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ABSTRACT 

The Golconda allochthon of northern and 
central Nevada contains the Havallah se-
quence and correlative units of latest Devo-
nian to early Late Permian age. The Havallah 
sequence is dominated by radiolarian ribbon 
chert and argillite associated with variable, 
but generally subordinate, siliciclastic, cal-
carenitic, and volcaniclastic turbidites and 
slump deposits. Cherts of all ages (except 
Pennsylvanian?) locally rest depositionally on 
tholeiitic basalts. Some were altered and min-
eralized by ridge-type hydrothermal systems, 
suggesting deposition in an ocean basin con-
taining active spreading center(s) for much of 
the upper Paleozoic. 

The Havallah sequence was thrust east-
ward along the basal Golconda thrust onto 
coeval sediments of the western North Amer-
ican shelf during the latest Paleozoic-earliest 
Mesozoic Sonoma orogeny. Detailed studies 
of the Havallah sequence in the Sonoma and 
Tobin Ranges and in Battle Mountain indi-
cate the presence of complex diagenetic and 
structural fabrics that developed prior to the 
obduction of the allochthon. A large number 
of thrusts, composite thrusts, and shear zones 
slice the Havallah into numerous tectonic 
packets of contrasting lithology and/or inter-
nal structural style. Internal structures in 
chert packets include bedding-parallel and 
bedding-normal solution cleavage, solution 
boudins, three or more sets of east-verging 
folds of variable geometry, and features asso-
ciated with high pore-fluid pressures such as 
crack-seal fractures, dilation breccias, clastic 
dikes and sills, and clastic intrusions along 
thrust surfaces. The fabrics suggest a general 
progressive evolution from deformation 
characterized by bedding-normal compres-
sion and slight east-west extension (D t) to 
deformation dominated by bedding-parallel, 
east-directed shear (D2). Local chert packets 
may have suffered alternating episodes of 

high and low pore-fluid pressure. The degree 
of development and the styles and orienta-
tions of various structural elements vary, 
sometimes radically, from packet to packet. 

The pre-Golconda thrust fabrics can be 
modeled as the result of imbrication and de-
formation of successive batches of ocean-
floor sediments into the toe of an accretionary 
prism in front of an east-facing arc. Relatively 
undeformed Permian calcarenite units, inter-
preted as being trench-slope deposits, suggest 
that this prism was well developed by Per-
mian time. Coarse slump deposits containing 
chert clasts with pre-depositional structural 
fabrics suggest a prism that was active long 
enough to recycle previously tectonized 
cherts. If we are correct, the classical Sonoma 
orogeny (D3) marked the culmination of a 
protracted structural evolution that may have 
spanned much of the upper Paleozoic. 

INTRODUCTION 

The upper Paleozoic Havallah sequence is a 
chert-turbidite-greenstone complex that is ex-
posed in several ranges in northern and central 
Nevada (Fig. 1). It is an oceanic suite containing 
(1) tholeiitic pillow lavas; (2) massive sulfide 
and siliceous Fe and Mn mineral deposits; (3) 
pelagic and hemipelagic sediments, including 
ribbon radiolarian chert and argillite; (4) silici-
clastic and calcarenitic turbidite deposits that in-
clude slump breccias; and (5) local volcani-
clastic turbidites and breccias. Its age, based on 
radiolaria, conodonts, and fusulinids, ranges 
from Late Devonian-Early Mississippian to 
early Late Permian (Roberts, 1964; Erickson 
and Marsh, 1974; Silberling, 1973,1975; Stew-
art and others, 1977 and unpub. data; Miller 
and others, 1982,1984; Laule and others, 1981 
and unpub. data). The Havallah sequence is al-
lochthonous and was transported eastward 
along the Golconda thrust over coeval autoch-
thonous shallow-marine and nonmarine as-
semblages and older deformed rocks of the 

Roberts Mountain allochthon during the Late 
Permian and/or Early Triassic Sonoma orogeny 
(Silberling and Roberts, 1962). 

The depositional setting of the Havallah se-
quence and the mechanisms of its emplacement 
are debated (see Snyder and Brueckner, 1983, 
and Miller and others, 1984, for most recent 
reviews). The presence of upper Paleozoic tho-
leiitic pillow lavas and associated ridge-type hy-
drothermal deposits (Snyder, 1977, 1978; Rye 
and others, 1984) indicates that the basement to 
Havallah sediments was oceanic crust. Several 
investigators (Burchfiel and Davis, 1975; Miller 
and others, 1982, 1984; Whiteford and others, 
1983) advocate deposition of the Havallah se-
quence in a back-arc basin behind a nearby 
west-facing arc with subsequent back-arc thrust-
ing when the basin closed. Others (Speed, 1977, 
1979; Dickinson, 1977; Schweickert and Sny-
der, 1981; Snyder and Brueckner, 1983) favor 
deposition in a relatively large ocean basin with 
development of an accretionary wedge in front 
of an east-facing island arc. The island arc-ac-
cretionary prism complex may have traveled a 
long way before colliding with North America 
and thrusting the accretionary wedge over the 
continental margin. 

This paper concentrates on describing the 
structural fabric of part of the Havallah sequence 
in the Galena Range (Battle Mountain), Edna 
Mountain, and the Sonoma, Tobin, and To-
quima Ranges, with particular emphasis on 
small-scale structures in cherts. Closely spaced 
thrusts within the Havallah sequence have re-
sulted in the juxtaposition of innumerable fault-
bounded structural units that we call tectonic 
packets. Each packet has an internal structural 
fabric which varies, sometimes markedly, from 
packet to packet. Measurements collected over 
large-scale domains (hillsides, entire ranges, and 
so forth) and presented on summary diagrams 
tend to produce a pseudo-uniform fabric that 
obscures some important structural variations 
between packets. This paper presents some 
summary and representative, packet-by-packet 
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Figure 1. Upper Paleozoic paleogeographic map of Nevada showing the relationships be-
tween the Golcoinda allochthon, the Antler orogenic belt and continental shelf sediments, 
modified from S|»eed (1977) and Stewart and others (1977). Exposures of the Havallah se-
quence are shown as solid black. The names of correlative units are enclosed in parentheses. 
The position of ttie Golconda thrust along the eastern margin of the allochthon is schematic. 

measurements to illustrate this conclusion. Re-
sults of the far more numerous measurements 
not presented here are available on request from 
both authors. 

Our study of fabrics in various tectonic 
packets suggests t hat the strain histories of Ha-
vallah siliceous sediments were complex and 
polyphase, implying a protracted strain history for 
the Havallah sequence as a whole. Furthermore, 
the amount of telescoping recorded by the large 
number of these fault-bounded packets is prob-
ably much greater than has been generally rec-
ognized. We suggest that an extended structural 
evolution and a liirge degree of structural short-
ening is in reasonable accord with the far-
traveled accretionary prism interpretation. Ac-
cordingly, we mcdel the tectonic history of the 
Havallah as the continuous shuffling of a thin 
veneer of oceanic sediments into an accretionary 

wedge that persisted for a significant span of 
geologic time before it was emplaced along the 
Golconda thrust onto North America. 

GENERAL STRUCTURE 

The structure of the Havallah sequence is 
dominated by thrusts. The best documented is 
the basal Golconda thrust which, though rarely 
exposed, is recognized by the juxtaposition of 
the Havallah sequence with coeval shelf sedi-
ments. Major thrusts within the sequence have 
been recognized by the juxtaposition of units of 
different age and/or lithology in Hoffman Can-
yon of the Tobin Range (Ferguson and others, 
1951a, 1951b, 1952; Stewart and others, 1977 
and unpub. data), the New Pass Range (Macmil-
lan, 1972), Willow Creek in Battle Mountain 
(Roberts, 1964; Miller and others, 1982; this 

work), the Independence Range (Miller and 
others, 1981, 1984), the Toquima Range 
(Laule and others, 1981 and unpub. data), as 
well as in other parts of the Sonoma and Tobin 
Ranges (this work). Figure 2 is a preliminary 
compilation of the distribution of the major lith-
otectonic units bounded by the major thrusts in 
Battle Mountain and by the Tobin and Sonoma 
Ranges (see Fig. 2 for references). 

The lithotectonic units are, in turn, cu t by 
numerous internal bedding-parallel thrust faults 
which divide chert, turbidite, and argillite into 
tectonic packets which may be a few centim etres 
to tens of metres thick and several metrjs to 
hundreds of metres long (Fig. 3). The :hert 
packets are characterized by different degrees 
and styles of deformation from packet to pa cket. 
Some packets (for example, unit J in Fig. 3) 
contain undeformed beds of constant thic cness 
along strike. Beds in other packets are character-
ized by strong boudin-like fabrics which range 
from pseudo pinch-and-swell structures to 
blocks with more angular profiles separatisd by 
high-angle fractures (unit B). Still other packets 
expose from one (unit K) to three generations of 
roughly coaxial folds (unit H). 

Virtually undeformed cherts can be found in 
direct contact with packets containing highly de-
formed strata (units J and K, respectively, Fig. 
3). Similar generalizations can be made for the 
Havallah sequence in the Tobin, Sonoma, and 
Toquima Ranges and Edna and Fish Creek 
Mountains. Most chert packets in the Havallah 
sequence are bounded by thrust faults which ul-
timately cut off individual units along strike; 
thus, there is not necessarily an orderly strati-
graphic succession perpendicular to strike and 
limited structural continuity parallel to strike. 
The rarely exposed contacts between different 
rock types are generally, although not always, 
tectonic. 

The displacements along these fault zones are 
unknown. Faults that juxtapose faunal ¡issem-
blages of different ages are assumed tc have 
undergone significant displacements and are 
mapped as major thrusts (Fig. 2) which define 
the major lithotectonic units. Faults that juxta-
pose different lithologies (that is, chert-aigillite, 
chert-turbidite, and so forth) or chert packets of 
distinctively different structural style are as-
sumed to have suffered appreciable movement, 
but the amount of displacement is unknown. By 
dividing most, if not all, of the lithotectonic units 
into numerous planar, subparallel tectonic 
packets, these internal thrusts give the Havallah 
sequence a deceptively simple homoclinal ap-
pearance in most areas (see Fig. 3) and obscures 
the complicated internal features contained in 
some of the chert packets. The following sec-
tions describe these features and provide some 
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Figure 2. Generalized tectonic map of the Havallah sequence in the Sonoma and Tobin 
Ranges and the Antler Peak area (Battle Mountain). Units A through F in the Sonoma and 
Tobin Ranges are major thrust-bounded lithotectonic units defined by age differences or major 
changes in lithology (Muller and others, 1951; Ferguson and others, 1951a, 1951b, 1952; 
Stewart and others, 1977; Snyder, unpub. data). Inset is a more detailed map of Hoffman 
Canyon, Tobin Range, showing the division of lithotectonic unit C into tectonic packets CI 
through C8 (Stewart and others, 1977 and unpub. data). The thrust between lithotectonic units 
C and D is the Hoffman Canyon thrust (HCT) (Ferguson and others, 1952). Units 1 through 8 
in Battle Mountain are lithotectonic units mapped largely on lithology (Roberts, 1951,1964) 
and, near the Golconda thrust radiolarian ages (Miller and others, 1982). Packets from unit 3 
near the Golconda thrust (at arrow labeled GT) are shown in the cross section in Figure 3. 
eDsv, lower Paleozoic units of the Roberts Mountain allochthon; IPos, Pennsylvanian-
Permian overlap sequence; IPMh, Pennsylvanian-Mississippian Havallah sequence; M , 
Lower Triassic Koipato Group; "fisp, Triassic Star Peak group; Jgr, Jurassic granite. 

representative data. The distinction between sed-
imentary (diagenetic) and tectonic features is not 
always clear; furthermore, ordering features 
from different packets into a chronological se-
quence is somewhat subjective. For these rea-
sons, a separate section is devoted to these 
problems. 

FRACTURES 

Bedding-Normal Fractures 

Virtually all chert layers contain numerous 
fractures that are approximately perpendicular 
to bedding but otherwise display no preferred 
orientations. Each fracture affects only a single 
bed or a few beds. Crosscutting relationships 
suggest several generations of fractures. Some 
fractures underwent dip-slip motion; others ap-

parently simply dilated and are filled with chal-
cedony, macrocrystalline quartz, or both. A few 
fractures contain several generations of vein 
material. 

Step Planes 

These fractures are distinguished from those 
discussed above by having a strong preferred 
orientation (Fig. 4A). Most have suffered dip-
slip motion and offset the previously formed 
bedding-normal fractures. The fractures are not 
simple high-angle faults because individual frac-
tures affect only a single bed or a few beds, and 
the amount of apparent offset changes as the 
fractures are traced downdip (Fig. 4B). The in-
tersection of these fractures with offset bedding 
surfaces creates little steps (Fig. 4A); hence, we 
tentatively call these fractures "step planes" and 

the intersection of the step planes with bedding, 
"step lines." Step planes commonly segment the 
chert layers into prisms with rhomboid profiles. 

PRESSURE-SOLUTION-
RELATED FEATURES 

Bedding-Parallel Microstylolites 

Clays and unidentified opaque material in 
some siliceous layers are concentrated as films 
and trains into micron-thick laminae (Fig. 5). 
The laminae form an anastomosing, subparallel 
network that parallels chert layering, is locally 
stylolitic, and abuts against partially dissolved 
radiolaria. We interpret these structures as being 
insoluble residues which were left after the disso-
lution and removal of silica, similar in origin to 
the microstylolites described in limestone by 
Wanless (1979). 

Microstylolites are lacking or widely spaced 
(several cm) in some chert layers and are more 
closely spaced (1 or 2 mm) in others. Quartz-
and chalcedony-filled veins that formed before, 
or during, the creation of the microstylolites and 
were oriented at high angles to bedding are 
straight and undeformed in microstylolite-poor 
layers but crumpled where they occur in 
microstylolite-rich layers (Fig. 5). These veins 
are very strongly crumpled and locally brec-
ciated in the thin (a few mm to 1 or 2 cm), 
argillite-rich partings that occur between the rel-
atively clay-poor chert layers. The argillaceous 
partings thus are believed to be zones of merged 
or coalesced microstylolites that are rich in re-
sidual clay, similar to the microstylolite swarms 
and clay seams of Wanless (1979). If this inter-
pretation is correct, it would suggest that the 
argillaceous partings are zones of considerable 
silica removal and may have suffered a large 
amount of thinning as a result of this process. 
This conclusion agrees with that of Jenkyns and 
Winterer (1982), who suggested that the chert-
argillite couplet has been "diagenetically en-
hanced." It implies that the primary (that is, 
sedimentary) differences between the clay-rich 
and clay-poor layers of the ribbon chert couplet 
need not have been as great as they were after 
solution processes, and it obviates the need for 
radical changes in depositional processes to ex-
plain these differences. The strong planar fabric 
defined by bedding-parallel microstylolites is 
henceforth called a "microstylolite cleavage." 
Locally, folded microstylolites are crosscut by 
later, unfolded microstylolites (Turner, 1982). 

Mound Structures 

Irregular variations in thickness of some chert 
layers give them a knobby or moundlike ap-
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pearance. In plan view, the mounds have ap-
proximately circular outlines, with diameters 
ranging from 1 eta to tens of centimetres. They 
are invariably outlined by solution seams and 
many contain concentric rings composed of al-
ternating quartz and chalcedony, similar to di-
agenetically produced growth rings in CT-chert 
nodules in the Monterey Formation (Taliaferro, 
1934; Pisciotto, 1978; Snyder and others, 1983). 

Solution-Modified Step Planes 

Many step planes had their original, planar, 
clay-free configuration modified by pressure so-
lution (Fig. 4B). They now have irregular pro-
files and are filled with clays and opaque 
material, suggesting that they become sites of 
silica dissolution, presumably because they acted 
as passages for the movement of fluids and as 

zones for stress concentration. Near the hinges of 
some folds, pressure solution during folding re-
sulted in the reorientation of the step pkines to 
near parallelism with the axial surface of the 
fold. Near other hinges, the step plane:; were 
simply fanned about the fold hinge. The degree 
of reorientation by pressure solution varies from 
fold to fold and from layer to layer and appears 
to reflect the solubility of the chert layer during 
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Figure 3. Tectonic packets in the basal por-
tion of lithotectonic unit 3 (see Fig. 2) of the 
Golconda allochthon exposed on the west wall 
of Willow Creek Canyon, Battle Mountain. 
The Golconda thrust (covered) is just below 
the bottom of the figure. Units, A, C, E, G, I, 
and L are predominantly argillite. Units B, D, 
F, H, J, K, and M are dominated by bedded 
chert. Some of the contacts between the chert 
and argillite may be depositional (for example, 
J and I), others are clearly structural (for ex-
ample, I and H, see truncated fold hinge at 
point 11; or unit J, which is unfolded, and unit 
K, which is intensely folded). Numbers mark 
stations. Photo taken from helicopter; view is 
to the west. 

folding (Brueckner and others, unpub. data). 
Many of the fanned and/or axial-surface frac-
ture patterns observed in folded chert may have 
originated as step planes prior to folding. 

Solution Boudins 

The step-plane fabric is believed to have in-
fluenced the development of a "boudin" fabric 
(previously called "lenticle fabric"; Snyder and 
Brueckner, 1983) that we suggest formed largely 
through the differential removal of silica from 
chert layers. Many chert packets are character-
ized by layers that are alternately thick and thin 
along strike (Fig. 6). The upper and lower 
boundaries of the thick portions are weakly to 
strongly convex outward, producing elliptical or 
lensoid profiles. These features are similar to 
Monroe structures, except that they are weakly 
to strongly elongated parallel to bedding, defin-
ing a locally pronounced lineation. Clay-rich 
selvages ("argillite partings") separate the chert 
layers. The thick portion of one bed commonly 
fits into the thin portions of the overlying and 
underlying beds, producing a "nested" appear-
ance (Fig. 6). 

These features have been called "boudins" 
(Miller and others, 1982), and this term is ap-
propriate if the original, purely descriptive, defi-
nition of boudins is retained; that is, they look 
like sausages lying side by side (see Ramsay, 
1967). The boudins, however, are rarely pulled 
apart and hence bear a superficial resemblance 
to pinch-and-swell structures. This term is inap-
propriate, as there is little evidence that the chert 
layers were thinned or "pinched" by ductile, ex-
tension parallel to bedding. Layers within the 
thin portions of a chert bed are not thinner or 

more closely spaced than they are within the 
thick portions. 

We feel that these structures formed largely 
by a silica dissolution process (Brueckner and 
others, unpub. data) rather than by ductile neck-
ing. Layers within the thick portions of the chert 
bed are terminated along their convex-outward 
boundaries by the argillite partings that we judge 
to be solution seams. The thin portions of the 
beds are therefore believed to be zones of con-
siderable silica removal. This relationship is il-
lustrated on a microscopic scale (Fig. 5) where 
chert layers of irregular thickness and lensoid 
chert residues are entirely surrounded by micro-
stylolites. We suggest that the thick portions of 
chert beds be called "solution boudins"; the thin 
portions, "solution necks"; and the resultant lin-
ear fabric, "solution-boudin lines." 

Step lines and solution-boudin lines are al-
most invariably parallel in any chert packet. The 
steps created by the intersection of step planes 
and bedding are sharp and well defined in chert 
layers that lack solution boudins (Fig. 4A) and 
become progressively rounded and less well de-
fined as the solution-boudin fabric becomes bet-
ter developed. Steps are usually not obvious in 
layers with strongly developed solution-boudin 
fabrics (Fig. 6); however, many solution necks 
contain fractures or vein-filled fractures, some of 
which have undergone dip-slip motion. We be-
lieve that some of these fractures are step planes, 
strongly modified by silica dissolution (Fig. 4B). 

We suggest that the formation of step planes 
created passages for the movement of aqueous 
solutions and caused silica dissolution to be con-
centrated along the strike of the step planes, re-
sulting in the formation of solution necks and 
the strong preferred orientation of the solution-
boudin lines. Our hypothesis therefore requires 
minor brittle extension to form the step planes, 
and bedding-parallel pressure solution to form 
the solution-boudin fabric. 

Figure 7 plots the orientations of undifferen-
tiated step lines and solution-boudin lines on the 
lower hemispheres of equal-area nets. Figure 7 A 
is a summary diagram of all measured lines from 
the Tobin Range. Although most plunge toward 
the north at shallow to moderate angles, there is 
considerable scatter. The reasons for this scatter 
are shown in the succeeding diagrams (Figs. 7B, 
7C, 7D) from three separate packets in unit D of 
the Tobin Range. Note that different packets 
display different patterns; some define strong 
point maximums (Figs. 7B and 7C), whereas a 
few others are variably distributed about a great 
circle which parallels bedding (Fig. 7D). Al-
though the difference between adjacent packets 
is generally small (compare Figs. 7B and 7C), 
the cumulative effect over the entire range is 
significant. 

The packet-to-packet variations may mean 
that rigid-body rotation during thrusting rotated 
these fabrics away from parallelism. The girdle 
versus point-maximum patterns of some adja-

Figure 4A. Step-plane fabric from unit H, Willow Creek, Battle Mountain (station 21, Fig. 
3). Chert layers (horizontal) are cut by numerous step planes which create a staircase effect. 
The step planes have not been affected by later solution. 
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Figure 4B. Positive print of thin section (horizontal length = 2 cm) showing bedding and 
early-formed, bedding-parallel microstylolites offset by high-angle step planes. The step plane 
at right (A) is, in turn, cut by a later generation of bedding-parallel microstylolites and dies out 
upward and downward. A larger, braided step plane at left (B) suffered later pressure solution 
and acquired an irregular profile filled with insoluble material. Willow Canyon, Toquima 
Range. 

cent packets also suggest, however, that the 
boudin-step-plane fabrics acquired different 
patterns and orientations at the time that they 
were imprinted on the siliceous sediments. The 
packet with the girdle distribution, for example, 
may not have had a strong step-plane fabric, and 
the varied orientat ions of the boudin lines were 
probably set by the random strikes of the early-
formed, bedding-normal fractures. 

High-Angle Solution Cleavage 

There is at least one, and probably more, 
generation(s) of iiTegular to stylolitic, locally 
anastomosing laminae filled with clays and 
opaque material that are oriented at high angles 

to bedding (Fig. 5). The laminae appear to offset 
earlier features such as bedding-parallel micro-
stylolites. We believe that these features consti-
tute a high-angle solution cleavage similar to 
those described in cherts of the Crystalls Beach 
accretionary complex of New Zealand (Nelson, 
1982). The spacing of solution cleavage varies 
from layer to layer; some layers contain abun-
dant solution cleavage, whereas adjacent layers 
contain few or none. 

The relation of these solution features to folds 
is still under investigation. Many fold hinges 
contain at least a few cleavage planes that 
crudely parallel the axial surface of the fold. 
Laminations that outline these hinges show 
abrupt angle changes across these cleavage sur-

faces, suggesting that pressure solution accom-
panied the development of these folds (Alvarez 
and others, 1976). 

MESOSCOPIC FOLDS IN CHERT 

Fold Geometries 

Folds vary in style, orientation, and abun-
dance from packet to packet. Representative 
fold profiles are illustrated in Figure 8. Truly 
isoclinal folds with long, planar limbs and very 
sharp hinges (Fig. 8A) are relatively rare, but 
tight folds with interlimb angles of 10°-30° are 
characteristic of many chert packets (Fig. 8B). 
Many of the folded layers are thicker in the 
hinges than in the limbs (Fig. 8B) and fall under 
classes 1C and 2, using the isogon classification 
method of Ramsay (1967). These layers appar-
ently underwent intralayer ductile flow during 
deformation. Other chert packets are defcrmed 
by asymmetric chevron folds (Fig. 8C), typically 
with apical angles that range from 20° to 50° 
and amplitudes that range from 1 to 5 m. Chert 
layers are generally not thicker at the binges 
than at the limbs, and most of these folds would 
be classified as IB (Ramsay, 1967). Where they 
are developed, tight folds and chevron fold; tend 
to harmonically deform the entire chert packet 
and are cut off by thrusts at the upper and lower 
packet boundaries. 

Parallel or concentric folds (class IB of Ram-
say, 1967) are the most common folds in the 
Havallah sequence (Fig. 8D). They occur on all 
scales; amplitudes range from 0.3 to >30 m, 
although most range from 1 to 4 m. They exhibit 
typical disharmonic folding styles. Folds with 
curved limbs and broad open hinges change to 
tight folds and, in some cases, brecciated zones 
and thrust faults when traced along their axial 
surfaces (Fig. 8D). The degree of development 
of these folds varies from packet to packet; some 
packets contain only a few of these structures 
and are otherwise undeformed, whereas others 
are completely contorted internally. 

Most of the smaller parallel folds (amplitudes 
between 0.3 and 4 m) occur within single thrust-
bounded chert packets or deform a single thrust 
surface. Locally, these folds refold earlier tight 
to isoclinal folds (see also Miller and ethers, 
1982, 1984; Macmillan, 1972 and unpub. data; 
Turner, 1982). Some very large folds deform 
several chert packets and the thrusts that tiound 
these packets. For example, the fold which we 
call "Big Z" (Fig. 9) occurs just above the Hoff-
man Canyon thrust which separates unit D and 
unit C (Ferguson and others, 1952). It folcs sev-
eral thrust surfaces as well as one, and possibly 
two, sets of tight folds (Fig. 9), but it does not 
fold the Hoffman Canyon thrust. A similar, but 
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larger, fold occurs in Willow Canyon of the To-
quima Range (Laule and others, unpub. data). 

Box folds are scattered throughout the Haval-
lah sequence, typically in chert packets that are 
otherwise not folded. The folds of opposite shear 
sense that define the corners of the boxes have 
small amplitudes (<0.2 m) and have curved, 
rather than kinked, profiles. The box folds usu-
ally merge with unfolded beds both upsection 
and downsection within < 1 m. 

Vergence 

Virtually all folds are moderately to strongly 
asymmetric, and the great majority (-90%) are 
overturned toward the east. West-vergent folds 
normally are smaller (amplitudes of 0.1 to 1 m) 
and more open than are the east-verging folds. 
A few west-verging folds clearly deform both 
limbs of east-verging folds (Fig. 8C). Others 
occur on the short limbs of larger east-verging 
folds or occur together with east-verging folds to 
form box folds. Most commonly, however, the 
genetic relationships between east- and west-
verging folds cannot be ascertained. 

Relationships between Folds and 
Other Fabrics 

All but two folds observed in the field deform 
the microstylolite cleavage. The exceptions are 
two isoclinal folds (Fig. 8A), where the micro-
stylolite cleavage cuts across the fold hinge 
parallel to the axial surface of the fold. Some of 
the folds with either tight or chevron profiles 
display a second, generally weaker solution 
cleavage that is subparallel to the fold's axial 
surface. Chert layers in parallel folds are locally 
associated with spaced fractures which are either 
fanned or parallel to the axial surface. As noted 
above, some of these fractures are believed to be 
step planes that were rotated and subjected to 
variable pressure solution as the chert layers 
were folded. 

Most solution-boudin lines and step lines par-
allel fold hinges (see below), but in all of the 
dozen or so observed examples where they are 
not parallel, the step and solution-boudin lines 
are folded about the hinges of the folds. Where 
they are parallel, there is a marked tendency for 
the fold hinge to occupy the thin solution necks 
between the solution boudins. 

Chert packets that are harmonically deformed 
by folds with isoclinal, tight, and chevron pro-
files are almost invariably bounded by thrusts. 
Rootless hinges with these geometries are com-
mon in brecciated fault zones. Disharmonic par-
allel folds display a more complex relationship 
with thrusts. Some east-verging parallel folds are 
clearly offset by low-angle faults, but others fold 

Figure 5. Positive photomicrograph (horizontal length = 0.5 cm) showing details of solution 
seam with bedding-parallel microstylolites (A, dark laminae), partially dissolved radiolarian 
test (B), and a crumpled antitaxial quartz vein (C). A "micro-solution boudin" fabric is defined 
by partially dissolved chert lenses in anastomosing microstylolites (D), which become more 
abundant upward. A few bedding-normal microstylolites cut the bedding-parallel set (E). 
Dark, circular spots are air bubbles. 

Figure 6. Solution boudins in Mississippian cherts, Edna Mountain, with pseudo "pinch-
and-swell" appearance. The thin, clay-rich "partings" (largely weathered-out in this example) 
are zones of coalesced microstylolites formed by the intense dissolution and removal of silica. 
Crests and troughs define a consistent north-plunging lineation. Note step planes in solution 
neck. 
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Figure 7. Equal-area plots of solution-boudin lines and step lines (dots) of the Havallah 
sequence, Tobin flange, Nevada. A. All measured lines from the entire Tobin Range. B. Lines 
from unit D- l define a diffuse north to west-northwest-plunging maximum. C. Lines from unit 
D-2, immediately adjacent to unit D-l , with less diffuse maximum than from unit D-l and 
north to north-northeast plunge. D. Lines from unit D-S (Big Mike area) define a north-
dipping girdle rather than the point maxima defined by units D-l and D-2. 

low-angle faults ami associated brecciated zones. 
The large east-verging faults, such as Big Z, fold 
several chert packets and their bounding thrust 
surfaces but do not fold the large-scale thrusts 
that separate major lithotectonic units (Fig. 9). 
Most west-verging folds fold thrust surfaces or 
brecciated zones associated with thrust faults. 

Fold Orientations 

The orientation data presented in Figures 10 
and 11 are meant to raise questions about the 
usefulness of regional summary diagrams when 
applied to a terrain dominated by numerous in-
ternal thrusts. The data are also meant to illus-
trate the difficulties encountered when trying to 
divide folds into generations on the basis of 
orientation alone. The hinges of all folds from 

the Tobin Range are plotted in Figure 10A. 
They define a girdle that dips at a shallow angle 
to the north-northwest with a well-defined, 
north-plunging maximum. This pattern is identi-
cal to that defined by step and boudin lines (Fig. 
7 A). The significance of these similar patterns is 
addressed in a later section. The poles to axial 
surfaces of these folds are plotted in Figure 10B 
and define a girdle with a north-plunging /} axis 
that parallels the maximum defined by the 
hinges. The over-all fold fabric thus appears 
simple; however, there is considerable scatter to 
the data, and we suggest that this scatter hides 
information that is of considerable importance 
for interpreting the structural fabric of the Ha-
vallah sequence. For example, there is convinc-
ing field evidence that some chert packets have 
experienced more than one episode of folding 

(refolded folds, pre-, syn-, and post-thrust folds, 
and so forth). Folds that are either cut by thrust 
faults or are refolded are plotted separately (Fig. 
10C) from folds that either postdate thrust faults 
or refold earlier folds (Fig. 10D) and are provi-
sionally labeled "early" and "late" folds, respec-
tively. Where these overprinting relationships 
are present, early folds tend to be class 1C or 2 
folds with evidence of intralayer ductile defor-
mation, whereas late folds tend to be dishar-
monic class IB folds with little evidence of 
ductile flow within layers. Because most folds do 
not display clear overprinting relationships, we 
have used the somewhat subjective criteria of 
whether or not these folds show evidence of 
ductile flow to place them into the early or late 
set, respectively. 

The hinges of early folds define a north-
plunging maximum that is significantly dis-
placed from the more northwesterly plunging 
maximum defined by late folds. There is consid-
erable overlap, however, and it is this overlap 
that helps to produce the misleading maximum 
defined by plotting all fold hinges from the 
Tobin Range (Fig. 10A). The poles to axial sur-
faces of early folds define a girdle about a north-
plunging /3 axis, whereas those of the 'late" 
folds define a maximum, but, again, there is con-
siderable overlap. Although the data verify field 
observations that the early folds were approxi-
mately coaxially refolded by late folds, individ-
ual folds cannot be assigned to either generation 
because of the overlap in their orientation;;. The 
relatively constant orientations of the axial sur-
faces of the late folds reflect the fact that early 
folds did not significantly perturb the relatively 
homoclinal configuration of the Havallah se-
quence because (1) many chert packets or parts 
of packets were not deformed by early folcs; (2) 
early folds tend to be strongly overturned and 
tight, such that the fold limbs do not diverge 
radically from the orientation of regional bed-
ding; and (3) many late folds deform thrust sur-
faces and thrust fabrics that generally parallel 
regional layering. 

Hinges (X's) and poles to axial surfaces; (cir-
cles containing X's) from late east-verging folds 
in the immediate vicinity of Big Z define sLghtly 
different patterns than do hinges (dots) and, par-
ticularly, poles to axial surfaces (empty circles) 
of late folds from the rest of the Tobin Range 
(Fig. 10D). Although we suspect that very large 
folds like Big Z are "very late" east-vergent 
structures, the small differences in orientation 
are not sufficient evidence to substantiate this 
suspicion. 

West-vergent folds (Fig. 10E), some of which 
refold late east-verging folds, show less-oiderly 
patterns than do the east-verging folds, as would 
be expected by printing new folds on suifaces 
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Figure 8. Fold fabric of the Havallah sequence, illustrating variable geometries of folds. A. Isoclinal fold in Mississipian cherts from Edna 
Mountain (scale in centimetres). Either the fold and microstylolite cleavage formed synchronously or the cleavage and solution boudins were 
overprinted on the fold. B. Tight fold from Permian cherts in Willow Creek, Battle Mountain. Note thickened hinges of some layers (for 
example, near hammer), suggesting ductile flow. Other layers brecciated, suggesting brittle behavior. C. Chevron fold in Pennsylvanian chert 
packet (northwest view) with overturned short limb and eastern vergence. Note small fold with opposite shear sense in upper right. Unit C-5, 
Hoffman Canyon, Tobin Range. D. Disharmonic, largely concentric, east-verging (southwest view) fold in unit B, Willow Creek, Battle Mountain. 
A low-angle thrust separates the upper hinge from the lower, tighter hinge. 

that were complexly deformed, particularly by 
the disharmonic late east-verging folds. West-
verging folds are generally small and sporadi-
cally developed and hence did not significantly 
reorient the fabric defined by east-verging folds; 
however, they contribute significantly to the 
scatter on the summary diagrams. 

The deceptively simple-appearing summary 
fold fabrics obscure another very important as-
pect of the structural fabric of the Havallah se-
quence; namely, that the orientations (as well as 
geometries and abundances of different fold sets) 
vary from packet to packet, even within single 
lithotectonic units. Figures 11 A, 11B, and 11C 
plot solution-boudin lines and fabrics of east-

verging folds from three chert packets (units C-
1, C-3, and C-5, respectively) within lithotec-
tonic unit C in Hoffman Canyon, Tobin Range 
(Fig. 2). These chert packets are separated by 
relatively unfolded packets of calcareous sand-
stones. West-verging folds that clearly postdate 
east-verging folds are not plotted. Units C-l and 
C-3 contain numerous internal thrusts and are 
actually composite packets; unit C-5 contains 
few or none. Unit C-l (Fig. 11 A) is dominated 
by open, asymmetric, post-thrust (late) folds. 
Their hinges (small dots) plunge northwest, for 
the most part, and do not parallel the largely 
north-plunging boudin lines (triangles). Axial 
surfaces (circled dots) dip northwest at moderate 

angles. Pre-thrust (early) folds (large dots) are 
rare. 

Unit C-3 (Fig. 1 IB) contains abundant tight 
early folds (large dots) which are cut by internal 
thrusts. Rare post-thrust folds (small dots) and 
folds of uncertain relation to thrusts (X's) are 
also present. Hinges and solution-boudin lines 
(triangles) define parallel partial girdles which 
extend well to the northeast relative to the 
northwest-plunging hinges of folds in unit C-l. 
Axial surfaces of the pre-thrust, isoclinal folds 
(circles) consistently dip at shallow angles to the 
northwest. 

Unit C-5 (Fig. 11C) is composed of trains of 
asymmetric chevron folds that are cut off at the 
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Figure 9. "Big Z" in unit D, Hoffman Canyon, Tobin Range. Oblique view of refolded folds. 
Shallow plunging;, north-northwest-trending hinges of Big Z plunge down and to the right. 
Abundant tight to isoclinal, locally similar folds (labeled F2A) are cut by faults (filled sawtooth 
pattern) and have axial surfaces folded around Big Z. One fold is refolded about another tight 
fold (labeled F2B. right of center of sketch) that may also be pre-Big Z. Local box folds and 
folds of western vergence (labeled F4) on the long limbs are post-Big Z (Mesozoic?). Chert 
layers can be traced across fracture zones (crosshatched lines). Large fault near bottom is 
Hoffman Canyon thrust. Structures traced from photo were shot from helicopter and mea-
sured in the field. 

upper and lower contacts. Hinges (small dots) 
parallel solution-boudin lines (triangles) and 
plunge north to northeast, as opposed to the 
northwest-plunging folds in unit C-l (Fig. 11 A) 
and the partial northeast to northwest partial 
girdle distribution of hinges in unit C-3 (Fig. 
1 IB). Axial surfais (circles) dip steeply north-
west, compared lo the shallower dips of axial 
surfaces in units CM and C-3. 

Fold hinges in units C-l and C-3 are more 
scattered than are the relatively tightly clustered 
hinges in unit C-5. Composite packets usually 
display more variation in fabric orientations 
than do coherent packets like unit C-5, reflecting 
variations in orientations between any subunits 
that are separated by a thrust fault. 

The observations described for units C-l, C-3, 
and C-5 apply to all packets in the Havallah 
sequence. Although most fold hinges of east-
vergent folds plunge north, and most axial sur-
faces strike northeast and dip northwest, the 
orientations vary from packet to packet. The 
fact that these variations appear to occur across 
thrust-fault boundaries presumably reflects at 
least some rigid-body rotation during thrusting, 
but the fact that other fold properties, such as 
degree of appression, degree of overturning, fold 
profile, relationship to thrusts, and so forth, also 
vary from packet to packet suggests that differ-
ent packets acquired different fabrics and poten-
tially different fabric orientations and were 
juxtaposed by thrusting. Each packet thus has 

an individuality that distinguishes it from other 
packets. Variations in attitudes of hinges and 
axial surfaces from packet to packet are reflected 
in the large scatter on the summary diag rams 
(Figs. 10A and 10B) and further suggest that 
summary diagrams obscure important fabric 
details. 

LOW-ANGLE FAULTS 

Low-angle thrust faults are the dominant 
structural element of the Havallah sequence. 
The great number and the significance of these 
thrusts have not generally been recognized (ex-
cept Turner, 1982) because they are usually par-
allel to subparallel to bedding and poorly 
exposed. Where exposures are good, we have 
been able to document numerous fault surfaces 
by the presence of discordant layering (Fig. 3), 
truncated folds, thin to thick (a few millimetres 
to several metres) cataclastic zones, surfaces 
with one, two, and even three generaticns of 
differently oriented slickensides, and subtle to 
radical changes in structural style and orienta-
tion between packets. The spacing between 
thrust surfaces varies from several centimetres to 
several metres. Younger low-angle thrusts cut 
older faults at several localities. 

Some of these faults undoubtedly reflect dis-
placements to resolve room problems created by 
disharmonic, flexural slip folding and, as such, 
are subordinate to folding. Most, however, have 
field relations that suggest far greater displace-
ments than can be attributed to folding. Chert 
packets containing trains of harmonic folds 
occur next to unfolded chert packets (Fig. 3). 
Cherts with abundant solution boudins occur 
next to undistorted ribbon cherts. Some faults 
are occupied by clastic intrusions (see Fij;. 13 A 
below). The most obvious faults juxtapose 
packets of different lithology, internal structures, 
and, where fossil evidence is forthcoming;, ages. 
For example, odd-numbered units C-l through 
C-l in Hoffman Canyon, Tobin Range (Fig. 2), 
are complexly folded and internally faulted 
chert-argillite packets of Pennsylvania:.! age, 
whereas the interleaved, even-numbered units 
C-2 through C-8 are relatively unfolded calcare-
ous turbidites of Permian age (Stewart and oth-
ers, 1977 and unpub. data). Few contacts 
between different rock types can be assumed to 
be depositional. 

Cataclastic zones associated with faults range 
from extremely thin (a few millimetres) to sev-
eral metres. Typically, they are composed of 
chert and argillite fragments enclosed in a much 
finer-grained matrix of chert, clay, and opaque 
material. The matrix tends to cleave along a 
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Figure 10. Equal-area plots of the fold fabric of the Havallah sequence in the Tobin Range. A. Hinges (dots) of all folds, regardless of 
generation, in the Tobin Range. Scattered hinges define a girdle with a strong maximum that plunges -30° to the north; essentially the same 
fabric defined by lenticle lines (Fig. 7A). B. Poles to axial surfaces (empty circles) of all folds, regardless of generation, in the Tobin Range. 
Axial surfaces define a diffuse girdle perpendicular to maximum defined by hinges. C. Hinges (large dots) and poles to axial surfaces (empty 
circles) of all east-verging early folds, Tobin Range. D. Hinges (small dots and crosses) and poles (circles and circled crosses) to axial surfaces of 
late east-verging folds. Crosses represent structures measured near Big Z. E. Hinges (dots) and poles to axial surfaces (circles) of west-verging 
folds. 

pronounced planar fabric which parallels the 
thrust-fault surface and which is defined by 
closely spaced (1 mm), subparallel films of clays 
and opaque material separating thin zones of 
fine-grained chert. The cleavage is locally folded 
and cut by small, low-angle, discrete displace-
ment surfaces. Clasts vary in size from a few 
millimetres to several centimetres and may be 
either angular or rounded. Clasts with a distinct 
wispy or streaked-out appearance occur in some 
cataclastic zones from Frank Helen Canyon, 
Tobin Range (Turner, 1982). The cleavage con-
forms to the outlines of the clasts and is distorted 
where the clasts have been rotated. The cataclas-
tic cleavage looks remarkably like the concen-

trated bedding-parallel microstylolites that occur 
in solution seams (see also Turner, 1982), except 
that it is more deformed, leading us to suspect 
that faults tended to exploit the clay-rich zones 
enhanced by bedding-parallel pressure solution 
and that slip was parallel to the microstylolites. 
Alternatively, the cleavage may be a fluxion tex-
ture created by simple shear parallel to the fault 
surface. 

CHAOTIC ZONES 

Closely spaced thrust surfaces and cataclastic 
zones create local composite thrust zones with 
interleafed coherent beds of folded or unfolded 

chert. A few exposures record thrusting that was 
distributed in zones that are tens of metres thick 
and enclose local isolated beds; rootless fold 
hinges; angular to rounded chert blocks; and 
milled-down, locally rotated chert phacoids. 
These fragments float in a matrix of sheared, 
fine-grained chert and argillite. Examples of 
thick chaotic zones are at Jim Creek, west Tobin 
Range (Fig. 2), and in drill cores from the Big 
Mike Mine and Frank Helen Canyon, east 
Tobin Range (Turner, 1982). Some of these 
zones contain exotic clasts (jasper, volcanic 
fragments) and may have originated as diamic-
tites which resulted from sedimentary slumping. 
Others lack exotic clasts and contain rootless 
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DILATION STRUCTURES 

Crack-Seal Fractures 

Figure 12. Dilation brecciation of chert 
from unit C-3, Hoffman Canyon, Tobin 
Range. Black and white chert layers, were 
shattered into millimetre- to centimetre-sized, 
angular fragments which fit together (at A) 
where they had not been significantly rotated 
or translated. Green chert layers were pulver-
ized to a much finer grain size (< 1 mm), fluid-
ized, and injected into the areas between the 
larger, separated fragments (clastic dike at B). 
Crack-seal fractures at C suggest an earlier 
episode of high pore-fluid pressure. Scale in 
centimetres. 

folds that clearly predate shearing, suggesting 
that at least some of their chaotic character was 
the result of tectonism. Turner (1982) described 
an olistostrome in Frank Helen Canyon that 
displays a progressively stronger tectonic fabric 
as it is followed upsection toward the major 
thrust fault that separates lithotectonic units A 
and H (Fig. 2). Chaotic zones tend to be poorly 
exposed and may be more abundant than we 
have been able to document. 

Figure 11. Folld and solution-boudin lines from three chert packets, units C-l (11 A), C-3 
(11B), and C-5 (11C) of Stewart and others, 1977 (see Fig. 2), in Hoffman Canyon, Tobin 
Range, illustrating packet-to-packet variations in orientations. Hinges are large dots (early 
folds), small dots (late folds), or X's (either late or early). Axial surfaces are circles (early folds), 
circled dots (late folds), or circled X's (either late or early). Triangles are solution-boudin lines. 

Veins filled mainly with quartz and/or chal-
cedony are locally abundant throughout t ie Ha-
vallah sequence (Figs. 4A and 4B). Theie may 
be several sets of these structures. Most are at 
high angles to bedding, are of variable strike, 
and tend to be restricted to one or a few chert 
layers. One set tends to occur in solution necks 
and parallels the trend of the boudin lines. Some 
veins are buckled and brecciated as a result of 
bedding-parallel dissolution. The vein-filling 
often shows a fibrous habit that is oriented per-
pendicular to the walls of the vein. Some con-
tain one or more inclusion trains of wall-rock 
material near the center of the vein. Veins with 
similar antitaxial textures are called "crack-seal 
fractures" by Ramsay (1980) and appear to 
form by extension, with subsequent sealing by 
precipitation of crystalline material in the dilated 
zones. 

Dilation Breccias 

Coherent chert layers can be traced laterally 
to areas where the chert has been dismembered 
into angular fragments (Fig. 12). Fragments 
vary from a few millimetres to several centime-
tres and are separated by fine-grained, clay-rich 
siliceous material which intruded the spa:es be-
tween chert fragments. Adjacent fragments 
clearly were together in coherent beds before 
brecciation, and there are no exotic fragments. 
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Figure 13. Clastic intrusions from unit K, station 31, Willow 
Creek, Battle Mountain (Fig. 3). A. Metre-thick "sill" occupying 
a thrust surface. Note discordant chert layering above and con-
cordant layering within, and below, the sill. View is southwest. 
B. Along strike, the sill bifurcates and envelopes solution bou-
dins in overlying packet. C. Thin clastic sill to right of brunton 
bifurcates into two crosscutting dikes to the left. Other thin sills 
are at top. c 

The fragments present an "exploded" appear-
ance and can be fitted back together (Fig. 12). 
They are believed to be the result of distension 
or dilation, the fragments separating along pre-
existing planes of weakness (fractures, micro-
stylolites, step planes, and so forth). Roehl (1981) 
described similar features in the Monterey 
Formation of California and called them "dila-
tion breccias." We have documented only a few 
examples of dilation breccias in the Havallah 
sequence, but many of the breccias that we as-
sumed formed by shear may have originated 
through the dilation mechanism. 

Clastic Intrusions 

Microscopic clastic dikes (1 or 2 mm in 
width; several centimetres in length) composed 
of fine-grained chert and clay were found, fortui-
tously, in several thin sections and polished 
slabs, suggesting that these features are common 
in the Havallah sequence. Megascopic dikes and 

injections concordant to bedding occur on the 
west side of Willow Creek, Battle Mountain 
(Figs. 13B and 13C); near the Big Mike Mine in 
west Tobin Range; and in Frank Helen Canyon, 
west Tobin Range (Turner, 1982). The intru-
sions at Willow Creek crosscut and laterally en-
velop both undeformed chert layers and solution 
boudins (Fig. 13B). The injected material is 
composed of rounded to angular fragments rang-
ing in size from a few millimetres to several 
centimetres in a fine-grained matrix. The frag-
ments include green and white chert and argillite 
(which could have been locally derived) and 
exotic material not found in nearby chert and 
argillite layers, including volcanic and plutonic 
clasts, single and composite quartz grains, and 
red jasperoid fragments. Some of the randomly 
oriented chert clasts contain a strong microstylo-
lite fabric. The matrix contains a later set of 
microstylolites, and some clasts have been 
pressed together and dissolved along clast-clast 
contacts. 

The clastic dikes merge downward and later-
ally into a tabular mass of variable thickness (3 
cm to >1 m) that broadly parallels regional 
bedding. Chert layers above this body are dis-
cordant to the body, whereas the chert layers 
beneath the body are concordant (Fig. 13A), 
indicating that the mass occupies thrust surface. 
Clasts within the mass are slickensided and fac-
eted, suggesting that the body has suffered 
cataclasis. 

The presence of rounded clasts, clasts with a 
microstylolite fabric, and exotic fragments sug-
gests that the material originated as sedimentary 
slump deposits or debris flows. It is not clear, 
however, whether the deposit was subsequently 
mobilized and injected as a clastic sill into a 
dilated, possibly active, thrust fault or whether it 
maintained its original depositional position, 
conformable upon the underlying chert, and 
subsequently was overridden by the overlying 
chert packet. Isolated fragments of chert layers 
within the main tabular mass are oriented paral-
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lei to the boundaries of the body, as well as to 
the chert layers in the underlying packet (Fig. 
13A). This suggest; that the clastic material was 
injected in a "lit piar lit" fashion (see also Fig. 
13B). In either case, it is clear that the clastic 
material was fluicized and intruded as clastic 
dikes and sills into the overlying tectonic packet 
(Fig. 13C) during thrusting. A similar origin is 
suggested for the thinner tabular bodies that 
occur lower in the Willow Canyon section. 
Some of these sill-!,ike bodies are, in turn, folded 
by east-verging parallel folds. 

STRUCTURES IN OTHER 
ROCK TYPES 

The fabrics described above are mainly from 
well-exposed chert. Associated argillites are less 
well exposed but appear to contain the same 
fabric as do the cherts. Most argillites display a 
moderate to strong cleavage which resembles 
the bedding-parallel microstylolite cleavage in 
chert. Folds are commonly isoclinal with similar 
profiles, indicating the the argillite behaved in a 
more ductile fashion than did most chert. Thick-
bedded siliciclastic sandstones in Willow Can-
yon, Toquima Range, are deformed into large 
asymmetric buckle folds, but folds are rare in 
sandstones in other areas, perhaps because of 
their massive nature. 

Permian calcareous turbidites that occur be-
tween chert packets in Hoffman Canyon, Tobin 
Range (Stewart and others, 1977 and unpub. 
data), are noteworthy in that they contain 
abundant slump folds but only a few east-
vergent folds of clear tectonic origin. This fact 
was also noted by Stewart and others (1977 and 
unpub. data) and. Turner (1982) in Frank Helen 
Canyon. The general lack of a pervasive fold 
fabric is puzzling in view of the abundant folds 
in neighboring Pennsylvanian chert packets. A 
possible reason for this lack of folds is developed 
below. 

Breccias identified as slump deposits or debris 
flows contain fabrics of potential significance to 
the tectonic evolution of the Havallah sequence. 
The breccias are composed of angular to sub-
rounded, clast-supported fragments in a finer-

grained matrix of the same composition as are 
the clasts. Some examples contain exotic frag-
ments (jasperoids, igneous rocks, and crystalline 
quartz) that could not have been derived from 
local lithologies. Others contain only chert, argil-
lite, and siltstone fragments of presumed local 
derivation. Examples of locally derived slump 
deposits include a 5-m-thick unit in Frank Helen 
Canyon (Turner, 1982) and a folded, 10-m-
thick unit that extends laterally for at least SO m 
near the top of unit D in Lee Canyon, eastern 
Tobin Range. 

The Lee Canyon exposure contains randomly 
oriented chert clasts with strong planar and lin-
ear fabrics expressed by microstylolites, micro-
stylolite swarms, and micro-solution boudins 
(Fig. 14), fabrics that must have predated their 
deposition as slump deposits. The matrix con-
tains a later generation of bedding-parallel mi-
crostylolites, indicating a bedding-normal load-
ing event which postdated their deposition as 
slump deposits. This latter event caused some 
clasts to be pressed together and dissolved into 
each other (Fig. 14). Two fabric-forming events 
thus are separated by a cycle of erosion, slump-
ing, and deposition. 

SEDIMENTARY VERSUS 
TECTONIC FEATURES 

Several of the features described from the Ha-
vallah sequence may have formed during depo-
sition and early diagenesis prior to tectonism. 
These features should be distinguished from tec-
tonic structures in order to unravel the structural 
evolution of the Havallah sequence, but this dis-
tinction is not always obvious. Brittle thrust 
faults and post-thrust structures are almost cer-
tainly tectonic in origin. These thrusts crosscut 
folds, high-angle fractures, quartz-chalcedony 
veins, and fabrics defined by bedding-parallel 
microstylolites, mound structures, step planes, 
and solution boudins. All of these early fabrics 
are potential diagenetic and/or sedimentary 
structures developed in an ocean-floor setting. 

Keene (1975) described high-angle fractures, 
quartz-chalcedony veins, and breccias, which 
appear quite similar to the fractures, veins, and 

dilation breccias of the Havallah sequence, from 
DSDP Leg 32 cores of siliceous sediments in the 
northwestern Pacific Ocean. He ascribed their 
origin to volume changes during silica diagene-
sis. The random strikes of high-angle fractures 
and veins is consistent with formation in a non-
tectonic environment where lateral stress« are 
equal. 

Mound structures, with their circular outlines 
(viewed normal to bedding), also probably 
formed while lateral stresses were equal. Con-
centric growth rings within mound structures 
indicate that their origin is related to the forma-
tion of chert nodules (Brueckner and others, 
unpub. data). Chert nodules are comir on in 
Deep Sea Drilling Project cores and are also 
found in the relatively undeformed Miocene 
Monterey Formation of California (Snyder and 
Brueckner, 1983). Mound structures in the Ha-
vallah sequence are generally outlined by micro-
stylolite-rich solution seams. To our knowledge, 
similar microstylolite fabrics have not been 
described from siliceous sediments of mod-
ern ocean basins, but they do occur locally in the 
Monterey Formation (Snyder and Bruixkner, 
1983). The Monterey Formation is much 
thicker than most deep-sea siliceous sequences 
(Pisciotto, 1978), suggesting that bedding-paral-
lel microstylolites can form only where the sed-
iments are deeply buried. Possible mechanisms 
for achieving deep burial are presented below. 
We tentatively classify mound structures, asso-
ciated microstylolites, some high-angle fractures 
and veins, and some dilation breccias as pre-
tectonic structures (DQ) which formed during 
silica diagenesis while subjected to sedimentary 
loading. 

We do not assign all bedding-parallel micro-
stylolites to DQ, however. There are several 
phases of microstylolite development. Step 
planes, for example, offset an early microstylo-
lite set and are, in turn, crosscut by later micro-
stylolites (Fig. 4B). Some microstylolites post-
date tectonic fractures. The clastic sill-like mass 
occupying a thrust fault in Willow Canj'on con-
tains microstylolites in the matrix and clasts that 
have been embayed into each other by pressure 
solution. Turner (1982) described folded mi-
crostylolites crosscut by later, unfolded micro-
stylolites. 

Solution boudins and step planes and asso-
ciated microstylolites (henceforth called the 
"solution-boudin fabric") are tentatively re-

Figure 14. Polished slabs of slump breccia from uniit D, Lee 
Canyon, Tobin Range. Clasts are believed to have been derived 
by erosion of previously tectonized chert. Several randomly ori-
ented clasts contain tectonic fabrics composed of microstylolites 
and micro-solution boudins (MLj). Fine-grained material ap-
pears to have injected (I) coarser fragments. Subsequent loading 
caused clasts to be pressed together and dissolved into each other 
(P). Scale in centimetres. 
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garded as early tectonic features (D () that 
formed while the sediments were still undergo-
ing silica diagenesis (syntectonic diagenesis, 
Brueckner and others, unpub. data). Step planes 
and solution-boudin lines display a pronounced 
north-south-preferred orientation, suggesting 
east-west extension. Although it is possible that 
this extension could have been associated with 
downslope creep on east- or west-dipping pa-
leoslopes, it is more likely that it occurred during 
tectonism. Solution boudins are outlined by mi-
crostylolite seams, and microstylolites both pre-
date and postdate movement on step planes. 
These solution features require bedding-normal 
compression, which indicates that the sediments 
must have been deeply buried. Downslope creep 
and stretching presumably affects relatively 
shallow-level sediments. 

Most pre-thrust folds deform the solution-
boudin fabric (see below) and hence are also 
believed to be tectonic in origin; however, some 
isoclinal folds either predated or accompanied 
the formation of solution boudins and a strong 
microstylolite cleavage (Fig. 4A; see also Turner, 
1982). These folds could be either tectonic or 
sedimentary structures. Slump features are scat-
tered throughout the Havallah sequence (chert 
and multilithic breccias), and the Permian cal-
careous turbidites of Hoffman Canyon contain 
slump folds, convolute bedding, and other soft-
sediment slope structures. There must have been 
paleoslopes present at some time during the evo-
lution of the Havallah sequence, and the exist-
ence of slump folds in chert would not be 
surprising. The eastward vergence of these folds 
presents a problem, however, because the upper 
Paleozoic western margin of North America 
presumably dipped seaward (westward in pres-
ent coordinates). 

POLYPHASE DEFORMATION 

If we are correct that the solution-boudin 
fabric is an early tectonic feature (D,), then all 
structures that deform this fabric are also tec-
tonic. All folds that deform a microstylolite 
cleavage are believed to be D, or later struc-
tures. Most fold hinges parallel solution-boudin 
lines, and many are not associated with step 
planes, rendering crosscutting relationships am-
biguous. Where fold hinges do not parallel 
solution-boudin lines, however, the folds invari-
ably fold the boudin lines. Similarly, where folds 
are associated with step planes, the step planes 
are either rotated about the fold hinge or have 
been reoriented to near parallelism with the fold 
axial surface by pressure solution. Folds that de-
form the microstylolite cleavage thus also de-
form the solution-boudin fabric wherever cross-
cutting relationships can be observed and can be 
assigned confidently to D2 or younger fabrics. 
We suspect that this relationship is true for all 
post-microstylolite cleavage folds. We suggest 

that the parallelism of fold hinges and solution-
boudin lines is at least partly the result of the 
linear anisotropy created in chert layers by 
solution-boudin lines. This anisotropy (thin solu-
tion necks, step planes) may have constrained 
the orientation of subsequent fold hinges and 
would explain the fact that the hinges of numer-
ous folds are occupied by solution necks. 

F2 folds are further subdivided by their rela-
tionship with thrust faults. Folds that are offset 
by thrust faults are classified as F2A folds; folds 
that deform thrust faults are classified as F2B. 
F2A folds tend to be tight, harmonic structures 
which deform entire chert packets. Many con-
tain layers that deformed in a ductile fashion 
(class 1C or 2). Refolded F2A folds have been 
observed by us and others (Miller and others, 
1982, 1984; Macmillan, 1972 and unpub. data; 
Turner, 1982) at several localities. Unfortu-
nately, we have not been able to document the 
relationship between the second-phase folds and 
thrust faults. 

F2B folds tend to be disharmonie open folds 
that deform only portions of chert packets. 
Clearly, most formed by flexural slip. They de-
form not only the thrust fault but also the chert 
packets on either side. 

Where relationships between thrust faults and 
F2 folds cannot be determined, there is a tempta-
tion to divide folds into F2A or F2B on the basis 
of their geometries. The second-phase folds that 
refold F2A folds are generally disharmonie and 
open and have scattered distributions; we sus-
pect that they are F2B folds. There are enough 
exceptions to the generalizations presented 
above, however, to make this assignment 
uncertain. 

The hinges of F2A folds are locally associated 
with solution cleavage subparallel to the fold 
axial surface. Spaced (0.5 to 3 cm) stylolitic so-
lution cleavage at high angles to bedding occurs 
in some unfolded chert layers. These surfaces 
crosscut microstylolites associated with solution 
boudins and hence are D2 or later structures. All 
examined F2B folds lack an axial-surface solu-
tion cleavage, but the rotated step planes appear 
to have suffered pressure solution. 

We provisionally assigned some dilation 
structures to D0; however, others deform or 
crosscut the solution-boudin fabric, and we at-
tribute these structures to high fluid pressure dur-
ing tectonism. There are quartz and chalcedony 
veins (crack-seal fractures), some of which con-
tain two or more phases of vein material which 
are not brecciated and/or buckled in microstylo-
lite-rich zones, suggesting that they formed after 
the microstylolites. The dilation breccia shown 
in Figure 12 disrupts chert horizons consisting of 
solution boudins and hence is clearly post-D). 
The best evidence is the association of clastic 
intrusions with a thrust fault in Willow Creek, 
Battle Mountain (Fig. 13). There, the clastic 
material also envelopes and intrudes solution 

boudins, and one clastic sill is folded by an F2B 

fold. These crosscutting relationships document 
an episode of high pore-fluid pressure which 
postdated D1; accompanied thrusting (D2), and 
predated the development of F2B folds. 

Episodes of high pore fluid may have alter-
nated with episodes of low pore-fluid pressure 
and pressure solution associated with bedding-
normal loading. The clastic intrusions from Wil-
low Canyon contain bedding-parallel microsty-
lolites and clasts that have been dissolved into 
one another. 

Mapping by Laule and others (unpub. data) 
in the Toquima Range indicates that the Gol-
conda thrust crosscuts the internal thrusts that 
divide the Havallah sequence into tectonic 
packets. A similar relationship occurs at Willow 
Creek, Battle Mountain (Snyder, unpub. data). 
The Golconda thrust (and possibly other major 
thrusts), as well as associated folds, therefore 
postdate thrusting associated with D2. Minor 
folds occur within 20 m of the Golconda thrust 
in the underlying autochthonous rocks in the 
New Pass Range (Macmillan, 1972 and unpub. 
data). Very large east-verging folds occur above 
the Golconda thrust in the Toquima Range 
(Laule and others, unpub. data) and above the 
Hoffman Canyon thrust in the Tobin Range 
(Big Z, Fig. 9). These larger folds deform several 
chert packets and one (probably two) previous 
fold phase. These structures, which mark the 
obduction of the Golconda allochthon onto 
North America, are assigned to a separate de-
formational event, D3. Some, or possibly all, of 
the folds that we have designated F2B may actu-
ally be F3 folds. 

A few small-scale, west-verging, open, buckle 
folds deform both limbs and the axial surface of 
F2 folds. Other west-verging folds deform the 
cataclastic fabric of the Golconda thrust in Edna 
Mountain near Golconda Summit and in Wil-
low Canyon in the eastern Toquima Range 
(Laule and others, unpub. data). These folds 
mark the last small-scale folding episode to af-
fect the Havallah sequence (D4) in the areas 
which we have studied. West-verging folds of 
similar orientation occur in the Triassic Auld 
Lang Syne Group, immediately north of Win-
nemucca, and in Clearwater Canyon, Sonoma 
Range, where they are associated with west-
directed thrust faults (Gilluly, 1967; Silberling, 
1975). F4 folds thus may be Mesozoic structures 
that postdate the Sonoma orogeny. West-
verging folds that occur on the short limbs of 
east-verging folds, or occur together with east-
verging folds to form box folds, are not assigned 
to this event. 

STRUCTURAL CHRONOLOGY 

The Havallah structural fabric is clearly poly-
phase. We have not found a single chert packet 
that contains all, or even most, of the fabrics 
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TABLE 1. STRUCTURAL EVENTS OF THE HAVALLAH SEQUENCE, NORTH-CENTRAL NEVADA 

Event Fabric elements Orientation Comments 

D 0 
Fractures and qtz-veins, microstylolites (Cq), 
mound structures, dilation breccias? Slumps? 

Fractures and veins variable, at high angles to 
beds. C0 parallels bedding. 

Sedimentary loading. Fractures and veins from 
volume changes during diagenesis. 

D , 

Solution boudins, step planes, further forma-
tion of microstylolites (C,), isoclinal folds 
with C, axial cleavage? 

C, parallel to bedding. Step planes strike 
north-south. Boudins form north-plunging 
maximum. 

Early tectonics with bedding-normal load ng; 
some east-west extension. Extreme thinning 
by solution. 

Thrusting, catadastis, tight to open folds, east-
verging folds (F2), solution cleavage (C2), 
breccias and fractures by high pore pressure. 

Folds parallel boudin line. C2 at high angles 
to bedding. Thrusts at very low angles to 
bedding. 

East-directed thrusting in accretionary prism. 
Chert packets juxtaposed. Episodes of high 
and low pore pressures. 

Asymmetric folds (F2A) predate thrusts or 
refolded. C2 in hinges. 

Generally north-plunging hinges. Axial 
surfaces refolded. 

Folds usually tight or chevron, local duct-le 
behavior. 

Thrusts, thrust zones, clastic intrusions. Very low angles to bedding. Several generations of thrusts. 

Asymmetric folds (F2B), concentric, post-thrust. Generally north-plunging hinges. Folding more disharmonic than F2A. 

Golconda thrust and major internal thrusts. 
Large asymmetric concentric folds (F3), 
vergence east 

Folds parallel D2 fold fabric. Major thrusts 
cut off D2 thrusts. 

Permian-Triassic obduction onto North 
American craton (Sonoma orogeny). 

D4 Asymmetric, gentle to open concentric folds 
(F4). vergence west. 

Scattered, generally north-plunging. Possibly related to Mesozoic events. 
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found in the Havallah sequence. Were such a 
packet to exist, we believe it would have re-
corded structures in the order presented in Table 
1. The list was compiled by determining the 
relative order of events in packets that contain 
two or more crosscutting fabrics and correlating 
the sequence of events in different packets by 
comparing common structural elements. With 
few exceptions, the sequence of events was the 
same in all packets. 

A distinction must be made between struc-
tures that predate a nd those that postdate the D2 
thrusts that separate tectonic packets. Pre-D2 
thrust structures (D0, D b D2A, henceforth called 
internal structures) in one packet did not neces-
sarily form at the: same absolute time as did 
identical structure!; in other packets. This point 
deserves emphasis: D2 thrust faults juxtapose 
packets that appear to have undergone the same 
order of structural events, but the structures re-
corded in one packet could have formed at to-
tally different times than did structures in 
adjacent packets. The only constraints as to 
when internal deformation occurred in any 
given packet is that it postdated deposition and 
predated or accompanied thrusting. A further 
important consideration is that D2 thrusting did 
not necessarily occur at one time; different 
packets could have been thrust together at to-
tally different times. The only structures that can 
be assumed to hs.ve formed more or less syn-
chronously are structures that developed after 
the entire Havallah sequence had been as-
sembled (D4 and, perhaps, D3). 

BACK-ARC THRUSTING VERSUS 
FAR-TRAVELED ACCRETIONARY 
PRISM 

The accretionary prism interpretation remains 
the most viable for explaining the structural evo-
lution of the Havallah sequence (Speed, 1979). 
Pillow basalts and other greenstones, generally 
believed to represent the ocean-crust basement 
to the sediments, occur only locally in the se-
quence, generally at the base of thrust slices. The 
rest of the oceanic crust must have been de-
tached and removed, presumably by under-
thrusting into the mantle. The eastward vergence 
of F! through Fi folds is consistent with west-
ward underthrusting of oceanic crust. The nu-
merous thrust faults, chaotic zones, asymmetric 
folds, and structures suggesting episodes of high 
pore-fluid pressures are features that characterize 
accretionary prisms. 

Both the back-arc basin and the far-traveled 
arc models discussed in the introduction can ac-
commodate an accretionary prism interpretation 
for the Havallah sequence. The differences be-
tween the models are those of scale. The far-
traveled arc model requires the subduction of 
thousands of kilometres of oceanic crust. Pro-
tracted geologic time would be required to sub-

duct so much material, and the sediments that 
initially overlay the oceanic crust would have 
had to undergo an enormous amount of struc-
tural telescoping if they were stacked as imbricate 
thrusts in the prism. In contrast, closing a rela-
tively narrow (tens to a few hundred kilometres) 
marginal basin requires relatively limited under-
thrusting of oceanic basement (not enough to 
generate a volcanic arc). This process could 
occur within a relatively short time span and 
with relatively limited structural stacking of the 
offscraped sediments. 

The parts of the Havallah sequence which we 
have studied contain very large numbers of 
fault-bounded tectonic packets. If these observa-
tions hold true for the entire allochthon, then the 
amount of shortening implied by these structures 
is vastly greater than previously realized. The 
shortening suggested by the six or more major 
lithotectonic units that occur in most ranges 
(Fig. 2) is already considerable. The exact thick-
nesses and number of packets contained in each 
lithotectonic unit are difficult to determine, but 
there are at least 6 tectonic packets in the basal 
200 m of lithotectonic unit 3, Battle Mountain 
(Fig. 3). Even a very conservative approach, 
based strictly on fossil evidence for structural 
repetitions, indicates a minimum of 8 tectonic 
packets in the nearly 1,800-m-thick exposure of 
unit C, Hoffman Canyon (Stewart and others, 
unpub. data). 

Precise estimates of the amount of structural 
shortening of the Havallah sequence cannot be 
made because displacements along the faults are 
unknown. Even if these displacements were 
known, they would provide only minimum es-
timates for the amount of underthrust oceanic 
basement, as it cannot be assumed that all of the 
sediments deposited in the Havallah basin were 
accreted into the prism. Nevertheless, the very 
large number of faults makes it more likely that 

the Havallah sequence was severely telescoped 
and that a large amount of oceanic crust was 
subducted. The discovery of these faults in-
creases the plausibility of the far-traveled accre-
tionary prism model. 

The Havallah structural fabric is polyphase, 
much more so than is generally recognized 
(however, see Babaie and Speed, 1983; and 
J. R. Macmillan, unpub. data). We have been 
very conservative about assigning structures to 
separate deformational events (Table 1). For ex-
ample, the D2 fabric is, itself, clearly potyphase. 
There are at least three east-verging folding 
phases (F2A, F2B, F3; there are four such phases 
if F, folds are tectonic) and two thrusting epi-
sodes (associated with D2 and D3, respec tively) 
interspersed or associated with periods of high 
pore-fluid pressure (dilation structures) and pe-
riods of bedding-normal loading (bidding-
parallel microstylolites and solution boudins). 
The absence of absolute dating of structural 
events makes it impossible to determine with 
certainty whether these events occurred v/ithin a 
relatively short period of time or extended over 
a protracted time interval. Nevertheless, we 
favor the latter for the following reasons. 

1. Different packets probably received their 
internal structures at different times. Under oth-
erwise identical conditions (stress, temperature, 
pressure, and so forth), different structures will 
result, depending on whether the sedimer.ts were 
deformed while unlithified, weakly lithified, or 
completely lithified. The relationship between 
the lithic state of sediments and the timing of 
deformation is of particular interest when ap-
plied to siliceous sediments (Siever, 1983). The 
silica in these sediments undergoes a series of 
diagenetic polymorphic conversions during bur-
ial which converts the amorphous opal-A (ter-
minology of Jones and Segnit, 1971) of siliceous 
organisms successively to, first, a disardered 
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mixture of cristobalite and tridymite (opal-CT) 
and then to highly ordered diagenetic quartz. 
The structural responses to stress of siliceous sed-
iments in different diagenetic states are explored 
in detail in other papers for the Monterey For-
mation of California (Snyder and others, 1983) 
and the Havallah sequence (Brueckner and oth-
ers, unpub. data). The solubility of silica in aque-
ous solutions decreases sharply with increas-
ing diagenesis (Kastner, 1979). Furthermore, the 
siliceous sediments associated with each diage-
netic state have markedly different rheologies as 
a result of changes in porosity, permeability, ri-
gidity of the silica polymorphs, and so forth. We 
suggest, to a first approximation, and all other 
variables (strain rate, pore-fluid pressure, and so 
forth) being equal, that diagenetically immature 
siliceous sediments that consist of opal-A should 
be more soluble and ductile than are diageneti-
cally mature quartzose rocks. Moreover, the 
conversions of opal-A to opal-CT to quartz are 
also dehydration reactions, because opal-A can 
contain as much as 20 wt % water (Kastner, 
1979). The release of this structurally bonded 
water during diagenesis should result in episodes 
of high pore-fluid pressures. 

Some of the oldest chert packets (Late Devo-
nian-Early Mississippian) of the Havallah have 
the same structures and sequence of structural 
events as do the youngest chert packets (early 
Late Permian). Among these structures are early 
folds that deformed largely, or in part, by ductile 
flow. Similarly, solution features such as bed-
ding-parallel and bedding-normal microstylo-
lites, solution boudins, and so forth, appear to be 
developed to the same degree in Mississippian 
cherts as in Permian cherts. If our silica 
diagenesis-deformation model is correct, these 
solution features and ductile folds indicate that 
deformation occurred before some of the oldest 
siliceous sediments had undergone significant sil-
ica diagenesis to relatively rigid, insoluble quartz 
chert. This reasoning implies that these siliceous 
sediments were deformed within a few tens of 
millions of years after deposition. If deformation 
were restricted entirely to the classical Permian-
Triassic Sonoma orogeny, the older siliceous 
sediments should have completed diagenesis, as 
a result of burial by Upper Mississippian, Penn-
sylvanian, and Permian clastic and siliceous 
sediments, within the long interval ( -120 m.y.) 
of time between deposition and tectonism. The 
short-lived, back-arc thrusting model should re-
sult, therefore, in relatively brittle deformation 
for old chert packets. Ductile deformation 
should be restricted to the thin veneer of young, 
diagenetically immature siliceous sediments. 

The uncertainty to this argument lies in the 
initial (depositional) thickness of the Havallah 
sequence. Thin siliceous sequences can remain 
in lower diagenetic states much longer than can 
thick sequences (Pisciotto, 1981), and the argu-
ments presented above may be less valid if the 

Havallah sequence was too thin to complete sil-
ica diagenetic transformations in its basal por-
tions prior to deformation. Unfortunately, the 
initial thickness of the Havallah sequence may 
never be determined with certainty, even if all 
structural repetitions by thrusting are removed, 
because of two processes with opposite effects: 
(1) bedding-parallel pressure solution has thinned 
the Havallah sequence; (2) folding has thick-
ened it. 

2. Unfolded Permian calcareous turbidites 
suggest pre-Permian deformation. We refer spe-
cifically to almost undeformed Permian calcare-
ous turbidites (units C-2 through C-8) in 
Hoffman Canyon (Fig. 2) which lie above Penn-
sylvanian cherts (units C-l through C-7) with 
complex, locally polyphase folds and other in-
ternal fabrics. We suggest that the older cherts 
were deformed prior to the Permian deposition 
of the turbidites and that the contact between 
the two is an unconformity. The contacts are not 
well enough exposed, however, to determine 
whether they are tectonic rather than deposi-
tional. An alternate explanation, that the cal-
careous turbidites were too rigid to fold along 
with the cherts, is considered less likely because 
most of the beds are thinly laminated, many 
contain a high amount of relatively ductile car-
bonate, and they contain some local late folds 
near thrust contacts which we assign to D2B 

or D3. 
3. Slump deposits contain clasts with pre-

depositional structural fabrics. Chert fragments 
within the slump breccia near the top of unit D 
in Lee Canyon contain bedding-parallel micro-
stylolites and micro-solution boudins (Fig. 14). 
The age of these clasts is unknown. They could 
have been derived from lower Paleozoic cherts 
of the Antler orogenic belt. If, however, the 
clasts were from upper Paleozoic cherts, they 
would indicate two episodes of tectonism sepa-
rated by an interval of exposure, erosion, and 
deposition, ("recycled" sediments) and demon-
strate prolonged deformation. 

Each of the preceding arguments contains 
ambiguities; however, if combined with the 
polyphase nature of the Havallah fabric, they 
strongly indicate to us that deformation was pro-
tracted and resulted in a tremendous amount of 
shortening. For these reasons, in addition to a 
series of arguments presented elsewhere (Snyder 
and Brueckner, 1983), we favor the far-traveled 
accretionary prism model to explain the struc-
tural evolution of the Havallah sequence. 

CONCLUSIONS 

The dynamics of far-traveled accretionary 
wedges can explain why chert of widely differ-
ent ages underwent similar strain histories at dif-
ferent times. Barring radical shifts in the relative 
motion between the underthrusting and overrid-
ing plate, the toe of an accretionary prism can 

present a stable strain environment (that is, rela-
tively constant orientations and magnitudes of 
the principal strain axes) for as long as subduc-
tion continues. It therefore is expected that sed-
iments accreted during the early history of an 
accretionary wedge should broadly exhibit the 
same structural fabric, orientations, and se-
quence as sediments that were added later. 
Folds that formed at different times, for 
example, could be expected to be coaxial. 

The accretionary prism model does, however, 
provide for subtle shifts in the strain environ-
ment. Convergence rates between tectonic plates 
can change, thereby changing strain rates within 
the prism (Moore, 1979). Furthermore, older 
packets and their internal structures will be ro-
tated up and toward steeper orientations as new 
material is accreted beneath the toe of the prism. 
This feature can, for example, cause faults to be 
rotated out of positions of optimum shear, result-
ing in the formation of new faults at low angles 
to the old faults or in the development of other 
structures, such as folds. These shifts are a likely 
explanation for the polyphase structural fabric of 
the Havallah sequence. 

We therefore model the deformational se-
quence that produced the Havallah fabric as fol-
lows. Do, diagenesis of siliceous sediments on 
the sea floor resulted in the formation of frac-
tures, veins, mound structures, and the initial 
development of bedding-parallel microstylolites. 

D] (Early Accretion) 

Sedimentary and/or tectonic loading, com-
bined with either the arching of the ocean crust 
as it neared the subduction zone or extension 
within the toe of the accretionary prism (as sug-
gested by seismic first-motion studies, Wang, 
1980), caused siliceous sediments to be slightly 
stretched in an east-west direction, setting the 
orientations of north-south-trending step planes. 
Synchronous or subsequent bedding-parallel so-
lution modified the rhomboid chert blocks be-
tween step planes to form solution boudins. 
Loading could have been caused by two proc-
esses. As the sediments neared the accretionary 
prism, turbidites, debris flows, and clastic sedi-
ments were deposited on the siliceous sediments, 
enhancing the sedimentary load. Further tec-
tonic loading occurred as siliceous sediments 
were tucked beneath the accretionary prism. 
Sedimentary and/or tectonic loading caused ac-
celerated development of the microstylolite 
cleavage. There was probably some F, folding 
during initial accretion, but we have found only 
two folds with an axial-surface microstylolite 
cleavage. 

D2 (Main Phase Accretion) 

As successive packets of siliceous sediments 
were underthrust westward beneath the toe of 
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the prism, siliceous sediments deformed hetero-
geneously, according to the rheology and solu-
bility set by their diagenetic state (Brueckner and 
others, unpub. data). Diagenetically immature 
siliceous sediments could have acted as ductile 
strain accumulators, allowing the more rigid, di-
agenetically mature sediments to escape defor-
mation and retarding the development of 
tectonic mélanges. Diagenetic transformation 
rates were accelerated as a result of tectonic 
thickening, resulting in the progressive embrit-
tlement of the siliceous sediments. The crystallo-
graphically bound water released by these 
reactions, combined with reductions in permea-
bility and porosity by recrystallization and com-
paction, helped to create high pore-fluid pres-
sure and encouraged thrusting, brecciation, and 
the injection of clastic intrusions. High pore-
fluid pressures and the existence of diageneti-
cally mature, rigid chert packets encouraged 
shear to occur along discrete thrust surfaces 
rather than disrupting thick zones to form tec-
tonic mélanges. High pore-fluid pressures may 
have caused aseismic thrusting, a characteristic 
of accretionary prisms (Wang, 1980). These 
processes occurred continuously during much of 
the upper Paleozoic as new sediments, including 
recycled slump deposits, were tucked in beneath 
the prism. Each introduced packet may have 
acquired its internal structural fabric during a 
single progressive deformation; however, differ-
ent packets were deformed at different times as 
they were introduced into the prism. As the pro-
grading prism and island arc neared North 
America in Permian time, calcareous turbidites, 
derived from shelf carbonates either from North 
America or the arc, were deposited on top of the 
accretionary prism and subsequently shuffled 
into the top of the prism by reactivation of 
faults. 

D 3 (Obduction) 

Ultimately, the Havallah basin closed via 
subduction, and the accretionary prism was 
thrust over North America along the Golconda 
thrust in the Permian-Triassic. Some of the 
major thrusts and large asymmetric folds within 
the Havallah sequence formed during obduc-
tion. If our model is correct, the Sonoma "orog-
eny" should be considered a tectonic cycle that 
closed a major ocean basin and spanned the 
middle Paleozoic to the Permian-Triassic rather 
than a short, discrete compressional event in 
Permian-Triassic time. 
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