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Abstract 

The Gold Butte breakaway zone is the easternmost and oldest of the major Tertiary 

normal fault systems in the central Basin and Range province of the southwestern U.S. 

The normal faults of the breakaway zone crop out across the South Virgin Mountains 

(SVM), and define a narrow boundary zone between the Colorado Plateau and the 

highly extended central Basin and Range Province. Geochronologic data, including 

40 ArP9 Ar muscovite ages, (U-Th)/He apatite ages, and (U-Th)/Pb monazite ages, 

suggest that extension within the breakaway zone occurred rapidly at -15 Ma, 

consistent with earlier work (Fitzgerald, 1991). Approximately 400 km2 of the SVM 

was mapped at a scale of 1:12 000. This mapping shows that extension initiated on a 

set of steeply west dipping normal faults. Later faults soled into the earlier faults rather 

than cutting them, requiring motion to continue on both fault sets, with the earlier faults 

remaining active to dips of less than 30°. Total extension across the SVM is at least -21 

km. The latest deformation to affect the region was isostatic uplift of the footwall to the 

Lakeside Mine Fault Zone, with resultant formation of a basement dome and associated 

folding and late stage faulting adjacent to the dome. Seismic reflection data suggest that 

the crustal thickness of the region is 30 to 35 kilometers. When combined with the 

high average elevation of the denuded basement block, this suggests that extension of 

the upper crust has been compensated by emplacement of fluid mid to lower crust. The 

lower crust and Moho are seismically transparent, so the lower crust is probably not 

made up of basaltic intrusions; rather, it has probably flowed in from surrounding 

areas. A mechanical model has been developed which considers the behavior of an 

elastic upper crust isostatically compensated by flow in the lower crust. This model 

shows that gradual isostatic upwarping of the thinning region should generate 

compressional flexural stresses near the base of the elastic upper crust. These stresses 

may shut down the active faults and force new normal faults to root outside of the 

extended region. 
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Chapter 1 

Introduction 

Prior to the early 1970's, continental extension in the Basin and Range Province of the 

southwestern U.S. and elsewhere was thought to occur on steeply dipping block faults, 

with the total extension generally being relatively minor (Gilbert, 1875; Davis, 1925; 

Stewart, 1971; Thompson and Burke, 1974). However, over the last three decades, 

field studies in the Basin and Range Province have resulted in a significant advance in 

our understanding of how continental extension occurs. These studies showed that 

extension within the continent was, in places, extreme and that extension was often 

accommodated on shallowly dipping faults (Anderson, 1971; Armstrong, 1972; Davis, 

1973; Wright and Troxel, 1973; Coney, 1974; Proffett, 1977; Wernicke, 1981; Miller 

et al., 1983). 

While the existence of highly extended regions affected by shallowly dipping normal 

faults has become fairly widely accepted, a satisfactory explanation of their kinematic 

and dynamic evolution is still being sought. In particular, many workers have been 

attempting to explain how shallowly dipping normal faults may have formed (Buck, 

1988; Spencer and Chase, 1989; Yin, 1989; Axen, 1992; Forsyth, 1992; Wills and 

Buck, 1997), since they are theoretically not favorably oriented for active slip 

(Anderson, 1942; Sibson, 1985; Nur et al., 1986; Agnon and Reches, 1995). In 

addition to this fundamental mechanical problem, there has been considerable 

discussion regarding the cause of the high elevation of many highly extended regions 

and the domainal character of extension within the Basin and Range Province (c.f. 

Spencer, 1984; Block and Royden, 1990; Wernicke, 1992). All of this recent interest 

in the evolution of highly extended continental terrains has resulted in a much more 
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sophisticated understanding of normal fault systems and the mechanical properties of 

earth materials during extension, but it has yet to produce a widely accepted model 

which explains all, or even most, aspects of continental extensional fault systems. 

This dissertation describes the results of my work, with contributions from several 

others, which has been aimed at better understanding the kinematic and dynamic 

evolution of large-offset continental normal fault systems. In addition to the 

introduction and summary chapters, there are three main chapters. These three chapters 

were all written as independent journal articles, therefore each includes independent 

abstracts, reference sections, et cetera. 

Chapter two is entitled: "The kinematic evolution of a large offset continental normal 

fault system, South Virgin Mountains, Nevada." It includes the main results of ten 

months of detailed geologic mapping in the South Virgin Mountains of 

southeasternmost Nevada and a small area in northwestern Arizona. This effort 

resulted in the production of a 1: 12 000 scale geologic map which covers about 400 

km2 of extensionally deformed Paleozoic to Early Mesozoic strata and overlying 

Tertiary rocks in the South Virgin Mountains. This mapping was complemented by 

several geochronologic analyses of crystalline rocks which constrain the timing of 

unroofing and the thermal evolution of the region. The region was selected for detailed 

study because it includes the well exposed normal faults which make up the Gold Butte 

breakaway zone, the extensional fault system which occurs at the boundary between the 

essentially unextended Colorado Plateau and the highly extended central Basin and 

Range Province. The mapped strata are adjacent to the Gold Butte crystalline block, 

which was extensionally unroofed at about 15 Ma (Fitzgerald et al., 1991; Fryxell et 

al., 1992). Since the region has been highly extended, includes a compact stratigraphic 

section and datable exposures of crystalline rock, and almost certainly had a pre-
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extensional geometry similar to the little deformed Colorado Plateau, it provided an 

exceptional opportunity to unravel the detailed kinematic history of a large offset normal 

fault system. 

Chapter three, "Crustal structure of the Basin and Range to Colorado Plateau transition 

in the Lake Mead region from BARGE seismic reflection data," presents results of the 

Basin and Range Geoscientific Experiment (BARGE). This experiment involved the 

acquisition of over 120 km of marine style deep seismic reflection data on the waters of 

Lake Mead, Nevada and Arizona, as well as acquisition of large offset refraction data. 

Only the reflection data are discussed in chapter three. The seismic reflection profiles 

extend from western Lake Mead, across and around the South Virgin Mountains, and 

nearly onto the Colorado Plateau. The results therefore offer an opportunity to examine 

how the deep crust and Moho have behaved in this region, which reaches from well 

within the extended domain out to the abrupt transition into unextended upper crust. In 

particular, the BARGE data set provides an opportunity to observe the roles of deep 

crustal flow, magmatism, and possibly shearing along the Moho and to see how these 

processes may change with position in an extensional system. 

Chapter four, "The effects of isostatically driven lower crustal flow on normal fault 

longevity and orientation," presents a mechanical model which attempts to explain some 

of the first order features of the Gold Butte breakaway zone and other large offset 

continental normal fault systems. The model offers an explanation for why some 

normal fault systems shut down after accommodating a large amount of offset, and 

predicts how much slip should be accommodated on a particular normal fault system if 

the elastic upper crustal thickness, fault dip, slip rate, and lower crustal viscosity are 

known . It also offers a partial explanation for why large domains of the Basin and 

Range are affected by a series of shallowly dipping normal faults which dominantly dip 



I- 4 

in one direction and are active sequentially in a downdip direction. The model 

considers the evolution of fiber stresses within an extending region of the continental 

crust. The crust is assumed to be relatively simple, with an elastic upper crust and a 

fluid lower crust (c.f. Byerlee, 1978; Brace and Kohlstedt, 1980). Extension of the 

upper crust is isostatically compensated by flow of the lower crust, resulting in 

upwarping of the elastic upper crust across the extending region. This upwarping, in 

turn, generates fiber stresses within the elastic upper crust. These fiber stresses 

combine with the regional stress field to determine which areas of the upper crust are 

going to fail extensionally and experience active normal faulting. 
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Chapter 2 

Evolution of a large-offset continental normal fault system, 

South Virgin Mountains, Nevada 

Robert Brady, Brian Wernicke 

Division of Geological and Planetary Sciences, California Institute of Technology, 

Pasadena, California 91125 

Joan Fryxell 

Department of Geological Sciences, California State University, San Bernardino, 

California 

Mark Martin 

Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of 

Technology, Cambridge, Massachusetts 

Daniel Lux 

Department of Geological Sciences, University of Maine, Orono, Maine 

(This chapter was re-formatted from a manuscript in preparation, for submission to the 

Geological Society of America Bulletin) 

Abstract. The Gold Butte breakaway zone is a normal fault system that defmes a 

sharp boundary between the unextended Colorado Plateau to the east and highly 

extended crust of the central Basin and Range Province to the west. These extensional 

faults developed in flat lying rocks in the foreland of the Cordilleran fold and thrust 

system. These originally flat lying rocks can be broken into over thirty mappable units 

in approximately three kilometers of stratigraphic section. The system of normal faults 
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which makes up the breakaway zone is well exposed in three dimensions in the rugged 

and virtually unvegetated South Virgin Mountains of southeastern Nevada and 

northwestern Arizona. The exceptional three dimensional exposure, compact 

stratigraphy, and well defined pre-faulting configuration of the rocks permitted a 

detailed reconstruction of the kinematic evolution of this large-offset normal fault 

system. A data set consisting of over 300 km2 of new detailed geologic mapping and 

thermochronologic data was collected from the South Virgin Mountains. 

Reconstruction of cross-sections shows that the Gold Butte breakaway zone 

accommodated more than 15 kilometers of roughly east-west directed Miocene 

extension. Extension within the area was initially accommodated on a set of moderately 

to steeply dipping listric normal faults. As these faults slipped and were rotated to 

shallower dips, later steeply to moderately dipping faults initiated and soled into the 

earlier structures. Some of the earlier faults must have remained active to dips of less 

than 20°. Rotation due to isostatically driven upflexing of the extensionally thinned 

region is superimposed on rotation due to active slip and domino style rotation of the 

fault blocks. Total horizontal axis rotations have been great enough to rotate originally 

vertical to steeply west dipping faults into essentially horizontal present day 

orientations. This evolution of a large offset continental normal fault system is 

inconsistent with the widely accepted view that many near-horizontal normal faults, 

developed within the shallow continental crust, were rotated to their present orientations 

within the hanging walls of later, cross-cutting normal faults. However, re

examination of other areas suggests that the evolutionary sequence seen in the South 

Virgin Mountains may, in fact, be widely applicable. 
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2.1 Introduction 

Several decades of geologic mapping in the Basin and Range Province have shown that 

shallowly dipping extensional fault surfaces are relatively common (e.g. Longwell, 

1945; Anderson, 1971; Proffett, 1977; Miller et al., 1983; Wernicke et al., 1985; John 

and Foster, 1993), but theoretical fault mechanics suggests that such shallowly dipping 

normal faults should not be able to slip (c.f. Anderson, 1942; Sibson, 1985; Nur et al., 

1986; Agnon and Reches, 1995). A number of models explain shallowly dipping 

structures in a manner which is consistent with mechanical theory by invoking rotation 

of normal faults to lower dips after they have ceased to slip (e.g. Proffett, 1977; Miller 

et al., 1983; Buck, 1988). For example, in the Snake Range, the Lemitar Mountains, 

and the Yerington district, shallowly dipping faults have been interpreted as being the 

result of multiple generations of cross-cutting, steeply dipping normal faults, with older 

faults being rotated to shallow dips above younger faults (Proffett, 1977; Chamberlin, 

1982, 1983; Miller et al., 1983, respectively) (Figure 1a). Shallowly dipping normal 

faults have also been explained as originally steeply dipping faults which have been 

rotated to shallower dips after being abandoned above an upflexing footwall (Buck, 

1988) (Figure 1b). 

However, many shallowly dipping normal faults can not be explained by either of these 

mechanisms. Some of these faults probably initiated at very low dips (e.g. Wernicke et 

al., 1985; John and Foster, 1993), and many others may have started as initially more 

steeply dipping structures that remained active as they rotated to relatively low dips. 

The rotation of these faults is probably due to a combination of domino-style rotation 

and isostatically driven footwall flexure (Figure 1c ). If this explanation is correct, 

many occurrences of shallowly dipping normal faults might be best interpreted this 
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Figure 1. Schematic cross-sections of the upper crust showing three models of normal 

fault evolution, all of which result in both shallowly and more steeply dipping normal 

faults. Incipient faults are shown as dashed lines, active faults as heavy black lines, 

inactive faults as thinner black lines. a) Multiple generations of dominos; only 

moderately to steeply dipping faults are active, shallowly dipping faults have been 

rotated above younger cross-cutting faults (c.f. Proffett, 1977; Miller et al., 1983). b) 

Rolling hinge model; initially steeply dipping faults are flexurally rotated above an 

uplifting footwall, becoming inactive at low dips. New, steep faults break through the 

intact hanging wall as old faults become inactive and are abandoned on the uplifted 

footwall (Buck, 1988). c) Synchronous slip model; after some slip and rotation of 

initially steep faults, younger steep faults break and sole into the rotated older faults. 

All faults remain active and rotate domino-style, as well as rotating as a result of 

isostatic uplift of the thinning region. 
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way, since rotation by younger structures would not be necessary in order to achieve 

low dips. 

Detailed geologic studies were conducted in the Gold Butte breakaway zone in the 

South Virgin Mountains of southeastern Nevada and northwestern Arizona (Figure 2), 

a region which is well suited for testing the existing kinematic models of continental 

normal fault systems. The breakaway zone defines a sharp transition from stable, 

essentially unextended crust of the Colorado Plateau to strongly extended crust of the 

Basin and Range (stretching factor B = 3.5; Wernicke et al., 1988)). The Plateau, 

consisting of high-grade Proterozoic basement nonconformably overlain by a thin (- 2 

km) Paleozoic cover, forms a "headwall" from which steeply east-tilted normal fault 

blocks, bounded by both steep and shallow normal faults, including both basement and 

cover, were derived. 

The mapped area comprises a series of eight moderately to strongly tilted fault blocks 

deformed by multiple generations of normal faults in Middle Miocene time (Figure 3). 

These major fault blocks are bounded by normal faults with a kilometer or more of 

normal throw, and internally disrupted by numerous smaller offset normal faults. The 

four structurally lowest blocks, including (from lowest to highest) the Wheeler Ridge, 

Iceberg Ridge, Indian Hills, and Connoly Wash blocks are located astride the eastern 

end of Lake Mead, Nevada (Figure 3). The fifth block in the stack is the Azure Ridge 

block, which is interpreted to be structurally continuous with the Gold Butte crystalline 

block. The next three blocks, which include Tramp Ridge, Lime Ridge, and the 

Maynard Spring block, lie north of, and structurally above, the Gold Butte crystalline 

block. The Gold Butte crystalline block is a roughly 15 kilometer wide basement 

dome, unroofed by one of the extensional faults of the Gold Butte breakaway zone 

(Fryxell et al., 1992). 
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Figure 2. Location map, showing the South Virgin Mountains (stippled) and 

surrounding area, as well as major structural features. Light grey indicates the 

location of mountainous terrane. BM- Black Mountains, CP- Colorado Plateau, 

FM- Frenchman Mountain, GPT- Gass Peak Thrust, KT- Keystone Thrust, 

LMFS- Lake Mead Fault System, LVR- Las Vegas Range, LVVSZ-

Las Vegas Valley Shear Zone, MM- Muddy Mountains, MMT- Muddy 

Mountains Thrust, NVM- North Virgin Mountains, SR- Sheep Range, 

SVM - South Virgin Mountains, VD -Virgin Detachment. 



II- 8 

Most of the faults which make up the breakaway zone are exposed where they cut 

through the compact Paleozoic to Tertiary stratigraphy of the South Virgin Mountains. 

This stratigraphic section includes over thirty mappable units in about three kilometers 

of section. The rocks of the South Virgin Mountains were not deformed by earlier 

compressional events, as evidenced by the lack of compressional structures within the 

region, and the very gentle sub-Tertiary unconformity across the whole of the South 

Virgin Mountains and Beaver Dam Mountains (Wernicke and Axen, 1988). The 

faulted sections exposed in the South Virgin Mountains must restore to a configuration 

which is continuous with the flat-lying sediments of the Colorado Plateau. Since the 

faults of the Gold Butte breakaway zone are well exposed, have accommodated large 

magnitude extension, and may be restored to a well defmed structural datum, the area 

provides an exceptional opportunity to study the kinematic evolution of a continental 

normal fault system. 

2.2 Geologic Setting 

During Late Jurassic and Cretaceous time, the Lake Mead area was part of the foreland 

to the thin-skinned Sevier thrust belt (Burchfiel et al., 1974) which developed within 

the sedimentary rocks of the Paleozoic miogeocline. The easternmost thrusts seem to 

have been localized along the hinge zone of the miogeocline, which trends roughly NE

SW, and runs just to the west of Lake Mead. Accordingly, the easternmost thrust sheet 

at the latitude of Lake Mead is exposed close by to the west, in the Muddy Mountains 

(Longwell, 1949; Longwell et al., 1965; Bohannon, 1983) (Figure 1). South of Lake 

Mead, the thrust belt changes to a NW-SE trend, and thrusting involves Precambrian 

crystalline basement rocks (Burchfiel and Davis, 1975). 
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Following Cretaceous thrusting, the Lake Mead region seems to have been tectonically 

stable until Neogene time, although Late Cretaceous arc magmatism and Paleocene 

volcanism affected areas approximately 100 km to the south of Lake Mead. In 

addition, Paleozoic and Mesozoic strata were removed from a basement high which 

formed immediately to the south of Lake Mead. The exact age and extent of this 

basement high remains unclear, due in part to an incomplete understanding of the age 

and pre-extensional configuration of the sub-Tertiary unconformity. However, the 

presence of Eocene or older deposits filling northeastward-draining paleocanyons, 

which cut into the southwestern part of the Colorado Plateau, shows that the basement 

high had formed by Eocene time (Young, 1966, 1979). 

The present day physiographic features of the eastern Lake Mead area are primarily the 

result of Miocene extensional processes. During Miocene time, extension initiated at 

the edge of what is now the Colorado Plateau, accommodated on the faults of the Gold 

Butte breakaway zone. The breakaway zone created a sharp transition from stable, 

essentially unextended crust of the Colorado Plateau to highly extended crust of the 

central Basin and Range Province (stretching factor B = 3.5; Wernicke et al., 1988)). 

The faults of the Gold Butte breakaway zone strongly control the topography of, and 

are well exposed in, the South Virgin Mountains. The South Virgin Mountains include 

east tilted fault blocks which contain Proterozoic basement overlain by Paleozoic to 

Tertiary strata (Figure 3). 

The timing of extension on the Gold Butte breakaway is constrained by fission track 

ages from across the crystalline block. Fitzgerald et al. (1991) discovered apatite 

fission track ages of approximately 15 Ma across most of the northern Gold Butte 

crystalline complex, which was interpreted as an extensional unroofing age. Further 

low temperature thermochronology was attempted by Wolf (1997) using U-Th/He in 
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Figure 3. Simplified geologic map of the South Virgin Mountains, Nevada and 

Arizona. The eight major fault blocks, listed in ascending structural order, are: the 

Wheeler Ridge Block, the Iceberg Ridge Block, the Indian Hills Block, the Connoly 

Wash Block, the Azure Ridge Block, the Tramp Ridge Block, the Lime Ridge Block, 

and the Maynard Spring Block. Each of these is bounded by a normal fault with a 

kilometer or more of throw. 
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apatite. The results of this study are somewhat difficult to interpret, due to problems 

caused by abundant inclusions of more retentive phases within the apatite crystals, but 

they are broadly consistent with the results of Fitzgerald et al. (1991). 

Extension in the eastern Lake Mead region was accompanied by little or no magmatism. 

The only Tertiary aged volcanic rocks in the region, excluding thin tuff beds, are the 

post-extensional basalts of Gold Butte (9.15 to 9.46 Ma; Cole, 1989) and Grand Wash 

Trough (3.99 to 6.9 Ma; Feuerbach et al., 1993). 

2.3 Crystalline Rock Units 

2.3.1 Proterozoic X 

The oldest rock units in the crystalline complex include two units comprising about half 

of the outcrop within the crystalline block; the 1.7-1.8 Ga (Wasser burg and Lanphere, 

1965; Bennett and DePaolo, 1987; work of L.T. Silver as discussed by Stewart, 1980) 

orthogneiss and garnet gneiss which account for most of the metamorphic country 

rock. There are three other rock types of inferred Proterozoic X age, including the 

hornblende granite, leucogranite, and ultramafic rocks, with the two granites locally 

exhibiting gneissic high temperature foliation. 

The garnet gneiss is the most abundant of the metamorphic rocks. It contains garnet, 

biotite, cordierite, sillimanite, plagioclase, quartz, hercynite, and magnetite (Volborth, 

1962; Thomas et al., 1988; Fryxell et al., 1992). This unit is extensively migmatitic, 

with 1 em to > 10 m thick layers of coarse-grained quartz, feldspar, and garnet; the 
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remainder of the unit is gneissic and has a well-developed foliation with no lineation 

(Fryxell et al., 1992). 

2.3.2 Proterozoic Y 

The Gold Butte Granite (1.45 ±0.25 Ga; Silver et al., 1977) is a large pluton of 

rapakivi granite that forms about 30% of the basement outcrop (Volborth, 1962; Fryxell 

et al., 1992). This granite shows a distinctive texture of large (1 em to 4 em), early 

crystallized potassium feldspar phenocrysts, surrounded by a matrix of later crystallized 

minerals, including plagioclase, quartz, biotite, hornblende, and sphene (Volborth, 

1962). Rapakivi texture, with plagioclase rimming the alkali feldspar phenocrysts, is 

common, but not ubiquitous. The potassium feldspar phenocryst abundance and the 

intrusive geometry of the granite change significantly from west to east across the 

pluton (Fryxell et al., 1992). The phenocryst content increases from typically less than 

20% in the western outcrops to nearly 70% in the easternmost outcrops. The western 

outcrops form a complex wormy pattern within the metamorphic country rock, whereas 

the eastern outcrops are part of a large continuous body, with clearly defined contacts. 

In addition to the Gold Butte granite, there are diabase dikes reported from the southern 

part of the Gold Butte crystalline complex that are probably of Middle Proterozoic age, 

based on regional correlation with other diabase dikes (Howard, pers. comm.). There 

are also numerous mica-bearing pegmatite dikes that intrude many of the mappable 

units but, due to their generally small outcrop area, they were not mapped by Fryxell et 

al. (1992) or earlier workers. The age of these dikes is uncertain, since they have not 

been reliably isotopically dated (for a more detailed discussion, see Fryxell et al., 

1992). 
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2.3.3 Mesozoic to Cenozoic 

The biotite-muscovite granite which crops out near the western edge of the crystalline 

complex was previously inferred to have a Proterozoic X age, although field relations 

were ambiguous (Fryxell et al., 1992). U-Th/Pb monazite dating is currently in 

progress to determine the absolute age of this intrusion. Preliminary results suggest 

that it has an age of approximately 64 Ma. It is a fine- to medium-grained equigranular 

to pegmatitic biotite-muscovite granite with relatively abundant apatite and monazite as 

accessory minerals. 

In addition to the biotite-muscovite granite, there are a number of small post-diabase 

leucogranites that crop out in the southern part of the Gold Butte crystalline block. 

These may be of Mesozoic or Cenozoic age, since regionally there are no known post

diabase Proterozoic intrusions (Howard, pers. comm.) 

2.4 Stratified Rock Units 

2.4.1 Paleozoic to Mesozoic 

Separated from the crystalline basement rocks by the sub-Cambrian unconformity is a 

roughly 2.5 to 3.5 kilometer thick succession of sedimentary rocks (Figure 4). These 

strata comprise a thin cratonal section, just east of the Cordilleran miogeocline. 

These strata comprise four major sequences, with the lower two being carbonate 

dominated and the upper two being clastic dominated. The lowest sequence is bounded 

at its base by the Proterozoic to Lower Cambrian unconformity, and is composed of a 
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Syn- to Post-tectonic Tertiary Strata 
Aztec Formation -- -----
sandstone. red to reddish orange. cross-bedded. often varnished black 

Chinle Formation-~ -- -
~h:~~:;~ :;;~~~~~il~~~~~~~.d~~h ~~~~; ~~ap!~r~:i~~e tc,~~~to~~h~b~~d~Vr~:"6i~~~l. 
thin grayish orange to brown conglomeratic sandstone at base (Shinarump Member) 

Moenkopi Formation- -
Upper Red Member 
shale and sandstone. red 

--~ ~-Virgin Limestone + Schnabkaib Member 
limestone. shaly limestone, and gypsiferous shale. thin bedded, yellowish grey to greenish 
yellow 

- -- Lower Red Member 
shale. gypsiferous. red, interbedded with tan to white gypsum 

- - Kaibab Formation limestone, medium light grey. aphanitic. thick bedded. 
,----o;=-----=--~---'ab'!!undant dark bro~~_ lhin conglomerate near base 

~
~~~ Toroweap Formation 

Alpha Member gypsum and gypsilerous sandstone. moderate yellowish brown, usually massive 
~-. - treta Member limestone, light grey to pinkish grey, aphanitic. medium to thick bedded. dark brown chert 

--/ COCOI)IDQ Sandstone sandstone, 9!?.):ish to yellowish orange. cross bedded 
Hermtt Formation 
sandstone and mudstone. red, indistinct bedding, with occasiona l thick 
beds of moderate red and white cross-bedded sandstone 

-·- -Queantoweap Sandstone 
sandstone. moderate red and white. medium to thick bedded. 

____j~itcf~~~~~"t,-io=-n=--:-:, im-es-,-to_n_e_. s-a-n-,dy--,-lim_e_s_lo-ne. and sandstone, 
light grey, pinkish grey, and greyish orange, medium to thick bedded 

Callville Formation 
Unit2 
limestone and sandy limestone. light grey and pinkish grey. thick bedded. with 

___ conspicuous dark brown weathering cross-bedded horizons 
Unit 1 
limestone. very light grey, thick bedded. abundant reddish brown chert near top 

_j Monte Cristo Formation -~ ~--
Yellow Pine Member dolostone. light grey to yellowish grey, medium to thick bedded, 

_ __ . conspicuous dark brown chert bands near base 
~ullton Member dolostone. light grey to yellowish grey, medium to thick bedded 

, ~ -~Anchor Member limestone. medium dark grey, with abundant dark brown weathering chert 
Dawn Mel]lber limestone & dolostone,_y_l;ill_Qwish_gr.e_y, medium bedded. occasional silicified fossils 

_ ___,-Sultan Formation 
~rystal Pass Member dolostone, light grey, occasionally greyish pink. sandstone beds near top 

a Ientine Member dolostone. light grey to light olive grey. thin bedded 
Ironside Member dolostone, olive grey, vuggy, thin bedded 

Mountain S(Jrings Formation dolostone and sandy dolostone. pinkish grey 
Bonanza King Formation 
Banded Mountain Member 

Unit 5 dolostone, light grey, abundant white laminated beds, medium grey cl iff forming bed at base 

Unit 4 dolostone, medium grey, burrow mott led. brown silicified stromatolites near base 

Unit 3 dolostone, dark grey, burrow mottled cltff lorm1ng. glaucon1t1c sand at base 

- ~Unit 2 dolostone and limestone, dark grey, burrow mottled, locally silty 

- ~Unit 1 dolostone. yellowish orange, silty, cross-bedded 
Papoose Lake Member 
limestone. light to dark grey, thin to thick bedded, silty, burrow mottled. 
oncolitic near base 

) Bright Angel Formation ----
==------unit 1 limestone. light brown and dark grey. si lty, oncolitic, overlain by green shale with worm burrows 

Unit 2 shale, green and reddish brown, worm burrows, oscillation ripples. occasional sandstone beds 

T apeats Sandstone ~~~~~~n;;a~i~e~ a;:s~rown. thin to thick bedded, cross bedded. 
- ProTEirozoic Crystalline Rock_s __ -

dominantly 1. 7 to 1.8 Ga metamorphic rocks and 1.45 Ga Gold Butte granite 

Figure 4. Stratigraphic section from the South Virgin Mountains, thicknesses calculated from map data. 
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basal clastic succession and an overlying carbonate succession. The basal succession 

includes the Lower Cambrian Tapeats Sandstone and overlying shales and limestone of 

the Middle Cambrian Bright Angel Formation (Schenck and Wheeler, 1942; Wheeler, 

1943; McKee, 1945; Wheeler and Beasley, 1948). The thickness of this succession is 

approximately 140 meters, with significant variability due to tectonic thickening and 

thinning of the Bright Angel shales. The overlying carbonate-dominated succession 

varies in thickness from approximately 650 meters in Lime Ridge to approximately 520 

meters in Wheeler Ridge. It is entirely composed of the Middle to Upper Cambrian 

(McKee and Resser, 1945; Longwell, 1949; Longwell et al., 1965) Bonanza King 

Formation, the lowest member of which is limestone (the Papoose Lake Member), 

with the remainder of the unit being dominantly dolostone. 

The top of the first sequence, and the base of the second sequence, occurs at the Upper 

Cambrian to Devonian unconformity. The second sequence is composed of a 

carbonate dominated succession, overlain by a clastic succession, in tum overlain by a 

second carbonate succession. The lower carbonate succession is approximately 800 

meters thick, and is composed of the Devonian Mountain Springs and Sultan 

Formations (McNair, 1951), the Mississippian Monte Cristo Formation (Langenheim, 

1963), the Pennsylvanian Callville Formation (Longwell, 1921; McNair, 1951; 

Lumsden et al., 1973) and the Permian Pakoon Formation (McNair, 1951; McKee, 

1975). All of these units are generally described as limestones, but the Devonian and 

Mississippian units tend to be heavily altered to dolostone in the South Virgin 

Mountains. The middle clastic succession has an average thickness of about 530 

meters and is composed entirely of Permian rocks (White, 1929; McKee, 1933, 1969, 

1975). It includes the Queantoweap Sandstone, the Hermit Formation, and the 

Coconino Sandstone. All three of these units show highly variable thicknesses 

throughout the map area due to variability in depositional thickness as well as probable 
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tectonic thickening and thinning, particularly within the incompetent mudstones and 

fine sandstones of the Hermit Formation. Above this is the upper succession of 

limestone, made up of the Permian Toroweap and Kaibab Formations (Middle Permian; 

McKee, 1938). It has a maximum thickness of approximately 270 meters and thins 

toward the southeast, reaching zero thickness within the southeastern part of the South 

Virgin Mountains. 

The boundary between the second and third sequences is defmed by the Middle 

Permian to Lower Triassic unconformity. The third sequence is composed entirely of 

clastic rocks with a maximum total thickness of about 1100 meters, and a minimum 

thickness of zero meters, with the southeasternmost outcrops occurring on the east side 

of Azure Ridge. It includes the Lower to Middle Triassic Moenkopi and Chinle 

Formations (Gregory, 1915; Gregory and Williams, 1947; Poborski, 1954; Stewart, 

1957). 

The third and fourth sequences are separated by the base Jurassic unconformity. The 

fourth sequence includes only the Jurassic Aztec Formation. The Aztec Formation is 

nearly 200 meters thick in the northern part of the South Virgin Mountains, but pinches 

out to zero thickness within the central South Virgin Mountains, and is not exposed 

anywhere south of Tramp Ridge. 

All thickness estimates presented herein are based on averaging the mapped thickness 

from several locations. Most of these strata, as they occur in the South Virgin 

Mountains, are described in more detail by Morgan (1968) and Matthews (1976), as 

well as in a measured section by Rowland and Korolev (unpublished data). 
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2.4.2 Tertiary 

Two major sequences of Tertiary strata are present, one that lies disconformably on 

Paleozoic and Mesozoic strata and is tilted, the other in angular unconformity on all 

older rocks and still more-or-less flat-lying. The tilted sequence comprises the Miocene 

Horse Spring Formation (Bohannon, 1984; Beard, 1996). Within the mapped area, 

most of the outcrops are the Rainbow Gardens Member of the Horse Spring 

Formation, with exposures of the Thumb Member being less common due to erosional 

removal or burial by younger sediments. The thickest exposed Horse Spring section, 

at Horse Spring Ridge, is approximately 600 meters thick. Although the basal Horse 

Spring beds dip nearly concordantly with underlying Paleozoic strata, and therefore 

pre-date large magnitude extension and tilting, they are herein classified as early syn

tectonic strata. This classification is based on the fact that the lowest Rainbow Gardens 

beds exhibit growth-fault fanning of dips where they crop out near the north end of 

Wheeler Ridge (Figure 5 and Plate 1e). Bedding within the overlying Thumb Member 

fans slightly up-section, and is therefore also considered to be syn-tectonic (Beard, 

1996). 

In sharp angular unconformity above the Horse Spring Formation are the more-or-less 

flat lying "rocks of the Grand Wash trough" (Lucchitta, 1966; Bohannon, 1984). They 

include a unit composed of red sandstone and siltstone with occasional tuff beds, 

overlain by interfingering gypsum, conglomerates and basalts. The red sandstone unit 

is approximately correlative in age with the red sandstone unit of White Basin and 

Frenchman Mountain in the western Lake Mead region, but was probably not part of a 

connected depositional system, as all three localities were apparently isolated basins at 

the time of deposition (Bohannon, 1984). Immediately overlying the red sandstone in 

Grand Wash Trough are the Basalts of Grand Wash Trough (-4- 7 Ma; Cole, 1989) 
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and a succession of generally flat-lying conglomeratic units. The conglomerates were 

broken into three types by Lucchitta (1966); one type that includes clasts of Gold Butte 

granite as well as other crystalline clasts, a second type that includes crystalline clasts 

but no Gold Butte granite, and a third type that includes dominantly sedimentary clasts. 

Within the mapped area, most of the conglomerates are of the type that contains clasts 

of Gold Butte granite. The sedimentary-clast-dominated conglomerates occur closer to 

the Grand Wash Cliffs, and the conglomerate with crystalline clasts, but no Gold Butte 

granite clasts, occurs further south in the Grand Wash Trough (Lucchitta, 1966; 

Bohannon, 1984). Overlying these conglomerates is the Hualapai Limestone, the age 

of which is not directly known, but has been inferred based on its relationship to 

datable rocks elsewhere (-10.8- 3.8 Ma; Blair, 1978; Blair and Armstrong, 1979; 

Bohannon, 1984; Faulds et al., 1997). 

Conglomerates similar to those included in the "rocks of the Grand Wash Trough" are 

abundant on the west flank of the South Virgin Mountains, and are generally included 

in the Muddy Creek Formation (Longwell, 1936; Bohannon, 1984). Near the western 

end of the Gold Butte Fault, these conglomerates are overlain by the Gold Butte basalt 

(- 9- 9.5 Ma; Cole, 1989). Except for where they are overlain by the Gold Butte 

basalt, there are no known constraints on the age of the conglomerates, and their ages 

could extend into the Quaternary (the Muddy Creek Formation is considered by 

Bohannon (1984) to range from about 11.9 Ma to 10.6 Ma). West of Lime Ridge, 

these conglomerates are affected by late stage normal faulting (Quaternary?). 

Stratigraphically above the "rocks of the Grand Wash Trough" and the Muddy Creek(?) 

conglomerates are a number of younger conglomerates, gravels, and sands. Some of 

these deposits, including an outcrop of Chemehuevi Formation at Sandy Point and 

scattered roundstone gravels, are probably ancient Colorado River deposits. There are 
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Figure 5. Photograph looking south at basal conglomerates of the Tertiary Horse 

Spring Formation, Rainbow Gardens Member, in Pigeon Wash near the north end of 

Wheeler Ridge. Note the fanning of dips, characteristic of strata in growth fault basins. 

Hammer is approximately 40 em long. 
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also numerous levels of Quaternary alluvium. Within individual drainages there are 

commonly two to four different levels of Quaternary alluvial terraces, but these can not 

easily be correlated from drainage to drainage. 

2.5 Structure 

The South Virgin Mountains were essentially undeformed by Mesozoic compressional 

events, but strongly deformed by Tertiary extension and strike-slip faulting. The only 

structures within the mapped area that were probably formed by Mesozoic compression 

are a series of small amplitude (- 10 meter) folds in Permian to Triassic strata of 

northeastern Lime Ridge (Plate 1 b). North of the mapped area (but still within the 

South Virgin Mountains), there is a thrust fault adjacent to the Bitter Ridge Fault 

(Figure 3) of the Lake Mead Fault System that places Pennsylvanian strata over Triassic 

and Jurassic strata. While it is possible that this is a sliver of a Mesozoic thrust, its 

proximity to the Bitter Ridge Fault, and the geometry of the Bitter Ridge Fault, suggest 

that it is more likely due to oblique compression during Miocene strike-slip faulting 

(Campagna and Aydin, 1994). Most other structures within the South Virgin 

Mountains are almost certainly due to Miocene extension and/or strike-slip deformation. 

The extensional structures are divisible into three categories, the first including large

offset, west-dipping normal faults that bound large ridge-forming fault blocks, the 

second including numerous, dominantly west-dipping imbricate normal faults which 

internally disrupt the major fault blocks and usually sole into the ridge-bounding faults, 

and the third including steeply east-dipping faults which cross-cut all other structures. 

Stereonet analysis of slip lineations from all three of these fault sets shows that they are 

predominantly dip-slip normal faults (Figure 6). In addition to the extensional 



II- 23 

Figure 6. Fault orientation and slip lineation data. a) Kamb contoured stereoplot of 

poles to normal faults. This includes only those surfaces which were exposed and 

measured directly, no three point solutions. Note that mean fault dip direction is 302°, 

or N58W. b) Kamb contoured stereoplot of measured slip lineations; mean slip 

direction is approximately 301°, or N59W. c) Rose diagram of slip lineation trends. 

Together with a) and b), this suggests deformation by dominantly dip slip normal 

faulting, with extension oriented approximately 300° or N60W. d) Stereoplot of slip 

lineations and fault planes from the Gold Butte Fault, suggesting left-oblique normal 

faulting. 



c) 

N = 79 
Circle= 15% 
Petal Width = 1 oo 

II - 24 

b) 

.N = 79 
C.l. = 2.0 sigma 
Mean Vector: 300.8°, 64.6° 

Mean Vector: 282.2°, 52.6° 



II- 25 

structures, there are three steeply dipping, southwest-northeast striking faults and three 

steeply plunging folds within the South Virgin Mountains. 

2.5.1 Ridge-Bounding Faults and Related Folds 

South of the Lime Ridge Fault (Figure 3), the South Virgin Mountains include seven 

major ridge-forming fault blocks, bounded by normal faults which have each 

accommodated a kilometer or more of offset (Figure 3, Plate 1 and Plate 3). These 

faults, listed in ascending structural order, include· the Grand Wash Fault Zone, the 

Wheeler Ridge Fault, the Iceberg Canyon Fault, the Indian Hills Fault, the Million Hills 

Wash Fault, the Garden Wash Fault, the Lime Canyon Fault, and the Maynard Spring 

Fault. 

The easternmost and structurally lowest of these faults is the inferred Grand Wash Fault 

Zone. This zone separates the Wheeler Ridge block from the adjacent Colorado Plateau 

(Plate 1e). Since the strata of Wheeler Ridge are downthrown by about 3.5 kilometers 

relative to the plateau and folded into a rollover anticline, there must be at least one, and 

possibly more, normal faults separating Wheeler Ridge from the edge of the Colorado 

Plateau (Plate 3, Section B-B'). However, the fault or faults are nowhere exposed due 

to burial under the alluvium of Grand Wash Trough. 

The next ridge-bounding fault to the west of, and structurally above, the Grand Wash 

Fault Zone is the Wheeler Ridge Fault (Plate 1d and Plate 1e). This structure was first 

mapped by Longwell (1936) as a fault surface dipping 60° to the west where it crossed 

the Colorado River, in outcrops now submerged beneath Lake Mead. The normal 

offset accommodated on this structure where it crosses Lake Mead is approximately 2.1 

kilometers. The Wheeler Ridge fault seems to be a single fault plane which continues 
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to the north for a minimum of approximately 20 kilometers and to the south for 

approximately 8 kilometers (Plate 1). Beyond the north end of the clearly exposed 

bedrock of Wheeler Ridge the fault remains visible for about 12 kilometers, juxtaposing 

Tertiary Horse Spring strata in its footwall and younger conglomerates of the "rocks of 

the Grand Wash Trough" in its hanging wall (Lucchitta, 1966). This is probably a 

depositional, rather than tectonic contact, with the rocks of the Grand Wash Trough 

lapping against the fault scarp. Further to the north, the Wheeler Ridge Fault becomes 

buried under younger Tertiary conglomerates and gravels, so its location is unknown. 
/ 

To the south, the fault splits into several strands near the south ends of Wheeler and 

Iceberg Ridges, where some of the displacement on the Wheeler Ridge fault is 

transferred to a structure which cuts across to the east side of Wheeler Ridge, and 

becomes buried under Grapevine Mesa (the Airport Fault of Matthews; 1976) (Plate 

1d). The rest of the displacement is distributed onto two major, and a number of 

minor, fault strands which lose displacement southward and eventually merge again 

near South Cove. One of these two major faults is the South Cove Fault, which was 

originally mapped by Matthews (1976) as a southwest-northeast trending left-lateral 

strike-slip fault which cut entirely across southern Iceberg Ridge. More detailed 

mapping has shown that this fault turns southward and runs along the east side of 

southern Iceberg ridge, and is continuous with the Sunfish Cove Fault of Matthews 

(1976). Both parts of this fault are labeled as the South Cove Fault on Plate 1d. The 

other major strand is the Sheep Canyon Fault, which merges again with the South Cove 

Fault to the east of South Bay, essentially as interpreted by Matthews (1976). 

Southward, the Wheeler Ridge Fault is poorly understood, as it disappears under 

alluvium near South Cove. 

The third major fault in the imbricate stack is the Iceberg Canyon Fault, first mapped by 

Longwell ( 1936) prior to the filling of Lake Mead and more fully described in a later 
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paper by Longwell (1945). This fault accommodates approximately 1.2 kilometers of 

normal offset, is gently listric in cross-section, and is seen to cut bedding in its hanging 

wall at 60° to 90°. It dips approximately 35° to the west where it cuts through the 

Permian limestones in the hanging wall, and its dip decreases to about 10° to the west 

where it cuts through Mississippian strata in the hanging wall (Longwell, 1936; 1945). 

The fourth fault in the structural stack is the Indian Hills Fault, which dips between 0° 

and 12° to the east and therefore has a very sinuous fault trace which runs generally 

north-northeast through the Indian Hills. It forms several klippe of Cambrian rocks on 

Pre-Cambrian basement and of Mississippian strata on Cambrian (Plate ld). Where it 

crosses the line of cross-section A-A' shown in Plate 3, it accommodates a normal 

separation of the Tapeats Sandstone of approximately 1.5 kilometers. Hanging wall 

bedding cut-off angles range from about 50° to 70°, except in part of the western Indian 

Hills, where the fault forms a hanging wall flat for approximately 200 meters in the 

shales of the Bright Angel Formation. West of this hanging wall flat, the fault again 

cuts downsection to the west, giving it an overall ramp-flat-ramp geometry. 

Immediately above this hanging wall flat is an extremely tight rollover anticline that 

affects the upper unit of the Bright Angel Formation as well as higher Cambrian units 

(Figure 7). 

The fifth fault in the stack, and the last one to crop out east of the Gold Butte crystalline 

block, is the Million Hills Wash Fault, which apparently increases in offset from south 

to north. This fault has a well-exposed surface trace which defines the south end and 

southwest margin of the Azure Ridge block, just north of Connoly Wash. It has an 

average dip of approximately 12° to the northwest, but there is some variation of dip 

along the surface trace, and it is slightly listric in cross-section. Bedding cut-off angles 

in the hanging wall are typically between 70° and 90°. Normal offset on the Million 
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Figure 7. Photograph looking north at a sharp rollover in the western Indian Hills. 

The fold formed above a ramp-flat-ramp in the Indian Hills Fault. Strata involved are 

upper Bright Angel Formation to middle Bonanza King Formation. Field of view 

across the middle of the photograph is approximately one kilometer. Stratigraphic 

labels are explained in the legend included in Figure 8. 
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Hills Wash Fault is less than 100 meters where it occurs as a small klippe just south of 

Connoly Wash, and increases to approximately 1.1 kilometers at the south end of 

Azure Ridge, and to slightly greater than 2.4 kilometers under central Azure Ridge 

(Plate 1 and Plate 3). 

Structurally above the Million Hills Wash Fault is the Garden Wash Fault, which is 

responsible for translating Tramp Ridge, Lime Ridge and the northernmost outcrops of 

Azure Ridge westward relative to the rest of Azure Ridge (Fryxell et al., 1992). 

Detailed mapping of Azure, Tramp, and Lime Ridges generally corroborates the earlier 

mapping of the Garden Wash Fault by Fryxell et al. (1992), but it was necessary to 

modify and add a few details to their mapping. At the northern end of Azure Ridge, 

Fryxell et al. mapped a piece of the Garden Wash Fault as a low angle structure placing 

Mississippian Redwall Limestone (equivalent to the Monte Cristo Formation) over 

Cambrian dolostone. This outcrop was re-mapped as Permian Toroweap and Kaibab 

limestones over Cambrian Bonanza King dolostones. In addition to this change, a 

small outcrop immediately east of Horse Spring Ridge, mapped by Fryxell et al. (1992) 

and Morgan ( 1967) as Permian limestone, is instead Mississippian Anchor Member of 

the Monte Cristo Formation. Just to the east of this outcrop, a large area of Thumb 

Member of the Horse Spring Formation is irregularly mantled by a thin veneer of 

graveL Still further to the east,- 1.4 kilometers north of Azure Ridge, small outcrops 

of Permian Toroweap Limestone were found, directly along strike with those to the 

south in Azure Ridge. These outcrops are interpreted to be part of a continuous ridge 

of Permian strata, which is visible as a pale stripe on air photos for at least 3.1 

kilometers to the north of Azure Ridge. This partially buried ridge of Permian 

limestone has an east-west separation of approximately 8 kilometers relative to 

equivalent strata on Tramp Ridge. 
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It is proposed here that the name Virgin Detachment be applied to the Garden Wash 

Fault, as well as the Lakeside Mine Fault (Fryxell et al., 1992), the Salt Spring Wash 

Fault and the Cyclopic Detachment (Cascadden, 1991), since these form an apparently 

continuous series of faults (Figure 3) which accommodated major top to the west 

normal motion during the Miocene. The Garden Wash Fault, which translates Tramp 

Ridge westward by approximately 8 kilometers relative to Azure Ridge, is probably 

linked with the Lakeside Mine Fault further to the south, which unroofed the Gold 

Butte crystalline block at- 15 Ma (Fitzgerald et al., 1991; Fryxell et al., 1992). 

Although partially buried under younger sediments, the Lakeside Mine Fault appears to 

be continuous southward with the Salt Spring Wash Fault, which also exposes 

Precambrian crystalline rocks in its footwall and carries - 16 Ma growth fault strata in 

its hanging wall (Cascadden, 1991). The Cyclopic detachment, exposed still further to 

the south, also has Precambrian crystalline rock in its footwall and is probably 

continuous with the Salt Spring Wash Fault (Cascadden, 1991). 

Structurally above the Virgin Detachment is the Lime Canyon Fault, which separates 

the Lime Ridge and Tramp Ridge blocks. Overall, the Lime Canyon Fault dips to the 

west at about 10°, and has accommodated approximately 8 kilometers of westward 

separation of the Paleozoic section in western Lime Ridge relative to the corresponding 

section in Tramp Ridge (Plate 1b and Plate 3). 

The Lime Canyon Fault appears to have evolved from two major faults and a number of 

minor anastomosing splays which all merged downward. This interpretation is based 

on a retrodeformable cross-section of the Lime Canyon and Perkin's Spring area (Plate 

4). The westernmost of the two main splays crops out clearly around the head of Lime 

Canyon, where it is a well-exposed flat-lying fault, carrying relatively simple imbricate 

fault blocks of east-dipping Mississippian and Pennsylvanian strata in its hanging wall, 
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with bedding cut-off angles between 35° and 45° (Plate lb). The eastern splay crops 

out on westernmost Tramp Ridge, where it carries lower Cambrian units down against 

Precambrian basement (Plate 3, cross-section A-A'). This splay projects just above the 

basement block which separates Tramp Ridge from Lime Ridge, and may have merged 

with the detachment that underlies the Perkin's Spring area and Lime Canyon Fault 

farther west (Plates lb, 3, and 4). In order for this projection to work, the offset on the 

fault that bounds the west side of the basement block between Tramp and Lime Ridges 

must be restored. This suggests that the basement block may be a later uplifted horst, 

from the footwall to the eastern splay of the Lime Canyon Fault. 

The western splay of the Lime Canyon Fault may have a ramp-flat-ramp geometry, and 

this geometry may explain the relatively flat-lying, little extended strata of northern 

Lime Ridge. At Lime Canyon, the fault cuts bedding at a relatively low angle 

(approximately 40°), and is inferred to have cut through this part of the section with an 

initially moderate west dip. Its initial dip is less well constrained where the fault cuts 

down through the rest of the Paleozoic section; however, creation of an area-balanced 

cross-section seems to require the fault to have flattened to dips as low as 15° to 20° 

where it cut through the lowest part of the section, so it was apparently a shallowly 

dipping listric fault which included a flat near the base of the Cambrian section (Plate 

4). A northward increase in the length of this flat might result in a wide block of 

hanging wall strata being carried westward over a flat surface, and undergoing only 

minor internal disruption and rotation. This would explain the wide block of little 

rotated Pennsylvanian strata seen in northern Lime Ridge. 

Near Perkin's Spring, between Tramp Ridge and Lime Ridge, the Lime Canyon Fault 

is nearly flat lying, and its hanging wall is structurally complex (Figure 8 and Plate lb). 

To the west of Perkin's Spring, a set of west-dipping, top-to-the-west normal faults 
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within the hanging wall of the Lime Canyon Fault carry east-dipping panels of 

Cambrian strata down against Proterozoic basement. These panels of east-dipping 

Cambrian strata are structurally overlain by a west-dipping panel of Pennsylvanian 

Callville Formation, carried on a west-dipping normal fault. The structures to the east 

of Perkin's Spring dip in the opposite direction to those just described from the west of 

Perkin's Spring. To the east, a set of east-dipping, top-to-the-east normal faults, carry 

west-dipping panels of Cambrian strata down against Proterozoic basement. These are 

structurally overlain by an east-dipping panel of Permian Toroweap Formation, carried 

on an east-dipping fault. 

The arrangement of fault slices seen near Perkin's Spring may have been achieved by 

collapsing a stack of imbricate fault slices, bounded by predominantly west-dipping, 

west-side-down normal faults, onto a shallowly dipping detachment (Figure 8). In 

order to achieve their present configuration, the imbricate slices must have initiated in 

an eastward-stepping and down-stepping sequence. This would result in slices of 

stratigraphically higher Pennsylvanian Callville Formation being carried downward, 

and to the west of, the stratigraphically lower slices from the Banded Mountain 

Member of the Bonanza King Formation, which would in turn be carried downward 

and to the west of slices of the Papoose Lake Member of the Bonanza King Formation. 

All of these fault slivers would then be carried westward and downward against 

Proterozoic basement rocks. The occurrence of west-dipping panels, separated by east

dipping, top-to-the-east normal faults can be explained by top-to-the-west simple shear 

within the fault bounded imbricate slices. Within each fault sliver shown on Figure 8, 

it is reasonable to expect a top-to-the-west rotation of blocks, bounded by top-to-the

east faults. 
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Figure 8. Detailed cross-section and restoration of the Perkin's Spring area. This 

cross-section coincides with part of cross-section A-A' from Plate 3. Across the entire 

section, shallowly dipping normal faults separate a thin veneer of extensionally 

imbricated Paleozoic rocks from Precambrian basement. These shallowly dipping 

faults are all considered to be part of the Lime Canyon Fault, although only the western 

strand, which crops out at Lime Canyon, is labeled on the section. 
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The westernmost and structurally highest ridge-bounding fault is the Maynard Spring 

Fault. This fault separates the roughly north-south striking strata of Lime Ridge from 

the northeast-southwest striking strata which comprise the westernmost outcrops of the 

range. The Maynard Spring fault is well exposed starting just south of the Lime Ridge 

Fault and continuing southward for approximately a kilometer, where it becomes buried 

under alluvium. For an additional 1.4 kilometers to the southeast, several small 

exposures of fault-bounded Permian Toroweap Limestone are found; these are 

probably part of the hanging wall of the Maynard Spring Fault. This fault differs from 

other ridge-bounding faults in so far as the strike of hanging wall strata is markedly 

different from foot wall strata. Hanging wall strata strike approximately N65E, 

whereas strata in the adjacent parts of Lime Ridge strike due north, suggesting 

clockwise rotation of the hanging wall rocks of about 65° about a vertical axis, in 

addition to extension. 

2.5.2 Minor Imbricating Faults and Related Folds 

Within each of the major fault blocks bounded by large offset faults are numerous 

smaller offset normal faults. These faults typically have offsets in the range of 5 meters 

to 100 meters, with a few having offsets of several hundred meters. These faults 

accommodate internal deformation and extension of the major fault blocks and usually 

merge downward with the major ridge-bounding normal faults (Figure 9). They dip 

more steeply and usually have higher bedding cut-off angles than the ridge bounding 

faults. Most of these smaller offset faults have hanging wall bedding cut-off angles of 

about 90°, with some having cut-off angles greater than 115° (Figure 10). 

Nearly all of these smaller offset faults merge with, or are truncated by, shallowly

dipping, large-offset ridge-bounding faults. Of 27 cases where a more steeply dipping 
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fault clearly intersects a shallowly dipping ridge-bounding fault, the more steeply 

dipping fault is truncated by, or merges with, the shallowly dipping fault in 25 cases. 

There are only two cases in which the more steeply dipping faults cut the shallowly 

dipping, block-bounding fault. These two more steeply dipping faults are close 

together, sub-parallel, and each accommodates roughly 30 meters of west side down 

normal separation. They cut through the southern end of the Mississippian on 

Cambrian klippe formed by the Indian Hills Fault just north of Devil' s Cove. The 

intersection of these faults with the underlying Iceberg Canyon Fault is not exposed, so 

it is unclear whether or not they also cut it. It is certainly possible that they splay 

upward from the Iceberg Canyon fault and cut only the Indian Hills Fault. 

Nearly all of the minor imbricating normal faults are synthetic to the ridge bounding 

detachments. There are a few antithetic faults, all of which have been rotated so that 

they now appear to be reverse faults (the two most significant of these can be seen on 

cross-section A-A' of Plate 3, one under eastern Azure Ridge, and one under central 

Tramp Ridge). 

Upward fanning synthetic faults are associated with two large amplitude, broadly 

folded, rollover anticlines in the strata of the western half of Azure Ridge and the 

eastern part of Lime Ridge (cross-section A-A', Plate 3). Rather than being due to 

folding of any individual panel of strata, these antiforms result from a gradual decrease 

in dip of small imbricate fault blocks as one moves structurally upward. 
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Figure 9. a) Map of the southern tip of Azure Ridge, showing anastomosing 

moderately dipping faults soling into the nearly horizontal Million Hills Wash Fault. 

The moderately dipping faults typically dip between 20° and 40° to the west; bedding 

mostly dips between 45° and 60° to the east; hanging wall bedding cut off angles are 

mostly between about 65° and 100°. b) Photograph looking north at the south end of 

Azure Ridge, showing approximately the eastern half of the area mapped in a). The 

Million Hills Wash Fault runs along the break in slope at the base of the Paleozoic 

strata. 
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Figure 10. Photograph looking north obliquely across a canyon at moderately to 

steeply west-dipping imbricate normal faults in the hanging wall of the Indian Hills 

Fault. These faults merge downward with the Indian Hills Fault. Note the bedding cut 

off angle of about 115° in Pennsylvanian strata in the hanging wall of the most steeply 

dipping fault (photograph is looking approximately along strike of this bedding-fault 

intersection). See the legend in Figure 8 for an explanation of stratigraphic labels. 
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2.5.3 Cr oss-cutting Faults 

The extensional structures recognized in the South Virgin Mountains include a number 

of sub-vertical faults that cut all other normal faults and are upthrown on the side 

closest to nearby crystalline blocks. East of the Gold Butte crystalline block these 

faults are consistently east-side-down, i.e. they are upthrown on the side closest to the 

main Gold Butte crystalline block. North of the Gold Butte Block, within the Tramp 

Ridge - Lime Ridge area, steeply east- and west- dipping cross-cutting faults bound a 

horst of crystalline rocks between Tramp Ridge and Lime Ridge. There are also two 

steeply west-dipping faults within Lime Ridge that cut across moderately and shallowly 

dipping faults, and are upthrown on the east side, i.e. the side closest to the crystalline 

block between Tramp Ridge and Lime Ridge. 

Many of the steep cross-cutting normal faults are localized along the basement-cover 

contact. An en-echelon series of these faults is located along the western edge of Azure 

Ridge, and a similar fault was mapped by Longwell (1936) near the south end of 

Iceberg Canyon. The faults bounding Azure Ridge dip vertically to steeply eastward 

and have east side down normal separations ranging from a few meters to greater than 

150 meters. The fault near the south end of Iceberg Canyon, as described by Longwell 

(1936), is a steeply west-dipping structure which places Proterozoic granite against 

mid-(?) Bonanza King, making this a steep reverse fault with approximately 500 meters 

of dip-slip movement. The faults that bound the horst between Tramp Ridge and Lime 

Ridge accommodate between a few meters and greater than 500 meters of normal 

separation, bringing Paleozoic strata ranging from the Cambrian Tapeats Sandstone to 

highest Cambrian Bonanza King down against Proterozoic crystalline rocks. 
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There are also a number of steeply dipping, cross-cutting faults found within the ridges 

of Paleozoic strata as bedding-parallel shear surfaces. These structures are difficult to 

observe, except where they offset younger normal faults (Figure 11). These bedding

parallel faults, with normal separations of a few meters to a few tens of meters, were 

only found east of the Gold Butte crystalline complex. They apparently decrease in 

abundance and offset with increasing distance from the crystalline complex, with no 

examples being found east of Iceberg Canyon. 

2.5.4 Steep SW-NE Striking Faults 

Three major southwest-northeast striking faults appear on previous maps of the South 

Virgin Mountains. From north to south, these include the Bitter Ridge Fault, the Lime 

Ridge Fault, and the Gold Butte Fault (Anderson, 1973; Bohannon, 1979, 1984; 

Beard, 1996) (Figure 3). All are considered to be steeply dipping strands of the left

lateral Lake Mead Fault System. Recent work by Campagna and Aydin (1994) showed 

that the Bitter Ridge Fault is a sub-vertical structure with slickenlines plunging gently to 

the southwest, supporting the interpretation that this is a strand of the Lake Mead Fault 

System. However, Fryxell et al. (1992) re-interpreted the Gold Butte Fault as a right

lateral tear fault in the hanging wall of the Garden Wash Fault Zone, suggesting that it 

is not a branch of the Lake Mead Fault System. 

The Gold Butte Fault was completely re-mapped during this study. The mapping 

showed it to be a vertical to steeply north-dipping structure, with slip lineations 

plunging steeply to the north (Figure 6 d). 



II- 45 

Figure 11. Photographs of late, east-side down, east-dipping faults. Stratigraphic 

labels are explained by the legends shown in Figures 8 and 9. a) West-dipping fault 

offset by approximately 40 meters of slip along a surface parallel to the base of the 

Mississippian Anchor Member, central Indian Hills. b) West-dipping fault offset by 

approximately three meters of bedding-parallel slip within the Pennsylvanian Callville 

Formation, northern Azure Ridge. c) Sliver of Mississippian Anchor Member along 

the Indian Hills Fault, offset by a slip surface which is parallel to bedding in the 

structurally lower Cambrian Bonanza King Formation and sub-parallel to bedding in 

the structurally higher Pennsylvanian Callville Formation, northeastern Indian Hills. d) 

Bedding parallel shear zone within the Pennsylvanian Callville Formation, eastern 

Azure Ridge. Pocket knife for scale is approximately eight centimeters long. 
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New mapping along part of the Lime Ridge Fault shows that it is not a simple, steeply 

northwest-dipping plane. Where re-mapped at the north end of Lime Ridge (Plate 1), 

the fault exhibits a sinuous trace, and based on its outcrop pattern where it cuts up and 

over eastern Lime Ridge, its dip is only about 50° to the northwest. 

2.5.5 Steeply Plunging Folds 

There are three large steeply plunging folds within the South Virgin Mountains, all 

clearly visible in map view, which appear to be either right-lateral or left-lateral 

deflections of steeply tilted ridges adjacent to fault zones. Two of these occur north of 

and immediately adjacent to the Gold Butte Fault, producing right-lateral deflection of 

Horse Spring strata in Horse Spring Ridge and basal Cambrian strata in southernmost 

Lime Ridge (Plate 1a and Plate lc). The third fold is apparently left-lateral, and is 

outlined by a gradual change in strike of bedding in the ridges east of the Gold Butte 

crystalline block. The average strike of bedding changes northward from 

approximately N30E in Wheeler Ridge, Iceberg Ridge, and the southern Indian Hills to 

approximately NOSE in northern Azure Ridge (Plate 1). 

2.6 Interpretation of Subsurface Geometries of Concealed 

Faults 

Most of the major normal faults of the South Virgin Mountains are well exposed, but 

three of the major ridge-bounding normal faults or normal fault zones are concealed by 

alluvium along much or all of their traces. These three faults are the Grand Wash Fault 

Zone, the Wheeler Ridge Fault, and the Garden Wash Fault. In addition, the late, steep 
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cross-cutting fault of southern Iceberg Canyon is covered by the waters of Lake Mead. 

Nevertheless, the location, geometry, and offset of all of these faults can be constrained 

reasonably well using a variety of geologic arguments. The locations and geometries of 

the Wheeler Ridge Fault and the steep cross-cutting fault of southern Iceberg Canyon 

are constrained by the observations of Longwell (1936), made prior to the filling of 

Lake Mead. 

The Grand Wash Fault Zone must include one or more, west-side-down normal faults. 

These faults are inferred to be relatively steep listric structures that have only been 

rotated a few degrees from their initial orientations. The inference of only minor 

rotation of these faults is based on the absence of structurally lower faults with major 

offset, and the observation that the next higher structure (the Wheeler Ridge Fault) is 

apparently only slightly rotated from its original orientation. The inference that the fault 

or faults of the Grand Wash Fault Zone initiated as steeply dipping listric structures is 

based on the observed rollover geometry of Wheeler Ridge and on analogy with higher 

and lower normal fault zones, where listric curvature is directly observed. These 

include the Hurricane Fault and Iceberg Canyon Fault, both of which had initially 

steeply dipping listric geometries. The Hurricane Fault cuts the Colorado Plateau 

approximately 65 kilometers east of the Grand Wash Fault Zone, is vertical where it 

cuts Permian strata and shallows to approximately 60° westward dip where it cuts 

through the lower part of the Cambrian section (Hamblin, 1965). 30° of shallowing 

across approximately two kilometers of section is similar in curvature to the Iceberg 

Canyon Fault, which shallows at a rate of- 16° per kilometer. 

Our preferred interpretation of the Grand Wash Fault Zone is that it includes at least two 

normal faults, which have served to downdrop the east side of the Wheeler Ridge block 

by approximately 3.5 kilometers relative to the Colorado Plateau. Projection of beds 
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from Wheeler Ridge to the inferred location of the western fault strand of the Grand 

Wash Fault Zone suggests that almost all of this 3.5 kilometer offset can be 

accommodated on the western strand. The amount off offset on the inferred fault 

further to the east is unknown, but is probably relatively small. The offset on the 

eastern fault is inferred to be small for two reasons: 1) Large offset on a listric fault 

should have resulted in hanging wall rotation and consequent creation of a tilted fault 

block ridge where the Grand Wash Trough currently exists, and none is observed; 2) 

Interpreted gravity data suggest that the Grand Wash Trough is a more-or-less 

symmetrical basin which deepens northward, being only about half a kilometer deep 

immediately east of Wheeler Ridge on the line of cross-section B-B' (Plate 3), and 

reaching three or four kilometers depth about 40 kilometers farther north (Saltus and 

Jachens, 1995). 

The location of the western strand of the Grand Wash Fault Zone, as shown in Plates 1 

and 3, is based on an assumption of high bedding cut-off angles in the Wheeler Ridge 

hanging wall, as seen in most other hanging wall blocks in the region, combined with 

the inferred steep dip of the fault and the observed rollover of strata within the Wheeler 

Ridge block. Note that the location of this strand, as shown in Plates 1 and 3, is near 

its easternmost allowable position, since strata are shown as having cut-off angles 

greater than 90°, and these cut -off angles would become unreasonably large if the fault 

was drawn further to the east and strata in Wheeler Ridge continue to roll over. This 

preferred interpretation does allow a hanging wall cut-off angle of slightly more than 

90°, which is not reasonable for an initially west dipping fault, unless some small 

amount of increase in cut-off angle beyond 90° resulted from collapse of the hanging 

wall into the potential void adjacent to the listric fault surface. However, this 

assumption is necessary if the fault had an initial orientation similar to that of the 

Hurricane Fault, since the only way to avoid hanging wall cut-off angles in excess of 
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90° is to draw the fault further west in the cross-section. This, in turn, would require 

its exposure at surface, within the bedrock of Wheeler Ridge, which clearly does not 

occur. 

The location of the eastern strand of the Grand Wash Fault Zone is inferred from a 

number of small scarps in alluvium, approximately one kilometer from the exposed 

bedrock of the Grand Wash Cliffs. These scarps are visible on air photos of the 

region, and are consistent with formation by a west-side down normal fault, but they 

do not form a continuously exposed feature and are therefore suggestive, rather than 

compelling, evidence. 

An alternate interpretation of the Grand Wash Fault Zone as consisting of only one fault 

that projects to surface near the eastern edge of the Grand Wash Trough can not be 

entirely ruled out, but is not preferred. This fault would have to flatten at a very 

shallow depth and slip earlier than the ridge-bounding faults further to the west. To be 

consistent with the interpreted shallow depth of the Grand Wash Trough (Saltus and 

Jachens, 1995), and to avoid hanging wall cut-off angles of much greater than 90° with 

the rolling over strata of Wheeler Ridge, the fault would have to flatten at a depth of 

about one kilometer. It would be required to slip earlier than the faults further to the 

west because palinspastic restoration of such a shallow flattening fault requires that the 

structurally higher faults be back-rotated through vertical to initial east dips. Since it is 

unlikely that the faults initiated as east-dipping reverse faults, this would suggest that 

they initiated after the strata in Wheeler Ridge had been rolled over above the Grand 

Wash Fault. This alternative interpretation is not preferred because: 1) It requires the 

Grand Wash Fault to have a geometry much different from that of better exposed 

nearby analogs, 2) It requires a diachroneity of slip on the major ridge-bounding 

normal faults, that can not be ruled out with the current data but seems unlikely, since 
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there is no structural evidence for diachronous slip within the better exposed fault 

blocks farther to the west, and the available geochronologic evidence suggests that all 

of the major ridge bounding faults were active during a very short interval of time (see 

later discussion of geochronology), and 3) It would predict an asymmetric half-graben, 

inconsistent with the gravity model of Saltus and Jachens (1995). 

As discussed earlier, the surface trace and dip of the Wheeler Ridge Fault is well 

constrained for a distance of approximately 5 kilometers where it cuts through southern 

Iceberg Ridge and Wheeler Ridge (Plate 1d) and by observations of Longwell (1936), 

where its trace is now covered by Lake Mead. However, its cross-sectional shape can 

only be inferred. As with the fault(s) of the Grand Wash Fault Zone, the Wheeler 

Ridge Fault is assumed to have a listric geometry similar to the Hurricane Fault further 

to the east and the Iceberg Canyon Fault further to the west. 

The Garden Wash Fault, the northernmost part of the Virgin Detachment, is mostly 

buried, yet its location and offset are reasonably well constrained by geologic mapping 

north of Azure Ridge. At least one major normal fault lies to the east of, and roughly 

parallel to, Horse Spring Ridge. This fault separates the Tertiary strata that crop out on 

Horse Spring Ridge and immediately to its east from the partially buried ridge of 

Permian Toroweap Formation that continues north from Azure Ridge (Plate 1). The 

normal offset on this fault must be equal to or greater than the 8 kilometer separation of 

Permian strata in the Azure Ridge block from equivalent strata in Tramp Ridge. Farther 

to the south, across the Gold Butte Fault, the Virgin Detachment is interpreted to have 

unroofed the Gold Butte crystalline complex. The Gold Butte crystalline block is a 

more-or-less intact upper crustal section, through which the unroofing fault cut with an 

initial dip of approximately 60° (Fryxell et al., 1992). The fault is not currently 

exposed, except as a zone of chlorite breccia near the margins of the Gold Butte Block, 
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but presumably dips gently away from the domiform Gold Butte Block. In order to 

denude the crystalline block and exposed chlorite breccias along the western margin, a 

minimum normal offset roughly equal to the width of the block is required (W emicke 

and Axen, 1988). Assuming a 60° initial dip of the denuding fault zone and a currently 

exposed width of- 18 kilometers (basement plus cover), the minimum offset on the 

denuding fault zone is- 15 kilometers (Fryxell et al., 1992). This interpretation of 

very large normal offset on the Virgin Detachment is supported by the fact that to the 

north of the Gold Butte crystalline block, where hanging wall blocks are still present, 

the cumulative westward translation of strata in the Maynard Spring block relative to 

equivalent strata in the Azure Ridge block is- 19 kilometers (Plate 1). 

Within Tramp Ridge, which is the hanging wall to the Garden Wash Fault, the amount 

of extension and structural style changes northward. The southern end of Tramp Ridge 

is significantly internally extended on moderately west-dipping normal faults. Farther 

north, it is very little extended on steeply dipping normal faults. Given that the 

relatively steeply east-dipping strata along the east side of Tramp Ridge have a more-or

less constant strike of about N20E, and assuming that the correlative strata in the 

buried northward continuation of Azure Ridge maintain a constant strike of about 

NlOE, then the total westward displacement of strata within Tramp Ridge relative to the 

strata of Azure Ridge would change very little from south to north. Therefore, the 

normal offset accommodated on the Garden Wash Fault apparently remains fairly 

constant from south to north. The width of the Tramp Ridge block also remains fairly 

constant from south to north, despite the fact that the degree of internal extension of the 

Tramp Ridge block decreases significantly to the north. This may indicate a northward 

change in the initial geometry of the Garden Wash Fault. If it initiated as a steeply 

dipping listric fault near its south end, but developed a ramp-flat-ramp geometry further 

to the north, it would result in a wide, relatively untilted northern Tramp Ridge Block 
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with a rollover on its east side (Plate 1). A smaller scale analog is seen in the southern 

Indian Hills, discussed above, where the Indian Hills Fault forms a flat in the Bright 

Angel Shale, above which a rollover anticline is developed (Figure 7). 

The steep reverse fault of southern Iceberg Canyon, described by Longwell (1936), is 

now covered by the waters of Lake Mead. This fault is the only significant, apparent 

compressional structure reported from the South Virgin Mountains. Since all other 

faults in the area are normal faults, rather than reverse faults, it is reasonable to suggest 

that this structure was also active as a normal fault. This fault was probably active as a 

steeply east-dipping normal fault, and was later rotated a few degrees into a steeply 

west-dipping, apparently reverse orientation. This rotation could have occurred either 

by late stage slip on the Wheeler Ridge Fault and/or Grand Wash Fault Zone, or as a 

result of upflexing of the crust adjacent to the uplifting Gold Butte crystalline complex. 

2. 7 Geochronologic Data 

A transect of five samples was collected across the Gold Butte crystalline block (Figure 

12). Three of these samples were collected from coarse grained pegmatite dikes 

(samples 16-1-88,47-5-89, and 52-1-89) and two were from retrograde mylonitic 

garnet gneiss (samples 1-10-88, and 5-10-88). 40 ArP9 Ar step heating experiments 

were performed on muscovite separates at the University of Maine (Appendix A). The 

data were combined with two K/Ar ages from muscovite in coarse grained pegmatite 

dikes (recalculated from Wasserburg and Lanphere; 1965, using constants from Faure; 

1977). The resulting data set shows that muscovite cooled through its closure 

temperature of approximately 350°- 425°C (Hodges, 1991) at times varying from 
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approximately 1.4 Ga near the eastern edge of the Gold Butte crystalline complex to 

about 90 Ma near its western edge (Figure 12 and Table 1). 

The two samples from the eastern part of the crystalline block both produced 

Precambrian plateaus in the model age of released gas, assuming an initial atmospheric 

40 ArP6 Ar ratio of 295.5 (Appendix A). These 40 Ar/39 Ar ages are consistent with the 

Precambrian K/Ar ages from the eastern Gold Butte crystalline block. 

The three samples from the western side of the crystalline block produced 

comparatively complex release spectra. The sample from the pegmatite dike (16-1-88) 

produced a release spectrum with a plateau, with a model age of 89.81 ±1.09 Ma. The 

step heating experiments on the other two samples (1-10-88 and 5-10-88) of mylonitic 

gneiss did not yield plateaus, with ages increasing with increasing temperature. All 

three western samples yielded total gas ages of approximately 90 Ma. Given that 

muscovite in samples from the western side of the crystalline block may have been 

deformed during Tertiary Basin and Range extension, it is possible that the 40 Ar/39 Ar 

ages include the effects of 40 Ar* loss due to deformation of the muscovite crystals (e.g. 

Hames and Hodges, 1993; Hames and Cheney, 1997). In this case, the cooling age of 

the samples may be somewhat older than the 40 Arl9 Ar model ages. However, these 

effects would have to be extensive in order to greatly affect the total gas ages. The 

deformation effects would also have to be peculiarly uniform in order to yield about the 

same total gas age for all three samples. On the basis of the 90 Ma plateau age and the 

consistency of the three total gas ages, we interpret the data to indicate the western part 

of the crystalline block was at or above the Ar closure temperature for muscovite as 

recently as 90 Ma .. 
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Figure 12. Simplified geologic map of the Gold Butte crystalline block, showing 

muscovite 40Arf39Ar sample locations and muscovite K/Ar sample locations from 

Wasserburg and Lanphere (1965). Heavy black line was used as a depth axis for 

Figure 13; all samples were projected onto this line in a direction perpendicular to 

it (see tick marks on line for resultant locations). 



Sample Number 
52-1-89 
47-5-89 
5-10-88 
16-1-88 
1-10-88 
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Plateau Age (Ma) 
1374.4 ±13.0 
994.8 ±11.4 
No Plateau 
89.81 ±1.09 
No Plateau 

Total Gas Age (Ma) 
1368.5 ±11.7 
999.8 ±8.8 
88.50 ±1.16 
92.63 ±1.05 
92.69 ±1.16 

Table 1. Muscovite 40 Arr Ar ages from the Gold Butte crystalline block. 
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In addition to the 40 Ar/39 Ar data discussed above, a new isotopic age of 65.2 ±0.6 Ma 

has been determined for the biotite-muscovite granite that crops out near the western 

edge of the crystalline block. This age represents cooling through the closure 

temperature for Pb in monazite of approximately 725 ±25 °C (Copeland et al., 1988; 

Parrish, 1988), and is based on U/Pb analyses of six single grains of monazite, with 

further analyses still in progress (Figure 13 and Appendix B). 

2.8 Implications of the Geochronologic Data 

In order to use the 40 ArP9 Ar and K/ Ar muscovite ages to examine the tectonic history of 

the South Virgin Mountains, the paleodepth of each of the samples was calculated. The 

sample locations were projected onto a N60W trending line, since this is the extension 

direction inferred from slip lineations on Tertiary normal faults (Figure 6), and 

therefore the inferred dip line for the dip-slip normal fault which is interpreted to have 

unroofed the Gold Butte crystalline complex. The paleodepth was then calculated by 

assuming that this line originally lay along a 60° WNW dipping fault surface, 

essentially as interpreted by Fryxell et al. (1992). The resulting age vs. depth profile is 

shown in Figure 14. 

Combining the five muscovite 40 ArP9 Ar ages with previous K/Ar ages (Wasserburg 

and Lanphere, 1965) yields a seven-sample transect of muscovite Ar ages from across 

the crystalline block with ages ranging from 1.4 Ga to 90 Ma, decreasing with 

structural depth. The three deepest samples (13-15 km projected depth) yielded total 

gas ages of - 90 Ma. The pattern of ages with projected depth ( Figure 14) suggests 

that the interval from 7 kilometers to 11 kilometers depth may represent a fossil partial 

retention zone related to Late Cretaceous cooling of the Cordilleran crust. This time 
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Figure 14. Age vs. projected depth for muscovite 40 Arf39 Ar and KJ Ar ages from 

the Gold Butte crystalline block, assuming the crystalline block represents an 

originally 60° west dipping crustal section. 
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period corresponds to the cessation of Sevier thrusting (Burchfiel and Davis, 1991) as 

well as the shutoff of intense plutonism in the Sierra Nevada, and associated lowering 

of the geothermal gradient at that time (Dumitru, 1990; House et al., 1997). Regardless 

of the cause of the late Mesozoic resetting event, the muscovite Ar ages demonstrate 

that the west end of the crystalline block was at mid-crustal depths at about 90 Ma. 

Assuming muscovite closure at 350-425 "C and a paleogeotherm of 25-30 OC!km, a 

paleodepth of 11-17 km is obtained, consistent with (Fryxell et al., 1992; Brady et al., 

1996). 

The monazite U/Pb age of- 65 Ma from the west end of the Gold Butte crystalline 

block is also consistent with the interpretation that the block is a more-or-less intact 

crustal section which has been denuded and tilted. Although the depth of crystallization 

of the biotite-muscovite granite is not well known, it is certainly not a hypabyssal 

granite, and its presence requires the west end of the crystalline block to have been at 

several kilometers depth at - 65 Ma. 

The muscovite 40 ArP9 Ar and monazite U/Pb ages constrain the timing of exhumation 

of the west end of the block as post-65 Ma. The only known tectonic event to affect the 

region later than 65 Ma is mid-Miocene extension. On the basis of tilting of Miocene 

strata at shallow levels at the same time as tilting of the Proterozoic strata, and on the 15 

Ma unroofmg ages observed from the apatite fission-track profile (Fitzgerald et al., 

1991), exhumation of the western part of the crystalline block is also most likely mid

Miocene in age. There is evidence of some structural relief on the basal Tertiary 

unconformity, where it cuts downsection from Mesozoic strata to Precambrian 

basement from north to south across the region (e.g. Bohannon, 1984). However, 

there is no evidence of major tilting or structural relief on the basement-cover contact 

prior to - 16 Ma between the Sevier front and the Colorado Plateau. 
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In addition to the muscovite 40ArP9 Ar and monazite U/Pb data discussed above, there 

are other geochronologic data sets which are useful in constraining the absolute timing 

of extension within the Gold Butte breakaway zone. The initiation of motion on the 

Grand Wash Fault Zone is constrained by the age of the Rainbow Gardens Member of 

the Horse Spring Formation, which exhibits growth fault fanning of bedding where it 

crops out on northeastern Wheeler Ridge (Figure 5). The Rainbow Gardens Member 

has been dated elsewhere at approximately 19 Ma to 24 Ma (Bohannon, 1984; Beard, 

1996), suggesting that faulting initiated at about 20 Ma. Since the Rainbow Gardens 

Basin is not thought to have been highly disrupted internally during active deposition 

(Bohannon, 1984; Beard, 1996), fault motion may have been relatively minor at this 

early stage. 

2.9 Kinematic Evolution of the Gold Butte Breakaway Zone 

The large-offset, block-bounding normal faults of the South Virgin Mountains 

apparently initiated as a set of sub-parallel west-dipping listric faults. The Iceberg 

Canyon Fault is one of the best documented and least disrupted of the large-offset, 

block-bounding faults. Its current listric geometry, combined with hanging wall 

bedding cut-off angles which range from about 90° where it cuts through the Permian 

limestones to about 70° where it cuts through the Mississippian to Pennsylvanian strata, 

show that it initiated as a steeply west-dipping listric fault, such that its initial geometry 

was similar to that of the Hurricane Fault. The Wheeler Ridge Fault also clearly 

initiated with a steep west dip, since it still dips 60° to the west. The Indian Hills Fault, 

the Million Hills Wash Fault, and the Maynard Spring Fault all have hanging wall 

bedding cut-off angles between 50° and 90°, consistent with initially steep west dips. 
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The hanging walls to these faults have been internally deformed, and they are not as 

well exposed as the Iceberg Canyon fault, so it is difficult to establish whether or not 

they were initially listric, but the mapped relationships permit this possibility. Because 

of the preponderance of evidence that the large-offset, block-bounding normal faults of 

the South Virgin Mountains initiated as steeply west-dipping listric structures, it is 

inferred that the buried Grand Wash and Virgin Detachments also initiated as steeply 

west-dipping listric structures. 

Since absolute ages of initiation are not known for all of the block-bounding faults, it is 

certainly possible that there was some diachroneity in the timing of their initial slip. 

Nevertheless, since they do not cross-cut any other structures, they all have similar 

spacings and offsets, and other faults with lesser displacements and generally larger 

bedding cut-off angles sole into them, they are interpreted to be the earliest-formed 

structures to affect the region. 

The smaller-offset imbricating faults that internally disrupt the major ridge forming 

blocks are interpreted to have initiated later. The hanging wall cut-off angles for these 

faults are typically near 90°, but reach values greater than 120° (Figure 10 and Table 2). 

This variation in cut-off angles may result from variations in initial dip of these faults or 

from variations in time of initiation, with higher cut-off angles resulting from faults 

initiating after some amount of rotation of the major fault blocks. These two 

possibilities are indistinguishable, since none of the minor imbricating faults cut each 

other. Rather, they tend to anastomose in map view and occasionally are seen to fan 

upwards. The cut-off angles greater than 90° require that the faults either initiated as 

reverse faults, then rotated to become normal faults or they initiated as normal faults 

after some amount of top-to-the-east rotation of bedding had already occurred due to 

slip on the ridge-bounding faults. The latter explanation is preferable, since it simply 
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requires one evolving extensional fault system, whereas the former requires extension 

followed by compression then resumed extension, all accommodated on the same set 

of faults, with no other evidence of a compressional event being preserved. 

In almost all cases where the intersection can be seen, imbricating faults clearly merge 

with the block-bounding faults, so they must have slipped synchronously. Because 

they had to slip synchronously, the hanging wall bedding cut-off angles of the 

imbricating faults can be used to constrain the dip at which the block-bounding faults 

were active. As the first generation faults and adjacent fault blocks were rotated, the 

hanging wall cut off angles of subsequent faults would have increased. The minimum 

amount of rotation of bedding and adjacent block-bounding faults, prior to initiation of 

the later faults, can be calculated by assuming the later faults initiated with 90° dips ( 

Figure 15). For example, the later imbricating faults near the southern tip of Azure 

Ridge have bedding cut-off angles which range from approximately 70° to 124°. For 

the 124° case, if the initial dip of the splay was 90° or less, the Azure Ridge block and 

the faults bounding it must have rotated by at least 34° prior to initiation of this later 

imbricating fault. Thus, the block-bounding fault below Azure Ridge, which initiated 

with its deeper portions dipping at about 60°, was actively slipping with dips at least as 

low as 26° at the time of initiation of some of the internal imbricating structures. 

Similar arguments can be made to constrain the dip to which other block-bounding 

faults must have continued slipping (Table 2). This data set suggests that major block

bounding faults remained active at dips of less than 20°. 

The interpretation that the smaller offset imbricating faults formed after some amount of 

slip and rotation of the block-bounding faults and intervening faults blocks may explain 

the observed pattern of intensity of internal deformation of major fault blocks. If the 

imbricating faults broke once a larger fault block had been tilted to some extent, then 
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Figure 15. Diagram showing the relationship between the dip of active block-bounding 

normal faults and the hanging wall cut-off angles of bedding against the block-bounding 

and imbricating normal faults. The figure shows the fault system at the time of initiation 

of an imbricating fault. As the system continues to extend, fault and bedding dips will 

change, but the bedding cut-off angles will remain more-or-less the same. a= hanging 

wall cut-off angle adjacent to the block-bounding fault,~= hanging wall cut-off angle 

adjacent to the imbricating fault, 'Y =initial dip of the imbricating fault, and e =dip of the 

active block-bounding fault. The amount of rotation (R) of the block bounding fault is the 

same as the amount of rotation of bedding in its hanging wall. If bedding was initially 

horizontal, then the amount of rotation of the block-bounding fault is given by: 

R=~-y 

Since the present dip of the block-bounding fault is equal to its original dip minus its rotation, 

its dip can be calculated using: 

e = a - R = a - (~ - y) 

Since the imbricating normal faults had to initiate with dips of"(= 90° or less, a 

maximum value for the dip of the active block-bounding fault (9max) can be calculated using: 
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these imbricating faults should be absent or at least less common in the relatively less 

tilted eastern fault blocks and they should be more abundant to the west. In fact, the 

abundance of small offset imbricating faults does increase from east to west, or upward 

in the structural stack of major fault blocks (Plates 1 and 3). Only a few imbricating 

faults affect most of Wheeler Ridge and Iceberg Ridge. The structurally higher and 

more tilted hanging wall to the Iceberg Canyon Fault includes a number of imbricating 

faults but is still a nearly intact homoclinal block. The still higher and more tilted fault 

blocks of the northern Indian Hills, Azure Ridge, Tramp Ridge, and Lime Ridge are all 

highly disrupted by imbricating faults. 

As extension continued in the Gold Butte breakaway zone, the Virgin Detachment 

eventually became the dominant extensional structure. It accommodated the unroofing 

of the 17 kilometer wide Gold Butte crystalline block, as well as the - 8 kilometer 

westward translation of Tramp Ridge relative to Azure Ridge. 

The hanging wall to the Gold Butte crystalline block has been translated further 

westward than the Tramp Ridge and Lime Ridge blocks. This requires a tear fault 

within the hanging wall of the Virgin Detachment. Since the large change in normal 

offset on the Virgin Detachment coincides with the Gold Butte Fault, the hanging wall 

tear fault must have been immediately above the Gold Butte Fault. This interpretation 

was originally suggested by Fryxell et al. (1992), and implies that the Gold Butte Fault 

was part of, or at least connected to, a right lateral structure in the hanging wall of the 

Virgin Detachment. The fact that the Gold Butte Fault clearly dips steeply to the north 

in at least the shallow subsurface suggests that it was not simply a tear fault in the 

hanging wall to a near-planar normal fault. The present northward dip of the Gold 

Butte Fault in the shallow subsurface can be explained in at least two ways: 1) The tear 

fault in the hanging wall of the Virgin Detachment may have coincided with a lateral 
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ramp in the fault zone and/or 2) Isostatically driven uplift of the Gold Butte crystalline 

block was focused beneath the hanging wall tear fault due to the sharp gradient in 

amount of extension and therefore depth of unroofing. 

The late, steep cross-cutting faults observed in the South Virgin Mountains are 

interpreted to be isostatic rebound structures, which have allowed uplift of 

extensionally denuded crystalline blocks in an area still being affected by regional 

extensional stresses. This interpretation is consistent with all of the observed features 

of these faults, including: 1) They have accommodated vertical movements of as much 

as several hundred meters, but relatively little extension, as evidenced by their little

rotated steep dips; 2) They are invariably upthrown on the side nearest to large 

extensionally denuded crystalline blocks; 3) Their abundance and magnitude of offset 

decreases away from the uplifted Gold Butte Block; and 4) They are the latest structures 

to affect the South Virgin Mountains, consistent with their formation being a response 

to extensional denudation. 

In addition to the steep faults which accommodate uplift, the Gold Butte crystalline 

block probably moved upward by flexural folding of the upper crust. This folding is 

evident in the fanning of first generation fault dips within the fault blocks east of the 

crystalline complex. The near-surface dip of these faults decreases drastically from east 

to west, although they apparently initiated with parallel dips. Near surface fault dip for 

the first generation structures varies from a probable 60° to 90° dip for the fault(s) of the 

Grand Wash Fault Zone and Wheeler Ridge to a 12° east dip on the Indian Hills Fault, 

only 9 kilometers to the west (Plate 1 and Plate 3). While some of this fanning can be 

explained by active slip of a stack of listric dominos, at least some of it must be 

explained by another mechanism, since top-to-the-west normal faults almost certainly 

were not slipping with eastward dips. Much of the fanning of dips may be due to 
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flexure caused by the uplift of the unroofed crystalline block. Unfortunately, the 

amount of rotation due to uplift is difficult to constrain, due to the difficulty of 

calculating the amount of rotation of faults which bound internally deforming listric 

dominos. If these calculations could be made, it would then be possible to accurately 

separate the effects of flexural rotation from rotation due to slip on a stack of listric 

domino blocks. 

2.9.1 Alternative Interpretations of the Gold Butte Fault 

As described above, the preferred interpretation of the Gold Butte Fault is that it 

coincided with a right lateral tear in the hanging wall of the Virgin Detachment. This 

tear may coincide with a ramp in the footwall and it was probably reactivated as an 

isostatic uplift fault after the Gold Butte crystalline block was unroofed. This scenario 

explains the steep north dip of the Gold Butte Fault, the dominantly dip-slip lineations 

observed on it, and the right-lateral map view folds of southernmost Lime Ridge and 

Horse Spring Ridge. 

An alternative interpretation of the Gold Butte Fault is that it is a left-lateral strike-slip 

fault, apparently a splay of a left-lateral system of faults known as the Lake Mead Fault 

System (Anderson, 1973; Bohannon, 1979, 1984; Beard, 1996). This interpretation 

does not explain the observed right-lateral folds, or the slip lineations, and it is 

inconsistent with the apparent continuity of Permian strata northward from Azure 

Ridge. Furthermore, it does not explain the observed low angle contact of Tertiary 

Horse Spring Formation over Precambrian basement at the south end of Horse Spring 

Ridge (Plate 1b), unless the Gold Butte Fault has deviated southward at that point, and 

is entirely hidden within the Precambrian crystalline block. However, if the trace of 

the Gold Butte Fault does deviate southward into the crystalline block south of Horse 
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Spring Ridge, and deviate northward around the Permian subcrop at the north end of 

Azure Ridge, then it could still be interpreted as a left-lateral fault. If this alternative 

interpretation is correct, then Tramp Ridge may be the offset equivalent to Azure Ridge, 

as suggested by Longwell et al. (1965), Bohannon (1984), and Beard (1996). In this 

case, the Garden Wash Fault would be equivalent to the Million Hills Wash Fault, 

rather than being continuous with the Virgin Detachment. This interpretation places 

more emphasis on strike-slip faulting, and reduces the total extension calculated across 

the seven major fault blocks of the South Virgin Mountains. As measured from the 

cross-sections of Plates 3 and 4, the total extension across these blocks would change 

from -15 kilometers if the Gold Butte Fault is interpreted as a lateral ramp to -7 

kilometers if it is interpreted as a later left-lateral strike-slip fault. 

While this alternative significantly affects the total extension estimated along a transect 

across the Gold Butte Fault, it has no effect on the total extension estimated along a 

transect across the Gold Butte crystalline complex. Such a transect would require a 

minimum of approximately 4 kilometers extension across the fault blocks east of the 

crystalline complex, in addition to the approximately 17 kilometers of extension 

required to unroof the exposed width of the crystalline block, giving a total extension 

across the South Virgin Mountains of about 21 kilometers. 

2.9.2 Kinematic Summary 

Early extension within the Gold Butte breakaway zone was directed roughly east-west, 

and was accommodated on a set of steeply west-dipping, listric normal faults. After a 

significant amount of slip and rotation had been accommodated by this initial set of 

faults, a second set of steeply west-dipping, anastomosing normal faults developed in 

the higher fault blocks. These later faults sole into the earlier faults, rather than cross-
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cutting them. This requires that the earliest fault surfaces remained active to very 

shallow dips while the later faults were slipping. The earliest faults have accumulated 

normal offsets which range from about one kilometer to perhaps greater than 15 

kilometers, and have been rotated to near horizontal dips. Some of the rotation of the 

originally steeply dipping faults can be attributed to folding accompanying isostatic 

uplift of the Gold Butte crystalline complex. 

2.10 Relevance to Interpreting other Extended Regions 

The observations that (1) slip on the imbricate normal faults continued to relatively low 

dips, and (2) rotation of faults and fault blocks did not occur on cross-cutting sets runs 

counter to both the "multiple-domino" models (e.g. Morton and Black, 1975; Miller et 

al., 1983) and flexural rotation models (e.g. Buck, 1988) where all slip is 

accommodated on steeply-dipping faults. This raises the question of whether either of 

these concepts is broadly applicable to the formation of normal fault systems with 

strongly rotated faults and fault blocks. Both are based on the assumption that slip on 

low-angle normal faults can not occur, rather than on kinematics of well documented 

normal fault systems themselves. Here, we evaluate published mapping from the 

highly extended southern Cherry Creek Range and Egan Range, Nevada (Gans and 

Miller, 1983), and from two areas previously regarded as examples of the multiple

domino model, the Yerington District, Nevada (Proffett, 1977; Proffett and Dilles, 

1984) and the Lemitar Mountains, New Mexico (Chamberlin, 1982, 1983), in order to 

test whether or not the geology of these regions is consistent with the model of fault 

system evolution deduced for the Gold Butte breakaway zone. 

The southern Cherry Creek Range and Egan Range comprise a series of tilted normal 

fault blocks, each of which is internally extended by fanning upward splays and 
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bounded by an originally steeply east-dipping listric normal fault that has 

accommodated over a kilometer of offset (Gans and Miller, 1983). A sequential 

reconstruction of the region shows that the deeper portions of the major block

bounding faults remained active to dips as low as zero degrees (Figure 11 of Gans and 

Miller, 1983). Furthermore, the reconstruction suggests that the block-bounding faults 

were rotated through horizontal, to gentle westward dips, due to uplift of the adjacent 

highly attenuated Schell Creek Range and Snake Range. This structural evolution is 

virtually identical to that deduced for the Gold Butte breakaway zone. 

For the case of the Yerington District, the primary source of data was the map and 

cross-sections of Proffett and Dilles (1984). A roughly east-west trending cross

section was constructed through most of the Singatse Range and just to the north of the 

Yerington Mine. This cross-section followed the exact same path as the eastern part of 

cross-section D-D' from Proffett and Dilles (1984). This cross-section, as interpreted 

by Proffett and Dilles, and as re-interpreted by us, is shown in Figure 16. There

interpretation honors the geologic mapping presented by Proffett and Dilles, as well as 

the contacts intersected by boreholes and other contacts drawn as solid lines on their 

cross-section. 

The re-interpretation of the Yerington District cross-section suggests that the model of 

normal fault evolution suggested for the Gold Butte breakaway zone is consistent with 

the faults of the Yerington District. It is possible to honor all of the geologic data and 

have the later, steeper normal faults merge into the earlier, more gently dipping 

structures. Only the Montana- Yerington fault demonstrably cuts the older, gently 

dipping structures, and this cross-cutting fault can not explain much rotation of the 

older structures, as it appears to be nearly planar and is shown as accommodating less 

than 400 meters of normal separation. 
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In examining the Lemitar Mountains, the map and cross-sections of Chamberlin (1982) 

were used. Cross-section D-D" from Chamberlin (1982) was partially restored by 

taking out the displacement on the latest stage of steeply dipping normal faults (Figure 

17). These faults are probably related to the formation of the modem basins and ranges 

of the Socorro area, and formed at about 7 Ma to 4 Ma, whereas most extension in the 

region probably occurred between 31 Ma and 27 Ma (Chamberlin, 1983). With the 

effects of late stage faulting removed, the cross-section shows a pattern of normal 

faulting which is entirely consistent with that seen in the South Virgin Mountains and 

Yerington, in that no large-displacement faults that could have accommodated 

significant rotation are observed to cut the shallowest faults. 

Overall, analysis of data sets from the southern Cherry Creek and Egan Ranges, as well 

as the Yerington District and the Lemitar Mountains, suggests that the normal fault 

systems which were responsible for Oligocene extension in these three widely 

separated regions evolved in the same manner as the Miocene normal fault system of 

the Gold Butte breakaway zone, as exposed in the South Virgin Mountains. This 

suggests that the model of normal fault evolution shown schematically in Figure 1c, 

and discussed throughout this paper, may be applicable to many extended continental 

regions. 



II- 76 

Figure 16. Approximately west to east cross-section through the central Singatse 

Range, just north of the Yerington Mine. a) As interpreted by Proffett and Dilles 

(1984), with steeper faults generally cross-cutting shallower faults. b) Reinterpreted, 

assuming that steeper faults tend to merge into shallowly dipping faults. This 

reinterpretation honors all of the observations recorded in Proffett and Dilles (1984). 
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Figure 17. Approximately west to east cross-section through the Lemitar Mountains. 

a) As interpreted by Chamberlin (1982). b) With late stage (Pliocene) faults restored. 

Note that the steeply dipping faults merge into the shallowly dipping faults, rather than 

cutting them. 
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Abstract. Approximately 120 kilometres of deep seismic reflection data were shot 

during a survey on the waters of Lake Mead in southeastern Nevada. The survey 

extends from near the abrupt eastern edge of the Basin and Range Province (BRP) to a 

point approximately 80 kilometres into the extended domain. Overall, the crust is 

much less reflective than is typically observed in the BRP. The upper two to four 

seconds of the data shows well defined reflections from sedimentary fill, but below that 

point, reflectivity is weak. Lower crustal reflectivity is generally absent under the 

eastern part of the survey, with a slight increase in reflectivity to the west. The 
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reflection Moho appears as a series of weakly defined, discontinuous reflections at 10 

to 11 seconds. Previous reflection profiles from the BRP and Colorado Plateau have 

contrasted strongly, with BRP profiles showing a well defined Moho and strong deep 

crustal reflectivity, while the Plateau Moho is poorly defmed and its deep crust is 

generally transparent. In light of these observations, we interpret our results to suggest 

a plateau-like deep crustal signature which persists 50 to 100 kilometres westward 

beneath the strongly extended Lake Mead region. Apparently, extension of the 

easternmost portion of the BRP did not produce the reflection fabrics typically observed 

under other strongly extended regions in the BRP and elsewhere. The interpreted 

crustal thickness immediately adjacent to the Colorado Plateau, when combined with 

other published data, suggests that a maximum of 900 km2 of ductile crustal material 

was removed from an east - west cross section under the Plateau. When incorporated 

into mass balance calculations for the entire width of the central Basin and Range, the 

results indicate that ten or more kilometres of crustal thickness were probably removed 

from under the Sierra Nevada in response to Basin and Range thinning. 

3.1 Introduction 

The Basin and Range province of the western United States has experienced strongly 

heterogeneous Tertiary extension, partitioned between areas which have extended by 

only a few percent and others which have extended by over a hundred percent (e.g., 

Proffett, 1977; Guth, 1981; Wernicke et al., 1988; Chamberlin, 1983; Miller et al., 

1983; Wernicke, 1992). Geophysical studies have shown that the crustal thickness 

under this variably extended region is more or less constant, typically 30 km to 35 km 

(e.g. Klemperer et al., 1986; Hauser et al., 1987b). In addition, most reflection 

profiles from the BRP show similar patterns of mid-crustal reflectivity and strong 
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Moho reflectivity, under both highly extended (e.g., Hauser et al., 1987a; McCarthy 

and Parsons, 1994) and moderately extended (e.g., Hauge et al., 1987; McCarthy and 

Parsons, 1994) domains. 

Deep seismic reflection profiles also show that patterns of reflectivity under the stable 

Colorado Plateau and the BRP contrast strongly. The stable Colorado Plateau seismic 

character is probably best represented by COCORP line AZ6, which was acquired in 

the interior of the Colorado Plateau. It shows an uppermost crust composed of highly 

reflective layered sediments and a nearly transparent deeper crust, Moho, and 

uppermost mantle (Hauser and Lundy, 1989). A similarly transparent crust and 

unreflective Moho were observed under the eastern end of line AZ1, which crossed the 

transitional BRP to Colorado Plateau boundary in western Arizona (Hauser et al., 

1987a). 

Reflection profiles from the BRP have consistently shown patterns of reflectivity which 

are absent on Colorado Plateau data. The mid-crust of the BRP generally shows a 

pattern of gently dipping to sub-horizontal, discontinuous reflections. This reflection 

character has been observed in profiles which cross highly extended regions, such as 

the Snake Range (Gans et al., 1985) and Ruby-East Humboldt core complex (Valasek 

et al., 1989) in Nevada, as well as the Whipple Mountains and Buckskin-Rawhide core 

complexes of California and Arizona (Hauser et al., 1987a; McCarthy and Parsons, 

1994 ). A similar, though more diffuse, pattern of mid-crustal reflectivity has been 

observed under less extended parts of the southern Basin and Range (McCarthy and 

Parsons, 1994). This reflection fabric has generally been interpreted to be the result of 

pervasive ductile deformation and mylonitization; this interpretation is strengthened by 

observations of similar reflection patterns in the upper crust which can be correlated 
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with zones of shearing and mylonitization at surface (e.g. Gans et al., 1985; Valasek et 

al., 1989). 

In addition to the reflective mid-crust, previous BRP profiles have shown a highly 

reflective deep crust. Most notably, reflection profiles show a strong, continuous band 

of reflections at 9 s to 11 s. This is interpreted as a nearly flat reflection Moho at depths 

of approximately 30 km to 35 km, and is seen on data from the northern BRP (e.g. 

Allmendinger et al., 1983; Klemperer et al., 1986; Hauge et al., 1987; Valasek et al., 

1989), as well as the Death Valley region (Serpa et al., 1988; Wernicke et al., 1996), 

the southern BRP (Hauser et al., 1987a; McCarthy and Parsons, 1994) and the 

extended southern Canadian Cordillera (Cook et al., 1992). In many cases, the deep 

reflections are seen as two bright, continuous bands, approximately 1 s apart (e.g. 

Klemperer et al., 1986; Hauge et al., 1987; Valasek et al., 1987). The reflection Moho 

is probably a young feature, since it is found at the same depth under regions which 

have experienced different degrees of extensional thinning at different times during the 

Cenozoic. This interpretation is also consistent with the observation of dipping events 

being truncated by the reflection Moho on some data sets (Allmendinger et al., 1983; 

Klemperer et al., 1986). Overall, the reflection patterns seen on BRP seismic data 

strongly suggest that upper crustal extension has been accompanied by modification of 

the mid- to lower crust . 

These observations raise the following question: Does the similarity of deep crustal 

reflection patterns seen on almost all BRP profiles indicate some common deep crustal 

response to extension, or does the deep crustal response to extension vary? One 

possibility is that the deep crustal response to extension, and therefore the character of 

the Moho, may change as a function of position in a decoupled strain system. This 

would be analogous to the changing degree of basement involvement in thrust belts 
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from foreland to hinterland due to decoupling of the upper crust and non-involvement 

of the basement in foreland deformation. In order to test this proposal, it would be 

necessary to examine the character of the Moho at some clearly different position within 

the extended domain. All of the previous BRP reflection proftling experiments were 

conducted within the interior of the extended province, or across a diffuse, 

magmatically altered margin. One way to test the proposal that a spectrum of deep 

crustal processes may accompany extension is to acquire deep reflection seismic data 

across a clearly defmed edge to the extended BRP and continuing into its interior. 

There are a number of possible deep crustal responses to extension which might be 

seen in such a proftle. Clearly, one possibility is that the crust might have an abrupt 

change in thickness which correlates with the abrupt change in degree of extension at 

the edge of the BRP. A second possibility is that the crust under the extended region 

may be rebuilt by flow of the adjacent lower crust, this should result in a flat Moho 

with no abrupt change in reflection character or thickness at the edge of the stable 

Plateau. A third possibility is that the lower crust might be rebuilt by voluminous 

magmatic underplating, which might result in significant lower crustal layering and 

reflectivity. One might also see evidence for some combination of lower crustal flow 

and magmatism, as has been suggested by many authors (e.g. Gans et al., 1989; Kruse 

et al., 1991; Wernicke, 1992). 

During 1994 the Basin and Range Geoscientific Experiment (BARGE) collected over 

120 km of deep seismic reflection data on the waters of Lake Mead, Nevada and 

Arizona (Fig. 1). The profiles cross over part of the Gold Butte breakaway zone 

(easternmost Lake Mead), which marks a transition at the surface from extended crust 

of the central BRP into unextended crust of the Colorado Plateau. The transition from 

extended to unextended crust is apparently more abrupt here than elsewhere along the 
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Figure 1. Location map, showing Lake Mead and the surrounding area, as well as 

major structural features and the locations of Lines 1,2,3,5,6,7 and 8. Numbers 

indicate the line locations. Light grey indicates the location of mountainous terrane. 

BM - Black Mountains, CP - Colorado Plateau, FM - Frenchman Mountain, OPT -

Gass Peak Thrust, KT - Keystone Thrust, LMFS - Lake Mead Fault System, LMFZ -

Lakeside Mine Fault Zone, L VR - Las Vegas Range, L VVSZ - Las Vegas Valley Shear 

Zone, MM- Muddy Mountains, MMT- Muddy Mountains Thrust, NVM- North 

Virgin Mountains, SR - Sheep Range, SVM - South Virgin Mountains. 
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eastern edge of the BRP, since Miocene extension of the eastern Lake Mead region 

exceeded 80% (Fryxell et al., 1992; Brady et al., 1996), while the adjacent Colorado 

Plateau remained essentially unextended. In addition, the profiles cross over the 

transition from the amagmatic eastern Lake Mead region to the magmatic western Lake 

Mead region, both of which have experienced large magnitude Tertiary extension 

(Anderson, 1971; Bohannon, 1984; Duebendorfer et al., 1990; Duebendorfer and 

Simpson, 1994; Fitzgerald et al., 1991; Fryxell et al., 1992; Wernicke and Axen, 1988; 

Wernicke et al., 1988). Since the BARGE seismic lines cross over both magmatic and 

amagmatic extended regions in close proximity to unextended continental crust, they 

seem to be ideally located for evaluation of the roles of magmatism, flow, and brittle 

failure in the deep crust during extensional deformation. 

3.2 Geologic Setting 

During the Late Jurassic and Cretaceous, the Lake Mead area was part of the foreland to 

the thin skinned Sevier thrust belt (Burchfiel et al., 1974) which developed within the 

sediments of the Paleozoic miogeocline. The easternmost thrusts seem to have been 

localized along the hinge zone of the miogeocline, which trends roughly NE-SW, and 

runs just to the west of Lake Mead. Accordingly, the easternmost thrust sheet at the 

latitude of Lake Mead is exposed close by to the west, in the Muddy Mountains 

(Longwell, 1949; Longwell et al., 1965; Bohannon, 1983) (Figure 1). South of Lake 

Mead, the thrust belt changes to a NW -SE trend, and thrusting involves Precambrian 

crystalline basement rocks (Burchfiel and Davis, 1975). 

Following Cretaceous thrusting, the Lake Mead region seems to have been tectonically 

stable until the Neogene, although Late Cretaceous arc magmatism and Paleocene 
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volcanism affected areas approximately 100 km to the south of Lake Mead. In 

addition, Paleozoic and Mesozoic strata were removed from a basement high which 

formed immediately to the south of Lake Mead. The exact age and extent of this 

basement high remains unclear, due in part to an incomplete understanding of the age 

and pre-extensional configuration of the sub-Tertiary unconformity. However, the 

presence of Eocene or older deposits filling northeastward draining paleocanyons, 

which cut into the southwestern part of the Colorado Plateau, shows that the basement 

high had formed by Eocene time (Young, 1966, 1979). 

The present day physiographic features of the Lake Mead area are primarily the result of 

Miocene extensional processes. During the Miocene, the eastern Lake Mead region 

became a breakaway zone, where extension initiated at the edge of what is now the 

Colorado Plateau (Fryxell et al., 1992). Extension in the eastern Lake Mead region 

was accommodated by a set of closely spaced west-dipping normal faults (Brady; 

unpublished mapping, 1996). This breakaway zone represents a sharp transition from 

stable, essentially unextended crust of the Colorado Plateau to highly extended crust of 

the Basin and Range (stretching factor B ~ 3.5; Wernicke et al., 1988)). West of the 

breakaway, large magnitude top to the west extension is accommodated by at least one 

and possibly two major detachments, one of which forms the western margin of the 

Gold Butte crystalline complex (Brady et al., 1996; Fryxell et al., 1992), the other 

being the Saddle Island Detachment (Duebendorfer et al. , 1990). Numerous moderate 

to steeply dipping normal faults accommodated lesser amounts of extension across the 

region. The region also includes a major left lateral shear zone, the Lake Mead shear 

zone, which was apparently active post -13.5 Ma (Bohannon, 1984). Extension in the 

eastern Lake Mead region occurred from -20 to 9 Ma, (peak extension- 15 Ma; 

Fitzgerald et al., 1991; Fryxell et al., 1992) and progressed into the western Lake Mead 

region (peak extension- 13.5 Ma to 8.5 Ma; Duebendorfer et al., 1990). 
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Eastern Lake Mead extension was accompanied by minimal magmatism, represented by 

the post-extensional basalts of Gold Butte (9.15 to 9.46 Ma; Cole, 1989) and Grand 

Wash Trough (3.99 to 6.9 Ma; Feuerbach et al. , 1993). Extension in the western Lake 

Mead Region was, however, associated with significant magmatism, including the pre

to syn-extensional mafic to felsic volcanics of the Eldorado Mountains (18.5 to 12 Ma; 

Anderson, 1971; Darvall et al., 1991),the Hamblin-Cleopatra volcanics (14.2 to 11.5 

Ma; Anderson, 1973; Thompson, 1985), the River Mountains volcanics (13.4 to 12.1 

Ma; Feuerbach et al, 1993; Anderson, 1972; Armstrong, 1966, 1970), and the post

extensional basalts of Malpais Flattop (10.6 to 9.7 Ma; Faulds and Gans, unpub. data 

in Feuerbach et al., 1993) and Fortification Hill (5.88 to 4.3 Ma; Anderson et al., 1972; 

Feuerbach et al., 1991). 

3.3 Acquisition and Processing 

For the experiment on Lake Mead, a 40' x 90' barge (trade name Flexifloat) was built 

on Lake Mead, using sections brought in to Lake Mead Marina on flat bed trucks. The 

barge was assembled from 10' wide sections which ranged in length from 10' to 40'. 

The completed barge carried a streamer reel, a 3 km long streamer, 2 Price A-300 

compressors, their associated generators and hydraulic drives, two air gun arrays of 

four guns each, a van which housed the DSS-5 recording system, and a small mobile 

home. The barge was powered by twin diesel props located on the stem comers. 

Construction of the barge and installation of all the necessary equipment took about one 

week. The streamer, recording systems, compressors and air guns were equipment 

which had originally been installed on the RIV Conrad. 
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The 3 km long streamer was a Digicon 120 channel analogue system with 25 meter 

receiver spacing. Due to the fact that the streamer was designed to be neutrally buoyant 

in salt water, it was suspended from floats in order to prevent it from sinking in the 

fresh water of Lake Mead. The floats maintained the streamer at a constant depth of 10 

meters when it was deployed. 

BARGE collected eight deep reflection seismic lines on the waters of Lake Mead (Fig. 

1 and Plates 5 through 11). For lines 1 through 4, acquired on Boulder Basin and the 

Overton Arm of western Lake Mead, the full 3 km streamer was deployed. In the 

narrow canyons of eastern Lake Mead, the streamer was shortened in order to negotiate 

the relatively tight turns. This was achieved by taking the unused part of the cable up 

onto the drum on deck, which resulted in the trailing portion of the streamer no longer 

being separated from the barge by an isolation cable. For lines 6 and 7, in Virgin 

Canyon and Gregg Basin to Iceberg Canyon, the streamer was shortened to - 2 km. 

For line 8 in northern Iceberg Canyon to Wheeler Ridge, it was shortened to - 1 km. 

Line 4 was shot along the same path as line 3, with the streamer shortened to 20 

channels. Line 4 was not processed as part of this study, because it provided the same 

spatial coverage as Line 3, but with lower quality data (lower fold). 

During data acquisition, the barge traveled at approximately 3 knots (-5.6 krn/hr), with 

both 4-gun arrays being fired simultaneously every 30 seconds, resulting in a shot 

spacing of approximately 50 meters. This provided a maximum coverage of- 30 fold 

(for lines 1,2 and 3), with variable lesser coverage on lines 6 and 7, and a minimum 

coverage of- 10 fold (for line 8). Recording time for all shots was 15.3 seconds. 

The data was processed using Western Geophysicals Omega Seismic Processing 

System, the same procedure was used for lines 1,2,3,5 and 7. The procedure followed 
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was: editing for bad traces and shots, followed by wave equation multiple attenuation, 

common mid-point (CMP) gathering, refraction muting, normal moveout (NMO) 

correction, CMP stacking, spiking deconvolution, time variant band pass filtering, 

random noise attenuation, and application of automatic gain control. The processing 

procedure for lines 6 and 8 was the same, except wave equation multiple attenuation 

was not applied. For lines 6,7 and 8 the ten channels closest to the barge were 

particularly noisy, since these lines were collected with the shortened streamer and no 

isolation cable. This problem was easily dealt with by killing the noisy channels. 

Velocities could only be determined approximately and the velocity structure used for 

processing was the same for all lines (Fig. 2). This velocity structure probably 

overestimated the velocities at depth (particularly below 8 s TWT), and was not applied 

when converting travel times to depths during interpretation. The velocity structure 

used during interpretation is also shown in Figure 2 (grey line). This velocity structure 

allows a reasonable estimate of depths to various reflectors by assuming an average 

crustal velocity of 6.3 km/s for rock below 3 s TWT, and a lower velocity for rock 

above 3 s TWT, which is dominantly Tertiary basin fill. Calculated depths were 

rounded to the nearest 0.5 km for purposes of discussion in this paper; reported depths 

are depths below lake level(- 360m a.s.l.). 

The final processing step was the creation of line drawings (Figure 3). This was done 

by hand, with reflections being identified as any arrivals which were coherent and 

linear over significant distances (e.g. reflections Ron Figure 4 a, 4b and 4c). In many 

cases, the identified reflections differed in frequency and orientation (in distance vs. 

time coordinates) from the surrounding noise patterns (compare reflections Ron Figure 

4a with low frequency noise T and diffractions D). 
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Figure 2. Black line indicates the velocity structure used during processing of all lines; 

w .b. indicates water bottom, a velocity of 1.48 km/s was used above the water bottom. 

Grey line indicates velocity structure used during conversion of travel times to depths 

during interpretation, the velocity of 6.3 km/s was applied down to Moho. 
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3.4 Results 

All of the lines (Fig. 3) show strong horizontal or sub-horizontal reflectivity in the 

upper one to four seconds two way time (TWT); below this the sections are relatively 

unreflective. In the six to nine second range several strong reflections occur, these 

reflections stand out in the data because some of them are continuous over lengths of 

two to four kilometers. There are also a number of gently dipping reflections in the -9 

to 13 second range which form a band across the data (most obvious on lines 3 and 5). 

The deepest reflections (down to -14 s TWT) are sub-horizontal reflections clustered 

near the west end of the survey on lines 1,2, and 5. 

Since the survey was conducted in a relatively shallow (generally< 100m) and narrow 

body of water, problems with strong water bottom multiples as well as diffractions 

from irregular canyon walls were expected. Surprisingly, relatively few strong 

diffractions were observed in the shallow part of the data. Diffractions, inferred to be 

from irregularities in the canyon walls, were only problematic where line 3 passed 

through the Overton Islands. Water bottom multiples were not particularly 

pronounced, and those which did appear were effectively suppressed by the wave 

equation multiple attenuation applied during processing. 

One significant problem in the data set was the occurrence of semi-coherent noise 

trains, which formed bands through the entire record section. Since the noise occurred 

over the entire frequency range of the useful data, bandpass filtering was of limited use. 

These noise trains are thought to have resulted from the streamer being coupled to 

buoys at surface. As the buoys were towed behind the barge, they 'fluttered' or 

'strummed' back and forth in the current. It is speculated that the connection between 

the buoys and the streamer resulted in this 'strumming' being transmitted to the 
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Figure 3. Line drawings of BARGE data, showing interpreted base of Tertiary basin 

fill (T), east dipping carbonates of Iceberg Ridge (E), Moho (M), and the approximate 

base of deep reflectivity on lines 1, 2, and 5 (B). Boxes labelled a), b), c) and d) 

show the location of the data panels displayed in Figure 4. Note that all sections are 

exaggerated horizontally by approximately a factor of 4X. 
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streamer, moving it up and down in the water. This 'strumming', as well as surface 

wave noise, would have been recorded as pressure variations in the hydrophones, thus 

creating a semi-coherent noise pattern in the recorded data. 

3.5 Interpretation 

A band of gently dipping reflections which is visible across much of the data set 

between- 9.5 and 12 s TWT (-25 to 33.5 km) is interpreted to be the reflection Moho 

(line M on Figure 3). There is an abrupt end of reflectivity downward beneath the 

reflection Moho, as is commonly seen on BRP and Colorado Plateau data sets (e.g. 

Klemperer et al., 1986; Hauge et al., 1987; Hauser et al., 1987; Serpa et al., 1988; 

Hauser and Lundy, 1989; McCarthy and Parsons, 1994). The Moho under lines 3 and 

5 occurs at depths of- 27 to 32 krn (- 10 to 11.5 s TWT). On line 3 the Moho deepens 

slightly from south to north. The location of the Moho becomes less clear on lines 6, 7 

and 8 due in part to lower data quality, but appears to remain at- 27 krn (- 10 s TWT) 

until somewhere near the northeast end of line 7, where it begins to deepen, reaching a 

depth of- 35 krn (- 12.5 s TWT) by the east end of line 8. This deepening is not 

surprising, as the edge of the extended terrain lies immediately to the east of line 8 and 

crustal thickness must increase to reach a thickness of 40 to 50 km under the Colorado 

Plateau (Roller, 1965; Warren, 1969; Prodehl, 1979; Hauser and Lundy, 1989; Wolf 

and Cipar, 1993). Furthermore, an eastward thickening of the crust is consistent with 

the results of Montana et al. (1995), who reported an eastward thickening of the crust 

beginning in the vicinity of the Grand Wash Cliffs. 
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The Moho on lines 1 and 2 is interpreted to lie at a depth of -25 km (- 9.5 s TWT), and 

deepen to the east, reaching a depth of- 32 km (- 11.5 s TWT) under the middle of 

line 5. This interpretation is based on the occurrence of a band of gently dipping 

reflections (line M on Figure 3) which seems to correlate with the interpreted Moho 

from the rest of the survey. It is possible, however, that the base of the crust is deeper 

than this, since there are a significant number of deeper reflections on lines 1, 2 and the 

western end of line 5 (see line Bon Figure 3 and deep reflections Ron Figure 4b). If 

these reflections are from the deep crust, then the Moho under lines 1, 2, and 5 could 

be as deep as - 36.5 km (- 13 s TWT). However, these reflections are both unusually 

deep for BRP crustal reflections, and are some of the less clearly defined reflections 

from the data set (compare these deep reflections on Figure 4b with the more distinct 

reflections on Figures 4a and 4c), therefore it is likely that this apparent deep reflectivity 

is due to misinterpretation of unusually coherent noise. 

Although the mid-crust is generally unreflective, it does show some of the strongest 

and most continuous individual reflections visible in the data (for example, the lowest 

reflection Ron Figure 4a). These reflections are probably from contacts within the 

complex Precambrian crystalline basement which underlies the area and outcrops in the 

Gold Butte Block, or from younger sills or shear zones within the mid to lower crust 

(-6 to 9 s TWT, -14.5 to 24 km). Given the available data it is difficult to distinguish 

between these possibilities. 

The numerous sub-horizontal to horizontal reflections in the upper 1 to 4 s TWT (-1.5 

to 8.5 km) of all lines are most likely due to reflectors within the Tertiary basin fill (see 

Figure 4d and reflections above line T on Figure 3). These reflections are interpreted to 

be from horizons within the little-extended Tertiary Red Sandstone and Muddy Creek 

Formation. The same units, only mildly faulted, are seen on seismic reflection profiles 
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Figure 4. Selected data panels from the processed BARGE data. See Figure 3 for 

locations. Interpreted reflections (R) are labelled on panels a), b), and c). Note the 

greater continuity, apparent higher frequency, and different orientation from the strong 

diffraction pattern (D) and semi-coherent sub-horizontal noise trains (T). a) Typical 

mid-crustal reflections, b) The apparently reflective deep crust under eastern Lake 

Mead, d) An example of shallow reflections from Tertiary strata. 
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acquired just to the north of Lake Mead, in the Virgin River Valley, where they extend 

to depths of- 2.5 s (Bohannon et al., 1994). Identification of more steeply dipping 

reflections within the upper -4 s of the data was generally not possible, however, one 

dipping reflection seen on line 8 does tie to the east dipping Paleozoic carbonates of 

Iceberg Ridge (E on Figure 3). 

The overall character of the crust and Moho imaged by the BARGE survey is similar to 

that observed under the Colorado Plateau. For example, on COCORP line AZ6 (Figure 

2; Hauser and Lundy, 1989) the upper 5 s of data shows abundant sub-horizontal 

reflectivity, the interval between- 5 sand -16 s shows scattered, gently dipping to 

sub-horizontal reflections, and below 16 s reflections are nearly absent. The similar 

seismic character of the crust under the Lake Mead region and the Colorado Plateau 

suggests that the crust under Lake Mead has not been strongly altered by processes 

related to Basin and Range extension. 

The fact that the Moho on the BARGE data is not well expressed is unusual when 

compared to other reflection seismic profiles from the highly extended BRP. By 

comparison, much of the COCORP 4()o North transect (Klemperer et al., 1986; Hauge 

et al., 1987; Potter et al., 1987; Hauser et al., 1987b) and the COCORP Arizona 

transect (Hauser et al., 1987a), show a well expressed reflection Moho. The strong 

reflection Moho on these data sets is generally attributed either to magmatic 

underplating or the presence of a shear zone at the base of the crust. The magmatic 

underplating model is consistent with the high velocity of the lowermost crust, which is 

appropriate for a mafic restite or cumulate (e.g. Klemperer et al., 1986; Valasek et al., 

1989), it is also consistent with the estimated pressure and temperature conditions at the 

base of the crust under the BRP, which are near the dry basalt solidus in some locations 

today (Lachenbruch and Sass, 1977; Klemperer et al., 1986). The shear zone model is 
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consistent with the high amplitude, laterally discontinuous, multicyclic nature of BRP 

Moho reflections, which can be explained by juxtaposition of peridotitic and more felsic 

rocks (Valasek et al., 1989) or by creation of mylonites, which may be seismically 

reflective (Jones and Nur, 1984). If one or both of these models represents the correct 

interpretation of the BRP data, then the observed reflection character of the Moho under 

Lake Mead suggests that the base of the crust is not significantly magmatically 

underplated or sheared. 

3.6 Discussion 

3.6.1 Origin of the Present Crustal Structure 

Interpretation of the BARGE seismic reflection data shows that the crust in the Gold 

Butte region is thinned but essentially unaltered Colorado Plateau type crust, whereas 

crust in the western Lake Mead region is similarly thinned, but is possibly altered by 

shearing and/or magmatism near its base. In both areas, the present crustal thickness is 

greater than expected if the crust had been extended without addition of material (given 

an original thickness of 45 km and B::::: 3.5 (Wernicke et al, 1988), the unaugmented 

present thickness should be -13 km). Because of its pre-extensional position in the 

foreland of a thin skinned thrust belt, it is reasonable to assume that the pre-extensional 

thickness of the crust in the Lake Mead region was nearly the same as that of the 

adjoining Colorado Plateau (i.e. 40 to 50 km; Wolf and Cipar, 1993; Hauser and 

Lundy, 1989). This assumption is based on the observation that crustal thicknesses are 

known to increase only gradually toward the interior of the thrust belt in similar 

positions elsewhere (e.g., Price, 1981). 
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The present crustal structure may have resulted from an evolutionary sequence which 

began with localized extension in the Gold Butte region in the upper crust and more 

diffuse extension under the western Lake Mead region in the lower crust (note that the 

entire Lake Mead region would have been compressed in an east - west direction by a 

factor of- 3.5 times relative to its present width). Thinning of the lower crust under 

the western Lake Mead region would have resulted in uplift of isotherms and may have 

triggered volcanism in the region. Extension in the Gold Butte region coincides with 

volcanism in the western Lake Mead region: Peak extension at Gold Butte occurred at 

-15 Ma (Bohannon, 1984; Fryxell et al., 1992; Fitzgerald et al., 1991), but growth 

faults in the base of the Rainbow Gardens Member of the Horse Spring Formation (-

24 to 19 Ma; Beard, 1996) indicate that minor extension began earlier than that (Brady; 

unpublished mapping, 1996). These ages are coincident with volcanism in the western 

Lake Mead region(- 18.5 to 11.5 Ma; Anderson, 1971,1973; Darvall et al., 1991). 

An alternate explanation for the present crustal geology has recently been proposed by 

Howard and Foster (1996), who suggest that extension of the eastern Lake Mead area 

(the South Virgin Mountains) may be the result of passive failure of the crust toward a 

nearby growing low area of actively thinning hot crust. This model is also consistent 

with the coincident timing of extension in the eastern Lake Mead region and volcanism 

in the western Lake Mead region. 

In either case, extension eventually leads to extreme thinning of the crust in the Gold 

Butte region, potentially resulting in lateral mass transfer of mid to lower crustal 

material from under the less extended surrounding regions (Wernicke, 1990, 1992; 

Kruse et al., 1993). Possible sources of mid to lower crustal material include the 

unextended terrain to the north, as well as the unextended Colorado Plateau and the less 

extended western Lake Mead region. The terrain to the south apparently extended at the 
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same time as the Gold Butte region (Cascadden, 1991; Cascadden and Smith, 1991) 

and would therefore not act as a source of mid to lower crustal material. If the lower 

crust of the western Lake Mead region was warmer due to extension-related uplift of 

isotherms or active magmatism, it would have been the most mobile of the surrounding 

lower crustal regions, and may have provided most of the flow into the Gold Butte 

region (Fig. 5). This ductile flow of material, along with the magmatism, may have 

generated the greater lower crustal reflectivity seen in the BARGE data. 

As upper crustal thinning progressed westward across the Lake Mead region, the 

source of mid to lower crustal material needed to compensate for the thinning 

presumably also migrated westward. Since the thinning is so extreme, it would have 

been necessary to draw mid to lower crustal material from ever increasing distances. 

Clearly, if this pattern progressed westward, the shear along the margins of a mid to 

lower crustal channel would increase to the west. 

3.6.2 Constraints on the Source of Mid to Lower Crustal Material 

If both pre- and post-extensional crustal geometry can be constrained, it is relatively 

simple to make mass balance calculations which constrain the volume and source of 

lower crustal flow into the central Basin and Range. In order to simplify matters, all 

calculations will be made for a two dimensional east - west cross-section of crust 

extending from the Sierra Nevada to the Colorado Plateau at the latitude of Lake Mead. 

This does not mean that all deformation is assumed to be east-west plane strain, since 

north-south constriction can be factored in as thickening of the cross-section. The 

current cross-sectional geometry of the central Basin and Range crust is well known. It 

is constrained by the results of the BARGE experiment, along with seismic reflection 
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Figure 5. Possible west to east cross-section of the Lake Mead region at- 16 Ma, 

showing location of Moho and pattern of mid to lower crustal mass transfer. Note that 

the lowermost crust under the western part of the section has been uplifted and should 

be warmer than crust at an equivalent depth under the Colorado Plateau. Upper crustal 

structure of the eastern Gold Butte region is based on a simplification of 1: 12 000 scale 

geologic mapping conducted in association with the BARGE project. 
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data from the Basin and Range to Sierra Nevada transition (Wernicke et al., 1996), and 

refraction data from the Colorado Plateau (Wolf and Cipar, 1993). In addition, the pre

extensional geometry of the central Basin and Range can be inferred from geologic data 

(e.g. Burchfiel et al., 1992). 

Prior to extension, the crust at this latitude was probably an Andean type orogenic belt 

(Burchfiel et al., 1992), and probably had an average crustal thickness of roughly 57.5 

km2
. This corresponds to a crust which reached a maximum thickness of 

approximately 70 km under the Sierra Nevada (c.f. Ducea and Saleeby, 1996), and 

tapered eastward to the 45 km thickness of the stable Colorado Plateau (Wolf and 

Cipar, 1993). Restoration of the surface geology shows that the pre-extensional width 

of the central Basin and Range was approximately 100 km (Wernicke et al., 1988; 

Wernicke and Snow, in prep.). These values yield a cross-sectional area of 5750 km2 

for the pre-extensional central Basin and Range. 

The central Basin and Range currently has a width of 350 km and an average crustal 

thickness of approximately 30 km (this study; Wernicke et al., 1996). Thus, it has a 

cross-sectional area of approximately 10 500 km2
, which is an increase in area from it's 

pre-extensional state of 4750 km2
. This requires that since the onset of Neogene 

extension, approximately 4750 km3 of crust have been added to every kilometre of the 

north - south length of the central Basin and Range. 

This additional crust could only come from two sources, these being magmatic addition 

from the mantle and influx of crustal material from the edges of the extending region. 

The maximum amount of magmatic addition is about a 5 km thickness of crust, this 

being the maximum bound suggested for the more volcanic rich southern Basin and 

Range (McCarthy and Parsons, 1994). This means that, at most, 1750 km2 were 
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added to the cross-sectional area of the central Basin and Range by magmatism, leaving 

3000 km2 still to be explained. 

A recent map view reconstruction of the central Basin and Range by Wernicke and 

Snow (in prep.) suggests that Neogene extension was accompanied by north - south 

shortening of approximately ten percent. Thus, about 1050 km2 of the current cross

sectional area is due to influx of material from the north and south. This leaves 1950 

km2 which must be due to influx from the east and west edges of the central Basin and 

Range. Since these edges are structurally intact at surface, it seems that this influx must 

have occurred by ductile flow of mid to lower crustal material, as suggested by 

Wernicke (1992). 

The source of the mid to lower crustal material can be constrained by using the BARGE 

data and refraction data from the Colorado Plateau (Wolf and Cipar, 1993). The 

interpreted depth to Moho at the east end of BARGE line 8 is 35 km, and the depth to 

Moho under the Colorado Plateau 180 km to the east is 45 km. Since the east edge of 

the extended terrain probably had a pre-extensional thickness nearly equal to that of the 

Colorado Plateau, it would seem that as much as 900 km2 of material has flowed out 

from under the Colorado Plateau (see Figure 6). 

This leaves at least 1050 km2 of material which had to be added to the cross-section by 

material flowing out from under the Sierra Nevada and regions further to the west. 

This would correspond to emptying a mid-crustal channel with a thickness of 10 km 

and a length of 105 km. This figure is probably a minimum value, since it assumes the 

maximum reasonable values for addition of material by magmatism and flow from 

under the Colorado Plateau. The amount of material required from under the Sierra 

Nevada and regions further to the west could easily be two to three times as large as the 
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value stated above . Removal of this amount of material from under the Sierra Nevada 

and Great Valley is certainly allowed by the results of Wernicke et al. (1996), which 

suggest that the crust under the Sierra Nevada may have thinned by as much as a factor 

of two since 20 Ma. It is also consistent with the calculations of Kruse et al. (1991) 

which show that pressure gradients created by Basin and Range extension are sufficient 

to drive flow of crustal material in such a channel. 

3.6.3 The Nature of the Transition Zone Moho 

One of the most interesting features of the BARGE data set is the lack of Moho 

reflectivity. This is a common theme in reflection profiles which cross over the 

transition from the Basin and Range to the Colorado Plateau. COCORP seismic 

reflection profiles from the eastern Basin and Range in Utah (Allmendinger et al., 

1983) and across the transition from Basin and Range to Colorado Plateau in Arizona 

(Hauser et al., 1987a; McCarthy and Parsons, 1994) show a relatively unreflective 

Moho. McCarthy and Parsons (1994) note that the decreasing Moho reflectivity across 

the transition zone in Arizona corresponds to a decreasing amount of extension at 

surface. Interestingly, this is not true for the BARGE or COCORP Utah line 1 data 

sets. Both BARGE and COCORP Utah line 1 were collected across highly extended 

Basin and Range. Thus, it seems that Moho reflectivity is not directly linked to the 

local magnitude of extension. 

It also seems that Moho reflectivity is not necessarily linked to the nature of the upper 

mantle. This is best demonstrated by BARGE line 3, which crosses over the 

geochemically defined boundary between lithospheric upper mantle of the central Basin 

and Range (Farmer et al., 1989; Feuerbach et al, 1993) and asthenospheric upper 
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mantle of the Colorado River extensional corridor (Feuerbach et al, 1989). The 

geochemically defmed change in upper mantle type is not accompanied by any change 

in the character of Moho reflectivity on line 3. 

While Moho reflectivity under the Basin and Range, transition zone, and Colorado 

Plateau does not seem to be controlled by the type of upper mantle or the local 

magnitude of extension, it apparently is affected by extensional processes. This is 

evident from the fact that the Moho under most of the extended Basin and Range is 

highly reflective, whereas the Moho under the stable Colorado Plateau is relatively 

unreflective. These conditions are consistent with the reflectivity being the product of 

shear near the crust-mantle boundary and/or magmatic underplating, as suggested by 

Klemperer et al. (1986). 

The shear near the crust-mantle boundary would increase away from the east edge of 

the Basin and Range, particularly if shearing is due to flow in a lower crustal channel 

and most of the inflowing material came from the west edge of the extended region. 

Most of the shear due to flow in such a channel would be concentrated at its lower 

margin for two reasons. First, the flow rate of crustal materials by power law creep 

increases exponentially with increasing temperature (Christie et al, 1979; Goetze, 1978; 

Goetze and Brace, 1972; Griggs et al., 1960), so maximum flow rates should be 

strongly shifted toward the bottom of a lower crustal channel (assuming an increase in 

temperature with depth). Second, the upper boundary of a mid to lower crustal channel 

would probably be a transitional one where flow rate gradually increases with 

increasing temperature, while the lower boundary might be more sharply defmed, since 

it may be controlled by the rheological contrast at the crust-mantle boundary. These 

two factors should combine to create a narrow, highly sheared boundary at the base of 

the crust. 



III-35 

The evidence presented here does not rule out the possibility that magmatic underplating 

creates the highly reflective Moho in some cases. However, it does seem that 

underplating is a less generally applicable explanation. For example, the Moho under 

the transition zone in Arizona is relatively unreflective (Hauser et al., 1987a, McCarthy 

and Parsons, 1993) , despite significant volcanism (c.f. Reynolds, 1988), while the 

Moho under the Sierra Nevada to Basin and Range transition is highly reflective 

(Wernicke et al., 1996) despite relatively little volcanism. These observations are 

inconsistent with reflectivity being due to magmatic underplating, but are consistent 

with reflectivity being due to shearing at the base of a mid to lower crustal channel. 

3. 7 Conclusions 

Interpretation of the BARGE data set shows that the reflection Moho under most of the 

Lake Mead region is at a depth of about 30 km. It begins to deepen near the edge of 

the Colorado Plateau, reaching approximately 35 km depth under easternmost Lake 

Mead. It may also deepen slightly toward the north, across the Lake Mead Fault 

system. 

The mid to lower crust under the Lake Mead region is seismically transparent, and 

Moho reflections are relatively weak and discontinuous. This weakly reflective Moho 

seems to be characteristic of the Basin and Range to Colorado Plateau transition. 

Similar weak, discontinuous Moho reflections have been recorded by other seismic 

lines which cross over the transition north and south of Lake Mead (Allmendinger et 

al., 1983; Hauser et al., 1987a). 
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The typical highly reflective Moho of the Basin and Range province may be due to 

shearing at the base of a mid to lower crustal flow channel, as suggested by Klemperer 

et al. (1986). This is consistent with the increased reflectivity of the Moho further to 

the west under the highly extended Basin and Range. An alternate explanation of Moho 

reflectivity being due to magmatic underplating (Klemperer et al., 1986) is less 

satisfactory, since the transition zone Moho remains unreflective to the southeast 

(Hauser et al. 1987a), in a region which has experienced voluminous magmatism (e.g. 

Reynolds, 1988). 

Mass balance calculations for the central Basin and Range, constrained by the results of 

seismic experiments (this study, Wernicke et al., 1996; McCarthy and Parsons, 1994; 

Wolf and Cipar, 1993) and geologic data (Wernicke and Snow, in prep.; Brady et al., 

1996; Burchfiel et al., 1992; Wernicke et al., 1988) suggest that a significant volume of 

deep crustal material has flowed into the central Basin and Range during the Neogene. 

Furthermore, the constraints dictate that most of this material probably flowed out from 

under the Sierra Nevada- enough to empty a channel at least 10 km thick and 105 km 

wide. 
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Chapter 4 

The Effects of Isostatically Driven Lower Crustal Flow on 

Normal Fault Longevity and Orientation 

Robert Brady 

(This chapter was re-formatted from a manuscript submitted to Journal of Geophysical 
Research on January 15, 1998 

Abstract. In recent years much work has focused on documenting and explaining 

the pattern of normal faulting within highly extended continental regions and the 

occurrence of normal faults which have slipped at relatively low dips. Both the 

initiation of such structures and the accumulation of large amounts of offset on them 

seems to violate the commonly accepted Andersonian view of faulting (Anderson, 

1942). This paper presents a model invoking isostatically induced flexural stresses as a 

mechanism for shutting down active normal faults. Flexural stresses are generated as 

isostatically driven flow of fluid lower crust inflates and upflexes the region of brittlely 

extending upper crust. The stress state which results from isostatic upflexing of the 

thinning region shuts down the active normal fault system and may favor formation of a 

new normal fault which flattens at shallow depths in the upper crust. Comparisons of 

model predictions with field observations from a variety of Basin and Range 

detachment faults suggest that the model is viable, and may be a step forward in 

explaining many of the features seen in regions of large magnitude continental 

extension. 
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4.1 Introduction 

Explaining the spatial and temporal evolution of continental extension requires an 

understanding of the factors which shut down an active normal fault system, and 

thereby allow the locus of extension to migrate. It is widely accepted that the shutdown 

of many normal faults occurs by domino style rotation of fault planes to lower angles, 

until the resolved shear stress on the fault plane becomes too low and it is easier to 

break a new fault than it is to continue slip on the existing fault (e.g. Agnon and 

Reches, 1995; Nur et al., 1986; Sibson, 1985; Miller et al., 1983). While this 

explanation for the shutdown of normal faults in actively extending regions may be 

valid in many cases, it is inconsistent with the existence of major extensional 

detachment systems which slipped at very low angles (cf. John and Foster, 1993; 

Wernicke et al., 1985). 

The model presented in this paper predicts the observed lifespans of major normal fault 

systems; it also predicts a state of stress in extending regions which should favor 

formation of shallowly dipping normal faults. It is based on consideration of the 

effects of isostatic restoring forces on a region of elastic upper crust which is thinning 

uniformly above a master detachment fault. Thinning of the elastic upper crust creates 

an isostatic imbalance which drives lower crustal flow from unextended to extended 

regions (c.f. Kruse et al., 1991, Block and Royden, 1990). Since the lower crust is 

assumed to have a finite viscosity, there will be a lag between thinning of the upper 

crust and full isostatic compensation by influx of lower crust. Therefore a depressed 

region of thinned crust develops, which is gradually upwarped as flow of the lower 

crust inflates the thinning region. Upwarping of the extending, thinning region 

generates compressional fiber stresses in the lower part of the elastic upper crust. 

These fiber stresses eventually shut down active normal faults within the extending 
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region (Figure 1). In addition, the fiber stresses and basal shear stresses due to flow of 

the lower crust may create a stress state which favors the formation of shallow

flattening normal faults. 

The magnitude of uplift of the thinned crust depends on the magnitude of isostatic 

disequilibrium. This, in tum, depends on the rates of tectonic thinning, sedimentation, 

and restoring lower crustal flow (which is non-linearly dependent on the rate of 

development of isostatic disequilibrium). This system, while complex, can be 

simplified and solved analytically. 

Calculations have been made using reasonable estimates of the rate of tectonic thinning, 

sedimentation rate, effective elastic thickness of the upper crust, and lower crustal 

rheology for a 'typical' continental detachment fault. These calculations show that the 

model predicts lifespans for major detachment fault systems which are in reasonable 

agreement with those observed in the Basin and Range Province. 

4.2 Model Description 

The lithosphere was modeled as three distinct rheological layers; a strong elastic upper 

crust, a weak viscous lower crust, and a strong viscous upper mantle (Brace and 

Kohlstedt, 1980). For this model lithosphere, isostatic compensation of loads on the 

upper crust should occur first by flow in the lower crust, since its viscosity is 

significantly lower than that of the mantle and the upper crust is effectively decoupled 

from the mantle. For all lower crustal flow calculations, the thickness of the flow 

channel was set equal to the entire thickness of the ductile lower crust (Figure 1). 
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Figure 1. a) Assumed cross-section of the upper crust prior to extension. Strength 

profiles were calculated assuming a crust composed of quartz diorite and a mantle 

composed of olivine (see Table 2 for flow law parameters). b) Model crust during 

thinning and increasing isostatic disequilibrium. Note that thinning is modeled as being 

symmetrically distributed. c) Thinned crust at time of shut-down of normal faulting by 

isostatically generated flexural stresses; paired arrows in upflexed region indicate sense 

of axxflo. . 



IV- 5 

a) Geotherm = 25 "C/km 

Brittle Upper Crust 

Ductile Lower Crust 

c) 

troa.' EW1t - - __ -__ .Y __ 
~o....,.. --------- ---------Neutral Surface 



CJo 

CJot 
(Jxxfla 

CJ1 
CJJ 

£ 
jl.JJ 

v 
p 
A 
D 
E 
F 
L 

Lt 
Q 
R 
s 
T 

Te 
z 

IV- 6 

strength of the upper crust 
vertical stress due to isostatic disequilibrium 
horizontally directed fiber stress due to flexure 
maximum principal stress 
minimum principal stress 
strain rate 
effective viscosity of the lower crust 
Poisson's ratio of the elastic upper crust 
crustal density 
pre-exponential factor in lower crustal flow law (Table 2) 

flexural rigidity of the elastic upper crust 

Young's modulus of the elastic upper crust 

rate of inflation due to lower crustal flow 

length scale of flow in the lower crustal channel 

length scale of flow at the time of extensional shut-down 

activation energy (see Table 2) 
gas constant (8.31441 J K'moi-l) 

rate of sedimentation 

temperature in Kelvins 
effective elastic thickness of the upper crust 
rate of tectonic thinning 
ratio of strength of faulted crust to strength of unfaulted crust 

thickness of the lower crustal flow channel 

pre-extensional thickness of the lower crustal flow channel 
thickness of the flow channel at time of extensional shut-down 

acceleration due to gravity 

thickness of the extending region 

pre-extensional crustal thickness of the extending region 

width of the extending region 

pre-extensional width of the extending region 

lower crustal flow law exponent (Table 2) 

time since initiation of extension 

time of onset of extension 

time of shut-down of extension 

vertical deflection of the upper crust due to isostatic uplift 

horizontal distance from the center of the extending region 

depth below Earth's surface 

Table 1. List of Variables 
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Material log
10

A (Gpa·n s·') n Q (kJ mor) 
Quartz Diorite 4.3 2.4 219 
Westerly Granite 1.6 3.4 139 
Olivine 4.8 3.5 533 

Table 2. Flow law constants at w·'5s·' strain rate (data from Kruse et al., 1991) 
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The pre-extensional thickness of the upper and lower crust, as well as the strength 

profiles of the lithosphere are shown in Figure I. The strength of the elastic upper 

crust increases linearly with depth, as suggested by Byerlee (1978). Following Buck 

(1993), the equation used to calculate strength as a function of depth was: 

(Jo = (18 MPa/ km)z (i) 

All variables are defined in Table 1. The strength of the lower crust and mantle were 

calculated using: 

(ii) 

This equation assumes deformation by power law creep, and is based on extrapolation 

of experimental results (e.g. Christie et al., 1979; Goetze, 1978; Goetze and Brace, 

1972; Griggs et al., 1960). 

The development of isostatic disequilibrium ( (JDI) can be expressed as a function of time 

by: 
t 

(JDI(t) = pg I z- s- Fdt (iii) 
to 

where Z and S will be assigned positive constant rates and t. will equal zero. S is the 

rate of sedimentation of material with an average density equal to that of the crust and Z 

is the rate of tectonic thinning of the upper crust. Kruse et al. (1991) show that the rate 

of flow in a lower crustal channel can be calculated if it is approximated as two-

dimensional linear viscous flow; dividing their analytical solution by the width ( l) of 

the extended region yields the inflation rate (F) due to lower crustal flow: 



F = Aao/d
3 

6leQ 1 RT L 
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(iv) 

Note that the temperature (1) refers to the temperature at the depth of average flow rate, 

which is near the bottom of the lower crustal channel if temperature increases linearly 

with depth, since the flow rate increases in proportion to eT. T can therefore be 

approximated by the Moho temperature. 

If the thickness of the elastic upper crust prior to extension is ho, and the original width 

of the extending region is lo, then l from equation (iv) is given by: 

[ = holo 
ho-Zt 

Both d and L from equation (iv) can be approximated as linear functions: 

L = (Lr)t 
(tr- to) 

(v) 

(vi) 

(vii) 

Substituting equations (iv) through (vii) and the condition t.= 0 into (iii), yields the 

result: 
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CJ'Dt(t) = pg 

·((dt- do )tJ3 

CJ'or 
A fr (tt) 

Zt - St - 6eQ I RT holoLJt dt 
0 

(viii) 

(ho- Zt)f! 

This equation can be solved iteratively for CJ'or (Figure 2). Since the isostatic restoring 

force as a function of time can be calculated, it will now be relatively simple to calculate 

the duration of activity for a given normal fault system; all that is needed is one 

statement which describes the magnitude of flexural fiber stresses required to inhibit 

slip on a normal fault and another relating isostatic disequilibrium to flexural fiber 

stresses. 

The required statement describing the magnitude of flexural fiber stresses required to 

inhibit slip on a normal fault is: 

CCJ'o ~ CJ't - (J' 3 - Cfxxfla (ix) 

where c is the ratio of the strength of faulted crust to the strength of unfaulted crust and 

CJ'o is defined by equation (i). Since the crust is undergoing extension by brittle 

failure, CJ'J is assumed to be the horizontally directed regional stress and CJ1 = pgz, 

which is the vertically directed overburden stress. The value of CJ1- CJ'J can constrained 

by assuming it remains constant, and therefore meets the condition for initial brittle 

failure of the upper crust, which is: 

(x) 

The horizontally directed stress CJ'xxfla is the compressive fiber stress generated at the 

base of the elastic crust by flexure. It works against CJ'J to reduce the differential stress, 

if a"""'' becomes large enough, the differential stress becomes too small to allow slip on 
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Time (1 os years) 

Figure 2. Plot of the magnitude of isostatic disequilibrium (aD/) as function of time for 

a region thinning uniformly above a hypothetical Basin and Range detachment fault. 
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a normal fault. In order to calculate the duration of activity for a given fault system, it is 

simply necessary to calculate the time at which expression (ix) is first satisfied (i.e. the 

time at which c CTD = cr, - cr 3 - cr.uflex) . 

The only parameters in (ix) which remain undefined are c and CT.aj!<x . The value of c is 

poorly constrained, but probably ranges from -0.1 to 1, since the relative strengths of 

active faults in the Basin and Range seem to fall in this range (Wesnousky and Jones, 

1994). This range for c is also consistent with the results of experimental work which 

suggest that the strength of saw cut rock is -0.5 to -0.8 times that of intact rock 

(Stesky et al., 1974; Handin, 1969). In the absence of better control, it seems 

reasonable to assign a value of 0.5 to c, since this is an intermediate value in the 

probable range. Fortunately, the predicted time for shutdown of a fault system is 

relatively insensitive to the precise value of c, since the value of the right hand side of 

(ix) decreases exponentially with time (Figure 3). 

The final undefmed parameter, CT.a)!u , can be defined using equations derived by 

Turcotte and Schubert (1982). Since the isostatic restoring stress ( CTDI) is analagous to 

the upward load created by injection of a laccolith, the deflection it produces can be 

calculated using equation (3-98) from Turcotte and Schubert (1982), with modified 

nomenclature: 

(xi) 

Slight modification of the nomenclature in equations (3-64 ), (3-70) and (3-72) from 

Turcotte and Schubert (1982) then shows that CTxxfl<x is given by: 



where: 

Eh 3 

D=----
12(1- v2

) 
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(xii) 

(xiii) 

Examination of equation (xii) shows that it will attain its maximum negative value, or 

maximum compressional stress value, when z and d2wldX reach their maximum 

positive values. By defmition, z reaches a positive maximum at the base of the brittle 

upper crust (i.e. at z = h), and the point of maximum value for d2wldX can be 

established by examination of: 

(xiv) 

Since CTDI is negative, and all other variables in (xiv) are positive, d2w/cJ.x2 reaches a 

positive maximum at x=O. 

Substituting x=O and z=h, as well as equations (xi) through (xiii) into equation (ix), 

then equating the left and right hand sides, yields the following equation: 

(xv) 

where all variables except c are functions of time. Solution of this equation yields the 

time at which a given normal fault system should shut down (Figure 3). 
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Figure 3. Graph showing duration of activity on a hypothetical Basin and Range fault. 

Note that time of normal fault shut-down for preferred value of c=0.5 is approximately 

1.86 million years . Varying c from 0.3 to 0.8 causes the predicted duration of activity to 

vary by a relatively small amount; from approximately 1.56 to 1.95 million years. 



N -15 

4.3 Results 

The model was tested by calculating the expected lifespan of a hypothetical normal fault 

system, using parameters appropriate for the core complex belt of the Basin and Range 

(Figure 3). The lower crust was assumed to have a rheology appropriate to quartz 

diorite (Table 2) (changing the lower crustal rheology to Westerly Granite increases the 

predicted lifespan by less than 15%). The temperature at the depth of average flow was 

assumed to be 700°C, consistent with a suggested Basin and Range Moho temperature 

of -700°C (Lachenbruch and Sass, 1978). Both upper and lower crust were assumed 

to have densities of 2750 kg/m3
• 

Reasonable approximations for both d and L were taken from geologic observations. 

For the case of the breakaway fault system in the central Basin and Range (the Gold 

Butte region) , the lower crustal channel thickness probably varied from an initial 

thickness do of -30 km to a final thickness d1 of -22.5 km. The initial channel 

thickness was calculated by assuming that the crust initially had the same 45 km 

thickness as the adjacent Colorado Plateau (Wolf and Cipar, 1993) and the top of the 

channel was defmed by the brittle-ductile transition, a geothermal gradient of 25°C/km 

was assumed. The final channel thickness assumes thinning of the upper crust by 

-50%, and present crustal thickness of -30 km, as indicated by BARGE seismic data 

(Brady et al., in prep.). Fission track data suggests that most of this thinning occurred 

over a relatively short time period (Fitzgerald et al., 1991), probably of order one 

million years. During the same time period, the length scale la of lower crustal flow 

started at zero and increased to, at most, the approximate width of the unextended 

future Basin and Range plus Sierra Nevada and Great Valley ( -300 km). Since the 

actual length scale of flow is unknown, a more conservative estimate of the length scale 
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of flow (150 km) was used for model calculations. Thus, the linear approximations to 

d and L become: 

d = 30km _ (30km- 22.5km)t 
lm.y. 

L = Okm + (150km)t 
lm.y. 

If a value of c=0.5 is assumed, the calculated duration of activity for the hypothetical 

normal fault system is -1.86 million years (Figure 3), allowing a cumulative slip of 

-18.6 km. Figure 3 shows solutions for c equal to 0.3, 0.5 and 0.8 to illustrate the 

relatively small effect of varying c, particularly for values below 0.5. The predicted 

values for duration of activity and cumulative slip are in reasonable agreement with the 

slip history of major detachment faults in the southeastern Basin and Range, which 

were apparently active at dips of less than 30°, slipped at rates of 3-9 mrnlyr, and 

apparently slipped for ten to a few tens of kilometers (e.g. Foster et al., 1993; John and 

Foster, 1993). As will be discussed later, decreasing the fault dip would increase the 

predicted cumulative slip to values in excess of 30 km, making model predictions 

consistent with even greater cumulative displacements. Thus, it seems that the model is 

successful in predicting the observed lifespans and cumulative offsets of major normal 

faults. 
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4.4 Sensitivity Analysis 

Calculations were made to evaluate the sensitivity of the predicted duration of activity to 

variations in net thinning rate (F), temperature at depth of average flow (7), and 

flexural rigidity (D). The effect of varying fault dip is also investigated along with 

varying thinning rate. 

4.4.1 Thinning Rate Variations 

Figure 4a shows the calculated duration of activity for normal faults dipping at 10, 30, 

and 60 degrees with net thinning rates varying from 1 mm/yr to 10 mm/yr and all other 

parameters fixed as for the hypothetical Basin and Range fault of Figures 2 and 3. 

Figure 4a shows a strong, nonlinear dependence of duration of activity on the net 

thinning rate for all three faults. Duration of activity decreases with increasing slip rate 

and with decreasing fault dip. However, cumulative offset does not behave in the same 

way. 

In order to achieve the same thinning rate on a 10° dipping fault as on a 60° dipping 

fault, the 10° dipping fault must slip nearly five times faster than the 60° dipping fault. 

For this reason, it is important to consider the relationship between fault dip, slip rate, 

and cumulative offset. Decreasing fault dip has two main effects; it decreases the 

thinning rate Z achieved for a given slip rate and it increases the length L of the 

uniformly thinning region, since it creates a longer section of deforming hanging wall. 

Examination of equation (xv) shows that both of these factors will affect the predicted 

lifespan and cumulative slip values. Figure 4b shows the predicted cumulative slip as a 

function of slip rate for the same three differently dipping faults. It is interesting that 
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Figure 4. a) Duration of activity vs. net thinning rate for hypothetical Basin and Range 

normal faults with different dips. Net thinning rate is equal to tectonic thinning minus 

sedimentation, sedimentation rate was fixed at 1 mm/yr for all calculations (all other 

parameters as in Figure 3). b) Total slip accumulated prior to shut-down of the fault 

vs. slip rate for the same three hypothetical faults. Note that higher angle faults are 

predicted to accumulate less total slip despite remaining active for a longer period of 

time. 
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although more steeply dipping faults are predicted to remain active for longer periods of 

time, they accumulate much less total slip than lower angle structures. Note that in all 

cases the cumulative slip decreases with increasing slip rate (and thinning rate), but 

eventually flattens out near some constant value. In addition, the cumulative slip varies 

relatively little as a function of slip rate. This is true for all fault dips, although the 

variation does increase with decreasing fault dip. 

4.4.2 Temperature Variations 

Figure 5 shows the calculated duration of activity for the hypothetical 30° dipping fault, 

with the net thinning rate fixed at 4 mm/yr and the temperature at the depth of average 

flow varying from 400°C to 800°C. It is important to note that the predictions regarding 

duration of activity for the lower part of this temperature range may be invalid, because 

the assumption of non-involvement of mantle flow becomes weaker at low crustal 

temperatures. Nevertheless, it is apparent that duration of activity is very strongly 

dependent on temperature in the lower crustal channel, since a 400°C temperature range 

causes the predicted duration of activity to vary by roughly a factor of four. 

Furthermore, the calculations suggest that long lived normal faults with large 

cumulative displacements are only possible in regions with a relatively high Moho 

temperature, with temperatures of greater than 500°C necessary for faults to slip for 

-106 years. 

4.4.3 Effective Elastic Thickness Variations 

Figure 6 shows the duration of activity predicted for the hypothetical 30° dipping Basin 

and Range normal fault for a range of effective elastic thicknesses at time of shutdown, 

with F=4 mrnfyr and T=700°C. T, at time of shutdown was allowed to range from 
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Figure 5. Duration of activity for the hypothetical30° dipping Basin and Range 

detachment fault as a function of temperature at depth of average flow (all other 

parameters as in Figure 3). 
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Figure 6. Duration of activity for the hypothetical30° dipping Basin and Range normal 

fault as a function of effective elastic thickness of the upper crust (all other parameters 

as in Figure 3). 
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1000 m to 8000 m. This resulted in calculated durations of activity which range from 

roughly 65 thousand years to 1.9 million years. The largest value of effective elastic 

thickness, 8000 m, roughly corresponds to the true thickness of the upper crust at the 

time of shutdown if it had an initial thickness of 15 000 m. The lowest value of 

effective elastic thickness, 1000 m, is only about 1115 of the thickness of the upper 

crust at the time of shutdown, since the normal fault system is too short-lived to thin the 

upper crust significantly. 

The lower values of effective elastic thickness may not be reasonable, particularly if 

they are interpreted as being that part of the upper crust in which flexural stresses are 

below the failure strength of the crust (c.f. Buck, 1988). In fact, if Te is interpreted this 

way, it may be invalid to let the effective elastic thickness deviate at all from the true 

thickness of the brittle upper crust, given the model scenario. The curvature created by 

isostatically driven upwarp of the extending region is at all times fairly small (e.g. using 

the parameters from Figure 3, ld2w/ dx2
1:::;; 2 X 10-9

), so the thickness of the brittle 

upper crust which exhibits elastic behavior should remain essentially equal to the total 

thickness of the brittle upper crust (c.f. Fig. 9(c); Buck, 1988). 

Effective elastic thicknesses as low as 1 km to 5 km have been reported from the Basin 

and Range (e.g. Block and Royden, 1990; Bechtel et al., 1990). It is possible that 

these low effective elastic thickness values are due mainly to footwall flexure (e.g. 

Buck, 1988), and it may therefore be unreasonable to expect low values within an 

extending region in the hanging wall of a detachment fault (i.e. within the area under 

consideration in this paper). On the other hand, some authors have suggested that low 

values of effective elastic thickness may be due to thermal weakening (e.g. Block and 

Royden, 1990; Bechtel et al., 1990). If this is true, then values of effective elastic 
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thickness lower than the brittle crustal layer thickness may be reasonable. It is for this 

reason that the effect of varying T. on model predictions was examined. 

4.5 Discussion 

One of the ongoing debates regarding large offset low angle normal faults has centered 

on the question of their dip at initiation. There is strong field evidence that some of 

these structures initiated at low angles (e.g. Axen et al., 1990; Wernicke et al., 1985), 

however some models have suggested that most or all low angle structures must be due 

to later rotation of inactive segments of originally steeply dipping structures (e.g. Buck, 

1993, 1988). The model presented in this paper suggests that active low angle 

structures are necessary in order to achieve cumulative offsets of greater than 

approximately 20 kilometers (Figure 4 b). Therefore, this model is consistent with the 

observation of active low angle structures. 

The model predicts the cumulative offsets of several tens of kilometers which are 

observed on low angle detachment faults such as those in the Harcuvar Mts., Buckskin 

and Rawhide Mts., and Mormon Mts. (Ketcham, 1996; Foster et al., 1993; John and 

Foster, 1993; Axen et al., 1990; Wernicke et al., 1985). Model predictions are also 

consistent with the cumulative slip of approximately 10 km to 15 km which is 

interpreted to have occurred on the initially steeply dipping faults of the Gold Butte 

breakaway system (Wernicke and Axen, 1988; Brady, unpublished mapping). This 

consistency between model results and interpretation of field data bolsters both the 

validity of the model and the geologic interpretations. 
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Overall, the relationship between cumulative slip, slip rate, and fault dip suggests that 

low angle faults should be favored for accomplishing large magnitude extension, as 

they accommodate large extension for a given slip rate (or thinning rate) before shutting 

off. This result is similar to that obtained by Forsyth (1992), but for different reasons. 

Essentially, he calculated the additional stress required to drive uplift and flexure of the 

hanging wall and footwall of an active normal fault where the faulted plate was treated 

as if it were continually being flexed to achieve local isostatic equilibrium. The model 

presented here differs in so far as the hanging wall is not considered to be a rigid block; 

rather it is assumed to collapse into numerous smaller fault blocks above the footwall 

and the resulting scenario is one of essentially symmetrically distributed thinning 

(Figure 1b). Furthermore, the finite viscosity assumed for the lower crust means that 

isostatic equilibrium lags behind extensional strain, so faulting does not require that the 

same flexural stresses due to bending of the broken plate be continually overcome. 

Flexural stresses act differently on this system because both hangingwall and footwall 

are being upwarped during late stages of extension, rather than the hanging wall being 

continually downwarped while the footwall is upwarped. Despite these differences, the 

models are similar insofar as they both call on flexural stresses due to isostatic 

adjustment as a mechanism for impeding slip on a normal fault; therefore both suggest 

that low angle faults are more stable than high angle faults because they produce lower 

thinning rates and thus generate flexural stresses more slowly. 

The sensitivity of this model to temperature in the lower crustal layer means that major 

detachment faults and core complexes should only develop in regions of high heat flow 

and high Moho temperatures. This is consistent with geologic observations of high 

heat flow, high geothermal gradients (Lachenbruch and Sass, 1978) and regional 

magmatism synchronous with or preceding extension (Gans et al., 1989; Wernicke et 

al., 1987) near major detachment faults. 
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As discussed earlier, this model predicts that shallowly dipping normal faults should 

accommodate larger cumulative offsets than steeply dipping faults; in addition, it may 

offer some insight into how these faults can initiate. The model makes predictions 

regarding the state of stress in the upper crust at the time of shutdown of normal 

faulting. Specifically, it predicts that at the time of shutdown, there should be a region 

of compressional stress at the base of the thinned upper crust and a region of high 

extensional stress near the top of the thinned crust. In addition, there should be some 

horizontal shear stress at the base of the upper crust due to flow of lower crustal 

material toward the thinning region. This stress state should influence the position and 

orientation at which the next normal fault breaks. Although detailed calculation of the 

stress field and the orientation of the next fault are beyond the scope of this paper, some 

suggestions can be made based on the results of other modeling (e.g. Spencer and 

Chase, 1989; Yin, 1989). 

The shear stress on the base of the upper crust due to flow of lower crustal material 

toward the thinned region should rotate the principal stresses so that lower angle faults 

which dip away from the thinned region are favored (Yin, 1989). In addition, the 

region of extensional fiber stresses in the upper part of the thinned region will make it 

easier to break a fault up into that region, but that fault must root outside of the thinned 

region in order to avoid the compressionally stressed lower crust within the thinned 

region. All of these factors seem to favor breaking a new fault which daylights within 

or near the thinned region, flattens at a shallow depth, and roots outside of the thinned 

region (e.g. the schematic incipient fault of Figure lc). This suggests that while early 

faults should be steeply dipping, later faults may dip shallowly over much of their 

length, and therefore should accommodate larger cumulative offsets. 
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The suggestion that a combination of flexural stresses and basal shear stresses may alter 

the regional stress state and thus control the location and orientation of normal faults is 

certainly not a new one (c.f. Yin, 1989; Spencer and Chase, 1989; Hafner, 1951). 

However, at least two recent papers (Wills and Buck, 1997; Buck, 1989) have noted 

problems with existing models, such as the models of Yin (1989) and Spencer and 

Chase (1989). In particular, Wills and Buck (1997) have correctly pointed out that 

these earlier models may predict low angle failure surface trajectories, but do not predict 

large enough shear stresses to make these surfaces slip, or they predict stress states 

which should make high angle structures slip and thus lower the regional deviatoric 

stress before shear stresses in the region of the potential low angle failure surfaces 

become high enough to cause slip. 

It is not clear that the model presented in this paper solves the problems pointed out by 

Wills and Buck (1997), since it predicts a stress state which is at least qualitatively 

similar to conditions dealt with by Yin (1989) and Spencer and Chase (1989). The 

model presented here may, however offer a partial solution to the problem, since it 

predicts a stress state which will not allow steeply dipping structures to break through 

the compressionally stressed lower crust, thus possibly forcing the fault trajectories to 

flatten at shallow depths for some distance and root outside of the flexurally stressed 

region. In addition, this model points out a mechanism for generation of flexural 

stresses and horizontal shear tractions that has not been considered in earlier literature. 

This mechanism would seem to be an inevitable product of active normal faulting and 

therefore an appeal to special circumstances may not be necessary to explain the 

occurrence of active low angle faults. 

4.6 Conclusions 
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The model predicts that normal fault systems should be shut down by the generation of 

compressional flexural stresses in the lower part of the elastic upper crust. These 

flexural stresses are due to upwarping caused by the influx of lower crustal material, 

which is driven by pressure gradients resulting from isostatic disequilibrium. 

The duration of active faulting on a given normal fault system is largely controlled by 

the rate of upper crustal thinning and the temperature of the lower crust. A low 

thinning rate and hot, inviscid lower crust favor longevity of a normal fault system. 

Conversely, rapid thinning and a relatively cold, viscous lower crust should result in 

short-lived normal fault systems. 

Since low-angle normal faults generate very low thinning rates for a given slip rate, or 

very high slip rates for a given thinning rate, they should accumulate large total offsets 

prior to shutdown (even if they are generally active for short periods of time). For this 

reason, low angle faults may become the dominant structures in highly extended 

regions, even if they initiate less often than high angle faults. 

This model may offer an explanation for the initiation of active low angle structures. 

As mentioned above, isostatic restoring flow is expected to generate flexural stresses 

which shut down the active fault system. The restoring flow will also create shear 

stresses at the base of the elastic upper crust. The combined effect of flexural stresses 

and shear stresses due to flow in the lower crust should favor the formation of shallow 

flattening normal faults which dip away from the thinned region. 
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Chapter 5 

Summary 

The South Virgin Mountains of southeastern Nevada and northwestern Arizona contain 

one of the best exposed large offset continental normal fault systems in the world. This 

normal fault system, the Gold Butte breakaway zone, was studied using detailed 

structural mapping, geochronology, and a seismic reflection experiment (BARGE). 

These investigations have resulted in a relatively good understanding of the kinematic 

evolution of this normal fault system, which may aid in understanding the kinematic 

evolution of other normal fault systems. In addition, these studies have helped reveal 

the behavior of the mid to lower crust during and after large magnitude extension. 

Together with the published results of other studies, this work on the Gold Butte 

breakaway zone provides constraints for testing a new model of stress state evolution in 

extending continental regions. 

New detailed mapping and thermochronology from the South Virgin Mountains, 

combined with previous work (Fitzgerald, 1991; Fryxell, 1992), has allowed a well 

constrained reconstruction of this highly extended region. This reconstruction shows 

that extension in the Gold Butte breakaway zone was directed roughly N60W, and 

began on a set of steeply west dipping, gently listric, normal faults. Extension in the 

Gold Butte breakaway zone may have initiated synchronously with the deposition of 

the lower part of the Rainbow Gardens Member of the Horse Spring Formation (-19-

24 Ma; Beard, 1996), but apparently most of the extension occurred rapidly at about 15 

Ma. After a small amount of slip and accompanying rotation of the early west dipping 

normal faults, a later set of steeply to moderately west dipping normal faults developed. 

This later set of faults soled into, rather than cross-cutting the earlier faults, thus 

requiring the rotated earlier faults to continue slipping. The earlier set of faults 
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apparently continued slipping to dips at least as low as 20°. One of the early normal 

faults, the Lakeside Mine Fault Zone, seems to have 'taken off as the major 

extensional structure in the region, unroofing the Gold Butte crystalline block, a slice of 

upper crust which extended to paleodepths of -15 km (Fryxell et al., 1992), total 

extension across the South Virgin Mountains is at least -21 km. As it was unroofed, 

the Gold Butte crystalline block had to rebound isostatically. This rebound resulted in 

formation of the current domal shape of the crystalline block, as well as upwarping and 

folding of the adjacent fault blocks and formation of late stage, steeply dipping faults 

which accommodated some of the uplift. The folding of the adjacent fault blocks 

further reduced the dip of the normal fault surfaces within them, resulting in some of 

the gently west dipping surfaces being rotated to gentle east dips. 

It is commonly inferred that initially steeply dipping faults continue to slip only until 

they have rotated to moderate dips, at which time they become unfavorably oriented for 

slip due to increasing normal stresses across the fault plane, and a new set of faults 

must break which cuts across the old, inactive faults (e.g. Proffett, 1977; Miller et al., 

1983). The scenario of normal fault evolution seen in the Gold Butte breakaway zone, 

in which initially steeply dipping faults rotate and act as extensional decollements for 

later faults, is contrary to the popular paradigm of how normal fault systems evolve. 

This contradiction begs the question: is the pattern of kinematic evolution seen in the 

Gold Butte breakaway zone a widespread occurrence, in which case it should be 

adopted as a model to aid in the interpretation of other regions, or is it unusual, in 

which case the existing paradigm or some other alternative should be used? To test the 

applicability of the 'Gold Butte' scenario to other regions, two well studied extended 

regions from the southwestern U.S. were re-examined, these being the Lemitar 

Mountains (Chamberlin, 1982, 1983) and the Yerington District (Proffett, 1977; 

Proffett and Dilles, 1984). This re-examination showed that the pattern of normal 
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faulting exposed in both of these regions fit very well into a 'Gold Butte' model of 

normal fault system evolution. 

The BARGE (Basin and Range Geoscientific Experiment) seismic reflection data 

reveals a considerable amount about the structure of the crust under the highly extended 

Lake Mead region. As is seen under other parts of the Basin and Range (e.g. 

Klemperer et al., 1986; Hauser et al., 1987b), the crustal thickness is approximately 30 

to 35 km (10- 11 s two way travel time to the Moho). However, the character of the 

crust imaged on the BARGE data set is otherwise somewhat different from other Basin 

and Range seismic profiles. Most reflection profiles from the Basin and Range 

Province show gently dipping discontinuous reflectivity through the mid-crust , and a 

highly reflective deep crust and Moho (e.g. Klemperer et al., 1986; Hauser et al., 

1987a; Hauge et al., 1987; McCarthy and Parsons, 1994). The mid-crust under the 

Lake Mead region is apparently nearly seismically transparent, and the Moho is 

relatively unreflective and is defined by a discontinuous band of weak reflections, with 

virtually no reflectivity beneath it. This reflection character is similar to that seen under 

the Colorado Plateau (Hauser et al., 1987a; Hauser and Lundy, 1989). 

Overall, the BARGE data suggests that the crust under the highly extended Lake Mead 

region is similar to that under the Colorado Plateau. Together with the high elevation of 

the denuded Gold Butte crystalline block, this is consistent with the idea that plateau

type continental crust moved into the Lake Mead region at depth in response to 

extension of the upper crust. 

The idea that during extension, the upper crust fails brittley while the lower crust 

responds by ductile flow has been discussed in many studies (e.g. Block and Royden, 

1990; Wernicke, 1990, 1992; Kruse et al., 1991), and is consistent with experimental 
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evidence (Brace and Kohlstedt, 1980). This rheological scenario is also consistent with 

the surficial geology of the South Virgin Mountains and the smooth Moho and plateau

type crust which underlies the region. It was, therefore, the starting point for a model 

which examines the evolution of fiber stresses in the elastic upper crust during 

extension. This model may explain several aspects of the kinematic evolution of the 

Gold Butte breakaway zone, as well as other major normal fault systems. 

The model calculations predict that, for a region of thinning elastic upper crust which is 

being isostatically compensated by restoring flow in the ductile lower crust, 

horizontally directed fiber stresses near the base of the elastic upper crust may 

eventually shut down normal faulting. This is due to the fact that restoring flow of the 

lower crust results in the thinning region being continually upwarped. As the 

upwarping force (isostatic disequilibrium) increases in a rapidly thinning region, the 

compressional fiber stresses near the base of the upwarping region will increase. 

Eventually, these fiber stresses may become large enough to locally reduce the 

deviatoric stress below the strength of the faulted crust, and thereby shut down active 

normal faulting and force extension to be accommodated on faults which root outside of 

the affected area. 

The predicted duration of a given normal fault system is a function of many parameters, 

including but not limited to: the upper crustal thinning rate, the strength of the faulted 

upper crust, the Poisson's ratio of the upper crust, and the viscosity of the lower crust. 

All of these factors are, in turn, functions of other parameters, most notably 

composition and temperature. Fortunately, most of these parameters can be estimated 

for a hypothetical 'typical' Basin and Range detachment fault system. Calculations 

based on such estimates allow the model to be tested against real world observations. 
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Model predictions of cumulative offset and duration of activity for a number of 

hypothetical detachments fit reasonably well with observed values from the Basin and 

Range and other extended regions (see Chapter 4 for examples). 
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Appendix A 

40 ,39 
Ar/ Ar Geochronology 

52-1-89M Muscovite 
Furnace Data 

TCC) 40Arf39Ar 37 Arf39Ar 36Arf39Ar 39Ar moles 39Ar% 40Arrad% K/Ca Age(Ma) 
730 296.46 0.0273 0.3551 7.8 1.3 64.6 17.92 1320.5 ±36.2 
840 218 .27 0.0041 0.0578 46.8 7.6 92.2 118.78 1367.1 ±10.3 
935 206.08 0.0027 0.0094 59.8 9.7 98.6 184.21 1377.1 ±10.7 
1015 204.61 0.0033 0.0060 109.2 17.8 99 .1 150.43 1374.9 ±10.4 
1090 203.20 0.0030 0.0040 145.6 23.7 99.4 161.88 1371.1 ±13.9 
1160 196.35 0.0417 0.0014 44.2 7.2 99.8 11.76 1341.9 ±10.2 
1220 192.15 0.0625 0.0016 33.8 5.5 99.7 7.84 1321.2 ±10.5 
1280 204.35 0.0086 0.0028 85.8 14.0 99.6 57.13 1378.1 ±11.1 
FUSE 204.56 0.0069 0.0034 81.9 13.3 99.5 71.17 1378.4 ±11.0 

Total Gas Age: 1368.5 ±11.7 J: 0.005635 
Plateau Age: 1374.4 ±13.0 

47-5-89M Muscovite 
Furnace Data 

T(OC) 40ArJ39Ar 37Arf39Ar 36Aff39Ar 39Ar moles 39Ar% 40Arrad% K/Ca Age(Ma) 
730 402.75 0.0990 0.9307 3.9 0.4 31.7 4.95 954.0 ±15.7 
840 179.22 0.0221 0.1585 15.6 1.7 73.9 22.20 980.7 ±11.9 
935 143.44 0.0091 0.0299 39.0 4.2 93 .8 53.90 993.3 ±8.2 
1015 143.29 0.0040 0.0110 85.8 9.3 97.7 123.54 1023.8 ±8.0 
1090 141.34 0.0013 0.0069 172.9 18.7 98.5 385.80 1019.7 ±9.8 
1160 136.55 0.0009 0.0052 158.6 17.1 98.8 561.83 995.5 ±7.9 
1220 136.45 0.0028 0.0037 166.4 18.0 99.2 174.48 997.5 ±7.9 
1280 135.09 0.0006 0.0028 166.4 18.0 99.4 779.11 991.3 ±7.8 
FUSE 133.19 0.0021 0.0029 117.0 12.6 99.3 229.70 980.3 +7.8 

Total Gas Age: 999.8 ±8.8 J: 0.005456 
Plateau Ase: 994.8 ±11.4 
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5-10-88M Muscovite 
Furnace Data 

Teq 40Aff39Ar 37 Arf39Ar 36Aff39Af 39Ar moles 39Ar% 40Arrad% K/Ca Age(Ma) 

730 37.814 0.0240 0.1003 49.4 1.7 21.6 20.40 80.41 ±2.32 
840 15.308 0.0125 0.0235 210.6 7.3 54.3 39.15 82.01 ±1.72 
935 9.673 0.0047 0.0036 393.9 13.7 88.6 103.39 84.39 ±1.13 
1015 9.536 0.0058 0.0022 404.3 14.1 92.7 85.20 87.00 ±0.92 
1090 9.600 0.0060 0.0023 461.5 16.0 92.6 81.98 87.53 ±0.96 
1160 9.494 0.0072 0.0016 531.7 18.5 94.6 68.37 88.37 ±1.25 
1220 9.911 0.0090 0.0012 461.5 16.0 96.0 54.50 93.50 ±1.10 
1280 9.928 0.0121 0.0011 243 .1 8.5 96.3 40.66 93.92 ±1.17 
FUSE 10.285 0.0185 0.0017 119.6 4.2 94.9 26.54 95.80 ±1.05 

Total Gas Age: 88 .50 ±1.16 J: 0.00559 
Plateau Age: none 

16-1-88M Muscovite 
Furnace Data 

T(°C) 40Aff39Ar 37 Arf39Ar 36Aff39Ar 39Ar moles 39Af% 40Arrad% K/Ca Age(Ma) 

730 79.669 0.0241 0.2259 13 .0 0.4 16.2 20.36 123.20 ±17.67 
840 21.600 0.0251 0.0436 65.0 1.8 40.1 19.52 83.90 ±2.54 
935 13.102 0.0039 0.0087 221.0 6.2 80.2 125.16 101.23 ±1.19 
1015 12.122 0.0013 0.0048 421.2 11.8 88 .0 365.78 102.69 ±1.07 
1090 10.833 0.0009 0.0039 582.4 16.3 89 .1 528.81 93.14 ±0.97 
1160 10.349 0.0014 0.0035 608.4 17.1 89.8 343.62 89.79 ±0.91 
1220 10.331 0.0009 0.0032 677.3 19.0 90.4 538.96 90.26 ±0.92 
1280 10.139 0.0008 0.0028 562.9 15.8 91.6 633.98 89.69 ±0.90 
FUSE 9.975 0.0019 0.0023 414.7 11.6 92.9 256.77 89.51 ±0.99 

Total Gas Age: 92.63 ±1.05 J: 0.005491 
Plateau Age: 89 .81 ±1.09 

1-10-88M Muscovite 
Furnace Data 

T(OC) 40Aff39Ar 37 Arf39Ar 36Aff39Ar 39Ar moles 39Af% 40Arrad % K/Ca Age(Ma) 

730 129.773 0.0381 0.4215 29.9 0.9 4.0 12.86 55.29 ±9.47 
840 39.329 0.0243 0.1110 84.5 2.4 16.5 20.19 69.12 ±3.58 
935 12.784 0.0093 0.0184 202.8 5.8 57.3 52.68 77.81 ±1.45 
1015 9.022 0.0052 0.0038 364.0 10.4 87.2 94.73 83.43 ±0.92 
1090 8.768 0.0058 0.0017 500.5 14.2 94.0 83.78 87.30 ±0.90 
1160 9.021 0.0059 0.0012 685 .1 19.5 95.8 82.91 91.39 ±0.98 
1220 9.521 0.0078 0.0010 741.0 21.1 96.4 63.18 96.98 ±0.97 
1280 9.946 0.0097 0.0010 575.9 16.4 96.7 50.68 101.46 ±1.07 
FUSE 10.547 0.0134 0.0011 330.2 9.4 96.7 36.56 107.41 +1.23 

Total Gas Age: 92.69 ±1.16 J: 0.006015 
Plateau Ase: none 
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