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We must somehow take a wider view, look at the whole landscape, really 
see it, and describe what's going on here. Then we can at least wail 
the right question into the swaddling band of darkness, or, if it comes 
to that, choir the proper praise.

- Annie Dillard, 1974

I had three pieces of limestone on my desk, but I was terrified to find 
that they required to be dusted daily, when the furniture of my mind was 
all undusted still, and I threw them out the window in disgust.

- Henry David Thoreau, 1854
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ABSTRACT

Cleavage in folded and faulted, unmetamorphosed carbonate rocks 

near Aqua Verde Wash, southeastern Arizona developed largely by dissolu

tion. The generally axial planar cleavage penetrates the silty lime

stones, calcareous siltstones, shales and lowermost pure limestones.

The overlying sequence of limestones and sandstones is uncleaved. Evi

dence for dissolution includes the presence of a clay-like residue on 

cleavage surfaces, the stylolitic and anastomosing geometry, imbrication 

of less soluble beds, truncation of veins by the cleavage, and offset 

of laminations and contacts across the cleavage.

Shape reconstruction of lensoidal veins that are truncated by 

the cleavage indicates a minimum of 35 percent volume loss. Geometric 

reconstruction of offset laminations and contacts indicates approximate

ly 45 ± 10 percent volume loss. Comparison of bed lengths between 

cleaved and uncleaved rocks indicates 35 percent volume loss. Shorten

ing decreases structurally and stratigraphically upward imposing con

straints on the spatial compatibility of the area with adjacent rocks.

xi



INTRODUCTION

Rock cleavage has been a subject of geological investigation 

for over one hundred years (Phillips, 1844; Sharpe, 1847, 1849;

Sorby, 1853, 1856a,b, 1880). Sorby (1856b) first suggested that 

pressure solution transfer may be an important factor in the origin of 

slaty cleavage. Interest concerning the role of dissolution in the 

cleavage forming process has resurfaced during the past decade.

Particular attention has been paid to both cleavage and 

tectonic stylolites in unmetamorphosed carbonate rocks of the Italian 

Apennines, the Appalachians, the southeastern border of the French 

Central Massif, and the Jura Mountains. Alvarez, Engelder, and 

Lowrie (1976) described features of cleavage in folded pelagic lime

stones of Umbria, Italy that indicate a dissolution origin. Alvarez, 

Engelder, and Geiser (1978) developed a classification scheme for this 

cleavage and related changes in cleavage intensity and orientation to 
detachment thrusts.

Nickelsen (1972) described characteristics that indicate a 

pressure solution origin for cleavage in argillaceous limestones and 

also mudstones, shales, and sandstones of the Valley and Ridge 

Province, Pennsylvania. An analysis of a buckle fold in the 

Appalachian Plateau by Groshong (1975a) demonstrated that apparent 

slip of bedding across cleavage surfaces is actually the result of 
removal of rock along the cleavage surfaces. In a study of the strain

1
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recorded by calcite twinning and the geometry of tectonic stylolites 

in buckle folds, Groshong (1975b) modeled the folding and predicted 

conditions favorable to pressure solution and conditions favorable to 

twin gliding. Engelder (1979), by analyzing the axial ratio and ob

served amount of twinning in crinoid ossicles from a clastic rock 

sequence in the Appalachian Plateau, partitioned the total strain 

between twinning and solutioning. Geiser and Sansone (1981) cited 

data from the Appalachians and the Apennines supporting a relationship 

between cleavage formation, joints, and microfractures.

Arthaud and Mattauer (1969, 1972) presented evidence from the 

province of Languedoc, France indicating that the distribution, den

sity, and orientation of tectonic stylolites is related to thrust and 

normal faults. The timing of tectonic stylolite development with re

spect to the folds in which they occur was discussed for the lime

stones near the southeastern border of the French Central Massif by 

Choukroune (1969) and by Vidal and Soula (1978). Droxler and 

Schaer (1979) analyzed the relationship of tectonic stylolites to 
fold geometry in limestones of the Jura Mountains.

This recent work spurred the following study of cleavage in 

folded and faulted, unmetamorphosed Pennsylvanian-Permian Earp 

Formation. The limestone and clastic units of the Earp Formation crop 

out in a tributary wash to Agua Verde Wash in the southwestern foot

hills of the Rincon Mountains, southeastern Arizona (Figure 1).

For 30 meters, the rocks are exposed in a 12 meter high cliff face
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that cuts nearly perpendicular to the east-west structural trend 

(Figure 2). The rocks also crop out in plan view (Figure 3).

Cleavage varies spectacularly both in terms of shape and 

intensity. Figures 4-9, which are enlargements of the boxed areas in 

Figure 2, display the most striking areas of cleavage development. 

Davis (1981, pers. comm.) and McCalmont (1979) have suggested that 

the cleavage is the result of pressure solution activity.

This investigation has centered upon recording the unique 

characteristics of the cleavage and unravelling its place in the 

deformational history of the rocks. The specific goals were to accu

rately and succinctly describe the cleavage, find evidence indicating 

the origin of the cleavage, discover how aspects of the cleavage 

relate to rock composition and structural position, develop an under

standing of the timing of cleavage development, and, finally, deter

mine the amount of strain represented by the cleavage. These studies 

have contributed to an understanding of the role cleavage formation 

played in the deformational history of the rocks.



Figure 2. Cross section view of cliff exposure

EXPLANATION

Stratigraphy: Upper Earp Formation, Pennsylvanian-Permian

Limestone, undifferentiated
Unit 15, Micrite
Unit 14, Quartz arenite
Unit 13, Micrite/bioraicrite
Unit 12, Micrite
Unit 11, Fossiliferous micrite
Unit 10, Micrite
Unit 9, Calcareous siltstone
Unit 8, Calcareous siltstone
Unit 7, Calcareous siltstone, interbedded shales
Unit 6, Silty micrite
Unit 5, Shale
Unit 4, Silty micrite
Unit 3, Shale
Unit 2, Silty micrite
Unit 1, Shale

Solid colors where uncleaved, striped where cleaved.

Symbols

t-
i

Lithologic contact, dashed where inferred
Fault, dashed where inferred, arrows show relative displacement
Bed, strike and dip
Fault, strike and dip
Cleavage, strike and dip
Pencil structure, trend and plunge
Minor fold, fold axis and axial plane
Striations, trend and plunge
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Figure 3. Plan view map 

explanation

Stratigraphy: Upper Earp Formation, Pennsylvanian-Permian

Unit 19, Biomicrite
Unit 18, Quartz arenite
Unit 17, Fossiliferous pelraicrite
Unit 16, Quartz arenite
Unit 15, Micrite
Unit 14, Quartz arenite
Unit 13, Micrite/biomicrite
Limestone, undifferentiated

Symbols

Lithologic contact, dashed where inferred 
^  Fault, dashed where inferred, arrows show relative displacement 
^  Bed, strike and dip 
Y Fault, strike and dip

Minor fold, fold axis and axial plane
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Figure 4. Cleavage traces in unit 11, hinge zone of northern
anticline
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Figure 5. Cleavage traces in units 2, 4, 6, and 7, core of 
northern anticline



gure 6. Cleavage tract
anticline





Figure 7. Cleavage 
homocline



Figure 7. Cleavage traces in units 8 and 9, southern section of 
homocline
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Figure 8. Cleavage traces in u n i t *  8 a 
homocline



homocline
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Figure 9. Cleavage traces in units 8 and 9, northern section of
homocline and southern limb of northern anticline



GEOLOGIC SETTING

The most probable age of deformation in the study area may be 

established by comparison of structures in the area with those in near

by mountain ranges. Open, cylindrical folds in Cretaceous strata in 

the northern Whetstone Mountains, 25 km southeast of the study area, 

are upright and have axes that plunge gently west-northwest (Davis, 

1979). Both this geometry and orientation of folds are similar to 

that in the study area. Folds in the northern Whetstone Mountains are 

attributed to the Laramide orogeny (90-40 m.y.) (Davis, 1979). "Those in 

the study area may also be products of Laramide deformation.

During mid-Tertiary time, the Rincon Mountains experienced 

extensional tectonics associated with metamorphic core complex defor

mation (Davis, 1980). Deformation of Paleozoic and Mesozoic strata 

resulted in overturned, recumbent, and isoclinal folds (Arnold, 1971; 

Davis, 1975). Several mid-Tertiary (?) diorite dikes crop out in the 

Colossal Cave area, six km northeast of the study area. This age of 

intrusion is based upon the dikes1 geometry and orientation relative 

to mid-Tertiary structures (Krantz, 1982). Dikes of similar composi

tion may be involved in the folding associated with the study area. 

Their occurrence as small, sill-like, folded bodies can be explained 

by intrusion either before or after folding. Consequently, there 

exists the possibility that the structures in the study area may be 

of mid-Tertiary age. The main point is that tectonic overprinting has

13
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complicated age assignment of deformation in the study area. 

Laramide age is favored.
Still, a



STRATIGRAPHY

The rocks that crop out in the study area are entirely 

Pennsylvanian-Permian age Earp Formation. Pennsylvanian Colina Lime

stone crops out several 10s of meters stratigraphically higher indi

cating that the rocks comprising this study are part of the upper 

Earp Formation. They have been divided into 19 units. See Table 1 

for descriptions of these units.

Rock compositions were analyzed in several ways. Thin sections 
were studied for the lower cleaved units except for unit 12 and the 

shales whose fissility precludes thin section sampling. The propor
tion and composition of the insoluble residue were determined for 

units 2-4 and 6-12 and are listed in Table 2.

McCalmont (1979) determined the proportion of silica in 

units 2 , 4, 6, and 7 from point counts of thin sections. Except for 

unit 4, her results are consistently less than the amount of non
carbonate determined from the insoluble residues. Insoluble residues 

of units 2-4 and 6-9 are composed predominantly of silica with acces

sory amounts of white mica. Insoluble residues of units 10-12 are 
composed predominantly of silica with accessory amounts of white 

mica and carbonaceous material. This relationship suggests that 

there is a significant amount of very fine-grained silica dispersed 

in the units which is not readily apparent in thin section analyses.

15
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Table 1. Descriptions of rock units

Unit Description Thickness

1 Shale, greenish gray (5G 6/1) fresh, weathers
same, calcareous, weathers as a recessed ledge. 15 cm

2 Silty micrite, yellowish gray (5Y 81) fresh, 
weathers same, 78% aphanocrystalline to finely 
crystalline (5pm) calcite; 22% non-carbonate: 
subangular, medium to coarse silt sized (25-60 pm) 
quartz, accessory white mica; thin bedded; ledge. 45 cm

3 Shale, grayish orange (10YR 7/4) fresh,
weathers same, calcareous. 5 cm

4 Silty micrite, light gray (N7) fresh, weathers
grayish orange (10YR 7/4), 78% aphanocrystalline
calcite; 22% non-carbonate: subangular, medium to
coarse silt sized (25-60 pm) quartz, accessory
white mica; laminated; ledge. 90 cm

5 Shale, dark yellowish orange (10YR 6/6) fresh,
weathers grayish orange calcareous. 7 cm

6 Silty micrite, light gray (N7) fresh, weathers
grayish orange pink (SYR 7/2), 58% aphano
crystalline calcite, rare sparite; 42% non
carbonate: subangular, medium to coarse silt
sized (25-60 pm) quartz, accessory white mica;
thin bedded; ledge. 45 cm

7 Calcareous siltstone interbedded with minor 
amounts of shale, very light gray (N8) to light 
bluish gray (5B 7/1) fresh, weathers light 
greenish gray (5GY 8/1) to greenish gray 
(5G 6/1),
lower— 25% finely crystalline (40 ym) calcite;

75% non-carbonate: subangular, medium
to coarse silt sized (15-60 pm) quartz, 
accessory white mica.

upper— 38% finely crystalline (25-60 pm) cal
cite; 62% non-carbonate: subangular,
medium to coarse silt sized (25-60 pm) 
quartz, accessory white mica, 

laminated; cross stratified; forms a ledgy 
cliff. 6 m
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Table 1.— Continued

Unit Description Thickness

8

9

10

11

Calcareous siltstone, light bluish gray 
(5B 7/1) fresh, weathers pale red (10R 6/2),
24% very finely crystalline (5-15 ym) calcite;
76% non-carbonate: subangular to subrounded,
medium to coarse silt sized (25-60 ym) quartz, 
accessory white mica; thin to very thick bedded; 
ledge.

Calcareous siltstone, yellowish gray (5Y 8/1) 
fresh, weathers same,
fissile beds— 50% aphanocrystalline to very 

finely crystalline (3-5 ym) 
calcite; 50% non-carbonate: sub- 
angular, fine to medium silt sized 
(10 ym) quartz, accessory white 
mica; bryozoan; laminated; ledge, 
weathers crumbly.

interbedded with massive beds— 50% finely
crystalline (20-30 ym) calcite;
50% subangular, medium to coarse 
silt sized (25-60 ym) quartz, ac
cessory white mica; thin bedded; 
ledge.

Micrite, medium dark gray (N4) fresh, weathers 
medium light gray (N6), 93% aphanocrystalline 
calcite, 10% fossils and fossil hash incl. 
bryozoan fragments, crinoids; 7% non-carbonate: 
subangular to subrounded, fine to coarse silt 
sized (10-50 ym) quartz, accessory white mica, 
carbonaceous material; very thick bedded; bedding 
parallel stylolites; ledge; upper 10 cm is 
calcareous shale. 1.35 m

Fossiliferous micrite, medium dark gray (N4) 
fresh, weathers light gray (N7), 96% carbonate: 
aphanocrystalline calcite with 5-7% small 
(10-50 ym) dolomite patches; 4% non-carbonate: 
subangular to subrounded, medium to coarse silt 
sized (25-45 ym) quartz, accessory white mica, 
carbonaceous material; echinoid spines: 1-6 mm x
1-2 cm; thick bedded; bedding parallel stylolites; 
ledge; upper 10 cm is calcareous shale. 1 m

30 cm- 
2.3 m

1.7 m- 
5 m
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Table 1.— Continued

Unit Description Thickness

12 Micrite, medium dark gray (N4) fresh, weathers 
light gray (N7), 90% aphanocrystalline calcite;
10% non-carbonate: quartz, white mica, carbon
aceous material; no fossils visible in hand 
specimen; thick bedded; bedding parallel 
stylolites; ledge; upper 10 cm is calcareous
shale. 60 cm

13 Micrite/biomicrite, medium gray (N5) fresh, 
weathers light gray (N7), layers locally rich 
in fossil hash, coated grains; thick to thin 
bedded; bedding parallel stylolites; reddish 
brown chert blebs very common in uppermost bed;
forms a ledgy cliff. 4 m

14 Quartz arenite, pale red (5R 6/2) fresh, weathers
light brown (SYR 5/6), very fine grained; cal
careous cement; laminated; locally cross strat
ified; forms a slope. 1.5 m

15 Micrite, medium light gray (N6) fresh, weathers 
light gray (N7), no fossils visible in hand 
specimen; very thick bedded; bedding parallel 
stylolites; common reddish brown chert blebs;
ledge. 1.35 m

16 Quartz arenite, pale red (10R 6/2) fresh,
weathers light brown (SYR 6/4), very fine 
grained sand with minor coarse silt, subangular, 
moderately to poorly sorted; <1% opaques, <1% white 
mica, trace epidote, 30% calcite cement; laminated; 
locally cross stratiffied; mostly covered, abundant 
float. 5 m

17 Fossiliferous pelmicrite, light gray (N7) fresh, 
weathers medium gray (N5), moderately packed,
60-130 pm pellets with fossil fragments of equiva
lent size; 5% subangular, coarse silt sized 
(35-75 pm) quartz; very thick bedded; bedding 
parallel stylolites; very sparse reddish brown
chert blebs; ledge. 1.4 m



19

Table 1.— Continued

Unit Description Thickness

18 Quartz arenite, pale red (10R 6/2) fresh,
weathers light brown (5YR 6/4), very fine 
grained sand, angular to subangular, poorly 
sorted; 1% opaques, <1% white mica, <1% epidote, 
20% calcite cement; laminated; locally cross 
stratified; forms a slope, partially covered in 
center. 6.5 m

19 Biomicrite, light gray (N7) fresh, weathers
medium light gray (N6), closely packed, 
250-750 pm, rounded fossil fragments, 1% sub- 
angular coarse silt sized (40-60 pm) quartz; 
very thick bedded; locally laminated; sparse 
reddish brown chert stringers; ledge. 1.6 m
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Table 2. Weight percentage of non-carbonate in units 2-4 and 6-12

Unit #
Weight percentage non-carbonate 
Trial 1 Trial 2 Average

2 19.8 24.6 22
3 85.3 89.9 88
4 21.2 23.7 22
4* 14.0 — — 14
6 39.6 44.8 42
Viewer 78.8 71.4 75
Vupper 60.8 62.4 62
8 76.5 74.6 76
9 51.4 48.3 50

10 7.1 — 7
11 4.1 — 4
12 10.3 — 10

*Lower imbricated layer in unit 4.



The upper, uncleaved units were studied in a less detailed 

manner. Thin sections were studied only for the upper four units.

The limestones and sandstones constituting the intervening four units 

(units 12-15) resemble those of the uppermost units and were described 
only by hand specimen.

21



STRUCTURE

Excellent rock exposure permits detailed examination of the 

structures in the study area. In plan view (Fig. 3), the rocks are 

folded into two, anticlines joined by a syncline. Axial planes strike 

west-northwest and dip steeply to the northeast. Fold axes plunge 

gently to moderately to the west. In cross section, (Fig. 2), these 

two anticlines are joined by a southwest dipping homocline. This 

homocline is delineated by two curviplanar, steeply dipping, east-west 

striking faults. Another fault offsets units within the homocline.

Many minor structures accompany the major fault and fold struc

tures. Minor faults, with displacements from 10 cm to 1 m, offset com

petent limestone and sandstone beds. Minor folds typically occur 

adjacent to the major faults. These gently inclined to recumbent 

folds may be subhorizontal to gently plunging to the west.

The cleavage is generally axial planar to the major folds but 

may locally deviate from this orientation. Cleavage spacing varies 

from 1 mm to nearly 10 cm. Where cleavage is most closely spaced, 

pencil structure occurs. The pencil structure tends to lie subparallel 

to the fold axes.

The plan view map (Fig. 3) was constructed using pace and com

pass. The cross sectional view map (Fig. 2) was constructed using

22
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photographs of the north-south striking cliff face as a base. The 
axis of the camera was aimed along an east-west trending line that 

plunged slightly to the west.

For simplicity, the two major anticlines are referred to as 

the northern and southern anticlines. The three major faults are re

ferred to as the northern, central, and southern faults. The following 

sections first describe the folds and faults so that the cleavage can 

be viewed in its proper structural framework.

Major Folds: Description and Classification

Although similar in orientation, the two major anticlines dif

fer markedly in geometry. The fold axis of the northern anticline is 

oriented 22°, N.83°W. while that of the southern anticline is oriented 

36°, N.82°W. (Figs. 10a and 11a). To find the orientations of the 

axial surfaces, the trace of the axial plane on the cliff face was 

plotted stereographically using the rake of the line joining successive 

hinges and the orientation of the cliff face. The axial surface is 

the surface containing the fold axis and the axial trace as seen in this 

cross sectional view. Axial surfaces for the northern and southern 

anticlines are oriented N.890W./77°NE. and N.83°W./89°NE., respectively 

(Figs. 10a and 11a).

Several schemes of fold classification reveal aspects of the 

geometries of the folds. Hudleston (1972) classifies folds by applying 

harmonic analysis to the forms of single layers describing the fold 

(Fig. 12). Whereas the northern anticline is a type ID fold, the 

southern anticline is a type 2E fold. Not only are the limbs of the



Figure 10. Northern anticline, poles to bedding. —  a) lower-
hemisphere equal-area stereographic projection of poles 
to bedding (115); b) Lower-hemisphere equal-area pole 
density diagram of poles to bedding. Open circle 
represents fold axis, star represents pole to axial 
plane.
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Figure 11. Southern anticline, poles to bedding. —  a) Lower-
hemisphere equal-area stereographic projection of poles 
to bedding (82)? b) Lower-hemisphere equal-area pole 
density diagram of poles to bedding. Open circle 
represents fold axis, star represents pole to axial 
plane.
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Figure 12. Fold classification of Hudleston (1972).
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southern anticline planar while those of the northern anticline are 

rounded, but the hinge zone of the former is much smaller tb'.n that of 

the latter. In essence, the southern anticline is a chevrOi. fold while 

the northern anticline is a concentric fold with uniform curvature. 

These fold forms are also indicated by contour diagrams of poles to 

bedding for both folds (Figs. 10b and lib).

The interlimb angles (Fleuty, 1964) of the folds elucidate an

other aspect of the geometries of the folds. The interlimb angle of 

the southern anticline and of the northern anticline are 94° and 110°, 

respectively. The half interlimb angle of the anticline in the core 

of the northern anticline is 46°. All of these folds are open. A 

127° interlimb angle for the syncline in the core of the northern anti

cline makes this a gentle fold.

Finally, Ramsay's method of classifying folds by thickness 

variations in folded beds can be applied to the study area (Fig. 13). 

This method requires a profile view. The cross sectional exposure in 

the study area is approximately perpendicular to the trend but dis

cordant to the plunge of the fold axes. Multiplication of the observed 

vertical bed thickness by the cosine of the angle between the plunge 

of the fold axis and the pole to the cross sectional face will trans

form the present cross sectional view into a profile view (Mackin,

1950) (Fig. 14). Since Ramsay's classification requires only compari

son of bed thicknesses, which, for a given fold, are altered by the 

same constant, this correction need not be undertaken.



Figure 13. Fold classification of Ramsay (1.967).
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profile vertical
view

plunge of 
X fold axis __pole to cliff

fold axis

T]*COS ©  = T2

Figure 14. Bed thickness conversion. —  Method of converting bed 
thickness observed on the cross sectional exposure to 
that of the profile view.
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In the southern anticline, unit 8 is a class 3 fold while 

unit 9 is a class 1C fold. As a group, units 10-12 form a class 1A 
fold on the southern limb while units 10 and 11 form a class IB fold on 

the northern limb. Thickness variations designating the southern limb 

as a 1A fold vary only slightly from those of class IB. Bed thick

nesses of the southern limb measured from the photographs may show as 

apparent increase away from the hinge. This is because the cross sec

tional exposure is not perfectly planar; the southern limb is obliquely 

oriented with respect to the plane of the photograph. These layers are 

probably better regarded as approximating a class IB fold.

Poor exposure of units 8 and 9 and the upper part of unit 7 on 

the northern limb of the northern anticline precludes application of 

Ramsay's classification to this entire fold, but it can be applied to 

the folded layers in the core of this anticline. Units 2 and 4 define 

a class IB fold while unit 6 defines a class 1C fold.

In general, the amount of carbonate material that comprises 

each bed can be correlated with fold class. Those beds distorted into 

class IB or parallel folds have carbonate contents more than 75 percent 

and are probably the most competent units. Units with carbonate con

tents of 58 percent and 50 percent form class 1C folds. The unit with 

the least amount of carbonate material, 24 percent, forms a class 3 fold.

Major Faults: Description

Three major faults offset units in the cross sectional view.

Two of these bound the homocline on the north and south while the other
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occurs within the homocline. The shapes of these faults are markedly 

curviplanar. The central fault also splays into two branches that re

join. In general, though, all three faults have strikes ranging from 

about N.80°W. to N.80°E. The southern fault dips about 750-85° to the 

south. The central fault is near vertical in its lower reaches but 

bends upward to merge (?) with the southern fault. The northern fault 

dips steeply to the north.

Displacement on these faults dies out into the upper units.

The limestones and sandstones mapped in plan view are not offset by 

these faults. In cross sectional view, the faults usually show normal 

separation. Thicknesses of units, particularly units 8 and 9, change 
abruptly across the faults.

Minor folds occur adjacent to these fault planes. The layers 

that define these folds are usually the blocks of rock that are bound 

by cleavage surfaces. This folding of the cleavage is most dramatical

ly expressed by a chevron fold along the interface of units 8 and 9 

whose tightness increases sharply towards the southern fault. These 

minor folds are generally gently inclined to recumbent and sub

horizontal to gently plunging to the west (Fig. 15).

Minor Faults: Description

Several of the upper limestone beds are capped by a thin,

0.5 cm thick, layer of the overlying sandstone unit. This marker layer 

permits discrimination of numerous faults that offset the limestone and 

sandstone units. Separations are only on the order of 10 cm to 1 m.
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Figure 15. Minor folds. —  Lower-hemisphere equal-area stereographic 
projection of fold axes (open circles) and poles to 
axial planes (stars) of minor folds.
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Some areas either have no minor faults or have minor faults with 

separations only greater than about 30 cm. This occurs in all of 

unit 15, units 17 and 19 on the northern limb of the northern anti

cline, and all on unit 19 but the southern limb of the southern 

anticline, and may reflect either the lack of faulting or the lack of 

a proper marker layer with which to recognize the faults.

Based on orientation and separation, the minor faults tend to 

occur in two domains. The first domain consists of the faults on the 

southern limbs of the anticlines. These faults strike north-northeast 

on the southern limb of the southern anticline and northeast on the 

southern limb of the northern anticline. Right separations are char

acteristic. The second domain consists of faults on the northern limb 

of the southern anticline. These strike north-northwest. Left sepa
rations are characteristic.

Cleavage

Cleavage is developed in units 1-12. Areas of cleavage develop

ment are shown on the map; striped areas display cleavage whereas solid
ly colored areas do not (Fig. 2).

Orientation

Cleavage occupies a generally axial planar attitude, thereby 

reinforcing the east-west structural grain of the study area. Locally, 

there are deviations from this attitude. For example, cleavage fans 

convergent!/ downward in the hinge zones of some folded units. In
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other units, it curves to a near bedding parallel orientation on the 

fold limbs.

Morphology

A morphological understanding of the cleavage is best achieved 

by describing the cleavage according to Powell (1979) (Fig. 16). His 

classification is based purely on morphology with no reference to 

mechanisms of formation. Powell's term anastomosing is modified here 

by the words weakly, moderately, and strongly in order to describe more 

completely the degree to which cleavage surfaces curve and intersect in 

the study area (Fig. 17).

Table 3 gives mesoscopic descriptions of the cleavages in 

units 1-11. These descriptions should be read in harmony with figures 

4-9, which are drawings of cleavage surfaces at several notable locali
ties in the study area.

Relationship of Cleavage to Rock Composition

Cleavage is penetratively developed in the lower calcareous 

siltstones, silty micrites, and shales. Of the relatively pure lime

stones, only the lowermost units display cleavage. The upper sand
stones are uncleaved.

The following four conclusions can be made concerning cleavage 

morphology and rock composition: 1) cleavage becomes more closely

spaced.as silica content increases, 2) selvage thickness decreases as

silica content increases, 3) cleavage becomes more closely spaced as

selvage thickness decreases, and 4) cleavage becomes more weakly
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Table 3. Descriptions of rock cleavages

Unit Description

1 Shale, smooth disjunctive cleavage; spacing— 1 mm; pencil 
structure.

2 Silty micrite, moderately anastomosing disjunctive cleavage; 
spacing— 6 cm; cleavage-width ratio— 7%.

3 Shale, smooth disjunctive cleavage; spacing— 1 mm; pencil 
structure.

4 Silty micrite, moderately anastomosing disjunctive cleavage; 
spacing— 9 cm; cleavage-width ratio— 8%.

5 Shale, smooth disjunctive cleavage; spacing— 1 mm.

6 Silty micrite, weakly anastomosing disjunctive cleavage; 
spacing— 4.5 cm; cleavage-width ratio— 4%.

7 Calcareous siltstone, stylolitic disjunctive cleavage; 
spacing— 2.5-3 cm in upper part of unit; cleavage-width 
ratio— 7%; interlayered with slates, smooth disjunctive 
cleavage; spacing— 1 mm; pencil structure.

8 Calcareous siltstone, weakly anastomosing disjunctive cleav
age; spacing— 2 cm in northern anticline, homocline; 1.5 cm 
in southern anticline; cleavage-width ratio— 15% in northern 
anticline, homocline; 20% in southern anticline.

9 Calcareous siltstone, variable cleavage development: similar
to unit 8 where more coarse grained to a very closely spaced, 
1 mm-1 cm, smooth disjunctive cleavage where more fine 
grained.

10 Fossiliferous micrite, strongly anastomosing disjunctive 
cleavage; spacing— 1-1.5 cm in hinge zones, less closely 
spaced on limbs; cleavage-width ratio— 1-2%.

11 Fossiliferous micrite, moderately anastomosing disjunctive 
cleavage; spacing— 2-2.5 cm in hinge zones, less closely 
spaced on limbs.



ROCK CLEAVAGE

CONTINUOUS SPACED

fine coarse disjunctive crenulation

discrete

stylolitic anastomosing rough smooth

Figure 16. Rock cleavage classification of Powell (1979).
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disjunctive

anastomosing

Figure 17. Anastomosing cleavage types.
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anastomosing as silica content increases. Silica is substituted for 

non-carbonate in this discussion in order to ,emphasize the dominant 

composition of the non-carbonate portion of the unit. Strictly speak

ing, they are not equivalent because of accessory amounts of white mica 

and carbonaceous material.

Figure 18 illustrates the relationship between cleavage spacing 

and silica content. The values cannot be strictly compared because 

spacing is also a function of structural position. For example, in 

unit 8, the cleavage is more closely spaced in the hinge zone of the 

southern anticline than it is on the limbs of the northern anticline. 

Also, cleavage in the lowermost pure limestones becomes more widely 

spaced with increased distance from the hinge. (Because cleavage 

spacing in these limestones appears to be so directly related to 

structural position (see next section), they are not included in the 

graph.)

Particularly noteworthy is the location of unit 3 on the graph. 

Cleavage spacing in this shale is on the general trend of that indicat

ed by the silty micrites and calcareous siltstones. This suggests 

that cleavage in this shale may not be a distinct type but is grada

tional from the other cleavage types.

Units 2, 4, 6, 7, and 8 can be directly compared since measure

ments can be made in the same approximate structural position. Figure 

19 illustrates the relationship between selvage thickness and silica 

content for these units. Although no single line fits the data, sel

vage thickness, in general, tends to decrease with increasing silica
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content. This relationship is consistent with the lack of a 

mesoscopically visible selvage in unit 3; the trend predicts a very 

thin selvage for units with high silica contents as is typical of the 

shales.

As shown in Figure 20, cleavage, in general, becomes more close

ly spaced as selvage thickness decreases. Again, no single line fits 

the data, but the general trend is clear. The relationship is also 

consistent with unit 3 whose very closely spaced cleavage (1 mm) pre

dicts a very thin cleavage selvage.

A discussion of error in the graphs is necessary. Both cleav

age spacing and selvage thickness vary within a unit. The variation 

in selvage thickness, in particular, is large although a dominant 

thickness does characterize each unit. The error bars for cleavage 

spacing and selvage thickness are qualitative. The endpoints of the 

error bars for weight percent of non-carbonate are simply the high and 

low values determined from the insoluble residue trials.

The above analyses differ from those of McCalmont (1979). She 

found an opposite dependence of cleavage spacing and selvage thickness 

on silica content. As noted in the section on stratigraphy, her analy

sis tended to underestimate the amount of silica. The compositional 

analyses of this study made revision of her conclusions necessary.

Finally, the degree to which cleavage anastomoses varies with 

the amount of silica. Units with weakly anastomosing cleavage are 

relatively low in carbonate content; whereas units with strongly 

anatomosing cleavage are rich in carbonate. Units with moderately
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weight per cent of non-carbonate 
(mainly silica)

Figure 18. Plot of weight percent of non-carbonate (mainly silica)
versus width of the cleavage bound block. —  Error
bars as described in text. Small numbers indicate
unit numbers.
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weight per cent of non-carbonate 
(mainly silica)

Figure 19. Plot of weight percent of non-carbonate (mainly silica)
versus thickness of the cleavage selvage. —  Error
bars as described in text. Small numbers indicate
unit numbers.
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thickness of cleavage selvage (mm)

Figure 20. Plot of thickness of the cleavage selvage versus
width of the cleavage bound block. Error bars as
described in text. Small numbers indicate unit
numbers.
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anastomosing cleavage have an intermediate amount of carbonate. Shales 

have planar cleavage, consistent with this relationship.

Relationship of Cleavage to Structural Position

The maps indicate that cleavage development may in part be 

related to structural position. Cleavage is pervasively developed in 

the lower calcareous siltstones and silty micrites whereas the upper

most pure limestones and sandstones are uncleaved. Only the lowermost 

pure limestones display cleavage. In addition, cleavage becomes less 

closely spaced structurally and stratigraphically upward in these lime

stones.

Cleavage within the lowermost limestones is restricted to the 

anticlinal hinge zones and homocline. Cleavage becomes more widely 

spaced and eventually dies out along the outer anticlinal limbs. One 

exception to this pattern occurs in the lowermost limestones on the 

northern limb of the northern anticline. Where the beds on this limb 

cross the wash, they have a subvertical attitude. Bedding parallel 

stylolites are, effectively, in the same orientation as an axial 

plane cleavage. The stylolites are noticeably different in morphology 

from the rest of the bedding parallel stylolites in these limestones. 

They are smoothly curving rather than stylolitic and have a greater 

than usual amount of clay-like residue.

The observation that units with approximately the same composi

tion may be either cleaved or uncleaved suggests that cleavage develop

ment is not entirely a function of rock composition. Rather, cleavage
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may develop in these limestones because of their stratigraphic and 

structural position: they lie between rocks types that are highly
susceptible to cleavage development and those that are not. They, in 
effect, mark a transition zone between cleaved and uncleaved rocks.

The lack of cleavage development on the outer limbs of the 

anticlines also supports the dependence of cleavage development on 

factors other than rock composition. These limestones did not res

pond homogeneously to cleavage development. Instead, conditions for 

cleavage formation were most favorable in the hinge zones.

Evidence for a Dissolution Origin for the Cleavage

Several features of the rocks attest to a dissolution origin 

for the cleavage. The most conspicious feature is the shape of the 

cleavage surfaces. A stylolitic morphology and a curving and anas
tomosing geometry such as that observed in the study area are particu
larly characteristic of cleavage formed by dissolution (Alvarez, 

Engelder, and Geiser, 1978; Geiser and Sansone, 1981).

The presence of a clay-like residue within the cleavage sur

faces also substantiates a dissolution origin (Alvarez, Engelder, and 

Lowrie, 1976). McCalmont (1979) analyzed the composition of the clay

like residue in part of the study area. Her results suggest that these 

residues may be a product of recrystallization of the insoluble com
ponents of the rocks.

The systematic variation in the thickness of some selvages and 
their association with minor folds becomes meaningful when the cleavage
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is viewed as a product of dissolution. Figure 21 is a photograph of 

two adjacent cleavage traces. Note that one selvage increases in 
thickness while, in the same direction, the other decreases in thick
ness. Assuming that selvage thickness is directly proportional to the 
amount of dissolution, this relationship suggests that the amount of 

dissolution along each cleavage surface alone varied but was equal 

along the two, collective surfaces. Figures 22-24 show the relation

ship of cleavage to minor folds in both the laminations and beds of 

unit 4. Note that selvages decrease in thickness toward and terminate 

at the hinges of these minor folds. This suggests that the amount of 

shortening was approximately equal; in one domain shortening was accomo 

dated by dissolution while, in the other, it was accomodated by fold
ing.

Finally, two layers within unit 4 are imbricated (Figures 25- 

29). This imbrication suggests that these layers are less soluble 

than the rest of unit 4, shortening in part by dissolution and in part 

by stacking. (Note that the amount of non-carbonate material for the 

lower imbricated layer, 14 percent, is less than that of unit 4,

22 percent). Anomalously high amounts of clay-like residue are associa 

ted with these areas of imbrication. Particularly noteworthy in 

Figure 28 is the confluence of cleavage surfaces toward the area of 

imbrication. This is similar to the observation by Alvarez, Engelder, 
and Lowrie (1976) that "spaced cleavage surfaces . . . tend to converge 
towards places where (chert) nodules have been telescoped (by imbrica

tion) ."
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Figure 23. Relationship of cleavage to minor fold, example 2. —  
Cleavage selvage becomes thinner and terminates at 
hinge of minor fold. Scale is 15 cm.
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Figure 24. Relationship of cleavage to minor folds, example 3. —
Cleavage selvages become thinner and terminate at hinges 
of minor folds. Scale is 15 cm.



50

Figure 25. Relationship of cleavage to imbricated bed, example 1. —
Bed within unit 4 characterized by cleavage development
and imbrication. Note concentration of clay-like
residue at areas of imbrication. Scale is 15 cm.
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Figure 26. Relationship of cleavage to imbricated bed, example 2, —
Bed within unit 4 characterized by cleavage development
and imbrication. Note concentration of clay-like residue
at areas of imbrication. Scale is 15 cm.
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Figure 27. Relationship of cleavage to imbricated bed, example 3. —
Bed within unit 4 characterized by cleavage development
and imbrication. Note concentration of clay-like residue
at areas of imbrication. Scale is 15 cm.
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Figure 28. Relationship of cleavage to imbricated bed, example 4. - 
Bed within unit 4 characterized by cleavage development 
and imbrication. (Bed is located above imbricated bed 
of Figures 25-27 near contact with unit 5.) Note con
vergence of cleavage traces towards area of imbrication 
and minor fold in triangular block at top of illustra
tion. Scale is 15 cm.
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Figure 29. Relationship of cleavage to imbricated bed, example 5. —  
Bed within unit 4 characterized by cleavage development 
and imbrication. (Bed is located above imbricated bed 
of figures 25-27 near contact with unit 5.) Note con
centration of clay-like residues at areas of imbrication. 
Scale is 15 cm.
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All of the above features support a dissolution origin for the 

cleavage. Some characteristics observed in the study area directly 

parallel characteristics that other workers attribute to dissolution 

while others are most clearly understood if the cleavage is visualized 

to be a product of dissolution. As observed in other carbonate rich 

rocks/ calcium carbonate is probably the dominant soluble component of 
the rocks.

Methods of Assessing the Timing of 
Cleavage Development

Controversy surrounds the timing of dissolution cleavage devel

opment with respect to the folds in which the cleavage is observed. 

Resolution of the timing relationship is key to understanding the vari

ous ways rocks shorten during progressive deformation. Of particular 

interest is whether folding and dissolution operate contemporaneously 

or separately.

Whereas Groshong (1975a, 1975b) suggested that tectonic stylo- 

lites and cleavage develop during folding, Choukroune (1969), Dean and 
Kulander (1977), and Vidal and Soula (1978) suggested two generations 

of stylolite development, one pre-folding and one post-folding event. 

Engelder and Geiser (1979) postulated a pre-fold origin in their study 

of pencil cleavage. These varying conclusions may not be a function 

of any property inherent to pressure solution, but as Vidal and Soula 

(1978) expressed, may be because of differences in strain rate, 

thermodynamic conditions, or properties intrinsic to the rocks involved.



56
Several clues leading to an assessment of the timing of 

cleavage development lie within the study area. These include both the 

orientation of the bedding-cleavage intersection lineation and the 

shape of cleavage surfaces at several key locations.

Bedding-Cleavage Intersection Lineation. A penetrative linea

tion, equivalent to the intersection of bedding and cleavage or 6- 

lineation of de Sitter (1964), characterizes unit 7. The serrated as 

opposed to more commonly observed undulose morphology of the cleavage 

may account for the well developed nature of the lineation in this 

unit. Since stylolitic teeth arise from slight differences in solu

bility (Weyl, 1959), differences that exist among the laminations, the 

teeth will tend to accentuate the laminations. Cleavage in unit 7 is 

also notably planar.

Overall, the ridges and grooves defining the lineation are 

subparallel, but, locally, domains are oriented 15° to 20° from the 

general trend (Figure 30). These domains are interpreted to contain a 

lineation defined by the intersection of cross bedding and cleavage. 

Since the fold is defined by the dominant bedding attitudes rather 

than the cross bedding attitudes, stereographic projections used to 

interpret the relationship of this lineation to the fold do not in

clude lineation attitudes from the cross bedded domains.

In a cylindrical fold, the fold axis lies within bedding and

the axial surface. A stereographic projection of 6-lineations will

indicate the orientation of the fold axis when the cleavage is strictly
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Figure 30. Bedding-cleavage intersection lineation in unit 7. - 
View looking north. Hammer for scale.



axial planar. The stereographic projection of the 6-lineation in 

unit 7 shows a wide scatter in orientation with lineation plunges con

sistently less than the fold axis plunge (Figure 31). This scatter is 

asymmetrically spread about the fold axis and also does not define a 

small circle about the fold axis. Poles to cleavage in unit 7 likewise 

show a scatter with the average pole defining a plane 14° discordant 

with the axial surface of the fold. This plane, rather than the axial 

surface, contains the average lineation. Clearly, the cleavage is not 

strictly axial planar, and therefore the lineation does not accurately 
define the fold axis.

It should be mentioned that the addition of 17 lineation 

measurements to the initial 24 did not alter the orientation of the 

average 6-lineation or average pole to cleavage. This suggests that a 

sufficient number of measurements has been used to calculate the aver

age. This is of concern because 1) the style of outcrop limits the 

number of measurements, and 2) the measurements must be evenly spaced 

across the fold since cleavage may fan.

Powell (1974) has observed an asymmetrical scatter in the 

orientation of 6-lineations in folded and cleaved Pre-cambrian quart

zites and slates. A 13° difference exists between the cleavage and 

the axial plane. His interpretation calls for the formation of cleav

age after initiation of folding such that cleavage does not record 

the finite strain history of the rock. A rotational component of 

strain operates on the axes of incremental strain such that principal 

directions of the strain that initiates cleavage are not parallel to
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Figure 31. Stereographic projection of bedding-cleavage intersection 
lineation. Lower-hemisphere equal-area stereographic 
projection of bedding-cleavage intersection lineation (dots, 
41) and cleavage (triangles, 41) in unit 7 showing asym
metric scatter about fold axis (open circle) and pole to 
axial plane (star) of northern anticline. Large dot and 
triangle are averages.
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those of the early strain. According to Powell (1974), folds that are 

initiated before cleavage are likely to he characterized by 6- 

lineations that diverge from the fold axes. It should be emphasized 

that this scatter is not caused by folding of the lineation about the 

fold axis but by superposition of cleavage on a tightening fold in 

which strain is non-coaxial.

Lineation data from the study area can be interpreted in a 

similar manner. The asymmetrical scatter of the 6-lineation in unit 7 

about the fold axis of the northern anticline suggests that cleavage 

began to develop after initiation of folding. The time lag between 

initiation of folding and initiation of cleavage cannot be determined 

from this data.

Cleavage Associated with Elowage of Incompetent Material.

Unit 8 thickens dramatically in the core of the southern anticline. 

Cleavage traces within this zone form a sinuous pattern symmetrical 

about the axial plane as shown in Figure 6.

Ramsay (1974) has addressed the problem of how chevron folds 

accomodate dilation in their hinge zones. One way is by the flowage 

of incompetent material into the hinge zone. This increases the thick

ness of the layer in the hinge zone at the expense of material on the 

limbs. Although the path of flowage is complicated, Ramsay predicts 

one possible pattern in which the cleavage traces coincide both in 

terms of orientation and intensity with the XY plane of finite strain

as shown in Figure 32. Dilation in the hinge zone of chevron folds
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Figure 32. XY finite strain trajectories caused by flow of less
competent material into a dilated fold hinge zone from 
Ramsay 1974.



is controlled, in part, by the amount of shortening since dilation 
reaches a maximum during the latest stages of the folding process 

(Ramsay, 1974).

The southern anticline approximates a chevron fold with unit 8 

being the most incompetent unit in the fold. This is supported by 

the high non-carbonate content and considerable changes in thickness 

of this unit. Material has undoubtedly flowed into the hinge zone.

The pattern of cleavage traces in this cross sectional view shows a 

remarkable similarity to the theoretical model for cleavage develop
ment in this style of folding.

This pattern suggests that cleavage formation in unit 8 was 

contemporaneous with flowage of the unit into a dilated hinge zone. 

This relationship supports the conclusion that cleavage initiated 

after folding. It also indicates that cleavage developed largely 
during the late stages of folding.

Sigmoidal Cleavage. In unit 6, on the southern limb of the 

anticline in the core of the northern anticline, many of the cleavage 

traces display a markedly sigmoidal form (Figure 33). This S-shape 

can be explained by the growth of the cleavage surface during folding.

According to Groshong (1975a), pressure solution laminae 

initiate perpendicular to but rotate to a position more nearly 

perpendicular to with progressive folding. Groshong (1975a) com

pared s-shaped cleavage traces observed on the left limb of an anti

cline with the theoretical stress and strain directions in a buckle 

fold. The center of the cleavage trace is parallel to whereas the
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Figure 33. Sigmoidal cleavage. —  S-shaped cleavage in unit 6 on 
the southern limb of the northern anticline. Scale 
is 15 cm.



ends are parallel to o^. He concluded that the cleavage surface grew 

during folding so that, as each new increment of growth developed per-
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pendicular to 0 , the previously formed surface rotated towards the JL
"strain-controlled position." This process produces an S-shaped cleav

age trace on the left limb and a Z-shaped trace on the right limb of 
the anticline.

The sigmoidal cleavage traces in unit 6 may have developed by 

the process Groshong (1975a) described from his observation in buckle 

folds. Indications of buckling playing a role in fold development in 

the study area are folded competent layers having a class IB form and 

the local occurrence of thrusts subparallel to bedding and slickenside 

striae subperpendicular to fold axes. The occurrence of an S-shaped 

asymmetry on the southern or left limb of the anticline is consistent 

with his explanation. Cleavage shape, therefore, appears to be, in 

part, a function of patterns of stress and strain in folds. This sug

gests that cleavage development was contemporaneous with folding.

Conclusion. Observations indicate that cleavage initiated 

after folding initiated and developed chiefly during the late stages 

of folding. The cleavage most likely did not develop instantaneously 

but formed over a specific time interval of the deformation. The ir

regular spacing of the cleavage, variable selvage thickness, and non- 

uniform amount of offset across a lamination or contact for a particular 

unit all support the idea that cleavage surfaces formed during a some

what extended interval of time. New cleavage surfaces formed while 

dissolution continued on older surfaces. Cleavage behaved as a curvi- 

planar anisotropy within the units during subsequent deformation.



Methods of Assessing the Amount of 
Shortening Due to Dissolution

A quantitative assessment of volume loss represented by 

cleavage formed by dissolution is of key importance to an understanding 

of strain. Lack of recognition of the degree to which dissolution op

erated during deformation leads to error in the calculation of the 

amount of shortening. Determining the amount of volume loss has eluded 

many workers; rarely do cleaved rocks preserve any marker of their dis
solution activity.

Several studies have attempted to evaluate the amount of volume 

loss or shortening undergone by carbonate rocks characterized by cleav

age having a dissolution origin. Alvarez, Engelder, and Geiser (1978) 

have used chert imbrication to estimate the minimum amount of shorten

ing. Hancock and Atiya (1975) have used vein offsets observed across 

cleavage to achieve this end. Stockdale (1926), in studying bedding 

parallel stylolites arising from compaction, evaluated volume loss by 

noting the thickness of insoluble residues knowing the proportion of 

non-carbonate material within the rock.

Several techniques for evaluating the amount of shortening due 

to dissolution have been developed for the study area. They are dis

cussed in the following sections.

Termination of Veins by Cleavage. Beneath unit 1, in the 

northern anticline, lies a unit whose uppermost bedding surface is ex

posed on the floor of the wash. Numerous calcite veins crosscut this 

unit. These veins are 2-7 cm long within the bedding plane and
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0.1-0.3 cm wide. They are usually 1-5 cm apart but may be more closely 

spaced locally. The majority are oriented N.lloE./70o-75°SE., suggest

ing that they are extension veins whose formation was contemporaneous 

with folding. Where a vein intersects a cleavage surface, it may be 

either truncated or continue across the cleavage. This most likely 

reflects a concurrent development of cleavage and veins similar to that 

observed by Alvarez, Engelder, and Lowrie (1976), Arthaud and Mattauer 

(1969, 1972), and Groshong (1975b).

The consistent and peculiar shape of the trace of the veins 

makes them suitable for estimating the amount of volume loss. The veins 

are typically lens-shaped with their greatest width in the center and 

tapering to either end. At several localities, veins are truncated by 
cleavage such that only one side of the tapering vein remains. One 

example of this is shown in Figure 34. Veins may even by truncated at 

both ends where cleavage surfaces curve close together. A minimum 

estimate of the amount of material removed by dissolution can be made 

by assuming that the greatest width of the truncated vein represents 

the middle of the vein trace. The amount of material removed is there

fore equal to the length of the truncated vein. In fact, more than 

half of the vein may have been removed. This value is also a minimum 

since the vein may have formed after some of the initial dissolution 

took place.
Lengths of veins truncated in this style are 1.2-3 cm; the 

average width of the cleavage bound block in which they occur is 5 cm.
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Figure 34. Truncated calcite veins. —  Lensoidal calcite veins in 
unit below unit 1 that are truncated by cleavage.
Penny for scale.
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Therefore, the maximum value for the minimum amount of shortening,

e - . , is about -0.37. dmin

Comparison of Cleaved and Uncleaved Bed Lengths. Original bed 

length can be determined in concentric folds that have undergone no 

volume change by measuring the cross sectional bed length between 

plans of no slip, for example, axial planes of major folds (Dahlstrom, 

1969). Calculation of the amount of shortening is straightforward.

In areas characterized by cleavage formed by dissolution, volume is 

not conserved. Methods for calculating strain are not as obvious.

In the study area, cleaved beds are overlain by uncleaved 

beds. The upper beds have shortened by folding, the lower beds by 

folding and dissolution. A comparison of bed lengths between the two 

reveals the amount of shortening due to dissolution.

The upper and lower beds of Figure 35 represent, respectively, 

the uncleaved and cleaved beds of the study area. As noted in the 

preceeding section, cleavage probably initiated in the late stages of 

progressive folding. To simplify the diagrams, cleavage development 

is separated from folding. (It will be shown later that folding can 

continue after cleavage development without altering the calculations.) 

Figure 35b shows both beds folded but uncleaved. Areas of potential 

dissolution in the lower bed are indicated. Figure 35c shows the beds 

after dissolution. Because the folds' shapes and hinge areas have 

developed largely before dissolution, length between anticlinal hinges 

of the two beds can be directly compared. Shortening due to dissolu

tion, ed , is equal to d 2 - 1^)/1 .
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(a)

Figure 35. Calculation of amount of dissolution by comparing cleaved 
and uncleaved bed lengths. See text for explanation.
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If folding does continue as shown in Figure 35d, shortening 

will be calculated from 1^ to 1^ instead of 1^ and 1^. Assuming that 

shortening due to this late stage folding is homogeneous for the two 

beds, e^ calculated from (l^-l^)/!^ is equivalent to that calculated 

from (Ig-l^)/!^. Note that this continued folding will cause the 

cleavage surfaces to rotate. If this folding is entirely by flexural 

slip, the amount of rotation of the cleavage surface from an axial 

planar attitude to an inclined attitude, or half the fanning angle, 

is equal to the amount of rotation of the fold limb.

In the study area, the distance between the hinges of the 

major anticlines measured in the upper, uncleaved beds, 1^, is 25 m. 

After restoration of the normal component of slip on the major 

faults, the distance measured between these hinges in the lower, 

cleaved beds, 1 , is 16 m. Shortening due to dissolution, e , is

Geometric Reconstruction of Offset Planar Features. As men

tioned previously, Hancock and Atiya (1975) have developed a method 

for determining the amount of dissolution across a cleavage surface 

when a marker, such as a vein, is offset across the cleavage surface. 

In order for their method to succeed, the reference surface on which 

the offset is observed must be perpendicular to the cleavage surfaces. 

Such reference surfaces are not always available in outcrop. In this 

section, a more general method, applicable to the study area, is de

veloped for calculating the amount of dissolution from offsets of 

planar elements across cleavage surfaces.
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The method is based upon the fact that offsets of laminations 

and bedding contacts in the study area are observed on vertical faces. 

From geometric constructions, an equation for calculating the amount 

of dissolution is derived. Variables in the equation include the 

amount of vertical offset of the planar element, the orientation of 

the planar element, and the direction of dissolution. The first two 

can be measured in the field. The direction of dissolution can be in

ferred from field relationships.

To avoid semantic confusion, the direction of dissolution is 

here defined as the plane along which dissolution has occurred. The 

pole to this plane of dissolution is referred to as the pole of dis

solution and abbreviated as PD. There are four general orientations 

of a planar element relative to the pole of dissolution, PD. Each 

produces a different type of offset (Figures 36-39) .' Case 1 will be 

discussed in detail as* this represents the geometry observed in the 

study area.

To derive the equation, one begins with the pre-dissolution 

state and then examines the effects of dissolution. A list of vari

ables used in this analysis is given in Table 4. Figure 40a shows 

the plane of dissolution, given a more general orientation of inclined 

with respect to the page or plan surface, the pole of dissolution, and 

the bed which will undergo dissolution and thereby appear offset. To 

simplify the construction, the bed is drawn with no thickness. It may 

therefore be more readily visualized as a lamination. The amount of 

dissolution, D, is divided into horizontal, H, and vertical, V,



CASE 1

Pre-dissolution Post-dissolution

cross section

Figure 36. Case 1 offset geometry. —  Offset geometry produced by
dissolution across a northwest striking, southwest
dipping bed.



CASE 2

Pre-dissolution Post-dissolution

S
A

cross section

Figure 37. Case 2 offset geometry. —  Offset geometry produced by
dissolution across a northeast striking, southeast
dipping bed.



CASE 3

Pre-dissolution Post-dissolution-»N — N

cross section cross section

Figure 38. Case 3 offset geometry. —  Offset geometry produced by
dissolution across a northwest striking, northeast
dipping bed.



CASE 4

Pre-dissolution Post-dissolution

cross section cross section

Figure 39. Case 4 offset geometry. —  Offset geometry produced by
dissolution across a northeast striking, northwest
dipping bed.
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Table 4. Variables used in geometric reconstruction of offset planar 

features.

Symbol Explanation

8

4)
6
v

H

D

d

x

h

1o

w

ed

dip of PD, pole to plane of dissolution

angle between trend of PD and strike of offset bed
dip of offset bed

vertical component of amount of dissolution

horizontal component of amount of dissolution

amount of dissolution, measured along the direction of PD

vertical offset of bed

horizontal offset due to H, measured 1 to bed strike 

vertical offset due to H 

original length 

final length

width of cleavage bound block 

shortening due to dissolution



components. The analysis is simplified by examining the effects

of the two components separately.

In plan view, the plane of dissolution projects as line II1, 

the projection of the intersection of the plane of dissolution and 

the bed. An arbitrary amount of rock is now dissolved in the 

horizontal dimension such that A moves to A 1 in a direction parallel 

to PD. The length AA1 = H, the horizontal component of dissolution.

Figure 40b shows the bed after taking into account this 

component of dissolution. The horizontal offset measured perpen

dicular to bed strike is x. Project the bed north of the plane of 

dissolution along strike south of the plane. This projection is a 

structure contour line of the bed whose distance below the surface 

is h such that h = xtanS.

The vertical component of dissolution is now taken into 

account. The pole of dissolution plunges to the south. This indi

cates that when the vertical component of dissolution, V, is 

incorporated, the part of the bed on the north side of the plane of 

dissolution will appear to go down while the part on the south side 

will appear to go up. V is dependent on H and 6 such that V 

= HtanS (1). Three other geometric relationships are apparent: 

h = xtanS 

x = Hsin({) 

d = V - h

The vertical offset of the bed is d. The sign of (4) indicates 

whether the south side is lower or higher than the north sides
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r

Figure 40. Geometric constructions for calculation of amount of
dissolution from an offset bed. —  See text for explana
tion. Symbols defined in Table 4. fl is folding line.
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negative indicates the south side is lower, positive indicates it is 

higher. This analysis has, in effect, translated the amount of 

dissolution into a vertical offset. The vertical offset can be 

measured on any vertical cliff face. One example is illustrated in 

Figure 40b.

The geometric relationships result in four equations and 
four unknowns. Solving these equations for H and V,

H = 

V = 

Since D

d
tan6 - sin<i>tan6 

tan6 - sintJjtanS17'31̂

+ V2

(5)

(6)

D ~ tan6 - sin<i>tan6 ^  + tan ^

This procedure can be modified for cases 2-4. Although for 

case 2 (Figure 37) the horizontal component of dissolution produces 

a right separation as opposed to the left separation of case 1, the 

dip of the bed compensates for this so that resolution of the geo

metric relationships again produces the solution for D arrived at in 

case 1.

For cases 3 and 4 (Figures 38-39) the separations and bed 

dips are such that the south side must always be higher than the 

north side. V and h work in the same, rather than opposite, direction 

as before. So d = V + h. Therefore,

D ” tan6+ sin<J)tan6 ^  + tan  ̂ ^
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These two equations can be combined to

D “ tanS + sinftanA ^  + ^

with the appropriate sign being selected depending on which case fits 

the geometry of the rocks.

To apply the equation to the study area, the plane of dissolu

tion must be determined. Cleavage surfaces, themselves, are not 

accurate indicators because of their commonly curviplanar shape. 

Reasons for this shape are not clearly understood. According to 

Groshong (1975a), dissolution occurs on planes perpendicular to the 

greatest principal stress. It seems reasonable to infer that the 

axial planes of the major folds lie subperpendicular to this direction 

and that dissolution, in general, occurred such that rocks shortened 

by volume loss perpendicular to the axial planes.

All variables in (9) can now be determined. Two allowances 

are made for errors inherent in the measurements. The plane of 

dissolution is determined from an average of the two axial planes of 

the major anticlines and both strike and dip of bedding are given a 

6° error limit. This bracket of data is then combined in (9) so as 

to produce a maximum and minimum value of D. In other words, maxi

mum values of bed strike and dip are used to find D . and minimummin
values of bed strike and dip are used to find D

In order to determine shortening due to dissolution, e„, thed
width of the cleavage bound block, w, must be noted. This width 

is equivalent to the final length. Figure 41 shows how shortening is



Figure 41. Calculation of shortening from amount of dissolution.



-D/(lf + D).calculated. Since 1 = 1 + D, e = (1, - 1 )/l =o f  d f o o
From D_and D . maximum and minimum values of e, are calculated.max m m  a
Because error allowed in the calculations of the minimum and maximum

values of D is considered to be generous, the boundaries for the

value of e^ are also quite liberal. The actual shortening value is

probably nearer to the average of e , and e , . .dmax dmin
Offset laminations were observed at four localities in the

homoclinal block. The contacts between units 6 and 7 and units 5

and 6 are offset at two localities in the southern limb of the

northern anticline (Figure 42). At each locality, the amount of

vertical offset, d, across the cleavage surfaces and the spacing

of the cleavage surfaces, w, may vary. This is interpreted to be

the result of cleavage surfaces forming over an interval of time

(see preceding section). Therefore each surface may not represent

the same amount of dissolution. Two to five cleavage surfaces could

be measured to find an average value of both d and w at each locality

Table 5 records these values.
Table 5 also shows the calculations for determining D ,

D , e, . , and e , at each locality. All four localities in themax dmin dmax
homoclinal block give similar values for e, and e, . . Thedmax dmin
range in value of e , is -0.55 to -0.60. For e, . , it is -0.36dmax dmin
to -0.40. The two localities in the northern anticline also give

similar values for e, and e. . . The range in value for e,dmax dmin dmax
is -0.50 to -0.525. For e, . , it is -0.425 to -0.45. For all sixdmin
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Table 5. Calculations of shortening using geometric reconstruction of 
offset planar features.

Loc. # davg,CM> W ® 1 W (CM)avg emax 6min

Homocline 1 1.55 18 8 14.3 -.555 -.36
2 0.9 8 4.6 8 -.57 -.36
3 0.5 5.8 2.5 3.8 -.60 -.40
4 0.58 6.8 2.9 4.4 —. 60 -.40

avg = -.58 -.38
Axial Plane Average: N860W/83°NE
P.D.: 7°, S4°W
BED: N30oW/25°SW + 6°

d /l 2+ tan 7 = dDmax sin31tan22 - tan7 Z1 0.085
d /i + tan^7 = d

*\nin sin37tan28 - tan7 /3- 0.197

LOC. # davg<CM> D (RM)max ‘’min'™’ \ v g (CM) emax 6min

Northern 1 3.3 6 4.4 5.4 -.525 -.45
Anticline ^ 1.7 3.1 2.3 3.1 -.50 -.425

avg = -.51 -.44
Axial Plane Average: N866W/83°NE
P.D.: 7°, S4°W
BED: N63oW/40°SW + 6°

d A + tan^7 = dDmax sin63tan37 - tan? /1 0.549
d 2+ tan 7 = d

Dmin sin69tan43 - tan? /1 0.748

e average = -.56 max
emin avera9e = "*40
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localities, the average values for e , and e , . are -0.56 anddmax dmin
-0.40, respectively. Overall, these values indicate e^ of -0.48

+ .10.

Conclusions. Shortening due to dissolution has been calcu

lated for the study area using three independent methods, yielding 

similar estimates of shortening. The consistency amongst the results 

supports the validity of each method.

Comparison of bed lengths in cleaved and uncleaved rock 

indicates 36 percent shortening. Truncated veins indicate at least 

37 percent shortening. Offset laminations and contacts indicate 

48 4; 10 percent shortening. Shortening estimates from the first 

two methods suggest that error in the third method may have favored 

overestimate of e. Alternatively, this difference can be accounted 

for by recognizing that the amount of dissolution probably varies 

throughout the folds. Whereas the comparison of bed lengths cal

culates the overall shortening due to dissolution, the geometric 

reconstructions calculate the local shortening due to dissolution. 

Therefore, variations would be expected. In sum, shortening due 

to dissolution as revealed by these three methods is probably on 

the order of 40 + 5 percent.

Cleavage Shape Analysis

A cursory glance at the cleavage reveals a maze of curving 

and anastomosing lines that both plead for and defy classification 

by shape. Upon closer scrutiny, though, a regular pattern emerges.
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In units 2 and 4, two peculiar types of cleavage surface shapes are 

prevalent. These are named parallel cleavage and airror cleavage.

Parallel cleavage is defined by traces of adjacent cleavage 

surfaces or segments thereof that have the same shape while mirror 

cleavage is defined by those that have mirror image shapes. Figure 

43 is a drawing of the cleavage traces in units 2, 4, and 6 in the 

folded core of the northern anticline. The overlay shows parallel 

and mirror cleavages.

Alvarez, Engelder, and Lowrie (1976) write "we suspect the 

local solubility differences in the limestones on opposite sides of 

the stylolite cause the serration and that those differences become 

less important as much more insoluble clay selvages build up, so 

that the surface becomes smoother." Although this supposition per

tains to solubility differences on the scale of several grains to 

a lamination in thickness, i.e. equivalent to the width of the ser

ration, there is no reason to suppose that solubility differences 

do not occur on a larger scale throughout a unit. These solubility 

differences, for example, may be due to slight, but significant, 

variations in grain size or amount of silica.

This concept can be modelled by drawing a bed and using 

different patterns to indicate the degree of solubility. Decreased 

spacing of lines in Figure 44 represent areas of greater solubility 

in the bed. If cleavage surfaces develop in the places indicated, 

they will have the form shown. The concavities and convexities
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Figure 43. Parallel and mirror cleavages and cleavage traces of 
units 2, 4, and 6. See Figure 5 for photograph of 
this area.



cleavage

Figure 44. Solubility variation and cleavage trace shapes. —
Illustration of how parallel and mirror cleavage trace 
shapes may be produced by solubility variation in a 
bed. More closely spaced lines indicate greater 
solubility.



develop because areas on either side of a cleavage surface dissolve 

at different rates. The two cleavage surfaces on the left of Figure 

44 approach a mirror form while the two on the right approach a 

parallel form.

This explanation is hard to substantiate because of the dif

ficulty in knowing what variable or combination of variables controls 

the degree of solubility and in knowing what the magnitude of the 

difference must be in order to cause a visible curve in the cleavage 

surface. In support of this explanation is that unit 4, which shows 

the most curving cleavage, is the only laminated unit of the three. 

One would expect the laminated unit to have greater compositional 

variations and therefore the more curving cleavage. This coupled 

with the fact that the model produces results similar to what is seen 

in the study area, makes this seem like a viable explanation.

This method of classification by shape is restricted to 

units whose cleavage curves enough to make the shape recognitions 

possible. In the study area, this seems to occur in units with non

carbonate contents of around 22 percent. Cleavage tends to become 

weakly anastomosing and more planar with increasing amounts of non

carbonate material. This is consistent with the observation of 

Alvarez, Engelder, and Lowrie (1976) that "surfaces become smoother" 

as "much more insoluble clay selvages build up." Clay-like residue 

would tend to build up faster in units with a higher proportion

of non-carbonate material.
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Echinoid Spines; Strain Analysis

A 10-20 cm thick horizon of echinoid spines marks the base 

of unit 11. The greyish white single calcite crystals composing the 

echinoid spines stand out distinctly against the dark grey limestone. 

Hie spines are typically 1 to 6 mm in diameter and 1 to 2 cm long.

Determining whether these fossils record any strain is 

critical to an understanding of how strain is partitioned in the study 

area. A detailed analysis of echinoid spines sampled from the hinge 

zone of the northern anticline, where tangential longitudinal strain 

in buckle folds is maximized (Ramsay, 1967), addressed this problem. 

The sample size was restricted to a 4 x 7 x 14 cm volume so as to more 

likely stay within a domain of homogenous strain. Thirty-four spines 

were measured within this volume.

Description

The shape of the echinoid spines typically approaches that 

of a right circular cylinder, although elliptical cylinders are not 

uncommon (Fell, 1966). A surface that intersects a spine at any 

angle other than perpendicular to the spine's long axis will define 

an ellipse. Determining whether this ellipse is a product of strain, 

therefore, depends upon knowledge of the spine's long axis relative 

to the surface.

The fossil-bearing sample was slabbed sub-perpendicular to 

the fold axis. Twelve millimeters of rock were ground off in a direc

tion perpendicular to the slabbed surface with photographs of the



surface being taken at 1 mm intervals. Diese photographs were used to 

reconstruct the orientation of the 34 echinoid spines analyzed in the 
sample.

On each photograph, the center of each spine was located 

relative to an arbitrary reference surface. Superposed on one sheet, 

the centers define a line, the orientation of which corresponds to 

the projection of the spine's long axis on the slabbed surface. The 

angle that the spine's long axis makes with the slabbed surface, 0, 

is calculated from the length of the line defined by the centers, d, 

and the amount of rock ground off, z, since

0 = arc tan •§■ .a
If the echinoid spines are unstrained and approximate right circular 

cylinders, the following two relationships will be true: 1) the

orientation of the long axis of the ellipse, y , formed by the inter

section of the slabbed surface and the spine (measured relative to 

the y-axis of the reference system) should be the same as the line 

defined by the spine's series of centers, y , and 2) the ratio of 

the short to long axes, b/a, of the ellipse in question should be 

equal to sin0 (Figure 45).

Results

Figure 46 shows the line of spine centers and the orientation 

of the spine's long axis for each of the echinoid spines. The 

echinoid spines can be divided into four groups. y& is considered 

equal to y^ if their difference is less than 20° and b/a equal to 

sin0 if their difference is less than 0.10 mm. For group 1, "Ka = Yc

91
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(1)

S IN G

(2)

Figure 45. Echinoid spine as a right circular cylinder. —  Two 
relationships that are true if an echinoid spine is 
shaped like a right circular cylinder.
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and b/a = sin8. For group 2, b/a = sinQ but ^ Yc* For group 3,

Ya = Yc but b/a / sin0 For group 4, Ya / Yc and b/a / sin0. Eleven 
echinoid spines (34%) comprise group 1. Eight (24%) comprise group 2. 

Nine (26%) comprise group 3. Six (18%) comprise group 4.

Interpretation

A trained geologist can overlook slight irregularities in 

natural objects in order to see their general shape. An objective 

analysis such as this does not separate the irregular deviations of 

the echinoid spines' shapes from the mathematically ideal shapes. 

Therefore the errors allowable for Ya and (20°) and b/a and 

sin0 (0.10 mm) are considered realistic.

Since both the necessary relationships hold for the echinoid 

spines of group 1, they are interpreted to approximate right circu

lar cylinders. Although this is not true for those of group 2, it 

should be noted that b/a >_ 0.75 for all the echinoid spines com

prising this group. This suggests that precision in locating Ya is 

reduced. Based on the strength of the b/a = sin0 relationship, 

then, these spines are also considered to approximate right circular 

cylinders.

Interpretation of groups 3 and 4 is less straightforward.
I

Although Ya - Yc i°r group 3, b/a is considerably less than sin0.
This suggests that the spines are elliptical cylinders with the 

similarity in orientation between Ya and Yc being fortuitous. Group 

4 spines would then be elliptical cylinders showing a random
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orientation of Ya relative to y . Another possibility, which may 

contribute to the pattern of data for group 4, is that the long axes 

of some spines may be somewhat nonlinear. Note that for certain 

spines of group 4, e.g. 13 and 17, certain segments of the path 

defined by the centers are nearly parallel to y^ whereas the 

general trend is not. This is to be expected if the spines are 

slightly warped.

Fully 56 percent of the echinoid spines are right circular 

cylinders and are, therefore, unstrained. The elliptically cylindri

cal shape of the other 44 percent may represent the spines' original 

shape or a strain controlled shape. The former interpretation is 

supported by an analysis of the fluctuation in orientation of y^ for 

all of the ellipses.

Fluctuation was originally defined by Cloos (1947) in his 

analysis of deformed ooids and has been expounded upon by Ramsay 

(1967). It is the range in orientation of an array of objects' long 

axes. In essence, the smaller the fluctuation, the greater the 

strain. Cloos (1947) has noted a marked decrease in fluctuation with 

strains of only 10 percent. The fluctuation observed in the 

analyzed sample is 162° (the maximum is 180°). This represents 

either the original random orientation of the echinoid spines or 

else a very slight tectonic strain.

Many of the spines show calcite twinning. Both the spacing 

of twins and the number of twin sets varies. Spacing in the cominant 

set ranges from 100 pm to 18 pm. The thickness of the most closely
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spaced twins is about 5 ym. About 30 percent of the spine is twinned.

A second twin pet characterizes some of the echinoid spines. Spacing 

and thickness of the twins in this set varies greatly, but, in 

general, the twins tend to be much more widely spaced and much 

thicker than the first set. In one spine, this set has a sigmoidal 

shape.

In low temperature conditions (20° - 150°C) such as are 

likely for the development of cleavage formed by dissolution (Droxler 

and Schaer, 1979; Arthaud and Mattauer, 1969), Turner and Weiss (1963) 
note that

in grains sd oriented as to permit e twinning, narrow e 
lamellae— many of them recognizable as twins— develop in 
increasing profusion with progressive strain. Ultimately, 
at strains of 15 or 20 percent, they become so numerous as 
to coalesce to give almost completely twinned grains in 
which dark Lee lamellae are readily identified.

Groshong (1972) states that strain greater than 17 percent can not

be determined from calcite twining. Because the echinoid spines

are not nearly completely twinned, it seems likely that they are

strained much less than 20 percent.

This analysis does not determine the degree of deformation 

in the matrix. The echinoid spines, though, are small and have the 

same composition as the matrix. These characteristics strengthen 

but do not conclusively demonstrate the possibility that both the 

fossils and matrix responded similarly to deformation.

It can safely be concluded that the echinoid spines are 

either undeformed or have suffered only a minimal amount of defor

mation. Resolution of the small amount of possible deformation is



not possible with this technique since small changes in shape are 

masked by 1) the errors inherent in the measurements and 2) the 

original variation in sh^pe of the fossils. In summary, this analysis 

indicates that tangential longitudinal strain did not play a major 

role in the folding of unit 11 and, by inference, probably did not 

play a major role in the folding of any of the competent units.



STRUCTURE: INTERPRETATION

The preceding descriptions of major and minor structures 

and analysis of cleavage allow for interpretation of the structures 

and development of a coherent picture of the deformation in the study 

area. In this section, the individual structures are first analyzed. 

A structural history of the area based on these interpretations is 
then presented.

Major Folds

The shape of the folds in the study area are the result of 

cleavage superimposed on chevron and concentric folds. Flexural 

slip is probably the dominant mechanism of folding. Bedding-parallel 

thrusts, striations perpendicular to the fold axes, class IB forms 

in competent layers, and the lack of significant strain in the fos

sils support this conclusion.

The general fold shapes are modified by dissolution and 

cleavage development. Dissolution operating on layers obliquely 

inclined to the direction of dissolution produces offsets of the 

layers across the cleavage surfaces. This causes the folds, when 

viewed in detail, to have a blocky appearance. Each layer of the 

fold is, in essence, made up of a series of discrete, elongate 

blocks that are offset in a stepped manner.
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The occurrence of a homocline in the expected position of a 

syncline in the cross sectional view requires explanation. This 

homocline is outward from the core of the syncline where the fold's 

radius of curvature is expected to increase. The southern fault 

lies somewhat oblique to the fold's axial plane. Movement on this 

fault may give the appearance of eliminating the southern limb of 

this gentle syncline.

Major Faults

The possibility that the major faults may be large dis

solution surfaces was examined. The unusual curving and anasto

mosing nature of these faults prompts this investigation.

Because the average orientation of bedding is approximately 

the same on either side of the northern fault, the technique of 

geometrically reconstructing offset beds to determine the amount of 

dissolution can be used to determine whether the offset geometry 

can be produced by dissolution and, if so, how much dissolution 

occurred. Separation on the northern fault is south side up. 

Therefore d must be positive and, accordingly, V > h. The average 

orientation of bedding on either side of the fault is N.30OW./25°SW 

V = Htan7 = 0.123H and h = Hsin34sin25 = 0.26H making V < h. 

Therefore dissolution cannot produce the separation observed on the 

northern fault.

This procedure cannot be used on the southern fault because 

the beds are oriented differently on either side of the fault. But
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since the northern fault is not a product of dissolution, this fault 

is also unlikely to be a product of dissolution. The l^ck of any 

accumulation of a clay-like residue on the fault surfaces also sup
ports this conclusion.

As noted previously, these faults bound compartments of rock 

whose thicknesses remain relatively constant between the faults but 

change dramatically across the faults. Any interpretation of the 

faulting must explain this relationship. It must also explain why 

the faults die out into the overlying pure limestones and sandstones. 

Two explanations are possible: 1) faulting and thickness changes

occurred contemporaneously and 2) faulting occurred after thickness 

changes.

The following scenario is invoked to illustrate how faulting 

and thickness changes could be contemporaneous. Suppose that the 

thickness variations arose from dissolution of units parallel to 

bedding. The faults would then form to separate compartments in 

which the rate and/or amount of dissolution varied. The faults would 

also die out into the upper units since these units are not as sus

ceptible to pressure solution.

This explanation, though, is untenable for two reasons: 1)

the rocks in question show no evidence of bedding parallel dis

solution and 2) there is no reason why subvertical columns of rocks 

of approximately the same overall composition should suffer variable 

amounts of dissolution. The second alternative is therefore

examined.



The increased thicknesses of units 8 and 9 in the hinge of 

the southern anticline suggest that the thickness changes are due 

to folding. In minor folds just to the north of the mapped area, 

these units show dramatic local variability with unit 8 being pinched 

out entirely. These units should be visualized as changing in 

thickness not only within the plane of section but in all three 

dimensions. If these beds are then offset by faults that are sub

perpendicular to the plane of section and have a component of strike- 

slip movement, seemingly abrupt changes in thickness will be observed 

across the faults.

In order to verify this explanation, a component of strike- 

slip movement must be recognized. Unfortunately, strict fault 

solutions cannot be executed because there is no linear feature which 

can be restored across the faults. Uncertainties involved in cor

relating the massive, grey limestones across the faults also make 

recognition of plan view separation relationships difficult. For 

the southern fault, the most reasonable correlation of units based 

on the abundance of chert in the limestone units, shows a left 

separation. Separation in the vertical section is normal. Con

sidering the dips of the offset beds, both left and normal separations 

can be achieved by solely normal slip, solely left slip, or a 

combination of the two. So, although, these observations do not 

necessitate strike-slip movement, they also do not preclude it. It 

seems possible and likely that there was at least some component of 

strike slip movement on these faults.
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Figure 47 demonstrates one likely interpretation of fault 

movement. This is a block diagram separated along the major fault 

planes so that bed thickness changes parallel to fault strike can 

be observed. Most of the units are drawn so as to thicken to the 

west or into the page. Left and normal slip movement on the faults 

followed by erosion will produce the observed thickness changes on 

the cliff face. Note that for the central fault, arrows showing 

normal separation so as to produce the offset between units 9 and 10 

will appear in conflict with separation relationships indicated by a 

marker layer in unit 7. This is because the variable thickness 

changes will produce dip changes in contacts between units. If 

two units with unequal dips are offset across a fault with constant 

displacement in a normal and strike slip sense, the unit with a 

lower dip may show a reverse separation while the other unit shows a 

normal separation.

Because cleavage surfaces are folded adjacent to these faults, 

the faulting must have been post-dissolution. The proximity of 

these folds to the fault planes and their recumbent to gently in

clined attitude suggest genesis during an episode of normal/ 

strike-slip faulting.

If these faults occurred along zones of weakness in the rock, 

they most likely followed cleavage surfaces. This explains why the 

faults die out into the upper sandstones and limestones. It also 

explains their curving and anastomosing geometry.



s

□  unit 10
□  unit 9 
Q  unit 8
□  unit 7

Figure 47.
Note changes in thickness for units 7-9.
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In light of the above analysis, the faults are best 

perceived as post-folding, post-dissolution faults, that had com

ponents of normal and strike slip and that developed along pre

viously formed cleavage surfaces.

Minor Faults

A reasonable explanation of the minor faulting becomes ap

parent from an analysis of jointing in the upper limestone units. 

Because the joints typically contain a calcite vein filling rather 

than a clay-like residue and do not occupy an axial planar attitude, 

they are considered to indeed be joints rather than dissolution sur

faces. Joints were measured in units 15 and 17 on both the 

northern and southern limbs of the southern anticline. The data were 

then rotated to a pre-folding state.

Since the limbs of the fold are nearly planar, the joint 

data fall into four domains for the rotation analysis. These domains, 

which are defined by a common bedding attitude, consist of 1) unit 

17 on the southern limb, 2) unit 15 on the southern limb, 3) unit 17 

on the northern limb, and 4) unit 15 on the northern limb. The two 

most readily visible joint sets in each domain were measured. The 

joint sets in each domain cluster fairly well; orientations and 

unimodal poles for joints and bedding of each domain are indicated 

in figure 48a.

The rotation was carried out in the manner Ramsay (1967) 

describes for unfolding plunging flexural-slip folds. All
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Ficmre 48. Joint data from units 15 and 17. -  a) Lower-hemisphere 
equal area stereographic projection of structurally un
corrected data: solid symbols are poles to joints; open
symbols are poles to bedding; large symbols are average 
poles for small symbols. Domain 1 is represented by dots, 
domain 2 by squares, domain 3 by triangles, and domain 4 
by hexagons, b) Lower-hemisphere equal-area stereographic 
projection of structurally corrected data: same symbols
as in a); solid lines indicate attitudes of three joint 
sets defined by the rotated joint poles.
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uniroodal poles to bedding and joint sets were rotated 36° about the 

fold axis of the southern anticline. The joint sets and bedding in 

each domain were rotated about the strike of bedding in that domain 

so as to restore the bedding to horizontal. These two steps suc

ceed in unfolding the fold. The results of this manipulation are 

shown in Figure 48b. Three sets of joints are revealed. All are 

subvertical. Strikes are approximately EW., N.33°E., and N.20°W.

The most striking feature of this system of joints is its 

symmetry about a N .6 °E. direction. This direction bisects the 

53° acute angle between two of the joint sets and lies nearly per

pendicular to the third set. A general stress regime likely to 

produce this geometry of joints is also compatible with one likely 

to produce the geometry of the major folds. This suggests that the 

joints may have developed pre-folding as an early response to the 

deformation.

The orientations of the minor faults for which both strike 

and dip could be measured are similar to those of the joint sets in 

the same domain. Those faults for which only the approximate sur

face trend could be determined still have trends that are compatible 

with joint set observations in the same domain. This suggests that 

the faulting occurred on previously formed joints. This faulting 

may have developed as a response to folding. This is supported by 

1) separation directions being characteristic of a particular limb 

of a fold and 2) greater amounts of separation often being charac

teristic of areas where fold curvature is changing rapidly. This
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latter characteristic is most evident in unit 19 on the southern 

limb of the southern anticline.

Cleavage: Strain Significance

Cleavage arising from dissolution has permitted shortening 

of the rocks in the same direction as shortening achieved by folding. 

Data suggest that the shortening attributable to pressure solution 

is on the order of 40 + 5 percent. The overlying uncleaved lime

stones and sandstones shortened by only 28 percent.

The major control on the development of cleavage is rock 

composition. Different mechanisms of shortening operated in dif

ferent rock types leading to unequal amounts of strain. Those that 

responded to deformation by both folding and cleaving shortened more 

than those that just folded.

The inhomogeneous shortening of rocks in the study area 

suggests the existence of a transition zone that separates rocks that 

have shortened by folding and dissolution from those that have shor

tened by folding. Rocks within this zone probably shortened by 

both folding and dissolution with the amount of dissolution decreasing 

in the direction of the uncleaved rocks. In the study area, this- 

transition zone is represented by the lower limestones that display 

cleavage only in the anticlinal hinges and horoocline and that have 

a cleavage spacing that decreases structurally upward.

The restriction of cleavage and tectonic stylolites to hinge 

zones has been noted by other workers (Choukroune, 1969; Williams,



1972; Vidal and Soula, 1978). The reason for this is not readily 

apparent. It may be that strain exerts the fundamental control on 

cleavage development for units that are not highly susceptible to 

pressure solution because of their composition. States of strain 

vary in folded layers. The hinge zone may simply be the area most 

conducive to dissolution and cleavage development. Room problems 

associated with inner core hinge areas may also be a factor.

One area where a type of cleavage does occur in these lime

stones on the outer limb of the northern anticline is where the beds 

have a subvertical attitude and bedding parallel stylolites have a 

noticeably different morphology. Because the beds are subvertical, 

the bedding parallel stylolites are, in effect, axial planar. It 

seems likely that once the beds adopted this attitude, dissolution 

easily recurred along the pre-existing structures. This caused the 

existing stylolites to become more smoothly curving and to build up 

more clay-like residue.

Finally, the relationship of fold geometry to the state of 

strain merits examination. Concentric folds can accomodate about 

36 percent shortening before they become flattened folds (Ramsay,

1967). Because pressure solution has operated to such a large 

degree, the folds in the study area have been able to accomodate 

shortening in excess of 36 percent without adopting a markedly 

flattened form and without significant tightening of the interlimb
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In conclusion, strains read merely from fold geometry are 

misleading. Volume loss arising from pressure solution must be 

incorporated before a true understanding of the amount of shortening 
is achieved.
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Structural History

The preceding structural interpretations can be combined to 

form an integrated picture of the deformational history of these 

rocks. Figures 49-53 are a schematic, five stage representation of 

this history.

As shown in Stage 1 (Figure 49), the rocks were subhorizontal 

before deformation. This is the simplest starting configuration and 

is chosen since no direct evidence exists to support a more complex 

original geometry.

Stage 2 (Figure 50) represents the beginning of the rocks* 

response to stresses causing the deformation. A set of subvertical 

joints formed under probably north-south compression. These joints 

certainly formed in the upper limestones and sandstones. They may 

also have formed in the lower calcareous siltsones and silty micrites 

but their presence is masked by the penetrative cleavage.

Folding commenced during stage 3 (Figure 51) under the same 

general stress regime as stage 2. Some of the joints in the upper 

limestones and sandstones became fault planes that acted in conjunc

tion with folding. Shortening approached - .30. Folding ac

companied by faulting indicates brittle, low temperature and pressure



figure 49.
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Figure 51. Stage 3 of deformafcional history of the study area. —  Onset of folding and move
ment on minor faults.
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Figure 52. Stage 4 of deformational history of the study area. —  Formation of cleavage and 
associated dissolution.
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Figure 53 Stage 5 
Prior toof deformati erosion. onal history of the study area. Movement on major faults,

h->&
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conditions. Such conditions are also suitable for dissolution in 

carbonate rocks (Droxler and Schaer, 1979; Arthaud and Mattauer, 19691.

Stage 4 (Figure 52) shows the superposition of cleavage 

on the tightening folds. Cleavage formed in the lower calcareous 

stilstones, silty micrites, and lower limestones. Dissolution and 

associated cleavage development probably occurred over an interval of 

time with dissolution continuing on old cleavage surfaces while new 

ones developed. Shortening due to dissolution in the lowermost units 

is shown as -.40. Shortening due to dissolution in the overlying 

limestones systematically decreases towards the overlying 

uncleaved limestones and sandstones. Note that this style of inhomo- 

genous shortening produces voids when this block of rock is considered 

as an isolated domain. Methods of accommodating this geometry are 

discussed in the following section.

Finally, stage 5 (Figure 53} represents the post-faulting, 

pre-erosion rock configuration. The three major faults have ex

perienced normal and left C?) slip. Extension is about +.05.

Cleavage was recumbently folded adjacent to the faults. Because 

of thickness changes incurred by some of the units during folding, 

erosion will reveal beds of different thicknesses on either side

of these faults.



DIFFERENTIAL STRAIN: GEOMETRIC IMPLICATIONS

Strain within the study area is not homogeneous. Because the 

uppermost units have undergone folding whereas the lowermost units have 

undergone both folding and dissolution, these lowermost units have 

shortened approximately twice as much as the uppermost units. Units 

within the transition zone between these uppermost and lowermost units 

have shortened an intermediate amount by both folding and dissolution. 

The units' differential response to deformation has produced a strain 

gradient such that shortening decreases structurally upward. This pro

duces, in effect, a trapezoid of rock when viewed in cross section.

Evidence indicates that composition is the dominant factor 

controlling a unit's susceptibility to dissolution. Shortening due to 

dissolution should be relatively constant laterally, along the length 

of a unit. Therefore the stacking of uncleaved units over cleaved units 

produces an unstable geometry. Voids such as those shown adjacent to 

the lower units in Figure 53 are produced since volume loss contributed 

to shortening in the lower units but not to shortening in the upper 

units.

Peculiarities in the geometry of the rocks in the study area 

suggest a possible mechanism by which the differential strain may be 

accommodated. The study area can be visualized as*a discrete block of 

rock. The southern boundary is a steep, northeast-southwest trending 

fault. Units near this fault, i.e., the southern limb of the southern
1 1 6



117

anticline, become vertical to overturned. The northern boundary cannot 

be so precisely identified as the quality of exposure becomes poor. 

Although the upper beds can be traced into a syncline to the north, 

they appear to be broken up by faults. Additionally, similar to the 

southern boundary region, the beds near the northern boundary, i.e., 

the northern limb of the northern anticline are vertical, especially 

where the beds cross the wash. The fold limbs in the interior of the 

block dip around 45°.

This is a somewhat unusual fold symmetry. Usually, such dramat

ic variation in limb dip would be expected in folds with a vergence 

such that the same, rather than opposing, limbs on each anticline have 

the same orientation. It is speculated that the study area is a co

herent, fault bound block. The steeply dipping fold limbs may then be 

related to drag on these faults.

This boundary faulting and the differential strain may be in

terrelated. Consider a laterally continuous stack of rock in which 

dissolution has caused shortening in the lower layers to be twice that 

in the upper layers (Figure 54a). As mentioned before, the strain 

gradient produces a trapezoid of rock such that large voids are left 

on either side of the block. If this stack of rock is divided into 

several trapezoids (Figure 54b), the size of the voids decreases while 

the number increases. As the stack is divided into more and more 

trapezoids (Figure 54c) , the size of the voids continues to decrease 

while the number increases. In all cases, the actual cross sectional 

area occupied by the voids is equivalent.
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Ibis suggests that breakage of an area into a series of blocks 

is a favorable means of accommodating differential strain. By dimin

ishing the lateral dimensions of the trapezoids, the size of the indi

vidual voids is reduced thereby facilitating methods of geometrically 

eliminating the voids. Since the rocks are attempting to minimize 

their lateral dimensions, shuffling of the blocks as indicated in 

Figure 54d is expected. Faulting between the blocks is probably much 

more complicated than depicted and probably involved both rotation and 

vertical translation.

This analysis suggests that faulting of the area into a block 

may be related to and, in effect, caused by the dissolution process. 

This eases the dramatic geometric constraints caused by differential 

shortening in which dissolution plays a significant role.
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(a)

(b)

(d)
Figure 54. Strain compatibility problems arising from differential

shortening. Illustration of changes in geometry produced 
by reducing the lateral dimensions of trapezoids.
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