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Abstract--Cataclasis and frictional wear are the primary hulk deformation mechanisms along steeply dipping 
portions of the Saltville thrust in the southern Appalachian foreland zone, U.S.A. Fault character ranges from 
a single discrete sliding surface with negligihle gouge, to a zone of several discrete sliding surfaces or a zone (up 
to 0.3 m thick) of pervasive cataclasite. Marked fracturing occurs up to 20 m above the fault, whereas minimal 
deformation is found in the footwall rocks. Hanging wall dolomites range from crush breccias (less than 5% 
matrix) to ultracataclasites (with 90% matrix), although cataclasites (50-70% matrix) are predominant. Foliated 
cataclasites occur where dolomite is thrust over shale. Progressive development of cataclastic fabrics is due to 
comminution by fracturing and grinding along intersecting fractures. Continued frictional grinding results in 
complete disruption of the original fabric to produce cataclasite and minor ultracataclasite. Grain alignment 
occurs by rigid body rotation with subsequent local enhancement by pressure-solution. Microstructural relations 
of the fault gouge suggest periodic fluctuations in fluid pressure, where Av (ratio of fluid to overburden pressure) 
probably ranged between 0.45 and 1. The Saltville thrust-sheet emplacement must have occurred in a caterpillar- 
like fashion involving aseismic and seismic shear. Shear stresses accompanying fault motion as determined from 
dolomite twin lamellae are in the order of 65 mPa. 

INTRODUCTION of rocks along these faults and their mode of emplace- 
ment. Mesoscopic and microscopic fabric data of Salt- 

CONCERN about mechanisms by which thrust sheets ville fault-rocks are presented here in an attempt to 
move large distances (Smoluchowski 1909, Hubbert & establish relationships between fault-rock fabrics, 
Rubey 1959, Wilson 1970, Brock & Engelder 1977, deformation mechanisms, sliding mechanisms, and 
Gretener 1977, Chapman 1979) has been associated with physical conditions during emplacement of the Saltville 
the development of thin-skinned tectonic models in thrust-sheet. Rocks were sampled from three locations 
foreland fold zones. Hypotheses proposed to overcome along the northern section of the fault (Fig. 2). These 
frictional resistance along major faults include abnor- correspond to steeply-dipping portions where dolomite 
really high pore pressures to reduce effective normal occurs above the fault surface (Fig. 3). 
stress (e.g. Hubbert & Rubey 1959), movement and flow A textural classification after Sibson (1977, table 1) is 
in materials of low shear strength such as shale, coal and used to describe the fault-rock fabrics. This classifica- 
evaporites (e.g. Wilson 1970), movement on a zone tion, however, does not allow for the possibility of 
sheared by pervasive cataclasis (e.g. Brock & Engelder foliated cataclasites, although Sibson does suggest 
1977), and lubrication from frictional melt (p. 209) that crude shape fabrics may sometimes develop 
(pseudotachylyte) produced by large transient tern- during cataclastic flow. Foliated fabrics, originally 
perature increases along dry fault planes (e.g. McKenzie thought to occur only in the quasi-plastic regime, have 
& Brune 1972). Microstructural characteristics of rocks been recognized in the elastico-frictional regime along 
in fault zones should therefore provide information on the Saltville thrust. The prefix term foliated has, 
the mode of faulting and the physical conditions during therefore, been added to the cataclasite series. 
movement (cf. Engelder 1974, Elliott 1976, Brock & 
Engelder 1977, Gretener 1977, Sibson 1977, Rutter & 

White 1979). FORM OF SALTVILLE THRUST 
This paper investigates fault rocks along and adjacent 

to the Saltville thrust, a major regional thrust of the Seismic refraction studies (cf. Milici etal. 1979, Harris 
Southern Apalachian fold- and thrust-belt, U.S.A. (Fig. & Bayer 1979, fig. 3) indicate that the Saltville thrust has 
1). Thrust faults of this foreland zone have linear to listric form and shallows with depth to merge with a 
arcuate, discrete, discontinuous traces. These interact to master d6collement within the Cambrian Rome shales 
produce an array of interleaved thrust-sheets. Little (Fig. 2). Along the 690 km exposed strike-length of the 
previous work has been done on the deformation fabrics fault, there are considerable variations in fault morphol- 

ogy and geometry. Surface dips in Virginia and Ten- 

*Present address: Amoco Production Co., P.O. Box 50879, New Or- nessee" range from 0 to 50°: 10 to 30 ° in Tennessee 
leans, LA 70150, U.S.A. (Haney 1966, Rodgers 1970); 0 to 30 ° at Saltville, Vir- 
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ginia (Muangnoicharoen 1978, fig. 5 a )  and 50 ° at Good-  ~'i~k,~, ,,__.,_,~,=~_,,__=,'~ ~ . . . . . .  - \ ~  -_ J ~k,'~,~'--~,_5] 
wins Ferry, Virginia, Figs. 3(a) and (b). In general, the ~ , ~ , \  ,, \ _ - ~X,7,- ~H~ 0 ~ ~" , 

• / ' " \ ---- ~\, BHA II 
Saltville thrust has moderate to steep dips along its ~,~ ~.~.~H~, eH~, 0,o, ~,~, ~ , ~ . . ~  
northern trace. The minimum total displacement along 
the fault in southwest Virginia is from 10 to 18 km (Den-  Fig. 3. Outcrop sections through the Saltville thrust at the three loca- 

tions shown in Figs. 1 and 2. Dots show the sample positions in the 
nison & Woodward 1963, fig. 3, Roeder & Witherspoon outcrops. (a) Goodwins Ferry, Virginia: hillside outcrop at the New 
1978, fig. 4). The estimated thickness of the thrust sheet River Cave above Route 625 on the NE side of the New River. (b) 

Goodwins Ferry, Virginia: road outcrop along Route 622 on the SW 
is 4 4.5 km, whereas the present outcrop width ranges side of the New River. (c) Saltville, Virginia: road outcrop on State 
from 4 to 25 kin. Route 91 between Saltville and Macready. Open circles denote 

positions of HC 28 and HC 29 from a similar outcrop on route 107, 
Outcrop morphology of thrust approximately 1 km to the southwest (Mississipian Maccrady Forma- 

tion shales occur in the footwall here). (d) Gate City, Virginia: road 
cut on State Route 23, approximately 50m north of the 

The morphology of the fault ranges from a single Virginia-Tennessee line. 

discrete sliding surface with minimal gouge (Fig. 3b), to 
a zone composed either of several discrete sliding sur- and are not normally associated with gouge. Rocks  
faces (Fig. 3d), or of  pervasive cataclasites (Figs. 3a & alongthe fault surface (cataclasites) are cohesive but less 
c). Discrete sliding surfaces are characterized by stri- competent  than surrounding rocks. Where developed,  
ations and chatter marks (Elliott 1976, figs. 10 and 11) they occur in thin zones  (up to 0.3 m) and are separated 

from surrounding lithologies by discrete surfaces (Figs. 
~1~ G0odwins Ferry A' 4a-c) .  In some areas, however,  a crude zonation is 
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Fig. O. Fracture spacing (fractures/cm) vs distance from the fault 
Fig. 2. Interpretative cross-sections showing the three locations where trace. Samples are from road outcrops along Routes 91 and 107 at 
the Saltville thrust was sampled. Positions of section lines are shown Saltville, Virginia (Fig. 3c). Measurements were made from thin- 
in Fig. 1. Sections were modified from Butts (1933) and Milici (1970). section traverses. Combined traverse lengths were 12 cm for each thin 

Ornament as in Fig. 1. section. 



Fig. 4. Microstructural relations of the fault contact at Goodwins Ferry, Virginia (a) and (b), and Gate City, Virginia (c), 
(d) and (e). (a) Fractured dolomite in contact with dolomite cataclasite (HFNN2 in Fig. 3a); bar scale = 0.5 cm. (b) 
Enlarged portion of (a) showing the sharp nature of the fault contact g'ith offset along a secondary cataclasite zone; bar scale 
= 500/an. (c) Sharp, stylolitic fault contact between fractured dolomite and foliated cataclasite. Note the apparent offset 
of the veins (v) across the stylolites. (BHA 1 in Fik. 3d, bar scale = 0.5 cm). (d) (bar scale = 500#m) and (e) (bar scale = 
150 #m) are enlarged portions of the foliated cataclasite in (c) showing the foliation (Se) defined by elongate dolomite clasts 
and stylolitic seams (s). (Key: fc, fault contact; HW, hanging wall; FZ, fault zone; cz, cataclasite zone; dc, dolomite 

cataclasite; c, foliated cataclasite; mf, microfracture; v, vein; s, stylolite). 
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Fig. 5. Fracture patterns from Saltville localities shown in Fig. 3(c): (a) and (b) in crush breccias; (c), (d) and (e) in 
protocataclasite. (a) Intersecting microfractures (mr) and cataclasite zone (cz) in oolitic dolomite at HC 29, bar scale = 500 
/an. Note the undeformed habi t  of the ooliths. (b) Enlarged portion of (a), bar scale = 150/an. (c) Dolomite proto- 
cataclasite with intersecting cataclastic zones from HC28, bar  scale = 0.5 cm. (d) Enlarged portion of a cataclastic zone in 
(c), bar  scale = 500/ma. (e) Shatter  zone due to intersecting cataelasite bands from the sample shown in (c); bar  scale = 

500/~m. 
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Fig. 7. Fault-rock microfabrics from Goodwins Ferry localities (Fig. 3a). (a) Non-foliated, poorly sorted cataclasite with 
angular clasts in a fine-grained matrix at HFNN3, bar scale = 500#m. (b) Non-foliated cataclasitc (50-70% matrix) with 
greater matrix proportion than (a), at HFNN4, bar scale = 500/an. (c) Ultracataclasite zone (90-95% matrix) in cataclasite 
of Fig. 4(a) at HFNN2, bar scale = 500/an. (d) Enlarged portion of the ultracataclasite showing poor sorting, m: matrix 

bar scale: 100 #In. 

261 



Fig. 8. Structural elements of fault rocks from cave outcrop at Goodwins Ferry, VA. (see Fig. 3a). (a) Cataclasite 
(HFNN3B) showing fault-parallel stylolites, fault-perpendicular veins and oblique cataclasitic zones (see Appendix) (bar 
scale = 0.5 cm). (b) Stylolite truncating dolomite clast; an enlarged portion of (a) (bar scale = 500/an). (c) Cataclasite 
(HFNN4C) showing overprinting relations between secondary cataclasite zones, stylolites and veins (see Appendix) (bar 
scale = 0.5 cm). Positions of (d), (e), (f) and (g) are shown. (d) Irregular veins overprinting secondary cataclasite zones (CZ) 
and cut by microfractures (MF) (bar scale = 500/an). (e) Intersecting secondary cataclasite zones (bar scale = 500/an): 
(f) Cataclasite zone (CZ) with subsidiary zones (cz) responsible for increased gouge development (bar scale = 500/an). (g) 

Vein cut by late stage zones of cataclasis (cz) and microfracture (bar scale = 500 ~tm). 

262 



Cataclasites along the Saltville thrust, U.S.A. 263 

evident with a gradation into fractured dolomite of the stones clasts are rare. Both foliated and nonfoliated 
hanging wall. Thick or massive brecciated zones are ab- cataclasites occur along the fault. 
sent. No basal tongues (Gretener 1977) were observed Nonfoliated cataclasites have a random fabric with 
at the localities investigated, most clasts ranging from 10 to 100#m in diameter (Fig. 

Deformation intensity, reflected by fracturing and 7b). Clasts have rounded to angular, elongated to rhom- 
minor shearing (Fig. 5) decreases rapidly away from the bohedral forms with sharp, smooth to irregular grain 
fault (Fig. 6). A fractured zone generally occurs above boundaries (Figs. 7a & b). Individual clasts float in the 
the fault surface with fracturing dominant over bedding matrix. Nonfoliated cataclasites are best developed 
for up to 20 m. Two sets of oblique intersecting fractures, where dolomite is thrust over limestone (Figs. 3a & b). 
with their acute bisectrix perpendicular to the fault trace In these rocks 90-95% of the clasts are dolomite, with 
(see Figs. 3a & b) predominate. Footwall deformation is 5-10% being chert. 
minor and varies with lithology. Shales are relatively Foliated cataclasites (Figs. 4d & e) occur where 
undeformed even up to 1 m from the fault (Fig. 3d) and dolomite is thrust over shale (Figs. 3d and 4c). Clasts of 
only show contortions in a zone up to 0.3 m thick, where dolomite (70%) and quartz (30%) float in a fine-grained 
dismembered folds in crumpled shale are intermixed (less than 10 #m) dolomite/clay matrix, and are 20/an to 
with fragments of dolomite gouge. This grades into un- 1.5 mm in length. The dolomite clasts commonly are 
deformed planar bedding fissility away from the fault, more elongate than quartz and tend to show a much 
Limestones (Figs. 3a-c) are also relatively undeformed, greater degree of preferred orientation (Fig. 4d). Quartz 
but sometimes show increased development of bedding- grains have irregular shapes and anguldr to subangular 
parallel stylolites adjacent to the fault (Fig. 3a). boundaries. The foliation is defined by both preferred 

The three outcrops of the Saltville thrust which were orientation of elongate clasts, visible on a mesoscopic 
investigated in this study show the following relation- and microscopic scale, and subparallel anastomosing 
ships, stylolites, visible only on a microscopic scale (Fig. 4e). 

(1) Goodwins Ferry, Virginia (Figs. 3a & b). Cam- 
brian Honaker dolomites are thrust over Ordovician Dolomite fault-rocks 
limestones. The fault dips 50 ° southeast. A thin 
(0.3 m wide) zone of cataclasites occurs at the Hanging-wall dolomites have cataclasite fabrics which 
dolomite-limestone interface. Minor fracturing occurs group into four types defined by bulk deformation 
in the dolomites away from the fault surface, characteristics and proportion of matrix (grains less than 

(2) Saltville, Virginia (Fig. 3c). Cambrian Honaker 10pm in diameter). 
dolomites are thrust over Mississippian limestones. The Crush breccia (e.g. Fig. 5a). These include relatively 
fault is poorly exposed but appears to be a zone at least undeformed dolomites characterized by the develop- 
3 m wide with a dip in excess of 45 ° southeast. A block ment of widely spaced (0.5-1.0cm) microfractures, 
of cataclastic sandstone occurs within the fault zone. some of which have detectable shear displacement (Fig. 
Minor fracturing is developed in dolomites above the 5b). Fractures and shears occur both as single surfaces 
fault, and in zones, which result from the coalescing of 

(3) Gate City Virginia (Fig. 3d). Splay faults off the numerous fracture and shear surfaces. Single fractures 
main Saltville thrust place a horse of dolomite (possibly commonly form en-rchelon patterns (Fig. 5b). The frac- 
Cambrian Honaker dolomite) within the Cambrian Lures at this stage commonly intersect one another at 
Rome Formation. The dolomite is enclosed by shale on angles of approximately 60 ° . Matrix is less than 5% of 
the footwall and interbedded shale and dolomite on the the rock fabric. 
hanging wall. Traces of the faults dip approximately 50 ° Protocataclasite (e.g. Fig. 5e). Original microfractures 
southeast. Cataclasites occur in a narrow zone (up to form shear zones with widths up to several mm (Fig. 5d). 
0.2 m) at the dolomite-shale interface (Fig. 4c). Minor Cataclasites with 50% matrix occur in the shear zones. 
fractures occur in the dolomite away from the fault. However, the bulk fabric is a protocataclasite. On 

mesoscopic and microscopic scales, intersections of 
major shears are shatter zones of intense fracturing (Fig. 

FAULT-ROCKS OF THE SALTVILLE THRUST 

A l l  f a u l t - r o c k s  a r e  c o h e s i v e  (indurated) and generally STAGE I I~ STAGE ]I  " STAGE I E  ~ STAGE I ~  

nonfoliated. Restricted largely to hanging-wall D° <~c~ost 
dolomites, they most commonly range from crush brec- ~ .  ~ . . _ ~ ' . .  ~ . , '  .. ::i!211~ii!~.i.. 
cias with less than 5% matrix (Fig. 5a) to cataclasites , , B u t t ~  ::/~;t*. ~ 5,- 

w i t h  50-70% matrix (Fig. 7b). Ultracataclasite |ram Strucluras ~ odD.i.10",Motrix 3ram 
(90-95% matrix) occurs along secondary shear zones in Shorter "7~r~'~ I ' 3mm ' 

some cataclasites (Fig. 7c) but constitutes less than 2% zo,, ~,~ r" .~4 
of all the observed fault-rocks along the Saltville thrust, lcm 
Clast populations are greater than 70% dolomite, increasing cataclosis 

Quartz clasts (chert and detrital quartz) from the origi- Fig. 9. Schematic representation of development sequence of 
nal dolomite are common in some cataclasites. Lime- cataclastic deformation along the Saltville thrust. 
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99 / o  has 82% of grains larger than 50 #m, whereas curve IV 
z 95 . ~ "  (secondary cataclasite zone of Fig. 8c) has only 15% of 

total grains larger than 50/~m. Furthermore the overall 
85 

"' /°  - / , ,  increase in slope from curves I to IV indicates an in- 
To 

< / , / ~ _ / / ! ~  crease in sorting with deformation (cf. Engelder 1974, p. 
50 1522). 
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• Apart from cataclastic fabrics, other textural elements o 1 I I I 
zoo too 5o a5 ~z in the fault zone include secondary fractures and 

GRAIN SIZE (p.m) 
cataclastic shears, veins and stylol i tes (Figs. 8a & c). 

Fig. 10. Cumulative frequency curves for grainsizes of dolomite frag- Documentation of these elements in samples from the 
ments in cataclasites; sample positions given in Fig. 3. I, Gate 
(BHA11); II, Gate City (BHA1); III, (originaleataclasite) Goodwins three locations investigated along the fault are given in 
Ferry (HFNN4C); IV, (secondary cataclasite zone) (HFNN4C). the Appendix (see Tables A1, A2 & A3). Overprinting 

Curves  are  in o r d e r  of inc reas ing  de fo rma t ion ,  between them defines an approximately consistent 

deformation chronology for fault-rock evolution (Fig. 
5e). Button structures, diamond-shaped pods of 11). At least two stages of fracturing, veining, andgouge 
relatively undeformed dolomite, occur between sets of formation suggest cyclic development of fault-rock, al- 
intersecting shear surfaces, though the first events (labelled 1 to 4, Fig. 11) are 

Cataclasite (e.g. Figs. 7a & b). Original bulk fabric has predominant and responsible for producing the 
been completely disrupted andbutton structures are not cataclasites along the thrust. Subsequent fracturing/ 
recognizable in the fault-rock fabric. Matrix constitutes microshearing and gouge/breccia-formation events 
50-60% of the rock and clasts are 10/~m to several mm (labelled 5 to 6, Fig. 11) produce the intersecting zones 
in diameter, although most are between 10 and 100/~m. of secondary cataclasis (Fig. 8e), but these are only 

Ultracataclasite (e.g. Fig. 7c). Fabrics have more minor components of the total fault-rock fabric (see 
uniform grainsize with at least 90% matrix. Individual Figs. 8a & c). These zones have varying orientations (see 
matrix grains have rounded to sub-rounded, Appendix), but are predominantly parallel (Fig. 8c) or 
approximately equidimensional forms, and are gener- oblique (Fig. 8a) to the fault trace. Two sets are common 
ally less than 10/~m in diameter, although grains up to (Fig. 8e), although three sets have been observed (see 
100pro do occur (Fig. 7d). HSF 21, Table A2 in the Appendix). Minimum angles 

Generation of the cataclasites, however, is considered between the sets range from 50 to 90 °. Displacements 
progressive and sequential, as implied by the 4-stage along secondary cataclastic zones tend to be small (less 
evolution in Fig. 9. Each stage corresponds to the four than 500/~m) and in many cases could not be detected. 
categories described above. The fault zone is initially Induration of the cataclasite fabric prior to secondary 
characterized by microfractures which coalesce to form cataclasis is inferred from the sharp contact between the 
conjugate shear fractures (Stage I). Above the fault, zone and the host rock (Fig. 8f). 
these fractures are at high angles to the fault trace (Fig. The next events (labelled 7 and 8, Fig. 11) in the 
5a), whereas in the fault zone, one set commonly paral- development of the fault-rock microfabric involved 
lels the fault and the other is oblique to it (Fig. 5c). formation of veins and stylolites (Figs. 8a-c). Local 
Similar relations have been documented for mining in- cross-cutting relations (Fig. 8a) where both veins cut 
duced fault zones at Boksburg, South Africa (see Gay & styiolites and stylolites cut veins, suggest contem- 
Ortlepp 1979, fig. 6). Stage I deformation marks the poraneousdevelopmentoftheseelements. Stylolitesare 
onset of cataclasis. As shearing increases, minor shear subparallel to the fault trace, whereas most veins are 
zones develop with gouge fillings (Stage II). During subperpendicular to the stylolites and, therefore, at 
early phases of deformation, Stages I and II, the bulk large angles to the fault (Figs. 8a & c). Some veins which 
fabric produced results in a protocataclasite upon in- 
duration due to dolomitic cementation. Progressive 
brittle failure leads to Stage III deformation and cam- DEFORMATION MODE CHRONOLOGY 
plete disruption of the original fabric with significant Fracturing (1) ~ (5) 

reduction in grainsize (Fig. 10). Extensive shearing and 
Microsheoring ~ (2) ~ (5) m,, ,B (9) 

rotation of grains takes place. Continued frictional 
Gouge/Breccia Formation . .~= , ,m,  (5) ~ (5) 

grinding and grainsize reduction produces a gouge with 
Gouge Induration ~ ( 4 )  ~ ( 6 )  

the matrix composition of an ultracataclasite (Stage IV). void Formalion ~ (7) 

Consistent with this deformation sequence is a con- Stylolite Formation ~ (S) 
tinuous reduction in grainsize of dolomite fragments Early Late 
coupled with a changing proportion of matrix content in s~age .~ sta~e 
the fault-rock (see Fig. 10 and also compare Figs. 7a, 8f TIME 

Fig. 11. D e f o r m a t i o n  ch rono logy  of fault  rocks  a long  the Saltvil le  
and 7c). Cumulative frequency curves I to IV show in- thrust. The chronology is based on overprinting criteria of elements 
creasing effects of cataclasis; curve I (cataclasite fabric) listed in the Appendix. 
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are parallel, and others that are oblique, to the fault These considerations require Saltville thrust-sheet 
trace appear to have developed along the pre-existing emplacement by either abnormally high pore pressures 
secondary shear zones. Up to three sets of veins have and/or movement on a zone sheared by pervasive 
been observed (see Appendix), but these do not show cataclasis. Both are associated with minimal deforma- 
consistent overprinting criteria. The last event (labelled tion of footwall and hanging wall during thrust-sheet 
9, Fig. 11) is minor fracturing/microshearing. Although emplacement (Gretener 1972, 1977, Brock & Engelder 
this has produced fractures which offset veins and 1977). Lack of pseudotachylyte along the thrust in- 
stylolites (Fig. 8d), the most common expression of this dicates that lubrication by a frictional melt did not occur. 
deformation is thin, irregular subplanar zones of This also supports high fluid pressures and fluid move- 
cataclasis within the previously formed veins (Figs 8g). ment along the fault zone, since low fluid pressures are 

a prerequisite for frictional melting (cf. Sibson 1980a, p. 
166). The general absence of shale, coal and evaporite 

SPECULATIONS ON SLIDING MECHANISMS in the footwaU immediately adjacent the fault, com- 
bined with the very minor deformation where shale was 

Deformation mechanisms along faults (i.e. sliding observed (Fig. 3d), suggests that flowage in weak strata 
mechanisms) are affected by ambient temperature, fluid was not a major factor during thrust-sheet emplacement. 
pressure, confining pressure, rock type and strain rate Observations of hanging wall dolomite adjacent to the 
(Donath & Fruth 1971, Sibson 1977). Conditions which fault indicate that frictional sliding was important, par- 
favour cataclasis correspond to those in the elastico- ticularly for fault initiation in dolomite, where move- 
frictional regime (cf. Sibson 1977, p. 200), characterized ment was between dolomite on both upper and lower 
by low temperatures and pressures, that is, metamorphic plates. In areas of minimal gouge along the fault trace, 
grades lower than greenschist facies. Both seismic and features such as striations, chatter marks and crescentic 
aseismic modes of failure may occur in this regime, gouge marks indicate frictional wear. The general lack 
Change from seismic to aseismic movement may be of fibres, accretion steps (Elliott 1976 figs. 12 and 14) 
related not only to the brittle-ductile transition as sug- and slickolites (Bretz 1940) suggests that pressure- 
gested by Orowan (1960), but possibly also to the solution slip was not important in the faulting process. 
generation of fault gouge which enables steady state Development of late stage stylolites in the gouge in- 
cataclastic flow (Engelder et al. 1975). The sliding mode dicates however that pressure-solution has modified 
during thrust emplacement is difficult to determine from some of the cataclasite fabrics. 
deformation features along exposed ancient faults. Generation of gouge/cataclasite along faults is also 
However, fault-rock fabrics along the fault are useful in due to frictional wear. Zones of cataclasite along the 
understanding deformation mechanisms and can be Saltville thrust (Figs. 3a & 3b) could be related to: (1) 
combined with results from experimental work to repeated stress cycling associated with intermittent slip, 
speculate on emplacement mode and conditions during where cyclic episodes of microcracking could develop 
thrusting. Any proposed emplacement model must ac- during successive stress build-up prior to major failure 
count for the thickness of the fault zone and, in par- (Mjachkin et al. 1975); (2)lower pore pressures causing 
ticular the characteristics of the gouge, higher effective stresses such that removal of asperities 

Important aspects of the Saltville thrust that need to and production of gouge was necessary for movement 
be considered in the emplacement models include: and (3) the geometric need for hanging ~vall dolomite to 

(1) Along its northern trace the fault generally has accommodate bendsandirregularities in thefault during 
steep dips (up to 50 °) and displays variable morphology, movement. The lack of extensive microcracks in 
It ranges from a single discrete sliding surface with dolomite immediately adjacent to gouge zones (Fig. 4a) 
minimal gouge to a zone composed of several discrete suggests that (1) is unlikely, although it may be a subsidi- 
sliding surfaces or of pervasive cataclasites up to 0.3 m ary mechanism facilitating gouge development in areas 
thick, where cataclasite is gradational into fractured dolomite 

(2) Fault-rocks are cataclasites formed by cataclasis of the hanging wall. More detailed surface and subsur- 
and frictional sliding (i.e. brittle deformation) in the face investigation would be needed to substantiate (3), 
elastico-frictional regime, as the outcrops investigated precluded evaluation of this 

(3) Footwall rocks, including shale and limestone, are mechanism. The lack of veins in dolomite clasts within 
relatively undeformed even up to 1 m from the fault, the cataclasite indicates that hydrofracturing was not 

(4) Hanging-wall rocks, generally dolomite, show a important during gouge formation and places an upper 
fractured zone up to 20 m above the fault surface. Frac- constraint on the magnitude of fluid pressure. Since ~.v, 
turing and minor shearing decrease rapidly away from the ratio of fluid pressure (P) to lithostatic load (av), 
the fault zone and associated sliding surfaces. Maximum must be greater than 1 for hydrofracturing (Sibson 1981, 
fracturing and gouge development are restricted to 1 m p. 666), fluid pressure at the time of fault initiation in 
above the fault surface (see Fig. 6). dolomite along the Saltville thrust must have been lower 

(5) Both (3) and (4) suggest that strain during fault than lithostatic pressure. This tends to support mechan- 
initiation and emplacement of the thrust-sheet was ism (2). 
localized to a narrow zone. Significant deformation of An approximate value of).v at thrust initiation is 0.45, 
the upper plate generally did not occur, assuming an average sedimentary rock density (0r) of 
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2 .3gcm -3, pore fluid density (Of) of 1.04gcm -3 (saline along the fault zone greater than the hydrostatic head. 
water) and a depth (Z) of 5 km (see Gretener  1969, p. Subsequent cataclasis along these veins, and minor shear 
257). fracturing, must relate to stress build-up after dilatancy 

Other aspects which should be considered include the hardening. This occurs after hydro-fracturing, when 
fracture zone above the fault and the deformation fluid pressures drop towards the hydrostatic (Sibson 
chronology shown by the fault rock microfabric. Frac- 1981). 
tured zones have been recognized above other faults Such variations in fluid pressure require thrust- 
(Brock and Engelder 1977, Harris & Milici 1977) and emplacement as a series of fast, single events as 
appear characteristic of thrusts in the elastico-frictional proposed by Gretener  (1972, 1981). Gouge develop- 
regime. Differences in orientation of fractures (compare ment would be associated with stress build-up during 
Figs. 5a & c) with respect to the thrust trace above and periods of low fluid pressure, and probably stick-slip 
within the fault zone suggest a different stress regime behaviour (Byerlee & Brace 1968). Sliding experiments 
and possible difference in time of formation. Fractures on dry, gouge-filled surfaces show both seismic and 
above the fault may result from strain accommodation as aseismic sliding modes (Jackson & Dunn 1974, Engelder 
the hanging wall moves over irregularities in the fault et al. 1975). The significance of clast-preferred orienta- 
during emplacement,  tion in the foliated cataclasites is unclear. It is possible 

Cataclasites along the fault show overprinting of that such fabrics formed in response to slower slip and 
secondary shear zones, stylolites and veins subsequent strain rates. Fast slip rates should lead to rapid dissipa- 
to development of the cataclasite fabric. Secondary tion of energy, an increase inlocal entropy and disorder- 
shear zones have varying orientations (Figs. 8a & c) and ing of the deformation fabric (Sibson 1977), while slower 
probably reflect repeated stress cycling during thrust- slip rates could lead to a more ordered fabric. 
sheet emplacement.  Rocks along seismically-active fault Another  important unresolved problem is the level of 
zones with large finite displacement (e.g. > 1 km) must shear stress that accompanies motion on faults such as 
have been through the stress cycle leading to frictional the Saltville thrust. Twinning within minerals, such as 
failure a very large number (probably > 1000) times calcite and dolomite, can be used to infer levels of shear 
(Sibson pers. comm. 1981). This is somewhat stress (Jamison & Spang 1976, Tullis 1980), since a 
problematic considering the simple textural evolution critical resolved shear stress (rc) is necessary to produce 
shown by the finite microfabrics of the fault-rocks (Fig. twinning. For calcite and dolomite these are 100 and 
11). In some cases however the secondary shears may 1000 bars respectively (Jamison & Spang 1976). 
represent shear bands analogous to those produced ex- AnalysisoftwinningafterJamison&Spang(1976fig.  4b) 
perimentally in frictional-sliding experiments (see Byer- in hanging wall dolomites adjacent the Saltville 
lee et al. 1978, fig. 6). thrust (Table 1) gives an average differential stress (Act) 

Overprinting criteria suggest contemporaneity of of 130MPa (1300 bars) with a variation of 20MPa (200 
veins and stylolites in the fault zone. Veins, commonly bars); where significant differences in Aof rom different 
normal to the thrust trace (Figs. 8a & d), formed under twin sets existed, the value from the highest number of 
a different stress regime from the fault (compare with twin sets was used to calculate the average. This gives a 
Sibson 1981, fig. 2a) and are probably separated in time. shear stress of 65 MPa (650 bars) associated with fault 
They are extension veins which developed by hydraulic motion in the dolomite. Ten metres above the fault the 
fracturing (Secor 1965) when the fluid pressure (P) ex- calculated shear stress in the dolomite was 54 MPa (540 
ceeded the tensile strength of the gouge. Vein fill by bars) (see Table 1, HSF 21). These values are higher 
crystalline dolomite was probably derived from the than predicted from extrapolation of in situ shear stress 
developing fault-parallel stylolites in the matrix (see data in hard rock (see McGarr  1980, fig. 3). 
Ramsay 1980, fig. 6). The presence of the veins indicates 
that at the time they were generated the cataclasite was CONCLUSIONS 
indurated, and 03' (effective minimum principal com- 
pressive stress) was < 0. This requires fluid pressures Fault rock fabrics may be used to determine deforma- 

Table 1. Values of Sl and A6 derived from dolomite twin lamellae '~ 

One set Two sets 
Sample N S~ A6 S~ AO Structural position Fault-rock 

HFNN2 40 0.42 1190 (/.345 1450 Hanging w a l l  microbreccia 
HFNN2 71 0.40 1250 immediately adjacent 
HFNN2 81 0.35 1430 0.385 1300 to fault 
HSF21 66 0.458 1092 -- --  Hanging wall 10m microbreccia 
HSF21 27 0.465 1075 -- --  above fault 
HFNN4C 121 0.42 1190 0.385 1300 Fault zone cataclasite 
HFNN4C 44 0.42 1190 0.395 1266 

N = total number of dolomite grains inspected for twin lamellae. 
*in coarse crystalline dolomite within shrinkage fenestrae (see Fig. 4b). 
S 1 = resolved shear stress coefficient (see Jamison & Spang 1976, p. 870). 
A6 = differential stress (02 - cq) in bars. 
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Table A1. Outcrops at Goodwins Ferry, VA (see Figs. 3a & b) 

Cataclastic Cataclastic Fault-rock 
Sample Gouge shears Stylolites Veins shears Lithology Position type 

HFNN6 one set three sets two fracture limestone footwall undeformed 
0[60 °] O[30°], N sets On, On (1.2m below 

and P. (60 °) fault) 

HFNN7 three sets: limestone footwall relatively 
P, O[10 °] (1 m below undeformed 
0[30 ° ] fault) 

HFNN5 two sets: two sets: along O limestone footwall relatively 
P, N N, 0[80 °] veins (0.2 m below undeformed 

fault) 

HFNN3B two sets: P N along P dolomite fault zone cataclasite 
Pn*, On veins 
(50°) 

HFNN4A two sets: P N along P dolomite fault zone cataclasite 
Pd, Od veins 
(50 ° ) 

HFNN4C two sets: P N dolomite fault zone cataclasite 

HFNN2 complex dolomite upper cataclasite 
network boundary of 

fault 
3 sets: dolomite hanging wall microbreccia 
Ps, Od, Od 

HFNS4B Stylolites three sets dolomite hanging wall microbreccia to 
Pn*, O[70°], (0.2 m above protocataclasite 
On[50 °] fault) 
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Table A2. Outcrop at Saltville, VA (see Fig. 3c) 

Cataclastic Cataclastic Fault-rock 
Sample Gouge shears Stylolites Veins shears Lithology Position type 

HSF2 normal to limestone footwall undeformed 
bedding (weak) (10 m below 

fault) 

HSF28 normal to N calcareous footwall undeformed 
bedding (minor) sandstone (6 m below 
(weak) fault) 

HSF6A two sets: sandstone fault zone crush 
Os, On (70 °) microbreccia 

HSF24 2 sets O, algal hanging relatively 
O (80 ~) dolomite wall (2 m undeformed 

above fault 

HSF21 three sets two sets: along P dolomite hanging wall crush 
Pn, O [58], P, O veins (10 m above microbreccia 
O [90 °] fault) 

HSF20 two sets Od, along 1 set of dolomite hanging wall crush 
On (60-70 °) cataclastic fractures (13 m above microbreccia 

shears P fault) 

HC28 two main sets: dolomite fault contact protocataclasite 
Pn*, On (60 °) 

HC29 two equal sets: dolomite hanging wall crush 
Ox, On (60 (5 m from microbreccia 
irregular) fault) 

Table A3. Outcrop at Gate City, VA (Fig. 3d) 

Cataclastic Cataclastic Fault-rock 
Sample Gouge shears Stylolites Veins shear zones Lithology Position type 

BHA2 P N along shale footwall on Cataclasite 
(minor) veins fault plane 

BHA3 P irregular two sets shale fault zone cataclasite 
(minor) N On, On (90 °) 

BHA1C (complex) two two sets: dolomite hanging wall microbreccia to 
sets: Od, O, O (20 °) (adjacent protocataclasite 
(90 °) hult) 

BHAIB two sets: Pa, P 3 sets P, dolomite fault contact protoeataclasite 
On dolomite O [20 °] and and shale to eataclasite 

Nn 

BHA4 P dolomite hanging wall microbreccia 
(minor) (8 m above 

fault) 

BHA10 complex dolomite footwall microbreccia to 
(adjacent fault) protocataclasite 

BHA11 P N dolomite fault zone cataclasite 
(minor) 

BHA12 two sets dolomitic fault zone microbreecia 
Os*, On sandstone 
(60 °) 


