. With all data rotated to s common strike, the arrays of 
small faults have conspicuous orthorhombic symmetry (Pigure 9a, b). 
Not all faults are present in sll samples, however all samples show 

at least 3 fault orientations (Figure 9). The reason for the com- 

plexity of the fault systems is not apparent st any of the soft- 
sediment localities. 

~athla Peak, Arizona. 

G l~d' t . Th thd11'y''gd1DI h- 
east of Kayents, Arizona near U. S. Highway 63. Its exact location 



Pigure 9. Equal area projections of soft-sediment small-fault 
orientations measured in hand specimens with data rotated to a 

common strike. The plane of projection is parallel to bedding with 

strike and dip directions as shown. (a) 45 normal faults from 8 

hand specimens. (b) 9 reverse faults from 2 hand specimens. 
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is immediately to the northwest of Agathla Peak on the southwest part 

of the Monument Upwarp and northwest of the Defiance Plateau. The 

rocks deformed at this locality are also very similar to those 

observed at St. Johns. 

Linear hogbacks, truncated units, and other features similar to 
those at St. Johns are developed but to a leaser degree of intensity. 
Beds are gently inclined and generally show little bending. Opposed 

limbs of folds are present (hinges being totally or partially eroded) 

with lower dips than those at St. Johns. There is no strong evidence 

to suggest the presence of a lower decollement xone at this locality, 
as truncating surfaces are not traceable for large distances. 

Soft-sediment small-faults. At this locality, the rocks show soft- 
sediment small faults of similar character to those discussed above. 

One hogback contains excellent exposures displaying the three dimen- 

sional geometry of the category 2 small faults (Figure 10a) ~ A 

vertical face parallel to dip reveals the cross-sectional orienta- 
tions (apparent dip) and the magnitudes of slip on each fault of 
s category 2 array (Figure 10b). The magnitude of displacement, 

apparent angle to bedding, snd the distance between faults along the 

line of the traverse were measured along this outcrop. By determin- 

ing the extension parallel to bedding due to each fault , summing 
1 

them and subtracting that sum from the measured traverse length, a 

The extension parallel to bedding as a result of displacement along each fault is the product of the magnitude of the displacement 
and the cosine of the apparent angle it makes with the bedding. 



Figure 10. Soft-sediment small-faults in sandstones near Agatha 

Peek Arizona. Shown are (a) Bedding plane exposure of category 2 

small faults (13 cm long pencil is parallel to strike, dip is toward 

the bottom of the photo), (b) dip section of exposed category 2 

faults that were measured to determine extensional strain in the dip 

direction (hammer is 28 cm long), (c) low-angle fault plane and 

conjugate in lover layer of exposure. in (d), (d) outcrop shoving 

variation from high-angle normal to low-angle normal faults from top 
to bottom of sandstone exposure. 
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close approximation is made of the pre-faulting length of the 

traverse line. Because the orientation of bedding is a constant 

reference direction both pre- and post-faulting, the measurement of 

a traverse parallel to bedding eliminates the need for corrections 

due to possible rotation of the traverse reference line. Given the 

initial and final traverse line length, the total elongation due to 

faulting is calculated to be 6. 8X in the dip direction (Table 1). 
This was the only locality where s quantitative analysis of deforma- 

tion due to soft-sediment processes was possible. 

In this same sandstone unit the fault density and relative 

inclination to bedding decrease toward its base. The fault displace- 

ment in its lower portion is extensional with respect to bedding 

with displacements along low-angle faults which dip away from the 

direction of bedding dip (a characteristic also noted st St. Johns). 

A fault set with another orientation was found in the lower massive 

rocks ~ These occur at a high angle to bedding, and may be conjugate 

to the low-angle faults (Figure 10c, p. 46) ~ They show no visible 

off-set, however variations in fault types and density with position 

on the outcrop can be seen in Figure 10d, (p. 46. ) The locations of 

these faults indicate that flexural-slip on fold-flank bedding could 

be responsible for the reorientation of stresses and the consequent 

low-angle normal-fault conjugate-set in the basal layer. The fault 

geometry in this outcrop, as well as the conspicuous bedding planes 

which separate the thin and massive units are very similar to the 
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Table 1. Length changes due to soft-sediment faults 

Distance 
Fault Along Trav Displacement 

No. (mm). (mm)- 

Fault 
Dip (' to west). 

Angle 
to Bedding 
(Traverse) ('). 

Elongation 
of bedding 

due to 
fault. (mm) 

4 61 

5 85 

3. 0 

5. 0 

10 ~ 0 

3. 0 

10 ~ 0 

20 

12 
25 

67 

61 
74 

66 

64 

2. 4 

2 ~ 8 

l. 3 

4. 4 

10 

91 

124 

174 

219 

306 

2. 5 

1. 0 

2. 0 

10. 0 

42. 0 

48 

66 

32 

29 

83 

65 

81 

78 

~ 9 

1. 6 

8. 7 

13 

14 

15 

16 

17 

496 

543 

588 

768 

883 

9. 0 

5 ~ 0 

38 ~ 0 

5. 0 

7. 0 

11 411 15 ' 0 
12 466 7. 0 

69 

55 

53 

57 

17 

21 

68 

62 

76 

78 

74 

66 

70 

63 

7. 0 

1 ~ 7 

1 ~ 9 

1. 4 

15. 5 

1. 7 

3. 2 

Final Trav. 883 sss 
Length 

Elongation 56. 3 mm 

(Length Change) 

INITIAL TRAVERSE LENGTH = FINAL TRAVERSE LENGTH (ELONGATION) 
= 883 — 56. 3 

826. 70 

X Elongation in Dip Direction ~ (56. 3/826. 7) x 1002 
~ 6. 8X 
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the fault and layer relationships of a layered clay model which will 

be discussed in the chapter "Model Studies. " 

Chinle Area Arizona. I 

An area 2 km south of the town of Chinle Arizona (west central 

part of tbe Defiance Plateau) is dominated by several ridges spaced 

roughly 0. 5 km apart striking an average of N 70' E. One of the 

more prominent ridges was examined for this study. It is capped by 

a lime-pebble conglomerate (lpc) folded in the same style as the 

sandstones described previously. The lpc is 1 to 1 ~ 5 m thick, and 

is underlain by a massive red claystone which contains diffuse gray 

massive bedding. It is composed of 0. 2 to 4 cm pisoliths, micritic 

limestone pebbles, snd some coarse quartr. grains. 

A chevron fold is developed in the conglomerate. The erosional 

remnant of this fold is a very sharp syncline with the only notice- 

able bending of the limbs occurring as a slight undulation along 

strike (Figure lla) ~ The extremely sharp synclinsl hinge is broken 

so that there is a discontinuity along the axial plane. A unique 

feature at this locality is that all of the claystone exposed beneath 

the lpc mimics the orientation of the lpc beds, indicating little 
detachment proximal to the lpc horiron. The lpc is relatively unde- 

formed between hinges, however it contains a few widely-spaced open 

fractures that are normal to bedding. Some of the fractures are 

parallel and some are perpendicular to the outcrop face. These frac- 

tures are similar to the open fractures at the St. Johns locality, 



Figure 11. Soft-sediment features on the West and East flanks 
of the Defiance Plateau. Shown are (a) West view of sharp synclinal 
fold in lime~ebble conglomerate neer Chinle, Arizona, (hinge is 
marked by arrow; automobile in ravine is approximately 4. 5 m in 
length), (b) sharp recumbent fold in stream exposure near Mazlini, 
Arizona, (c) vertical middle structural unit beds (below) in 
decollement contact with a lime~ebble conglomerate near Ft. 
Defiance, Arirona (note thin layer of smeared-out sand developed 
between the two), (d) oblique view of striated decollement surface 
sandstones of the middle structural unit near Ft. Defiance. 
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and are probably the product of exposure-induced stress-relief. 

Interpenetration (pressure solution7) is obvious on some of the 

larger limestone cleats, however the conglomerate is not well 

cemented snd is very friable. 

Nazlini Area, Arizona. 

In an area 7 km northwest of Nszlini, Arizona, in a small 

ravine, a smell recumbent fold was discovered whose axis is horizon- 

tal and trends N 5' E (Figure lib, p. 52) ~ Much of the overturned 

limb has been truncated. It demonstrates some of the mechanisms 

which operate during folding under soft-sediment conditions. The 

core of the fold is dominated by sandstones which have a higher clay 

content on individual bedding horizons than those along the outer 

fiber of the fold. The interior layers of the fold are dominated by 

flexural-slip folding, while the outside layers of the fold are 

dominated by soft-sediment faulting (category 2). The latter reaches 

a density of 100 faults/m in the binge region. The overall result 

is that the outside unit of the fold thine approximately 502 whereas 

the interior of the fold actually thickens slightly (102 due to some 

flexural flow). In addition, the presence of a neutral-fiber 

(extention to compression transition) is suggested by the presence 

of small crenulated layers in the innermost compressed hinge and of 

tbe extensional fault system (category 2) in the outer units of the 
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Bard-rock Defonsation. 

Two localities of Lsramide hard-rock deformation on the east 

flank of the East Defiance Monocline were studied snd mapped in 

detail. These areas were chosen for examination because (1) the 

sandstones in the Petrified Forest Member are well exposed snd (2) 

the structures can be readily linked to the larger Larsmide features. 

The Petrified Forest Member sandstones differ from the Monitor Butte 

Member sandstones observed in the soft-sediment deformation locali- 

ties aa follows; 

(1) The Petrified Forest sandstones tend to be fine to medium 

grained, i. e. , slightly coarser than those lower in the section 

(Monitor Butte Nember). 

(2) The Petrified Forest sandstones generally are more mas- 

sively bedded, and show more large-scale cross-bedding, and 

ripple-lamination than the Monitor Butte Nember ~ 

(3) Petrified Forest sandstones exhibit more thick individual 

sand units (3-4 m) separated by claystones of variable thick- 

ness, whereas Nonitor Butte sandstones are more commonly 

thinner-bedded (0. 5-1. 0 m), with intercalated claystones. 

The ssndstones in the Petrified Forest Member also bear the 

following important similarities to those in the Monitor Butte 

Member, namely: 

(1) Both members share similar source areas with only s slight 

temporal differences Consequently, the detrital as well as the 

argillaceous components are very similar in both members, 

(Table 2). 
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Table 2. Compositional and textural characteristics of the 

Lower Chinle Members. 

Ns- Volcanic Average 
arts Felds ar K-Felds ar det ~ Calcite Grainsise 

Petrified 
Forest 
Member 1-80 0-36 0-25 0-95 

Very fine 
to 

0-68 coarse 

Monitor 
Butte 
Member 5-85 0-22 0 15 0-84 0-70 

Very fine 
to 

granules 

From: Stewart and others (1972). 

(2) The gross stratigraphic and consequent structural positions 

are equivalent (only about 60 m of section separate the two 

groups of sandstones) ~ 

Ft. Defiance Area, Arizona. 

G 1 ~d' t . Th fi h d- t d*f ' 1 1( y 

consists of approximately 20 km , centered 3 km Northeast of Ft. 2 

Defiance, Arisona (Figure 12, pocket). The Monitor Butte Sandstones 

are not exposed here and may be faulted out in the northern part of 

the mapped area. Petrified Forest Sandstones are 30 to 40 m thick 

where undisturbed. 

The deformation in this locality (Figure 12, pocket) is 

dominated by a branching shallowly eastward-dipping thrust fault 
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that apparently becomes a bedding plane detachment in the Chinle 

Formation in the subsurface to the east. The fault trends roughly 

NNE snd cuts obliquely through all members of the Chinle along 

strike (Figure 12, pocket). In the northern mapped area (Figure 

12), east of the thrust fault, are multiple ridges of the Sonsella 

Sandstone which dip 10 to 50' east and strike from N 20' W to 

north-south. The multiple sandstone ridges are the direct result of 

imbrication above the major fault, as evidenced by repetition of 

distinct lithologic sequences. Folds which plunge and die along 

strike snd exhibit wave lengths of 25 to 300 m also occur in this 

xone. Their steeper flanks face west, and often one limb is poorly 

or not exposed. The hinge regions of these folds are typically very 

tight (chevron). Fold limbs are rarely noticebly bent. Bedding 

units in the area east of the thrust fault are usually traceable for 

200 to 500 m before plunging below the surface or being truncated st 

a low-angle by another fault branch. Nany of the characters of the 

deformation in this area are similar to those of the soft-sediment 

localities, however outcrops investigated in this locality, do not 

exhibit any soft-sediment small-faults which are known to be 

abundant in all of the soft-sediment localities. 

Thickness chanhoes. A section was measured in two parts starting 

just south of the mapped area, west of the fault; and ending in the 

eastern map area above the faulted section. This section is used to 



55 

determine Chinle thickness changes excluding that due to faulting' 

Compared to average undisturbed thickness at this location the 

unfaulted section shows a range of 4. 2X thinning to 72. 6X thicken- 

ing (Table 3). In addition, there is appreciable thickening of the 

section due to fault-imbrication of the Sonsella Sandstone. A. 

conservative estimate of fault-dominated thickening is 360X ~ This 

estimate is based on a dip of 10' and s surface exposure width of 

620 m. It yields an estimated thickness of the sandstone section of 

108 m (normal thickness: 30 m). 

Thus, the thickness changes in the Petrified Forest Member sre 

accomodated by two mechanisms: (1) macroscopically homogeneous flow 

probably by displacement on closely spaced shear surfaces found in 

the claystones (0 to 72X thickening), and (2) faulting imbrication 

of the sandstone units which are resistant to homogeneous flow 

(locally up to 360X thickening). An estimate of thickening of the 

entire Chinle Formation due to both mechanisms in the map area is 

72X. 

Fractures. Open fractures are the most evident of all macroscopic 

deformational features in outcrop in this area. They sre ubiquitous 

but show variation in local intensities (Figure 13, a, b) ~ They are 

all normal to bedding. 

The open nature of the fractures suggests that they are the loci 

of failure due to loss of cohesion, and they formed in an indurated, 

cemented rock, capable of maintaining an open fracture. Their local 



Table 3. Thickness changes measured at the Pt. Defiance locality. 

Normal 
thickness (m). 

Measured 
thickness (m) ~ 

X Thickening. 

Owl Rock 
Member 

55 m 57. 0 m + 3. 6X 

Upper Petrified 
Forest Member 

200 m 345. 2 m 

Sonsella Sandstone 30 m 

Bed 
28. 8 m - 4. 2X 

Lower Petrified 
Forest Member 

+ 
Monitor Butte 
Member 

107 m 141. 0 m» +31. SX 

(*)partially buried by alluvium~ay be faulted. 

(1) from Stewart and others (1972) and Reppening and others (1969). 



Figure 13. Macroscopic hard-rock features 3 km northeast of 
Ft. Defiance show (a) and (b), open hard-rock fractures, (c) hard- 
rock small-fault in medium~rained sandstone. The view is down 

dip. Pencil is parallel to bedding (Note that the faults ara more 
resistant-weathering then the host-rock. ) 
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intensity (up to 30 fractures/m) suggests that they are the result 

of a deformational episode whose intensity could only be attributed 

to the hard-rock category. None of the soft-rock localities exhibit 

an intensity of fzactuzes as those found here. 

Stearns (1968) postulates that the origin of the geometry of 

natural fractures, such as those investigated here is related 

directly to bending stress produced by folding. Norris (1967) 

reached similar 

conclusional' 

In contrast, Reches (1977) concluded 

that the fractures on two monoclinal folds in Israel resulted from a 

regional stress field. He notes that the strikes of individual sets 

do not follow the strike-variations of the monoclines 

In order to analyze the significance of the fabric of fractures 

in the Ft. Defiance area, all fracture strikes measured at a par- 

ticular station are plotted with bedding zotated to horizontal. 

Rose diagrams of fracture strikes from individual stations are shown 

in Figure 12, (pocket). If bending stresses from localized folds 

aze responsible for the observed fractures, then superposition of 

data from all stations rotated to a common strike should reveal a 

strong pattern. It is reasoned that fractures generated by bending 

in folds will be geometrically related to one of two principal 

stress directions, (maximum oz mininum). Bedding strike (bending 

axis) should be perpendicular to that stress direction (i. e. , 
fractures on two folds of varying orientation should superimpose 

when their strikes are rotated to parallelism). These patterns are 

not reflected strongly in the date (Figure 14a), If a regional, 

homogeneous-stress field is primazily zesponsible for the fracture 
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a. aiasas 

b. 
a. as sas 

5. ss 

a 

5, as asa C. 

Figure 10. Composite rose diagrams of hard-rock fracture 
strikes' The plots show a) Ft. Defiance locality hard-rock 
fractures with corresponding bedding rotated to a common strike, 
(average strike is oriented north-south, as shown, (b) same data as 
(a), with bedding rotated to horirontal around its strike but other- 
wise left in field orientation (no rotation of bedding-strikes to 
common direction). (c) A'11 fracture strikes from East Defiance 
Nonocline, with bedding rotated to horirontal (no rotation of 
bedding-strikes). 
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orientations, then the same data, superimposed with unrotsted 

strikes, should yield a strong pattern (Figure 14b). The pattern in 

Figure 14b (p. 63) is slightly stronger than that in 14a suggesting 

the influence of s regional stress field. Figure 14c, (p. 63) shows 

the fracture strike orientations from the Ft. Defiance area combined 

with those from as much as 12 km north or 50 km south of that area. 

The pattern in Figure 14b (p. 63) appears to be reinforced in Figure 

14c (p. 63) despite the large sampling area, again suggesting a 

regional consistency of the stress field which produced them. The 

presence of locally high densities of these fractures in areas of 

tectonic folding and faulting, however, suggests that their intensity 

is localized by the folding and faulting events themselves, even 

though their orientations may possibly be linked to a more regional 

stress system. 

Hard-rock small-faults. In addition to fractures, hard-rock small- 

faults were observed in medium grained sandstones. Hard-rock smsll- 

faults are small displacement-discontinuities, generally found in 

deformed porous-sandstones. They were described and anslyred by 

Aydin (1978) and Jamison (1979). They consist of sub-planar fault- 

sones of crushed and comminuted sand grains approximately 1 mm 

wide. Their individual shear-displacement is usually less than 

2 cm, with greater displacement often accommodated by anastomosing 

groups of individual bands. The conditions of formation attributed 

to these faults by both Jamison (1979) and Aydin (1978) fall into 

the hard-rock category, defined here. This is because the grain- 
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crushing associated with the hard-rock small-fault formation 

requires both lithification and high stress differences. Hard-rock 

small-faults are therefore considered accurate markers of hard-rock 

deformation. 

The hard-rock small-faults immediately above one of the 

branching thrust-faults in the Ft. Defiance hard-rock locality tend 

to anastomose in strike section while remaining parallel to bedding 

dip (Figure 13 c, p. 61). Slickensided surfaces broken from near 

bedding-parallel hard-rock small-faults show dip-slip displacement 

of N 85' g ~ Although the hard-zock small-faults' exact relationship 

to the stress-field which produced them has not been fully demon- 

strated, the fact that slickenside direction is roughly east~est is 

indicative of an eastwest striking vertical plane which contains 

the maximum and minimum stress directions. This conclusion is rein- 

forced in the chapter "Laboratory Studies". 

~Lu ton Area, Arizona. 

G 1~d't . yhpd l l'ty f hd- l df 
2 is an area of approximately 35 km centered 3. 5 km NNW of Lupton, 

Arizona (Figuze 15, pocket). The structure in this area is a 

moderate to steeply-dipping, faulted moncline with varying strike 

A prominent feature is a west-dipping reverse fault with 0 to 125 m 

of stratigraphic throw that cuts the monocline just to the east of 

the map trace of the upper hinge. At one exposure the fault 

(dipping 28' W, striking north-south) puts Moenkopi Formation on 
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slightly overturned Petrified Forest Nember sandstones ~ This 

relationship indicates a stratigraphic throw of about 125 m. The 

Sandstone beds in the area dip from 45' g to 70' W (overturned) and 

strike between N 52' W and N 33' W. 

Thickness ~chan es. Three Chinle sections were measured in ss many 

strike normal traverses across the monocline (Figure 14, p. 60). In 

all three sections the Nonitor Butte member is faulted out and was 

not measured. The Chinle members measured above the faulted section 

show a 7 to 722 thickening (Table 4), compazed to average undisturbed 

thickness values in this locality from Stewart and others (1972) and 

Reppening and others (1969) ~ 

The thickened section here is not in conflict with the work of 

Jamison (1979) and Vaughn (1976) for similar structures who show s 

general thinning of clastic units ovez the upper hinge of the mono- 

cline. The apparent contradiction can be resolved by considering 

the cross section through the central postion of the Lupton area 

(Figure 16). The first two sections were measured at a horixon 

represented by line A in Figure 16. The third section wss measured 

on a horizon schematically represented by Line B. All of these 

sections are thickened. If the section were measured higher on the 

structure, however, such as at horizon C, it would be attenuated. 

In general, below the "inflection point" of the structure, the units 

most susceptible to thickness changes (Chicle Formation) will be 

thickened whereas above the "inflection", they will be thinned. 
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Table 4. Thickness changes measured at the Lupton locality. 

Nember 
Name. 

Section 
number. 

Normal 
thickness 

Measured Percentage 
thickness. thickness chan e ~ 

Owl-Rock 
Member 
72. OX 

1 40 m 61. 5 m 53. 8X 
2 40 m 62. 0 m 55. OX 

40 m 69. 0 m 

Upper 
Petrified 
Forest 
Member 
72. 0X 

162 m 

162 m 

233. 1 m 

173. 4 m 

162 m 

43. BX 
7. 0 

278. 7 m 

Sonsella 
Sandstone 
Bed 
55. 4X 

1 56 m 61. 6 m 

67. 8 m 56 m 

10. OX 

21. 1X 
87. 

Lower 
Petrified 
Forest 
Member 

FAULTED 

Monitor 
Butte 
Member 

FAULTED OUT 

(1) From Stewart and others (1972) and Reppening and others, (1969) 



Figure 16. Identical controlled cross-section through central 
Lupton-locality showing variation in thickness of the Chinle 

Formation. Dashed lines are lines of equal thickening, indicated in 
percent. Vertical and horizontal scales are equal. Sections are 
drawn along line of section in Figure 15 (p. 67). 
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The thickening mechanism in the Lupton area is one of homogene- 

ous flow. All members measured above the thrust-faulted section 

apparently thicken without large-scale faulting (Table 4 p. 64). 

Cataclastic-flow of the clay-rich members is proposed ss the major 

mechanism of thickening. Macroscopically this flow appears to be 

accomplished by small displacements on homogeneously-spaced slicken- 

aided shear-surfaces in the claystones. These surfaces are morpho- 

logically similar to those observed in high concentrations at decol- 

lement surfaces in the claystones at the soft-sediment localities. 

Similar features also have been described in association with the 

Lewis thrust in Northwestern Montana where there is no doubt that 

they are attributable to hard-rock style deformation and apparently 

must accommodate large tectonic strains (Wilson, 1970). 

Fractures. The sandstones in the Chinle of the Lupton area show high 

concentrations of open fractures (up to 30 frscturesjm) identical in 

morphology to those described earlier. Fractures from three out- 

crops, rotated to horizontal along strike, show two major trends; one 

is nearly east~est, the other is N 65' E (Figure 15, pocket). 

L 1( ~Eh'b' ' 
S f -S d( d 

Hard-Rock Deformstional Features 

Two localities dominated by soft-sediment deformational features 

located on the East Defiance Honocline contain slight overprinting 

of hard-rock deformation. In one case, this overprinting is docu- 

mented by the presence of hard-rock open fractures. In the other 
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case it is merely inferred by the structural position of the locality 

on the monocline. In the latter, the interpretation of overprinting 

is borne out in the succeeding chapter "Laboratory Observations. u 

The lithologies involved in these structures are identical to those 

observed at the St. Johns locality (Monitor Butte Member). 

Pt. Defiance, Arisona. 

6* l~d*''. Th f(r~(dl 1(y 1 td. 5h 

south of Ft. Defiance, Arisona, on the shallowly eastward-dipping 

flank of the East Defiance Monocline. The major structural features 

at this locality are quite similar to those found near St. Johns, 

i. e. , they sre soft-sediment features' The exposure consists of 3 

structural units, lower, middle, and upper; equivalent in relative 

position to their counter-parts at the St. Johns locality. The 

structure is an asymmetric east-west trending anticline which has a 

southern vertical or near vertical limb striking east~est, and a 

northern limb dipping 23' N and striking N 30' E. The fold axis 

trends N 85' E with a plunge of approximately 20' E. The fold is 

truncated at the top and bottom by planer decollements which define 

the contacts of the middle structural unit with the non-folded upper 

and lower structural units. The thickness of the middle structural 

unit varies from 21 to 33 m. The lower decollement surface is 

clearly defined by the sharp boundary of the green, calcareous, 

micaceous sandstone and claystone (middle structural unit) with the 

red, non-calcareous claystone of the lower structural unit. The 
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upper contact also is defined by a sharp boundary with a lime-pebble 

conglomerate/medium~rained massive sandstone (upper structural 

unit) in angular disconformity with the rocks of the middle 

structural unit. 

Decollement surfaces. The fabric of the lower unit claystones near 

the lower decollement is quite similar to the fabric of the clay- 

stones described at the St. Johns locality. It consists of a small- 

scale srgille scagliose with slickensided shear-surface density 

exceeding 400/m in the vicinity of the decollement surface, and 

grading to 15/m at 2 m below the decollement. The upper structural 

unit differs from that st St. Johns in that it is composed fine to 

medium-grained, quarts cemented massive sandstones, with localised 

lime-pebble conglomerstes, in immediate decollement contact with 

sandstones and claystones of the middle structural unit. The conti- 

nuity of the bedding in the middle structural unit is maintained to 

within 1 cm of this contact (decollement) making for a very sharp 

boundary (Figure llc, p. 50). In some places along the exposure, a 

thin layer of fine-to medium-grained, calcite-cemented sandstone is 

found at this decollement surface between the middle and upper 

structural units. Where the sandstone of upper structural unit has 

been removed by erosion, a shiny manganese-oxide coated, striated 

surface of the sandstone in the middle structural unit is exposed 

(Figure lid, p. 50). This surface is not parallel to but is within 

10' of the dip of middle unit the sandstones on which it is formed. 

The only place where this surface is exposed is in the hinge region 



of the truncated anticline. Soft-sediment small-faults (category 1) 

cut the surface perpendicular to the stristions (Figure 17a) ~ It is 

probable, based on the interrelationship of the striae and the small 

faults that both the striae snd the small faults formed simultan- 

eously. The consistency of both the direction and morphology of the 

striae implies that they were formed by sliding of the upper 

structural unit over the middle structural unit while bending of the 

beds in the lower structural unit was responsible for simultaneously 

producing the soft-sediment small-faults. The direction of asymmetry 

of the anticline and the direction of striation orientation suggest 

a S 5' g slip direction along the surface. 

Fractures' Open fractures (3-4 fractures/m) are present in the upper 

unit. The fractures are normal to bedding of the upper unit, but 

exhibit a variety of strikes in any one outcrop. Their moderate 

density, snd their open, bedding-normal characteristics suggest they 

are hard-rock features due to Lsramide deformation. The strikes of 

the fractures in the upper structural unit, with bedding rotated to 

horizontal are shown in Figure 18. 

~ll Ad t'd, , 

The second locality dominated by the soft-sediment style of 

deformation with slight tectonic overprinting is located 5. 2 km west 

of the town of Havsjo, Arizona, on a Navajo service road. The expo- 

sure is a rosdmut at the topographic crest of the eastern margin of 



Figure 17. Soft-sediment features on the east flank of the 
Defiance Monocline. Shown are (a) soft-sediment faults of category 
1 cutting decollement surface of the middle structural unit near Ft. 
Defiance, (b) panoramic view of soft-sediment deformation in roadcut 
west of Navajo, Arisona. Carryall at left is 2. 5 m wide, (c) rare 
soft-sediment small faults which are normal to bedding in rosdcut 
shown in (b) (note that displacement is strike~srallel). 
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Figure lg. Nap of soft-sediment deformation locality south of 
Ft. Defiance, Arizona. Rose diagrams shoe strikes of bedding-normal 
hard-rock fractures at this locality and their location on the 
structure. For legend see Figure 4 (p. 25). 
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the East Defiance Monocline, slightly closer to the upper hinge than 

the locality south of Ft. Defiance. 

The outcrop consists of beds dipping 50' W to near vertical snd 

striking nearly north-south (Figure 17b, p. 72). This strike is 90 

from that st Ft. Defiance. Mud-crack fillings occur in the western 

part of the roadcut that indicate some of the beds sre overturned. 

The dipping beds in this outcrop are truncated and overlain by simi- 

lar lithologies which dip slightly (approximately 5') to the East. 

There is a small thrust faulc which dips west and cuts the section 

in the western part of the roadcut. This fault also cuts some of the 

borisontal beds above the truncation surface. 

The inclined beds show features similar to those found at the 

St ~ Johns locality and the other soft-sediment localities. These 

features are: (1) soft-sediment small-faults (category 2), and (2) 

slickensided shear-surfaces in layers of more clay-zicb material 

between sandstone beds. The clays show only a slight increase in 

intensity of slickensided shear-surfaces near the horirontal beds at 

the top of the exposure. This is in notable contrast to similar 

surfaces (decollements) st other localities wheze slickensided 

shear-surfaces are intensely developed. The more undulatory nature 

of this surface suggests that it was not the locus of any appreci- 

able sliding. Unlike its counter part at St. Johns and Ft. Defiance, 

this surface probably is as sn angular disconformity. The thrust- 

fault, in the western part of the roadcut, which shows no evidence 

for Larsmide origin (i. e. , open fractures), occurred after the 

deposition of the horizontal beds, suggesting a scenario of ongoing 
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deformation, erosion, and deposition of unstable sediments in 

Triassic time. Other unique features found at this locality are 

soft-sediment small-faults oriented nearly normal to bedding and 

parallel to strike (Figure 17c, p. 72), that have shear displacements 

parallel to bedding plane. In addition some smpll faults occur that 

strike parallel to the strike of bedding, dip at a low angle to and 

opposite to the dip of bedding, and that show normal-fault displace- 

ment relative to bedding. 

Open fractures are rare at this locality. Hard-rock overprint- 

ing at this locality is inferred in the field from it's position on 

the East Defiance Nonocline. Substantiation of overprinting of 

hard-rock deformation at this locality is given in the chapter 

"Laboratory Observations. u 

~Summer of Deformation Features from Field Observation 

Soft-sediment features. Macroscopic soft-sediment deformation fea- 

tures which are unique to areas which have no Laramide over-printing 

sre: 

(1) Soft-sediment small-faults. These faults offset the 

bedding at high angles and weather preferentially relative 

to the host-rock. They are developed in beds distant from 

any known Larsmide structures, and therefore are clear~ut 

macroscopic indicators of soft-sediment deformation. 

Their geometry (orthorhombic symmetry), morphology snd 

abundance sre unique in the sandstones which could only 
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have deformed under soft-sediment conditions (as defined 

on p. LO). Because the features are present in great 

abundance in all areas of soft-sediment deformation inves- 

tigated they are considered common enough to be useful 

generally to recognize soft-rock deformation of sandstones 

snd claystones lithologies. 

Hard-rock features. Macroscopic features unique to rocks affected 

by hard-rock deformation are ss follows: 

(I) Open fractures oriented normal to bedding sre ubiquitous 

indicators of this type of defocmation, owing to their 

locally intense ordered development only in localities 

which are known to have been involved in Larsmide deforma- 

tion. Their locally intense, development and distinctive 

open appearance make them a useful macroscopic indicator 

of hard-rock deformation. 

(2) Hard-rock small-faults, are found only in hard-rock 

deformation localities but are restricted to high-strain 

areas such as near major faults. In the study area they 

are typically oriented near~arallel to bedding and show 

reverse weathering snd lighter color due to finer~rained 

and comminuted material in the zone. 

~A| f . 1'| 1 g g p E r 1 f 'd 

ified in the field, are of ambiguous character, i. e. , non-specific 

for either soft-sediment of hard-rock deformation. Because so many 
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of the macroscopic features are ambiguous further microscopic 

distinction is desirable. (The following chapter, successfully 

establishes additional microscopic criteria. ) The macroscopic 

features present in localities with either type of deformation are 

as follows: 

(I) Chevron-type folds are present on scales from 1 to 300 m 

in wavelength in all areas studied. They show little or 

no limb bending and have poorly exposed hinge tones. 

(2) Decollement surfaces, thrust-faults and truncations are 

present in areas containing either style of deformation. 

In addition, angular unconformities occur in the soft- 

sediment areas and are difficult to distinguish from 

structural truncations. 

(3) Plunging and dying fold character are present in all 

areas. Polds, as well as individual limbs are rarely 

tracable for large distances in any of the areas due to 

plunging~ut as well as due to (2). 

(4) Slickensided shear-surfaces in claystones. These small 

surfaces of discontinuity are present in abundance in both 

soft-sediment and hard-rock localities and apparently play 

an important role in both styles of deformation as evi- 

denced by soft-sediment decollements and Laramide-induced 

homogeneous thickness-changes, yet they are indistinguish- 

able in appearance regardless of deformational regime. 
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CHAPTER III 

LABORATORY OBSERVATIONS 

Introduction. 

Macroscopic observations discussed in the previous chapter have 

established field criteria for recognizing soft-sediment versus hard- 

rock deformation. Due to the abundance of ambiguous features present 

at the macroscopic scale of observation, and as a consequence. of the 

current understanding of deformation mechanisms and environments at 

the microscopic scale, microscopic observation was deemed a useful, 

if not vital complement to the field observations of these deformed 

rocks. 

~881 ~um r~ 

Oriented sandstone specimens from the S localities described 

earlier were collected for microscopic analysis. The following pro- 

cedure was used to prepare sandstone samples for analysis: 

(1) 2 cm-diameter cores were drilled from oriented specimens. 

(2) These cores were impregnated with blue-dyed low-viscosity 

epoxy under a vacuum for 20 minutes followed by pressure 

(20 Npa) applied by argon gas in s pressure chamber (2 

hours). 

(3) Thin sections were made along planes (i) normal to bedding 

and parallel to dip; (ii) normal to bedding parallel to 
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strike; and (iii) parallel to bedding (for some samples 

only (i) and (ii) were cut). 

Claystone samples designated for observation with SEM were pre- 

pared in the following manner. 

(1) The oriented samples were cleaved along planes of specific 

orientation so as not to disturb the natural fabric. 

(2) This chip was trimmed to roughly 1 cm x 1 cm x . 5 cm and 

mounted cleaved-surface up on oriented aluminum stubs. 

(3) Analysis of density changes in these samples indicated 

that special freeze drying was not necessary to preserve 

original fabric. As s result simple oven-drying for 12 

hours at 4540 was used on the mounted samples 

(4) The dry samples were coated with approximately 100 ang- 

struma of gold-palladium alloy in a standard vacuum- 

evaporator and observed immediately thereafter. 

S d ~Ph 
All of the sandstones observed in thin section are lithic aren- 

ites. Average grain sizes ranged from F 11 to . 46 mm. The principal 

components of these lithic-arenites are (1) quartz (22 — 85X), (2) 

chert (5 — 18X), (3) volcanic lithics (5 — 30X), (4) devitrified or 

partially devitrified volcanic lithics (4 - 60X), (5) calcite 

(usually as a cement) (0 — 63X), and (6) micas and clays or oxides 

as grain coatings and pore fillings (0 - 10X). Heavy minerals are 

rarer 

Porosities range from 0 — 26X, averaging 17X. One sandstone 
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sample showed detrital grains "floating" in up to 80% devitrified 

volcanic detritus snd clay. Two additional samples had a similar 

relationship of "floating" grains in 60% calcite-spar cement. These 

three samples were exceptional and are identified with stars in the 

graphs below because of their possible exceptional deformational 

character. 

Two sections were cut from a sample of the lime-pebble con- 

glomerate collected near Chinle, Arizona. This sample contains (1) 

78X large fi. ne-grained limestone clasts (averaging 6 ' 4mm), (2) 7X 

other lithic clasts, (3) 12X calcite cement and, (4) 3% other clays 

and oxides' 

Soft-sediment deformation. 

Soft-sediment smell-faults. 

Samples containing the macroscopic soft-sediment small-faults 

were sectioned perpendicular to the fault~lanes for analysis. All 

faults showed the following characteristics (Figure 19): 

(1) Deformation manifested by disturbed packing is restricted 

to a zone less than 2 mm wide. 

(2) No grain-size reduction due to grain crushing or fracturing 

occurs in the zone. 

(3) Higher percentages of clay and calcite cement ss well as 

more disordered packing are obvious features of the fault- 

zone. 

(4) If quartz overgrowths sre present in the host-rock, they 



Figure 19. Characters of soft-sediment small faults in thin 
section are shown by a) bedding~lane (horizontal) is cut by a soft- 
sediment small-fault (note change in packing and increased clay 
pore-filling in fault zone) b) close up of fault zone shows details 
of soft-sediment small-fault in (a) (note no grain-size reduction, 
the open packing and the greater abundance of matrix). Scale bar is 
3 mm in (a) snd . 75 mm in (b). Plane polarized light. 
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are generally not present in grains in the fault-zone, due 

perhaps to the abundance of clay or calcite coatings (the 

direct result of incorporation of those grains in the 

fault-zone). 

These observations are significant substantistions of the field 

interpretation of the soft-sediment small-faults as soft-sediment 

feature. Observation (1) indicates that the sediment was cohesive 

enough to defoxm along narrow zones, s property which could be con- 

fused with tectonic defoxmation; ( 2) indicates the cohesion and 

frictional interlocking of grains was not great enough to favor 

grain fracturing and cataclasis over inter-granular rotations within 

the zone. From these observations, near surface deformaxion with 

attendant low confining pressure is implied. Observations (3) and 

(4) are significant in that they indicate the calcite and clay 

preserved the open packing of framework grains and that the faults 

occurred prior to quarts cementation. It is unlikely that the open 

packing could have survived much burial unless the infilling of clay 

and calcite occurred early in the burial history. 

~CI ~ re *r fi b 

Deformed claystones collected from the basal decollement of the 

soft-sediment deformation localities at St ~ Johns and Ft. Defiance 

and those from a massive totally undeformed clsystone nest Nazlini, 

Arizona were compared. A major contrast is observed between the 

orientation of the clay platelets adjacent to the slickensided 

shear-surfaces snd those immediately sx shear-surface areas of the 
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deformed clay samples. The latter show extreme planar alignment, 

whereas plstelets between the shear-surfaces show little to moderate 

alignment parallel to the shear-surfaces (Figure 20a). Totally un- 

deformed claystones show no strong orientation of clay particles, 

only a slight sub-horirontal alignment, probably the result of com- 

paction (Figure 20b). 

Clay~latelet reorientation and shear motion between shear 

bounded "augen" are the operative deformation mechanisms when the 

claystones undergo shear-strain and flattening. It is important to 

note that these mechanisms of clay deformation have no implicit 

qualities which limit their occurrence to soft-sediment or hard-rock 

conditions' As a consequence they are not diagnostic criteria for 

the recognition of these features, found both in soft-sediment versus 

hard-rock deformities. 

Hard-rock deformation. 

Features measured. 

In order to compare samples completely, many deformation fea- 

tures were identified, counted, and measured. These features (1) 

calcite twin lamellae, in rocks containing calcite cement; (2) 

quartz deformation lamellae; (3) sets of near parallel microfrac- 

tures in detrital grains, (some of the cracks sre visibly open and 

filled with died epoxy, but most are closed and some are healed and 

marked by inclusions of impurities; (4) undulatory extinction in 

quartz grains; and (5) sharp or mosaic extinction boundaries within 

quartz grains. Features (1), (2) and (3) are used both as intensity- 



Figure 20. Scanning electron micrographs of claystone fabrics from 
soft-sediment and undeformed localities. Shown are (a) oblique view 
of a corner of a clay fragment exhibiting slickensided shear surface 
(top of photo) with immediate transition into relatively undeformed 
inter-shear area (bottom of photo), (b) view of undeformed claystone 
shows random platelet orientations; viewing direction is parallel to 
strike, (c) also shown is a view normal to shear surface in (a) 
showing extreme alignment of clay~lstelets on this surface, and (d) 
view normal to inter-shear surface in (a) showing very little clay- 
platelet reorientation. Scale bar in all photos is 10 microns. 
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of-deformation and paleostress-direction indicators. Features (4) 

and (5) sre used only to evaluate zelative intensity-of-deformation, 

however the sharp extinction boundaries apparently also develop a 

preferred orientation relative to the principal paleostress axes. 

ln addition to the five types of features described above it wss 

also useful to record the percentage of totally undeformed grains in 

a given specimen. 

~I' f D*f 

Because no standard now exists for the relative comparison of 

soft-sediment deformation to hard-rock deformation, it was necessary 

to choose a reasonable initial standard of deformation intensity to 

which all other deformation indicators could be compared. Since 

hard-rock deformation is known to produce intragzsnulaz deformation 

in grains that are previously undeformed, it is reasonable that the 

abundance of undeformed quartz grains in a sample should be invezsely 

proportional to some function of the intensity of deformation. By 

comparison to undeformed grain abundance the sensitivity and func- 

tional relationship of the other measured features to deformation 

intensity may be gauged. Qualitative field classification of local- 

ities from which the samples were collected may also be directly 

compared . by this method. 

Obviously, an inverse correlation between the abundance of unde- 

formed gzains and grains with deformation features is expected with 

increasing hard-rock deformation, i. e. , deformed grains increase at 

the expense of undeformed grains. The strength, however, of this 
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correlation is expected to be indicative of the sensitivity of each 

particular intrsgranular feature to the hard-rock. 

Point counts were made of 150 to 300 quartz grains along linear 

traverses, in thin-sections from each sample. At least two orthog- 

onal sections were combined for the counts from each sample. Poly- 

crystalline quarts grains were excluded from the counts. Plots of 

tbe abundance of undeformed grains compared to the other five de- 

formation features are shown in Figure 21. Important substantiation 

of the assumption that undeformed grains are indicators of hsrd- 

rock strain is given by the position of the samples from the three 

field classifications on these plots. Soft-sediment deformation 

samples (Sl, S2, Figure 21) exhibit high percentages of unde- 

formed grains, samples from over-printed localities (Ol OZ, 

Figure 21) are in the intermediate range, and herd-rock samples 

(Tl T2 T3 Figure 21, p. 95) contain intermediate to low 

percentages of undeformed grains. These trends are clearly evident 

even though some of the sampled features are no doubt relief from 

the source of the detritus. 

In addition, these plots show that the most accurate and sensi- 

tive indicators of hard-rock deformation are the sharp or mosaic 

extinction boundaries, i. e. , these data show the best inverse cor- 

relation (Figure 21a, p. 96). Jamison (1979) also noted a correla- 

tion between the abundance of sharp extinction boundaries snd the 

relative degree of hard-rock deformation in a study of Laramide de- 

formation of the Triassic Wingate Formation of the Uncompagre 

Plateau, Colorado. The second most sensitive indicator is the per- 



Figure 21. Comparisons of the percentages of undeformed grains 
to those with intragranular deformation features. Sharp extinction 
boundaries in (s), microfractures in (b), undulatory extinction in 
(c), snd deformation lamellae in (d) sre plotted against the per- 
centages of undeformed grains. Range of percentages for a given 
feature (ordinate) indicates relative sensitivity of each feature to 
hard-rock strain. Symbols denote samples from the following local- 
ities. 

Soft-sediment localities: 
Sl = St ~ Johns 
S2 Many Farms 

Overprinted localities 
01 = Ft. Defiance 
02 Navajo 

Hard-rock localities 
Tl = Lupton 
T2 Ft. Defiance 
T3 = 12 km north of Ft. Defiance 

Each data point represents random counts of 150 to 300 grains 
in at least two orthogonal thin sections. 

Stars indicate samples with grains "floating" in matrix or 
cement. 
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centsge of fractured grains (Figure 21b, p. 91) ~ The abundance of 

grains with quartz deformation lamellae (Figure 21d, p. 91) also 

shows a negative correlation although the scatter around tbe trend 

is large compared to the total range of percentages. 

The relationships noted above are approximately linear (Figure 

2la and b, p. 91). However, the relationship between undulatory 

quartz grains and undeformed ones appears to be more complex (Figure 

21c, p. 91). With increasing hard-rock deformation (decreasing 

undeformed grain abundance) the abundance of undulatory grains 

reaches a maximum (35X undeformed grains), and then subsides to 

something below the level of the soft-sediment samples. The trend 

of sharp extinction features shows a flattening slope also around 

35X undeformed 

grained' 

It is interesting to note that in the most 

deformed samples from hard-rock deformation localities, grains 

containing deformation induced crystal~lactic features (46X) are as 

abundant as those containing brittle deformation features (46X with 

microfractures) ~ 

Orientation of Features. 

An important consideration i. n the use of the above features as 

indicators of hard-rock deformation is their orientational fabric. 

Deformation features which exhibit preferred orientation relative to 

the structural framework can be interpreted as having developed in 

situ as opposed to being developed elsewhere (relict) and trans- 

ported within randomly deposited detrital grains. Several of the 

samples which show well developed crystal~lastic features were 
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chosen for orientational analysis, of their orientation. Features 

whose orientations were measured are namely: (1) calcite twin 

lamellae; (2) miczofzactuzes; (3) quartz deformation lamellae, in- 

cluding both rotated and unrotsted c-axis orientations (Carter and 

Friedman, 1965); and (3) sharp extinction boundaries, including 

c-axis orientations on both sides of the boundary. 

Calcite Twin Lamellae ~ The orientations of twin lamellae in calcite 

grains have been used for some time to infer stress and strain axes 

(Turner, 1953; Grosbong, 1972) in limestones. Twins also have been 

shown to be useful in determining stress-axis orientations in cal- 

cite cemented sandstones (Friedman, 1963). A plot of s large number 

of compression axes derived after Turner (1953) yields the general 

orientati. on of the true axis of maximum compression, provided that 

there is a large population of zandomly oriented calcite grains in 

the previously undeformed rock. Extension axes sre simply 90' to 

compression axes in the plane containing the normal to the twin 

plane and the c-axis. 

The orientations of calcite twin lamellae were measured in the 

cement grains of s coarse~rained, calcite-cemented sandstone within 

the footwall, in close proximity to the east-dipping thrust fault st 

the Ft. Defiance hard-rock locality (Figure 12, pocket). The strike 

and dip of the bedding from which the sample was taken is N 28' W 

and 42' NE. Fifty-six percent of the calcite grains in the sample 

were found to be twinned; of these grains, 12 percent were found to 

have more than one twin-set. Plots of compression and extension 
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axes for this sample (Figure 22a and b) sze widely scattered but 

indicate bedding parallel compression along an average axis oriented 

N 844 E (22' from the dip direction), and an average extension axis 

oriented normal to bedding. These data strongly indicate that the 

sand was cemented at the time of deformation. 

Microfractures. The orientations of sets of microfractures were 

measured in samples containing abundant microfractures. A set is 

defined as two or more nearly~arallel fractures in s given detrital 

grain (Figure 23a). Some may extend into adjacent grains' Orienta- 

tations of normals to microfracture-planes (probably extension frac- 

tures) can used to infer the orientation of the least principal com- 

pressive stress axis in a grain snd in the bulk sample when all 

grsinfracture orientations are taken as a composite. 

Microfracture sets were measured in the sample described above 

foz which calcite twins also were measured. These microfractures 

are preferentially oriented parallel to bedding (Figure 24a) snd in- 

dicate extension normal to bedding. These data are combined with 

those for microfractures in four other samples from the same local- 

ity in Figure 24b. These samples taken together also show micro- 

fractures subparallel to bedding. 

~arts Deformation Lamellae. Deformation lamellae have been used to 

identify principal stress axis orientations in naturally-deformed 

sandstones by Carter and Friedman (1965). Their C -C technique 

involves determining the c-axis orientation of the host grain (C ) 1 
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Figure 22. Equal-ares lower hemisphere projection shows 66 

calcite compression (a), and 66 extension (b) axes in calcite ce- 
mented sandstone from Ft. Defiance locality. plane of projection is 
bedding. North is toward the top of the diagram; strike is indi- 
cated by the tick marks. 



Pigure 23. Photomicrographs of microscopic hard-rock deforma- 
tion features in quartz grains in samples from the Pt. Defiance lo- 
cality show (a) microfracture sets in quartz grains (scale bsr is . 25 mm), (b) sharp extinction boundary in quartz grain (scale bar is 
F 25 mm), (c) example of quartz grain with a noticeable translation 
along sharp extinction boundary (translated portion actually induces 
a similar response in an adjacent grain farrow], scale bar is . 25 mm), (d) hard-rock small-fault demonstrating (i) grainsize re- 
duction across boundaries (straight arrows) snd (ii) grain disinte- 
gration by both brittle and crystal plastic mechanisms (curved ar- 
rows) (scale bar is . 5 mm), (e) quartz grain demonstrating both 
cracking (straight arrow) snd tilt boundary formation (curved arrow) 
(scale bsr is . 25 mm), and (f) small hard-rock fracture demonstrat- 
ing, grain-boundary and transgranular cracking and fracture-parallel 
microfractures (scale bar is ~ 5 mm). 
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Figure 24. Equal-area lower hemisphere projection of orienta- 

tions of various hard-rock quartz deformation features. Plane of 

projection is the bedding~lane; north is towards the top of the 

diagrams. (a) 75 microfractures from sample whose calcite fabric is 
shown in Figure 23, p. 102; strike is shown by tick marks; (b) com- 

posite iagram o 't di gram of 398 microfrsctures from 5 samples (including that 
11 

in (a) from the Pt. Def iance hard-rock locality; (c ) Cl (sma 

circles) snd C2 (large circles) c-axis orientations from grains 

with deformation lamellae are connected by great circles; the C2 

end of each data pair tends to point to the greatest principal com- 

pressive stress (within dotted circle, after Carter and Friedman, 

1965); (d) 103 microfracture poles from same sample observed in (c); 
rough N-S girdle of poles also indicates a maximum principal com- 

pressive stress with a similar orientation to that in (c) (dotted 

circle) 
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and that of the rotated portion (area of closely-spaced deformation 

lamellae) and graphically connecting these c-axes on a stereonet 

along a great-circle. They demonstrated that the rotated end of the 

greet-circle (C ) points to the orientation of the maximum princi- 2 

pal compressive stress. Tbe rationale behind this procedure is as 

follows: The zone containing tbe deformation lamellae is essential- 
ly a "kink-band" where the slip surface is the [0001] basal plane 

(subparallel to the lamellae) of the quartz. The nozmal to the slip 
surface in the kink-band (C ) rotates toward the maximum principal 2 

compressive stress axis. Thus all great-circle traces connecting 

the Cl and C2 axes should point toward the orientation of the 

maximum principal compressive stress. This technique was used in 

the analysis of a sample taken from s sandstone striking N 52' W and 

dipping 75' E in the Lupton hard-rock deformation locality. (Figure 

24c) ~ This plot shows that Cl-C2 greatmircle directions tend 

to point out a compression direction bearing approximately N 101' E 

and nearly parallel to the bedding plane. Comparison of this 
pattern with the wide north-south girdle of microfracture poles in 
the same sample (Figure 24d, p. 99) which indicate a principal 

compression axis bearing approximately N 80' E and layer~arallel, 
substantiates a roughly east~est layer-parallel, maximum principal 
compressive stress direction for this sample. Macroscopically this 
E-M compression is nearly perpendicular to the local fold (mono- 

cline) axis. 
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Sh~rh Bxtinction Boundaries. The abundance of sharp or mosaic ex- 

tinction boundaries in quartz grains and their apparent sensitivity 

to the magnitude of hard-rock strain (Figure 21s, p 91), warrants 

further characterization of their orientational development. Sharp 

extinction boundaries are subplanar low angle tilt boundaries in a 

grain across which there is a smell angle of crystallographic 

disorientation (Figure 23b& p ~ 97) ~ The ozientations of these 

boundaries have not been measured in rocks to the best of my know- 

ledge. Accordingly, these boundszies were measured in the most 

severely deformed sample bard-rock deformation sample from tbe Ft. 

Defiance locality in order to detezmine their possible dynamic sig- 

nificance. 

Comparison of tbe angles between the c-axis snd the poles to 

the extinction boundaries in individual grains reveals that many, 

but not sll, of the boundaries are prismatic (Figure 25a). In order 

to relate the rotations of the c-axis across these boundaries, the 

angles between the rotation axis and the pole to the boundary-plane 

were plotted (Figure 25b) ~ The fozmer is the pole to the great- 

circle through the c-axes on either side of each boundary. This 

relationship permits recognition of the crystallogzapbic slip 

systems which operated to achieve the rotation. If slip on [0001] 

was the only slip system active in these grains during formation of 

the sharp extinction boundaries, the axis of rotation of the c-axes 

across each boundary should lie in the plane of tbe sharp extinction 

boundary, i. e. , 90' to the pole of the extinction boundary. This is 

the case for most of the rotation axes (Figuze 25b), however a sig- 
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nificant number of rotation axes are not near 90' to the boundary- 

plane pole Additional non-basal slip systems must have acted in 

order to allow rotation axes to lie at angles to the boundary-plane, 

including possible rotation on the boundary itself. Christie and 

others (1964) have experimental evidence for minor slip on addition- 

al systems in quartz under conditions where basal slip is dominant. 

Some grains in the above sample also show considerable intzagranulaz 

translation on the extinction boundary plane (Figure 23c, p. 97). 

That these translations are not associated with any visible crack- 

ing, suggests they may be due to crystal-plastic behavior. Small 

rotations associated with this translation could account for some 

grains which demonstrate rotation-axes that are not in the boundazy- 

plane, 

The c-axis of the host grain (as opposed to that of the rotated 

portion of each grain) could not be identified across the sharp ex- 

tinction boundaries. If it had been possible to identify a host 

c-axis then Figure 26a could have been used as a C -C diagram 
1 2 

for quartz deformation lamelae of Cartez and Friedman (1965) (Figure 

24c, p. 99). Without a host designation the great-circles (Figuze 

26a) point either toward the maximum or the minimum principal com- 

pressive stress depending upon which side of the boundary rotated 

with respect to the external coordinates. The great-circle traces 

in Figure 26a show a general N 75' W 
— S 75' K trend with a center 

of gravity that plunges about 15' to the N 75 — 80' W. Layer paral- 

lel microfractures from this sample and those in this area (Figure 

24b, p. 99) confirm nearly layer-parallel compression subparallel 
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Eigure 26. Equal-area louer hemisphere projections of c-axis 
orientations and poles to sharp extinction boundaries shou (a) 60 

pairs of c-axes across extinction boundaries connected by great cir- 

cless 

for a sample from the Ft. Defiance hard-rock deformation local- 
ity, and (b) 204 poles to sharp extinction boundaries in the same 

sample as in (a). 
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to this same bearing. The orientations of extinction boundaries 

fzom the same sample show prominent (but diffuse) patterns that 

include a set normal to the inferred maximum principal stress and a 

set subparallel to bedding (Figure 26b). These patterns are similar 

to those of the c-axes of the grains which contain the extinction 

boundaries (Figure 26a). Thus, the orientational fabric of sharp 

extinction boundaries appears to not only demonstrate ordered 

development but may possibly have dynamic significance. 

Further observation of sharp extinction boundaries and detailed 

substantiation of the crystalline mechanisms involved in their de- 

velopment are beyond the goals of this study. The significant con- 

clusion of the above observations is that identification of the or- 

dered development of importance here is the fact that these extinc- 

tion boundaries exhibit s preferred orientation. Accordingly they 

were formed in situ (rather than being relict) and clearly are the 

result of hard-rock deformation. 

Hard-rock Small-faults. 

Hard-rock small-faults, small gouge-filled faults in sand- 

stones, have been recognized earlier as indicators of hard-rock 

deformation and have been investigated by Aydin (1977) and Samisen 

(1979), who discussed the microscopic properties of the hard-rock 

small-faults in Mesozoic ssndstones of the Colorado Plateau deformed 

in the Laramide. Their microscopic observations are consistent with 

those of samples in this study as summarized below: 
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(1) well defined boundaries delineating a fault-zone less than 

1 mm wide sre present in most hard-rock small-faults; 

(2) evidence for grain disintegration& comminution, rotation 

and recementation of the grains (primazily quartz) within 

the fault is present in all cases; and 

(3) both brittle snd crystal-plastic mechanisms, particularly 

sharp extinction boundary formation, are abundant in quartz 

grains within 2 mm of the fault as well as within the band 

itself. 

The most striking microscopic feature of tbe hard-rock smsll- 

fault is the dramatic grain sire reduction across it's boundary with 

the host-rock (Figure 23d, p. 102) ~ Observation of individual 

grains indicates that this is accomplished by both brittle cracking 

and the formation of and translation on sharp extinction boundaries 

(Figure 23d and e, p. 102). Because hard-rock small-faults occur 

only in the most highly deformed rocks, their use as a hard-rock in- 

dicator is limited to high-strain areas. Hevertheless, their ident- 

ification in both outcrop and thin section is unmistakable, due to 

the contzast in the properties of the host rock and fault-zone 

materials. 

Fractures. 

Open macrofractures were designated in the field ss features 

that developed during deformation of "hard-rocks. " Thin sections 

across these fractures show the following: (Figure 23f, p. 102). 
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(1) an open fissure (filled with died epoxy) is bounded by the 

fracture surfaces; 

(2) the fracture itself consists of both grain-boundary and 

intrsgranular segments, resulting in s fairly linear trace 

even on the microscopic scale; and 

(3) microfractures in grains in the near vicinity of the 

fracture surfaces are parallel to the fracture trace. 

The characteristics outlined above ihdicate the rock was 

cemented, st the time of fracture. 

In summary, (1) microfractures, (2) sharp extinction boundaries, 

(3) deformation lamellae, (4) undulatory extinction, and (5) calcite 

twin lamellae can all be used confidently to identify "hard-rock" 

deformation of sandstones microscopically. This can be done on the 

basis of both abundance, as well as orientation of these features' 

In samples where dynamic interpretation of orientational fabric was 

made, roughly east~est, layer-parallel compression is found, regard- 

less of the geographic location of the sample along the East Defiance 

Monocline. 

Hard-rock small-faults and open fractures, both designated as 

hardrock features in the field are shown here, microscopically, to 

be the result of deformation of an indurated sandstone, probably st 

elevated confining pressure. As a result, both of these features 

are confirmed as indicators of hard-rock deformation, as suggested 
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by their field occurence ~ Soft-sediment small-faults are revealed, 

by their microscopic appearance, to be the result of deformation of 

a cohesive but uncemented "soft-sedimentu at low confining pressure 

(also suggested by their field occurence) and are confirmed as a 

diagnostic soft-sediment deformation indicator. Slickensided shear- 

surt'aces in claystones appear to be qualitatively indistinguishable 

down to the submicroscopic scale, regardless of the environment of 

deformation. Thus, it is best to use defocmation features in sand- 

stones in order to evaluate the type of deformation present in a 

given area, relying on microscopic observation for substantiation of 

macroscopic, field classi. fications. 
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CHAPTER IV 

MODEL STUDIES AHD FIELD COMPARISONS 

Introduction. 

A series of physical models were constructed and studied with a 

view toward augmenting tbe field and microscopic studies to gain a 

more complete understanding of the mechanical response and loading 

conditions which led to Cbe development of features observed in the 
field. Because deformational features on several scales are inter- 
related in their natural occurrence, features on a variety of scales 
are also addressed in the models. The models presented here by no 

means address all of the features, both hard-rock and soft-sediment, 

observed in the field; they do, however, clarify some concepts 

pertaining to important aspects of the kinematic development of both 

hard-rock and soft-sediment features. 

The advantages of physical models are that they allow the unan- 

ticipated as well as the anCicipaCed responses of the components Co 

be manifest. In physical modeling, because of the relative inability 
of the experimentor to control the interactions of the components 

once the experiment (model) has begun, naivities are revealed and 

insights are reinforced by the' final outcome. Although countless 
initial biases and assumptions go into the construction of a model, 

the operational phase is of much use in educating the experimentor. 
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The number of features that can be confidently addressed with a 

physical model depends on the complexity of both the natural feature 
being modeled and the model, and to a certain extent on the confi- 
dence which the experimentor places in his modeling technique. 

The models presented below are composed of a variety of materi- 
als ranging from potter's clay to rock~sterisls snd lead. The 

materials are chosen on the basis of their response to deformative 
stress (i. e. , relative-strengths, flow versus faulting) snd are not 
meant to be truely scaled models. 

The models range in size from 2 x 5 x 15 cm for the rock- 
material models to 4 x 35 x 40 cm for the clay models. The clay 
models are deformed at or near atmospheric pressure whereas the 
rock-material models (isolated from a confining medium by polyolefin 
jacketing) are deformed at 80 Npa confining pressure. Specific 
components and conditions are described for each model in the 
sections to follow. The primary variables in these physical 
structural models are: 

(1) The absolute and relative material-properties of the 
components, i. e. , relative strengths and ductilities. 

(2) The geometry and magnitude of the externally applied loads. 
These variables are intentionally constrained by initial model- 

design but are allowed to freely interact during the kinematic oper- 
ation of the model. 



Soft-Sediment Models. 

~P1 -b d Md 1. 

From the field and laboratory observations it was determined 

that soft-sediment small-faults are the most diagnostic feature of 

the soft-sediment deformation in ssndstones. Because of the consis- 

tent symmetry of the small-faults with respect to the strike and dip 

of bedding it is possible these faults sccomodste strains required 

by the bending of the beds. This "bending~late" interpretation is 

especially apparent in the Agathla Peak area where a single bed 

shows category 2 normal-faults at the top and low angle normal-faults 

at the base. The most reasonable interpretation of this phenomenon 

is that the fault orientations in lower beds were modified by inter- 

layer slip due to bending ot the unit ~ It has been shown that there 

was probably a very low effective confining pressure under which the 

deformation took place. Also, it is apparent that the sandstones 

were cohesive enough to fault rather than flow (by intergrsnular 

rotations snd translations), but due to lack of cementation and 

pressure did not deform as hard-rocks. 

Accordingly, a model was designed to test the following: can 

soft-sediment small faults be produced purely by bending in a cohe- 

sive (but not cemented) plate of material under very low confining 

pressure? This seems to be the most reasonable interpretation or 

conceptual model based on field observation. 

The material used for this model was potter's clay which was 

mixed in a ratio of 5;I by volume (powdered clay to water). The 
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mixed clay was spread into a cake approximately 3. 25 cm thick by 

35. 5 cm in width and 28 cm in length. Two cakes of this dimension 

were constructed' One was a solid clay cake, the other was 

separated into two layers of equal thickness by a sheet of acetate. 

The clay was chosen because it is easy to work with snd has low 

strength and cohesion. (The potter's clay does fault quite readily 

in extension st a critical extensive strain of approximately 52. ) 

Thus, this material meets the requirements desired of the material 

component. It should be noted that the analogy of the clay in the 

model to the sands in the field is one of cohesive material-response 

not texture or composition. Both the clay in the model and the 

sends in the field are observed to deform discontinuously by 

faulting. 

The loading condition for this model consists of passive- 

bending of the clay cake in order to evaluate the validity of the 

assumption that the faults are the direct result of only bending- 

stresses and strains produced at or near the surface. In order to 

produce this loading, an apparatus was built that bends a plate of 

sheet metal into an anticlinal form at a constant bending-rate while 

maintaining s smoothly rounded surface (Figure 27c). The apparatus 

is designed so as to bring two points on the steel bed (limbs of the 

anticline) toward each other at s constant rate by a motor-driven 

screw-drive. The clay cake rides passively on this plate and bends 

ss s consequence of its own weight by keeping its lower surface in 

contact with the surface of the sheet metal, i. e. , the clay~eke is 

not "end-losdedu. Bending stresses only (except for shear stress 
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due to flexural slip on the clsy~etal boundary) and low pressure 

(atmospheric) deformation are achieved with the above model assembly. 

The model bend (fold) varied from an initial interlimb distance 

of approximately 54 cm to a final distance of 23 cm. At higher 

curvature the clay begins to pull away from the metal plate. At the 

initial stages of bending the clay shows no fault features, accord- 

ingly the following discussion will be restricted to the 

intermediate to final stages of bending. 

Results. 

The features developed on the upper suzface of the cakes are 

small normal-faults (Pigure 27a). These faults are slightly 

undulatory in strike but parallel to the fold axis. They sll show 

normal dipslip displacement snd have striated scarps which confirm 

the slip. In cross-section the fault displacements die out toward 

the lower surface of the clay cake. Individual fault scarps may be 

as long as 15 cm snd have as much as 5 mm vertical throw before the 

fault surfaces begin to separate, leaving an open fissure. The 

strikes of some faults tend to curve toward the down-thrown block 

near their terminstions. It is concluded that these soft-sediment 

small-faults sre due to extension of the upper fiber of the fold due 

solely to bending' Both the single-layer and two-layered clay cake 

models produced the same style of soft-sediment small faults on the 

upper surface, however those in the two-layered model occur at a 

slightly higher bed-curvature than those in the single cake and do 

not achieve as great a final throw on individual faults as the 



Figure 27. Deformation features in clay models and apparatus 
used to deform them. (a) Top view of clay cake subjected to anti- 
clinal bending produced small normal fault sets (parallel streaks 
are the result of the final trowel stroke in shaping the clay cake); 
(b) side view of two-layered model shows modification of fault 
traces due to slip between layers; (c) photo shows apparatus used to 
deform clay models; (d) side view of clay-send-clay layered shear- 
sone displays fault geometries; (e) partial and (f) complete section 
through shear-none model shows nature of deformation of sand layer 
due to listric faulting; scale bsr in (a), (b), (d), (e) and (f) is 
5 cm. 
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single cake model. The faults serve to extend the upper surface of 

the fold normal to the axis in both the single and double layer 

models. 

In the double-layer model soft-sediment small-faults in the 

lower layer are modified by flexural slip on its upper and lower 

contacts during folding' The soft-sediment small-faults in the 

lower layer are dominated by a single conjugate of the normal-fault 

set. These nocmal faults are disposed at a lower angle to the layer 

with increasing distance from the axis of the fold snd always dip 

away from the direction of layer dip. The magnitude of interlsyer 

slip appears to be the primary factor influencing the orientation of 

faults in the lower layer. The faults in the upper layer are 

identical to those developed in the single-layer clay cake snd 

consist of well-developed conjugate pairs that maintain constant 

orientation relative to the layering and constant density where the 

layer's curvature is constant. The density and orientation of these 

faults in cross-section can be seen in Figure 27b p. 115. 

~C' 'th F 1d. 

The soft-sediment small-fault development in the model is very 

similar to that found in the field where soft-sediment small-faults 

are the main criteria for soft-sediment deformation. Faults in both 

the field and the model show dip-slip displacements that extend the 

bed perpendicular to the fold axis. In addition, faults in the 

model show strikes, morphologies, and geometries that are nearly 
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identical to the category 1 faults found in the upper decollement 

surface at the Ft. Defiance soft-sediment locality (Figure 10, p. 

The faults observed in cross-section in the two-layer model are 

quite similar to those observed in the two-layered unit which out- 

crops in the Agathla Peak area (Pigure 10c, d& p. 45). This model 

points to the fact that the low-angle conjugate developed in the 

massive sandstone at Agathla Peak (similar to faults at St ~ John' s) 
may be the direct result of flexural-slip between layers during 

folding. 

The smooth curvature of the model is unlike the sharp hinges 

and chevron folds observed in the field. Nevertheless, similar 

more restricted regions of bending-stress are present in chevron 

folds. These isolated regions are the sites where the soft-sediment 

small-fault intensity is high in the field. 

Unlike the natural situation, the model did not produce fault 

geometries like those of category 2 or 3. The reason for this lack 

of geometrical correspondence between the model and natural faults 

is open to speculation. Dip-slip on category 2 or 3 faults produces 

shortenings or elongstions parallel to the fold axis. Because the 

model apparatus was unable to impose similar strains on the clay 

cakes it is not known whether category 2 or 3 fault geometries could 

develop in s model with axis parallel strains' Oertel (1965) 

interpreted an orthorhombic pattern of faults in his extended clay 

cakes due to fault interference. The faults in the upper surface of 

the clay cakes in this study sre similar to those of Oertel from 



118 

which he interpreted a family of four fault orientations. The 

undulation in the fault surfaces in my models is not believed to be 

significant enough to separate into four individual fault 

orientations' This conclusion is based upon the field observation 

that single fault~lanes in any one position of the category 1 

through 3 arrays in the field show as much strike undulation as 

those in these models and those of Oertel (1965) (Figure lid, p. 50). 
The geometries of the soft-sediment small fault arrays may be 

significant in their implications toward the development of natural 

fault systems. Bishop (1953) showed that any constant volume, three 

dimensional deformation requires at least 3 slip planes determined 

by 5 independent slip systems. In addition, Reches (1978) showed 

that, if the deforming body was constrained with respect to boundary 

rotations then 4 fault-planes with orthorbombic symmetry are re- 

quired. If the strain is two dimensional, these solutions reduce to 
two dihedral-planes, both normal to the plane of strain (Coulomb 

conjugate-shear geometry), such as those produced in tbe above model. 

The soft-sediment fault geometries observed in the field are those 

predicted by Reches (1978), and suggest application of the theories 

of faulting involving a three dimensional strain-field to naturally 

deformed materials is valid. However, outcrops which show more than 

four fault~lane orientations sre not explained by these theories or 

the models, if all faults developed simultaneously. 

General correspondence of soft-sediment small-fault morphology, 

density, position and orientation between the models and field is 
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very good. Such close correlations warrant the interpretation that 

the observed natural soft-sediment small-faults could be the result 
of bending-stresses on cohesive but uncemented materials at low 

confining pressure. The model results also are consistent with the 

view that flexural slip may be responsible for the low angle faults 
that occur in lower' beds of massive sand units. 

~La ered shear models 

At both St. Johns and Ft. Defiance, decollement surfaces bound 

the top and bottom of a deformed xone that must have developed 

before the sediments were lithified ~ Several lines of evidence such 

as (1) the small subsidiary chevron-folds in vertical send beds at 
St ~ Johns; (2) clay shear-textures at St. Johns; and (3) simultaneous 

development of soft-sediment small-faults along with the upper de- 

collement surface at Ft. Defiance, suggest that the middle structural 

unit deformed at least partially in response to opposed senses of 

sheer at the upper and lower decollements. Moreover, the strain 
plan most descriptive of the deformation involves shear. One 

difficulty in constructing a corresponding physical model lies in 

determining a reasonable initial geometry of material components. 

Reconstruction of pre-shearing geometry from a highly deformed field 
setting is difficult because the amount of pre-shear deformation is 
unknown. As a result the initial geometry used in the model was 

that of flat-lying layers of contrasting materials. This approach 
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permitted me to examine the hypothesis that absolutely all of the 

deformation occurred in s shallowly-buried shear zone. 

The materials used to represent the layered section consist of 
a layer of fine~rained moist quarts sand approximately 3 mm thick 
imbedded between two layers of potters' clay approximately 2 cm 

thick. The total cake width and length are 30 cm and 35 cm respec- 
tively. The relative mechanical properties of the sand (slightly 
stronger and less ductile than the clay) and clay in the model are 
considered similar to those of the sands snd clay in the field. The 

sand in the model was moistened in order to make it slightly more 

cohesive than dzy sand. A material property not included in the 
moddl was that of fine layering. Because the effects of multilayer 

folding would have required a much more complex component~sckage, 
it wss determined that a thin layer (3 mm) of sand would allow 

greater scale of observation and permit a great magnitude of shear- 
strain to be imposed. If s thin layer would fold, it was reasoned 

that a layered unit will probably do the same, provided they are 
both isolated from the shear surfaces by the same material (clay). 

The apparatus used to apply the load (Figure 27c p. 115) is the 
same as that used for the plate-bending model. It is modified by 

attaching a stationary metal plate to the stationery frame. A sep- 
arate metal plate is attached to a screw driven cross-rod. The 

driven plate can be drawn at a constant rate parallel to and above 

the lower plate. By placing the layered clay/sand package between 

the two plates and adding weights (75 lbs. of flat rock slabs, 
larger than the clay cake), and displacing the upper plate, cons- 
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tant-rate, shear-loading can be imposed on the package. The upper 

plate was displaced 25 cm with respect to the lower plate at a rate 
of approximately 2. 5 cm/ minute. Due to some slip of the upper and 

lower plates at their contact with the clay, exact shear strain 
within the unit could not be accurately determined, but opposite 
senses of shear were obtained at the top and bottom sand/clay 

interfaces. 

Results. 

Under these conditions the sand/clay model elongated approx- 
imately 17X, primarily by sliding of the upper clay layer over the 
lower by detachment at tbe base of the sand. Mo buckle-like bending 

occurred in the sand, however the sand did take on a macroscopically 
underlatory appearance (Figure 27d, p. 115). This appearance is the 
result of evenly spaced listric normal-faults in the upper clay 
layer that cut through and flatten into the base of the sand layer 
(Figure 27e, p ~ 115). The undulations in the sand layer are caused 

by rotation of inter-fault domains of sand along the fault- 
surfaces. The concave~pward faults originate at the upper shear 
surface snd dip only in the direction of movement of the upper 
plate. The topographic character of the sand layer is shown in 
Figure 27f (p. 115. ). Additional faults originate at the base of 
the sand and cut the lower-clay layer to the lower plate surface. 
These dip in the same direction as those above but generally are not 

curved in cross-section. All of the faults serve to extend the 
package. Folding (shortening) is not observed in this model. 
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~C' I I' Id 

This model presents essentially no comparable features to those 

observed in the field. The only extensional features observed in 

the field are the small faults which have been linked to local 
bending (over all shortening). Because the model shows only low- 

sngle normal-faults (Riedel, R faults), it is determined that the 

loading conditions used in the model are an invalid explanation for 
the features observed in the field. Field evidence does suggest 

that sheer conditions did exist at sometime during the soft-sediment 

deformation. Possible explanations for the differences between the 

model and the field structures are: 

(1) In the model, Chere is no lateral constraint of the layers 
in the direction of shear (simple-shear). If there was 

such a constraint in the natural system (i. e. , a pure- 

shear component) perhaps there would be a thickening of 
the zone (observed st St. Johns) resulting in the 

production of folds. 

(2) At St. Johns snd in the Navajo Roadcut there are angular 

unconformities at or near the top of the folded middle 

structural unit. This fact suggests that st least some 

(perhaps most) of the soft-sediment folding occurred 

prior to deposition (or emplacement) of the upper struc- 

tural unit. Further decollement sliding could have 

slightly modified the initial deformation and produced the 

evidence of shear on both upper and lower decollement 

surfaces. This interpretation permits the lower 
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decollement to result from initial gravitational eliding 
and to be followed by erosion, deposition snd subsequent 

movement on the upper decollement. 

The second explanation is preferred here because of the circum- 

stantial evidence of angular unconformities in the localities in- 
vestigated. Nonetheless, similarity of upper snd lower decollements 

leaves open the possibility of considerable modification of the fea- 
tures by post-burial sliding on both surfaces. 

It is not possible to make an assessment of the relative con- 
tribution of pre-burial, slope processes (slump folding) and early 
post-burial processes (shearing) from the above model study. It is 
possible to say that both processes may have contributed to the soft- 
sediment deformation in both the Ft. Defiance and St ~ Johns areae, 
and possibly the other soft-sediment localities. 

Herd-rock Defozmation Models 

~D' t' 

The hard-rock structures in the Chinle Formation described 
earlier were located on the east-dipping flank of the East Defiance 
Monocline. The macroscopic style and scale of the structural 
features in the Ft. Defiance area are such that they could be 

confused with structures in soft-sediment localities. The hard-rock 

deformation in the area northeast of Ft. Defiance is linked to 
Laramide faulting and imbrication within the Chinle Formation, pri- 
marily the lower part. Here and to the south (Lupton area) extreme 
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thickness variations have been measured within the Cbinle. These 

variations suggest that flow and detachment necessary for the 

kinematic development of the East Defiance monocline may have been 

localized within the Chinle Formation, resulting in complex 

tectonically-induced folds, faults and truncations ~ By comparing 

the structures of the East Defiance Monocline, with those due to 
localized detachment within an appropriate model one can quali- 

tatively evaluate the importance of detachment and thickness changes 

toward the development of the Monocline. 

Kelley (1967) suggested that the sinuous nature of the East 

Defiance Monocline was due to right-lateral strike-slip motion along 

a frontal NNE trending boundary fault. Kelley reasoned that wrench 

faulting at depth along the trace of the monocline would produce 

folds which trend obliquely across the hinge of the monocline and 

die out along their strike away from the monocline. For folds of 

this type to develop tbe folded zone must be detached from the 

underlying wrench-faulted basement blocks. With no detachment only 

a suite of faults characteristic of wrench-fault areas would 

develop. (Wilcox snd others, 1973) ~ 

Design of a model to test the effect of wrench~otion on fea- 
tures in rocks isolated from the wrench fault by a detachment hori- 

zon, was the major objective of this portion of the model study. In 

the resulting model design, displacement is induced along a precut 

"wrench-fault" in forcing blocks and the layers overlying the fault 

are allowed to deform in response to the wrench or oblique-slip 

motion. 
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Following the basic design of Bartlett and others (1981); three 

model configurations were used, (exact configurations and dimensions 

are shown in appendix A. ). The basic components of this model 

consist of a precut sandstone block, 12. 7 cm to 15. 3 cm long and 9. 0 

mm thick which is overlain by a lead veneer 1. 1 mm to 2. 2 mm thick. 
Tbe lead (detachment horixon) is overlain by either a limestone unit 

(2. 5 asa thick) or a mica layer. ( ~ 8 to 2. 9 mm thick). For the 

latter both biotite and muscovite were used. All these models were 

deformed in the high pressure apparatus described by Handin and 

others (1972) at a constant displacement-rate of approximately 
-3 

10 cm/sec and a confining pressure of 70 to 80 Npa. The models 

were isolated from the surrounding pressurixed confining fluid by a 

relatively strengthless polyolefin jacket. The confining pressure 

provided high enough normal stresses between the components to 

impede separation or slip at their boundaries and it has no relation 

to the overburden pressure under which the laramide features 

deformed. 

Results. 

The first model (model I) consists of a forcing block assembly 

identical to that used by Bartlett and Friedman (1982) (Appendix). 

The top and bottom of the forcing blocks are covered with lead 

beneath either limestone or biotite, one on the top, the other on 

the bottom of the model. The sample was constructed such that the 

biotite and the limestone were the same length as the forcing 
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block. This configuration places an end-load on the layers and 

constrains their rotation during deformation. 

Two kink-folds are produced in the lead-biotite veneer at 45' 

to the underlying fault (Figure 28a). These folds die out sway from 

the 

faulted 

On the opposite side of the model, a 2 mm wide wrencb- 

fault zone developed in the lead-limestone veneer, immediately above 

the trace of the fault in the forcing block (Figure 28b). The 

difference in response of the two veneers is attributed to the 

ability of the biotite to fold by flexural slip along it's basal 

cleavage. Since the limestone does not have this potential it 
faults, despite comparable isolation from the forcing-blocks by the 

detachment horizon (the lead). This experiment serves to point out 

the necessity of both a layered unit snd a detachment horiron in 

order to produce folds over a strike-slip 

faulted 

The axes of the kink folds in this first model are normal to 
the loading axis of the model-assembly, snd thus could be interpreted 

as tbe result of end-loading only. In order to test the effect of 

the strike-slip faulting without direct end-loading, a slightly 
different configuration (Model II) was designed in which the mica 

veneer is not end-loaded and is allowed to rotate about an axis 

perpendicular to the mica sheet (Appendix A). As a result the mica 

sheet is loaded only by shear-stress transmitted through the lead 

layer. The resulting structures are similar to those of the first 
model with two major exceptions. (1) Deformation due to wrenching 

is confined to folding and faulting at one end of the specimen and 

to simple layer parallel rotation at the other end due to lack of 



Figure 28. Photographs show structures developed in models 
deformed at elevated confining pressure. (a) Veneer of lead and 
biotite exhibits folds oriented at 45 to the underlying strike slip 
fault (fault marked by arrows). (b) Opposite side of model in (a) 
shows wrench-fault system developed in limestone veneer despite 
isolation from forcing block by 1 mm lead layer. (c) Deformational 
features are displayed in a veneer of mica and lead develop over 
strike-slip fault (fault marked by arrows); note rotation of 
unconstrained mica at right side and non-rotational fault-fold 
system st left. (d) Thin section photomicrograph of kink-fold in 
model shown in (c) displays note lead thickness change in core of 
fold, scale divisions are in mm. (e) thin section photomicrograph 
of "normal" fault feature in model shown in (c) shows thickness 
change associated with lead in this feature; scale divisions are in 
mm. (f) Oblique view shows features produced by oblique slip on 
forcing-block assembly overlain by a lead~ice veneer. 
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constraint (Figure 28c, p. 128). (2) In addition to the fold st 
approximately 45' to the fault zone (also found in model I), there 
sre extensional faults formed. These faults are oriented normal to 
the fold axes. Bath extension snd shortening features are expected 
in order to maintain a non-rotational volume-consistent system. It 
is important to note, however, that the mica veneer in the model I 
did not show any extension features even though it too is non- 

rotational. perhaps this is due to the additional end-load in the 

first model. 

Thin sections made from this model exhibit thickness changes 

and translations on the base of the mica accommodating both exten- 
sional and shortening features (Figure 28d, e p. 127). This 

evidence indicates that the lead acted as sn important detachment 

horizon for formation of those features. 

A third model (model III) was designed so as to produce oblique- 
slip on the forcing block without end-loading the mica veneers 

(Appendix A). Displacement of this model results in the production 

of both kink folds and extensional faults similar to those described 
above. The difference between them is that the . features are more 

evenly distributed along the trace of the precut than in model II, 
and no apparent rotations of the veneer occur. Although, there is a 

variation of the magnitude of vertical displacement along the pre- 
cut, the average ratio of strike-slip to vertical throw is 10;l. 
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~C* ' 
F l'd. 

The purpose behind the above series of models is to evaluate 

the qualitative effect of the loading conditions and the material 
parameters on the final geometry of the deformed layered veneer. 
The ultimate goal is to constrain the possible loading condition 
that could have produced the structures of the East Defiance 

Nonocline. 

The monocline has a sinuous strike and a northerly trend north 

of the point where it joins with a NE trending fault (Southwest of 
Window Rock, Figure 29) ~ Zf tbe direction of hanging~all-block- 

trsnsletion south of this fault intersection is normal to the mono- 

cline axis (Lupton ares) and is the same north of the fault inter- 
section (Ft. Defiance) a right-lateral oblique component of motion 

should exist on the monocline near Ft ~ Definsnce. It is this 
kinematic interpretation which led to the design of the models 

described above. The lead and mica used for the veneer in the model 

represent the weak, ductile Chinle as a detachment horixon and the 

layered "blanket" siltstones and sandstones which overly the Chinle 

respectively. 

The folds in the models mimic the natural folds striking shout 

45' to the N-S axis of the monocline in the Ft. Defiance area 

( Figure 29) However, there is no field indication of any NE 

oriented extension features on this portion of the moncline as would 

be predicted by models II and III. If the loading conditions for 
those models are valid representations of the loading conditions for 



Figure 29. Nap of large-scale structural features along the 
East Defiance Nonocline. Napped area presented in Figures 15, p. 63 

and 12, (pocket) are marked. 
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the East Defiance Monocline, then one or both of the following must 

explain this discrepency between model and natural features. 

(1) These wrench-induced folds are in their incipient phase of 

development such that extensional compensating features 

may not have developed on the East Defiance Nonociine. 

The anticlines and synclines which plunge obliquely off of 
the monocline are very low amplitude folds (averaging only 

about 30' difference between adjacent-limb dips). 
(2) The model demonstrates that end-loading (in addition to 

constraint of rotation) of the mica veneer over the 

wrench-fault may inhibit the formation of extensional 

features without inhibiting formation of folds. It is 
possible that the natural layered section also was end- 

loaded during development of the observed wrench 

features. Perhaps this was due to hanging~all block 

translation that produced a east~est horizontal end-load. 

Both explanations are reasonable. Substantiation of (2) is 
provided by both macrofracture patterns discussed in Chapter II and 

dynamic microfabric data discussed in Chapter III, which point to- 
ward regional east~est oriented compression. 

Regardless of the interpretation for the lack of natural ex- 
tensional features, the models demonstrate adequately that large 
lateral translations can occur on the incompetant detachment horizon 

to allow subsidiary features to form adjacent to the major oblique- 

slip monoclinal feature. The detachment, lateral-transport, and 
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thickness changes that accompany ductileMetachment of the lead in 

the models suggests a similiar kinematic situation in the field. 
The effects of this kinematic development would be to produce the 

tectonically-induced, complex, folds and faults in the Chinle whose 

macroscopic character could be easily confused with that of soft- 
sediment structures, in the same stratigraphic position. 
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CHAPTER V 

SUNNARY AND DISCUSSION 

Su~ry. 

Develo ent of Structures. 

Tbe claystones and sandstones of the Cbinle Formation were 

deposited in late Triassic time as the result of flood~lain, swamp 

and lake deposition. Decollement surfaces and folds 1 to over 300 m 

in wavelength were developed in the Chinle during deposition. These 

folds and faults are primarily developed in the Nonitor Butte (lower) 
member of the Chinle. There is evidence that they were: (1) trun- 
cated by erosion and reburied by deposition of similar claystones 
and sandstones; then (2) in most cases subjected to shearing by 

movement on these shallowly buried upper and lower planer surfaces. 
In both cases the driving mechanism is considered to be gravity- 
slumping on gentle slopes. Subsequent deposition left an incomplete 

network of these soft-sediment structures over a large region. 
The Chinle Formation then was folded and faulted during the 

Late Cretaceous, Laramide orogeny. The style of this deformation 

was controlled by its contrastingly low strength and high ductility, 
relative to the other formations in the section. This contrast in 

properties made it an ideal unit for the concentration of detachment 

and continuous or discontinuous (faulting) thickness changes asso- 
ciated with the development of monoclines. The Laramide structure 
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within the Chinle differs depending on whether the upthrown and 

downthrown displacements of the monocline are dip-slip (near Lupton) 

or oblique-slip (near Ft. Defiance). The letter apparently requires 

much more detachment and produced folds, faults and truncations in 

the Chinle while en echelon folds formed higher in the section. 
Structures from this Laramide deformation occur on the same scale 
and at the same location as structures of soft-sediment genesis. 

An inherent characteristic of the Laramide deformation is that 
it occurred at a large depth of burial (2000 m) i. e. , at an elevated 

effective confining pressure (22 NPa) ~ Under confining pressure 

cataclastic and crystal~lactic deformation mechanisms operated and 

testify to the hard-rock nature of the deformation. Pest field, 
laboratory and model studies covering kinematic and dynamic aspects 
of tectonically deformed rocks provide the background and tools used 

to separate hard-rock and soft-sediment features. 

Criteria for disti uishin bard-rock from soft-sediment deformation. 

Differentiation of soft-sediment and hard-rock deformation is 
accomplished by macro- and microscopic evaluation. The contrasts 
between the two styles of deformation are tbe result of differences 

in cementation and confining pressure at the time of deformation. 

Abundant open fractures are used in the field to identify areas 

of probable hard-rock deformation. This is confirmed microscopically 

from study of thin sections cut adjacent to macrofractures. More- 

over, the orientation of these fractures is consistent with the 

east~est maximum compression direction determined microscopically. 
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Soft-sediment small faults and hard-rock small-faults were 

observed in soft-sediment and hard-rock deformation localities, 
respectively. Both of these features are displacement- 
discontinuities of similar magni- tudes but show distinctly 
different characteristics. The hard-rock small-faults show reverse 
weathering. In thin section, there is clear evidence of grain 
cracking, comminution, rotation, crystal~lastic deformation, and 

recementation. In contrast, the soft-sediment small-faults show 

enhanced weathering of the fault zone due to greater clay and 

calcite content, and no evidence for grain cracking or crystal 
plastic deformation within the zone. The difference between 

soft-sediment small faults and hard-rock small-faults is undoubtedly 
due to a combination of cementation and pressure conditions during 
deformation. 

By using (a) calcite twin laaellae, quartr. deformation 

lamellae, microfractures and sharp extinction boundaries in quartz 
grains as indicators of hard-rock deformation, and (b) undeformed 

grains as indicators of soft-sediment deformation (or no deforma- 

tion), it is possible to make a relative assessment of the magnitude 

of gross strain responsible for the observed macroscopic deformation 
at any given locality. By identifying macroscopically deformed 

localities and analyzing populations of grains in samples from those 
areas, one can delineate the extent of bard-rock overprinting. In 
cases where both styles may be equally intense, the abundance of 
soft-sediment smell-faults is found to be a good permanent marker of 
the soft-sediment deformational component. 



138 

Calcite twin lamellae, sharp extinction boundaries, deformation 

lamellae, microfractures, and undulatory extinctions are demon- 

strably Lsramide features and useful to characterize the dynamics of 
hard-rock deformation. Dynamic interpretations of these features 
yield stress and strain orientations st the time of deformation 
which aid in interpretation of the loading conditions responsible 
for the deformation of each locality. 

A lication of Models. 

Physical models are used to help clarify loading conditions and 

relative material responses of mechanical units which are analogs to 
those in the field. The physical models are useful in that they 
point out strengths and weaknesses of conceptual models developed 
from field observation. 

The clay plate-bending models provide geometrical justification 
for the interpretation of the natural soft-sediment small-faults as 
a result of bending-induced stresses and strains. In addition, the 
two-layered model provides insight as to possible causes of 
alternative geometry of small faults in the tandem-layered sand 

units in soft-sediment localities. The clay plate-bending models 

fail to provide insight as to the genesis of the orthorhombic 

fault-array geometry observed in the field, possibly because the 
model is deformed only in plane-strain. 

The clay-sand shear-zone model emphasizes the fallacy of 
assuming that the soft-sediment fold and decollement features were 

produced solely by simple-shear. This model helped to modify 
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conceptions of loading and pre-shear bed~onfigurstion in natural 
shear-zones at some soft-sediment deformation localities. The 

important idee bere is that neither the information gained from the 
field nor that gained from the physical models are discarded simply 
because of apparent contradiction. Both sets of observations are 
used to constrain the conceptual model of natural deformation. 

The series of rock models, deformed at elevated confining 
pressure yield insight into the development of larger-primary snd 

smaller-subsidiary hard-rock structures of the East Defiance 
Monocline. The weak, ductile layer (lead) immediately above the 
forcing blocks accomodates detachment and permits thickness changes, 
accompanying folding of the overlying units. This response is 
analagous to that of the Chicle in the natural deformation. Equally 
important is the fact that slip on layering (micas) is requisite for 
production of the subsidiary folds above and along the strike-slip 
or oblique 

faulted 

This fact is illustrated by comparison of the 
response of the biotite and limestone veneers on the same model 

assembly (Figure 28a, b, p. 127). 

The features produced in non-end-loaded veneers demonstrate 
that extensional and compressional features are a necessary response 
to strike-slip faulting of underlying forcing blocks. However, the 
lack of extension in the end-loaded veneer provides one possible 
explanation for the absence of extensional features found along the 
East Defiance Monocline Once again field and model observations sre 
used in a complimentary fashion to build a more accurate conceptual 
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model. Physical models here are not meant to bear identical corres- 
pondences to the natural conterparts, simply to test certain con- 

ceptions oE kinematics or relative mechanical responses. 
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CHAPTER VI 

COHCLUSIONS 

Observations and analyses in this study warrant the following 
conclusions: 

1. Deformational features of similar macroscopic style and 

sire (chevron-folds, thrust-faults and decollements) are 
present in the Chinle Formation as a result of both soft- 
sediment and hard-rock processes and are not by themselves 
useful criteria for distinguishing between the two deforma- 
tional-styles. 

2. The two styles can be differentiated by (a) the use of 
both macro- and microscopic observation, of soft-sediment 
small-faults, hard-rock small-faults and fractures, and by 
(b) microscopic observation of calcite twin lamellae, 
sharp extinction boundaries, microfractures and quartz 
deformation-lamellae. 

3. The intensity of soft-sediment deformation can be estimated 
macroscopically by the abundance of soft-sediment small- 
faults, which microscopically, show no grain fracturing 
indicating formation at lowmonfining pressure. 

4. The intensity of hard-rock deformation can be estimated 
macroscopically by the abundance and orientations of 
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hard-rock (open) fractures and deformation bands, which 

microscopically, show both grain fracturing and crystal- 
plastic deformation indicating elevated confining pressure. 

5. The intensity of hard-rock deformation can be micro- 
scopically estimated by the abundance of intragranular 
deformation features counted randomly in detrital grain populational' 

The microstructures are: 
i) calcite twin lamellae; 

ii) quartz deformation lamellae; 

iii) microfractures; 

iv) sharp or mosaic extinction in quartz; 

v) undulatory extinction in quartz. 
6. The ordered fabric of the intragranular features listed in 

(5) demonstrates that they probably formed in the Chinle 
along the East Defiance Nonocline in response to a 
bedding-parallel maximum principal compressive stress 
bearing east-west, and s minimum stress usually oriented 
normal to bedding, 

7. Crystal-plastic features in the quartz grains produced 
during hard-rock deformation are more abundant than 
expected for the shallow depth of burial of the Chinle 
during deformation (Laramide). 

8 ~ Hard-rock fracture geometries are generally consistent 
with the microscopically determined principal stress 
directions. 
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9. The geometry of the soft-sediment soft-sediment smsll- 

faults in the Chinle may be supportive of the theory of 

faulting in response to s three dimensional strain 

boundary-condition (Oertel, 1965, snd Reches, 1978). 
10. Clay plate-bending models suggest that soft sediment small 

faults csn be the direct result of bending-induced 

stresses and strains. 

11. Rock models I, II and III, suggest that the Chinle could 

have acted as an important, mechanically distinctive 
detachment horizon during Laramide deformation. It 
probably was a key element in tbe development of thickness 

changes, detachment, faulting, folding and truncations 

observed macroscopically at the hardrock deformation 

locality near Ft. Defiance. 

12. Rock models I, II and III also indicate that a component 

of right-lateral movement on the East Defiance Nonocline 

could produce the oblique fold trends which plunge to the 

southeast in the Ft. Defiance vicinity, provided that slip 
on layering in the formations above tbe Chinle was sig- 
nificant during deformation, and that the Chinle indeed 

acted as a detachment horizon. 

13. Applications of these criteria for differentating between 

soft-sediment snd hard-rock deformation to other areas 

requires due consideration of the following: 
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(i) structural stratigraphy (mechanically unique 

stratigraphy); 

(ii) lithology used for analysis (sandstones); 

(iii) scale of observation (must be both macro- and 

microscopic) 
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APPENDIX 

HIGH-PRESSURE MODEL EXPERIMENTAL CONFIGURATIONS 

Three different models were used to test the effect of wrench 

and oblique forcing-block motions on overlying veneers (Figure 

30). The veneers are isolated mechanically from the forcing-blocks 

by a veneer of low-strength lead. Note that model I is the only 

model that allows end loading of tbe veneers and that model III is 
the only one that produces oblique-slip. (Figure 30). In Figure 

30 piston motions are indicated by arrows. 



Figure 30. High-pressure model experimental configurations. 
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FIGURE 15, JAY ROGER SCHEEVEL, 1983 

Map of structural features in the Lupton area, Arizona 
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