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ABSTRACT

We present new clay mineralogy and mus-
covite and illite 40Ar/39Ar data from fault 
gouge and immediately adjacent wall rocks 
from the Salt Spring fault, the central por-
tion of the Miocene South Virgin–White Hills 
detachment system in southern Nevada and 
northern Arizona. In combination with a 
wealth of published regional thermochronol-
ogy data, we find that useful age information 
can be obtained from 40Ar/39Ar step-heating 
spectra of fine-grained clays in both sedi-
mentary rocks and fault gouge derived from 
them. This information can be used to inves-
tigate the provenance of detrital clays in low-
grade sediments, the source of clays in fault 
gouge, and potentially to constrain thermal 
histories.

A new muscovite 40Ar/39Ar age from the 
footwall near the Salt Spring fault is ca. 
900 Ma, in contrast with previously reported 
ages of ca. 90 Ma from near the South 
 Virgin–White Hills detachment system at 
Gold Butte, Nevada, located 20 km along 
strike to the north. This discrepancy in mus-
covite cooling ages supports prior interpre-
tations of significant along-strike variations 
in the magnitude of footwall exhumation. 
40Ar/39Ar data from clay-size sediment in a 
supradetachment basin at the Salt Spring 
Wash area show no influence from detrital 
ca. 900 Ma or older muscovite, but do show 
an influence from detrital muscovite with 
Cretaceous apparent ages, suggesting that 
these sediments were derived from Gold 
Butte to the north, and not from directly 
updip areas to the east. These observations 
suggest a Miocene paleotopographic configu-
ration wherein Gold Butte formed an upland 

area that shed detritus southward into the 
supradetachment basin during exhumation 
of the Salt Spring footwall.

Fault gouge from the Salt Spring detach-
ment is similar to fine-grained sediment 
from the adjacent supradetachment basin 
both in terms of clay mineralogy and 
40Ar/39Ar results. The gouge is rich in illite 
and smectite, clays that have low frictional 
coefficients, are relatively impermeable, and 
would have reduced the shear strength of 
the detachment at shallow depths. Apatite 
grains entrained in the gouge have a mean 
fission-track age of 15 Ma and mean track 
lengths that are statistically indistinguish-
able from previously published data from 
footwall samples. Collectively, these obser-
vations suggest that clay-rich gouge along 
this segment of the fault formed principally 
by scraping and incorporating clays and 
other minerals from the base of the supra-
detachment basin and that the fault zone did 
not experience temperatures measurably 
greater than the footwall.

INTRODUCTION

The Basin and Range Province of the west-
ern U.S. is one of the world’s best examples 
of intracontinental rifting (e.g., Hamilton and 
Myers, 1966; Anderson, 1971; Wernicke et al., 
1988; McQuarrie and Wernicke, 2005; Ander-
son and Beard, 2010). The region includes nor-
mal faults that dip at low to moderate angles 
(detachments), which, in some cases, have 
exhumed mid-crustal rocks in their footwalls 
(e.g., Armstrong, 1972, 1982; Crittenden et al., 
1980; Lister and Davis, 1989; Hoisch and Simp-
son, 1993; Wright and Troxel, 1993). Low- and 
medium-temperature thermochronometers have  
been used extensively to determine the timing 
and rate of exhumation in these areas of Ter-
tiary extension (e.g., Fitzgerald et al., 1991; 
Foster et al., 1993; Holm and Dokka., 1993; 

Miller et al., 1999; Brady, 2002; Stockli et al., 
2002), and the deep, ductile portions of detach-
ments have also been described and studied in 
considerable detail (e.g., Davis, 1983; Glazner 
and Bartley, 1991; Hurlow et al., 1991; Fricke 
et al., 1992).

Detachment faulting in the shallow, brittle 
regime is a component of Basin and Range 
extension that has received less attention, 
despite its potential importance for understand-
ing the mechanical properties and evolution of 
detachment fault systems. In particular, shallow 
portions of detachments often include mechani-
cally weak, clay-rich fault gouge (Cowan et al., 
2003; Hayman, 2006; Haines et al., 2009), 
which may permit slip at angles less than pre-
dicted by Andersonian fault theory (Anderson, 
1942; Numelin et al., 2007; Ikari et al., 2009; 
Boulton et al., 2009). In some cases the genera-
tion of gouge in Basin and Range detachments 
appears to be associated with the circulation of 
hydrous fluids (Spencer and Welty, 1986; Pavlis  
et al., 1993; Hayman, 2006; Michalski et al., 
2007). Elevated pore pressure and hydrothermal 
mineralization promoting cohesion are, in their 
own rights, mechanisms by which slip could 
occur on frictionally weak detachments oriented 
unfavorably with respect to the regional stress 
direction (e.g., Axen, 1992; Axen and Selver-
stone, 1994; Healy, 2009). Observations from 
shallow faults that bear on the sources of clays 
in fault gouge, the compositions of these clays 
and their mechanical properties, and the physi-
cal conditions (i.e., temperature and pressure) 
under which gouge forms are therefore impor-
tant for a more complete understanding of the 
mechanical behavior of detachment faulting.

Here we address these issues utilizing field 
observations, clay mineralogy data, and low-
temperature thermochronology in the vicinity  
of the Salt Spring fault of northern Arizona 
(Figs. 1 and 2). We focus on this fault because 
(1) it is part of the regionally important 
South Virgin–White Hills detachment system 
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(SVWHD); (2) exhumation of the footwall of 
the SVWHD is well constrained by low-tem-
perature thermochronology (Fitzgerald et al., 
1991, 2009; Reiners et al., 2000, 2002; Bernet, 
2009; Karlstrom et al., 2010); and (3) local 
exposures permit direct observation of the fault 

zone (Duebendorfer and Sharp, 1998; Howard, 
2003; Howard et al., 2010). Our data come from 
the Salt Spring fault and the rocks immediately 
above and below it, and have implications for 
the regional pattern of exhumation along this 
detachment system.

SOUTH VIRGIN–WHITE HILLS 
DETACHMENT SYSTEM

The 80-km-long SVWHD of southern 
Nevada and northern Arizona is an along-strike 
alignment of three west-dipping normal fault 
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segments: the northern Lakeside Mine segment, 
the central Salt Spring fault, and the southern 
Cyclopic Mine segment (Fig. 1; Duebendorfer 
and Sharp, 1998; Brady et al., 2000; Fitzgerald 
et al., 2009; Duebendorfer et al., 2010). Exten-
sion accommodated by the northern segment 
(the Lakeside Mine fault) exhumed an east-
tilted block of Proterozoic crystalline rocks at 
Gold Butte, Nevada (Wernicke and Axen, 1988; 
Fryxell et al., 1992). Multiple low-temperature 
thermochronology investigations have docu-
mented a period of rapid Middle Miocene cool-
ing of the Gold Butte tilted block (Fitzgerald 
et al., 1991, 2009; Reiners et al., 2000, 2002; 
Bernet, 2009). The Lakeside Mine fault zone is 
characterized by chloritic breccia and mylonite 
with top-to-the-west shear sense (Fryxell et al., 
1992; Duebendorfer and Sharp, 1998) and is 
estimated to have accommodated ~15 km of slip 
(Wernicke and Axen, 1988; Duebendorfer et al., 
1998) at an average slip rate of 8.6 ± 6 km/m.y. 
(Fitzgerald et al., 2009).

The SVWHD is covered by Tertiary and 
Quaternary sediments from the southern part of 
Gold Butte to Lake Mead, but it is well exposed 
on the southern edge of Lake Mead near Salt 
Spring Wash, where it is referred to as the Salt 
Spring fault (Fig. 1). This detachment fault seg-
ment is also characterized by top-to-the-west 
shear sense and exhumed a thick crustal sec-

tion in its footwall (Fitzgerald et al., 2009). In 
this paper we refer to this tilted section as the 
northern White Hills block. The Salt Spring 
fault zone consists of brecciated crystalline foot-
wall rocks, clay-rich fault gouge, and, locally, 
a microbreccia ledge (Duebendorfer and Sharp, 
1998; Duebendorfer et al., 2010).

The Cyclopic Mine fault is the southern con-
tinuation of the SVWHD (Fig. 1). This fault is 
characterized only by brittle deformation fea-
tures such as breccia and gouge (Myers et al., 
1986; Theodore et al., 1987), dips ~20° to the 
southwest (Myers et al., 1986), and displaces 
a Cretaceous granitic stock ~5 km westward 
(Theodore et al., 1987; Duebendorfer and 
Sharp, 1998). The slip rate on this portion of 
the SVWHD has been estimated at 1.2 ± 1.1 
km/m.y. (from apatite fission-track [AFT] mod-
eling; Fitzgerald et al., 2009).

Based on the apparent differences in struc-
tural styles along the SVWHD, from ductile 
and brittle faulting in the north to purely brittle 
in the south, as well as an apparent gradient in 
fault offset, from ~15 km across the Lakeside 
Mine fault to ~5 km across the Cyclopic Mine 
fault, Duebendorfer and Sharp (1998) proposed 
a southward-diminishing, along-strike exhuma-
tion gradient for the SVWHD. A large suite of 
AFT results suggests that exhumation was syn-
chronous along the length of the detachment 

system and that this exhumation gradient results 
from a north-south slip rate gradient along the 
detachment system, rather than from variations 
in slip duration (Fitzgerald et al., 2009).

GEOLOGY OF THE SALT SPRING 
WASH AREA

To the south of Lake Mead, the Salt Spring 
fault is well exposed over an along-strike dis-
tance of ~5 km (Fig. 2; Duebendorfer and Sharp, 
1998; Howard, 2003). The fault dips ~25° in 
this area and separates Proterozoic crystalline 
basement rocks in the footwall from Tertiary 
conglomerate in the hanging wall. The conglom-
erate, ~300 m in maximum thickness, includes 
debris flows, megabreccias, and intercalated 
volcanic rocks (Howard, 2003). A tuff within the 
lower part of the conglomerate has a sanidine 
40Ar/39Ar age of ca. 15 Ma (Duebendorfer and 
Sharp, 1998), and the upper part of the conglom-
erate interfingers with ca. 8 Ma basalt (Howard, 
2003). At the location described in the following 
discussion, the conglomerate dips into the Salt 
Spring fault at an angle of ~40° (Howard, 2003). 
Dips in the conglomerate shallow up section, 
such that the youngest conglomerates are flat 
lying (Howard et al., 2010). The uppermost part 
of the section overlaps the fault, indicating an 
end to fault activity by ca. 8 Ma (Howard, 2003). 
At Gold Butte, Paleozoic sediments noncon-
formably overlying Proterozoic basement dip 
~40° to the east, and Late Miocene to Pliocene 
sediments deposited on the SVWHD footwall 
are also tilted to the east, at angles of 5°–20° 
(Felger  and Beard, 2010). These observations 
suggest that the fault was active at a relatively 
high angle and has subsequently rotated to its 
present moderate to low dip (Duebendorfer and 
Sharp, 1998; Brady et al., 2000; Fitzgerald et al., 
2009; Howard et al., 2010). Slip at low angles 
is not necessarily precluded by the angular rela-
tionship between the fault and hanging-wall 
strata, however, and the fault may have an overall 
listric geometry. Detachments that were active at 
low angles have been described from other parts 
of the Lake Mead region (Karlstrom et al., 2010; 
Quigley et al., 2010).

The Miocene hanging-wall strata have been 
interpreted as syntectonic supradetachment 
basin fill derived from erosion of the exhuming 
footwall (Howard, 2003; Blythe et al., 2010; 
Howard et al., 2010; see also Friedmann et al., 
1994), which consists of foliated granite and 
gneiss with local mylonitic zones. At our study 
area, the immediate footwall is the leucogran-
ite of Greggs Hideout (Howard, 2003), which 
has been correlated with a 1.68 Ga monzo-
granite exposed to the southeast (Blacet, 1975; 
Chamber lain and Bowring, 1990).
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HM16 (hanging wall)

HM18 (gouge) HM17 (footwall)
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Figure 2. Air photo showing studied portion of the Salt Spring fault and footwall, hanging 
wall, and fault gouge sample locations.
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The best exposure of the Salt Spring fault 
includes a 9-m-thick stratified zone of brec-
ciated granite in a clay matrix (fault breccia), 
overlain by a relatively thin (<1 m) layer of 
finer grained, foliated, clay-rich fault gouge 
that is in direct contact with overlying Tertiary 
conglomerate (Figs. 3A, 3B). At this location, 
small-scale high-angle faults sole into a discrete 
band of red, foliated gouge (the principal slip 
zone; Figs. 3B, 3C). Foliation within the fault 
gouge and stratification within the fault breccia 
are subparallel to the dip of the fault. Overall, 
the structural arrangement is similar to detailed 
descriptions of the Death Valley turtleback faults 
(e.g., Hayman, 2006), where shear is focused at 
a principal shear plane within the relatively nar-
row gouge zone, dissipates downward into the 
brecciated zone, and ultimately reaches zero in 
undeformed footwall rocks (Cowan et al., 2003).

SAMPLING AND METHODS

Clay Mineralogy

We examined outcrops of the Salt Spring 
fault over several kilometers along strike and 
collected samples of gouge, fault breccia, and 
overlying conglomerate from two locations 
(Figs. 2, 3A, and 3D). These samples were 
crushed with a mortar and pestle, and micron- to  

submicron-size fractions were separated with a 
centrifuge. Random and oriented clay mounts 
were scanned with a Scintag X1 powder X-ray 
diffractometer at the University of Michigan. 
Bulk mineralogy was determined through iden-
tification of diffraction peaks from the oriented 
mounts (e.g., Moore and Reynolds, 1997), and 
detailed examination of illite polytypism was 
conducted on random mounts using the general 
procedure in Haines and van der Pluijm (2008).

AFT Thermochronology

Apatite was separated from gouge sample 
HM12 (the red foliated gouge shown in Figs. 
3A–3C) using standard magnetic and density 
methods. The grains were etched with HNO

3
 to 

reveal natural fission tracks and irradiated using 
a 252Cf source. Fission-track ages of 38 gouge 
apatite grains were determined by Apatite to 
Zircon, Inc. (Donelick et al., 2005).

40Ar/39Ar Thermochronology

Muscovite
40Ar/39Ar laser step-heating experiments 

were conducted on two separate hand-picked 
muscovite grains from a sample of the Protero-
zoic leucogranite of Greggs Hideout (Howard, 
2003) in the footwall of the Salt Spring fault. 

The sample was collected ~300 m southeast of 
the trace of the fault (Figs. 1 and 2). Muscovite 
was wrapped in pure Al foil and irradiated at the 
McMaster Nuclear Reactor (McMaster Univer-
sity, Hamilton, Ontario) in irradiation package 
mc26. The hornblende MMhb-1 standard (K-Ar 
age of 520.4 Ma; Samson and Alexander, 1987) 
was used as a neutron-fluence monitor. Samples 
were step heated with a Coherent Innova 5W 
continuous argon-ion laser from 0 to 4 W. Ar 
isotopes were measured on a VG1200S mass 
spectrometer, and system blanks were analyzed 
every five heating steps. Blank levels from Ar 
masses 36 through 40 were subtracted from 
sample gas fractions. Corrections were made 
for the decay of 37Ar and 39Ar, the production of 
36Ar from 36Cl, and interfering nucleogenic reac-
tions from K, Ca, and Cl.

Illite
40Ar/39Ar step-heating experiments were also 

conducted on clay-size material from three sam-
ples: two from gouge along the Salt Spring fault, 
and one from the fine-grained matrix of the con-
glomerate near the base of the supra detach ment 
basin, ~2 m above the fault (Fig. 2). Five grain 
size aliquots (2–4 µm, 0.75–2 µm, 0.2–0.75 
µm, <0.2 µm, and <0.05 µm equivalent spheri-
cal diameter) were made for each sample using 
a centrifuge. Prior to irradiation, the separates  
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Miocene conglomerate

Miocene 
conglomerate

Miocene 
conglomerate

Proterozoic
granite
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Figure 3. Photographs of the Salt 
Spring fault. (A) North-look-
ing view of the stratified fault 
zone separating un deformed 
Miocene conglomerate from 
Protero zoic crystalline rocks. 
Backpack (0.5 m tall) at base 
of cliff for scale. (B) High-angle 
faults soling into a band of red 
fault gouge within the princi-
pal slip zone. (C) Foliated fault 
gouge in the principal slip plane. 
Sample HM12 is from the red 
fault gouge shown in 3B and C, 
and sample HM16 is from the 
Miocene conglomerate shown 
in 3A and B. (D) North-looking 
view of the Salt Spring fault 
with Gold Butte in the back-
ground. Sample HM18 is from 
fault gouge at this location.
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were vacuum encapsulated in quartz glass tubes. 
Following irradiation, the tubes were broken  
open under vacuum, and step heating was 
conducted with a continuous Ar ion laser as 
described previously. Using the encapsulation 
procedure, the proportion of 39Ar that is released 
before any heating occurs (i.e., the amount that 
is immediately released when the tube is broken 
open) can be quantified. For clays, this can be 
a significant fraction of the total 39Ar released 
(e.g., Dong et al., 2000).

RESULTS

Clay Mineralogy of the Salt Spring Fault

Clay minerals are minor constituents of the 
Proterozoic leucogranite of Greggs Hideout 
in the footwall of the Salt Spring fault, but are 
abundant in both the supradetachment basin and 
fault gouge. Illite and smectite are the primary 
clay minerals in the conglomerate, the gouge, 
and the zone of brecciated granite. Illite in the 
gouge varies from ~5% to 55% 2M1 polytype in 
the various grain sizes. Illite within the Tertiary 
conglomerate ranges from ~10% to 30% 2M1.

AFT Data

Fission-track lengths and densities were 
measured  from 38 apatite grains. The pooled AFT 
age from the gouge apatites is 15.1 ± 1.1 Ma, and 
the mean track length is 13.01 ± 0.26 µm.

40Ar/39Ar Thermochronology

Muscovite
Total gas ages from 2 muscovites in the 

footwall sample are 876.8 ± 2.8 Ma (1σ) and 
916.4 ± 2.7 Ma. Neither 40Ar/39Ar spectrum has 
a true plateau, although both spectra are rela-
tively flat over most temperature steps (Fig. 4A; 
Supplemental Table 11).

Illite
X-ray diffraction analysis indicates that illite 

is the primary K-bearing mineral in the micron- 
to submicron-scale material that was examined 
with 40Ar/39Ar step heating. Figure 4B shows 
the 40Ar/39Ar step-heating results from five 
grain-sizes of three samples: two samples from 
fault gouge and one from the matrix of Miocene 
conglomerate in the hanging wall of the Salt 
Spring fault. The 40Ar/39Ar spectra from all of 

these separates are staircase shaped (Fig. 4B; 
Supplemental Table 1 [see footnote 1]). Total 
gas ages decrease with decreasing grain size and 
vary from 5.7 to 37 Ma in the gouge samples 
(samples HM12 and HM18) and 12.5–65 Ma in 
the conglomerate (sample HM16). The maxi-
mum age from the highest temperature step 
of any sample is ca. 135 Ma (the 2–4 µm and 
0.75–2 µm sizes from the conglomerate sample 
HM16). Maximum ages from gouge samples 
and from other sizes of the conglomerate sam-
ple are typically ca. 100 Ma or younger.

The smallest separates (<0.05 µm) released 
54%–78% of their total 39Ar prior to heating 
(Fig. 4B). The initial gas released is dominantly, 
if not exclusively, 39Ar and therefore has an 
apparent age near zero. The 40Ar/39Ar spectra 
from the four largest grain sizes of gouge sample  
HM12 are nearly indistinguishable, although 
there is a reduction in the total gas age from 27 
to 22 Ma with decreasing grain size. In contrast, 
the three largest aliquots of the conglomerate 
sample (HM16) released relatively little (24%–
27%) 39Ar prior to heating and have maximum 
ages that are older than or roughly equal to the 
large grain sizes of HM12. The 40Ar/39Ar spectra 
from gouge sample HM18 are, in many ways, 
intermediate between gouge sample HM12 and 
conglomerate sample HM16.

DISCUSSION

Exhumation Gradient along the SVWHD

The majority of thermochronology data from 
Gold Butte suggest that it is a tilted crustal 
section consisting of ~15 km of Protero zoic 
basement rocks nonconformably overlain by 
~4 km of Phanerozoic strata (Fig. 5; Wernicke  
and Axen, 1988; Fryxell et al., 1992; Brady 
et al., 2000; Reiners et al., 2000; Bernet , 2009; 
Fitzgerald et al., 2009). Muscovite 40Ar/39Ar 
total gas ages from the basal part of this ~19-km-
thick section are ca. 90 Ma, while muscovites 
from shallower structural positions have K-Ar 
and 40Ar/39Ar total gas ages of ca. 1000 Ma 
or older (Fig. 1; Wasserburg and Lanphere , 
1965; Reiners et al., 2000). The muscovite 
Ar partial retention zone (PRZ), which sepa-
rates structurally deep muscovites with young 
apparent ages from structurally shallow mus-
covites with old apparent ages, extends from 
~9–13 km below the Phanerozoic unconformity 
(Reiners  et al., 2000). In map view, muscovites 
with Ar cooling ages of ca. 90 Ma have been 
measured  from as far as 2 km east of the Lake-
side Mine fault, and the structurally deepest 
sample  with a muscovite 40Ar/39Ar total gas age 
older than 100 Ma is ~8 km east of the fault  
(Fig. 1; Reiners et al., 2000).

Muscovite from our footwall sample of the 
northern White Hills block, located ~300 m 
from the Salt Spring fault, yields an appar-
ent age of ca. 900 Ma (Fig. 4). Duebendorfer 
and Sharp (1998) conducted 40Ar/39Ar step-
heating analysis of muscovite from a mylonitic 
leuco granite located a similar distance from 
the fault, but to the southwest of our sample 
location and at a structurally deeper position. 
Their muscovite had a total gas age of 372 Ma, 
a complex 40Ar/39Ar spectrum (possibly related 
to mylonitization and multiple periods of heat-
ing and cooling), and maximum ages dur-
ing step heating of ca. 550 Ma (see Fig. 14 
of Dueben dorfer and Sharp, 1998). Our new 
sample is nonmylonitized and produced much 
simpler step-heating spectra (Fig. 4). Both 
samples have total gas ages that are interme-
diate in the range of muscovite ages at Gold 
Butte, although muscovite grains from our 
sample have ages (ca. 900 Ma) much closer to 
muscovite ages from structurally shallow parts 
of Gold Butte. We interpret both our result 
and the previous result from Duebendorfer 
and Sharp (1998) as evidence that the north-
ern White Hills samples are within the fossil 
muscovite Ar PRZ. The age of our new sample 
suggests that it is in the upper part of the PRZ 
and was previously at a paleodepth of ~14 km, 
based on comparison with thermochronology 
data from Gold Butte.

The Phanerozoic cover of the northern White 
Hills section is not preserved and is believed to 
have been eroded off of basement exposures 
during  Late Cretaceous–early Tertiary formation 
of the Kingman arch (Bohannon, 1984; Faulds 
et al., 2001). We assume that the Phanero zoic 
section in the northern White Hills was origi-
nally of similar thickness (~4 km) to that at Gold 
Butte, suggesting that our muscovite sample 
location was ~10 km below the Phanero zoic 
unconformity prior to late Mesozoic through 
Cenozoic exhumation. In contrast, the base of 
the currently exposed Gold Butte crustal sec-
tion was ~15 km below the same unconformity 
(Fig. 5; Fryxell et al., 1992; Fitzgerald et al., 
2009). There are currently no muscovite Ar data 
available from near the Cyclopic detachment, 
which is a key location for testing the hypothesis 
of an overall north to south decrease in exhu-
mation along the SVWHD. Nevertheless, from 
the existing muscovite Ar data described here, 
it is clear that the locations of our sample and 
the sample of Duebendorfer and Sharp (1998) 
are at structurally shallower positions than the 
base of the Gold Butte block, consistent with 
a north to south decrease in exhumation mag-
nitude (Fitzgerald et al., 2009). Furthermore, 
our new data from near the Salt Spring fault 
imply that footwall locations immediately to 

1Supplemental Table 1. Excel file of 40Ar/39Ar 
step-heating results. If you are viewing the PDF of 
this paper or reading it offline, please visit http://
dx.doi.org/10.1130/GES00616.S1 or the full-text 
article on www.gsapubs.org to view Supplemental 
Table 1.
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the east of the fault (updip) have muscovite 
Ar ages older than 900 Ma. As explained in a 
subsequent section, the apparent restriction of 
muscovite with Cretaceous apparent ages to 
Gold Butte can be exploited to investigate the 
provenance of muscovite within the Miocene  
supradetachment basin.

Clay-Rich Fault Gouge

Slip on low-angle detachment faults, and 
whether movement along these faults is domi-
nantly seismic or aseismic, are long-standing 
issues in structural geology. Clay-rich fault 
gouge is a factor in this debate because (1) 
low frictional coefficients typical of clays may 

permit slip on detachment faults at low angles 
(Numelin et al., 2007), and (2) recent experi-
ments suggest that some clays promote creep 
instead of seismic slip (Ikari et al., 2009). 
Although it is not clear if the Salt Spring fault 
was active at a low angle, similarities with the 
Death Valley turtleback faults suggest that the 
Salt Spring fault may be typical of the shallow 
segments of detachment faults. The primary 
clays within gouge along the Salt Spring fault 
are illite and smectite. These low-frictional-
coefficient, velocity-strengthening clay miner-
als are particularly impermeable when sheared 
and will have elevated pore pressures and 
reduced shear strength in the presence of fluids 
(Ikari et al., 2009).

It has been shown in some cases that the 
clay mineralogy of fault gouge differs from  
the clay mineralogy of adjacent wall rocks (Fig. 
6A; Vrolijk and van der Pluijm, 1999), suggest-
ing that authigenic mineral growth within fault 
zones may be an important factor influencing 
the mechanical behavior of faults. However, 
similarities in clay mineralogy between gouge 
and hanging-wall conglomerate at our study 
locality suggest that authigenic mineral growth 
within the fault zone is not the case along the 
Salt Spring fault. Samples from the matrix of the 
conglomerate contain illite and smectite, similar 
to the fault gouge, and detailed illite polytype 
compositions are comparable between clay in 
the conglomerate and clay in the fault gouge 
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(Fig. 6B). The fault is in direct contact with the 
conglomerate (Fig. 3), so a reasonable infer-
ence is that clay minerals within the fault gouge 
were scraped from the base of the hanging-wall 
strata. Clasts from the conglomerate were likely 
comminuted through mechanical abrasion when 
they were incorporated into the principal slip 
zone of the fault. Clay mineral compositions are 
sensitive to temperature (e.g., Hunziker et al., 

1986), and the fact that clays within exposures 
of the Salt Spring fault were not transformed to 
higher temperature compositions than adjacent 
wall rocks suggests that any fluids that may have 
circulated within the fault were at relatively low 
temperature, as documented further with AFT 
data. These findings imply that the presence of 
clay-rich gouge and its attendant effects on fault 
strength at shallow levels are controlled, in large 

part, by the composition of rocks in contact 
with faults. At the exposures we studied, clays 
in gouge were derived from a relatively thin 
(~300 m) syntectonic formation, although clay-
rich gouge could also be present within deeper 
portions of the fault.

Source of Detrital Illite-Muscovite in the 
Supradetachment Basin

Illite in sedimentary rocks can be detrital or 
authigenic. Detrital illite is very fine-grained 
muscovite derived from an igneous or meta-
morphic source. In low-grade shales (e.g., 
diagenetic  grade or zeolite facies), detrital illite-
muscovite is generally more Ar retentive than 
authigenic illite (Dong et al., 2000). Staircase-
shaped 40Ar/39Ar spectra are often produced 
during  step-heating experiments of these partic-
ularly low-grade shales and seem to arise from 
the mixing of retentive, detrital illite-muscovite 
with less retentive authigenic illite. Clay-size 
separates from very low grade shales also lose 
significant amounts of 39Ar during irradiation 
(Dong et al., 2000). At higher metamorphic 
grade (e.g., anchizone-epizone), authigenic illite 
grains are thicker (e.g., Merriman et al., 1990; 
Jiang et al., 1997; Jaboyedoff and Cosca, 1999), 
40Ar/39Ar spectra are frequently flatter (Hunziker 
et al., 1986), and there is less 39Ar loss during 
irradiation (Dong et al., 1995, 2000).

The 40Ar/39Ar and clay mineralogy data from 
micron to submicron grain sizes of the matrix 
of the Miocene conglomerate in the northern 
White Hills have all of the main characteris-
tics of very low grade sediments: abundant 
smectite  and 1Md illite, staircase-shaped 
40Ar/39Ar spectra , and significant (12%–78%) 
loss of 39Ar during irradiation. We suggest that 
these spectra result from the mixing of rela-
tively large, retentive, detrital illite-muscovite 
derived from Proterozoic crystalline rocks with 
smaller, less retentive, authigenic illite. In that 
case, two parameters are meaningful in inter-
preting illite 40Ar/39Ar data from our samples: 
the amount of 39Ar expelled during irradiation 
(i.e., the proportion of 39Ar that is released when 
the encapsulating tubes are initially broken 
open) and the maximum ages measured during 
step heating. The 39Ar loss during irradiation is 
an indicator of 40Ar retention in nature (Dong 
et al., 1995), and maximum step-heating ages 
can reflect the apparent ages of detrital musco-
vite in very low grade sediments (Dong et al., 
2000). Maximum ages from the step-heating 
spectra of the conglomerate sample (HM16) 
range from 75 to 135 Ma and are correlated 
with grain size (Fig. 4). Our interpretation is 
that the most retentive detrital grains having 
the oldest apparent ages are concentrated in the 

2 km

LAKESIDE MINE FAULT

Phanerozoic 
strati�ed rocks

Proterozoic  
crystalline rocks

GOLD BUTTE 
EXPOSED CRUSTAL SECTION

NORTHERN WHITE HILLS
EXPOSED CRUSTAL SECTION

Muscovite Ar PRZ SALT SPRING FAULT

Pa
le

od
ep

th
 (k

m
)

2

6

4

8

10

12

14

16

18

20

Muscovite 40Ar/39Ar
total gas ages

Reiners et al., 2000
(Gold Butte)

This study
(Northern White Hills)

100 Ma 1000 Ma

NOT PRESERVED

Figure 5. Geologic sections of Gold Butte and the northern White Hills, showing presumed 
depth of exposure relative to the sub-Phanerozoic unconformity. Phanerozoic strata are 
preserved at Gold Butte but were eroded from the White Hills during formation of the 
Kingman arch (Bohannon, 1984). Thickness of Phanerozoic strata at the northern White 
Hills is assumed to have been similar to that preserved at Gold Butte. PRZ—partial reten-
tion zone.



Thermochronology of the Salt Spring fault

 Geosphere, June 2011 781

largest size fractions and are less abundant in 
smaller sizes. As a result, larger size fractions 
generally have older maximum ages and less 
39Ar loss during irradiation. This interpretation 
implies that the maximum age from the coars-
est size fraction (ca. 135 Ma) is our best esti-
mate for the apparent age of detrital illite in the 
Miocene conglomerate.

The 40Ar/39Ar spectra from the gouge samples 
are also staircase shaped and are marked by 
significant 39Ar loss during irradiation. Maxi-
mum ages from these spectra are 46–106 Ma, 
broadly similar to, but somewhat younger than, 
maximum ages from the adjacent hanging wall. 
Because spectra from gouge sample HM18 
are intermediate between those from the con-
glomerate sample and the other gouge sample, 
we concentrate on the two primary differences 
between the results from hanging-wall sample 
HM16 and gouge sample HM12: relatively 
coarse sizes from HM16 lost less 39Ar during 
irradiation than HM12, and maximum ages 
from large sizes during step heating are older 
in HM16 than in HM12 (Fig. 4). We envision 
three potential explanations for this difference. 
First, the fault gouge samples could include 
relatively young illite that formed in the fault 
zone but not in the adjacent hanging wall, a 
scenario that has been proposed for other faults 
(e.g., Vrolijk and van der Pluijm, 1999; van der 
Pluijm et al., 2001; Solum et al., 2005; Haines 
and van der Pluijm, 2008). Second, illite within 
the gouge samples may be particularly Ar 

un retentive. A potential explanation for our data 
is that mechanical deformation of illite grains 
within the fault gouge has created micron- to 
submicron-scale defects and dislocations that 
are conduits for Ar loss, as has been proposed 
for deformed muscovite grains in ductile shear 
zones (Mulch et al., 2002). Third, fault zone 
heating could have partially degassed illite 
within fault gouge, leading to younger illite 
40Ar/39Ar ages in the fault zone than in adja-

cent wall rocks. Although this alternative is a 
potential explanation for younger 40Ar/39Ar 
ages in general, it is not clear that this process 
alone could account for greater 39Ar loss during 
ir radiation in the gouge samples.

The primary observation from these data is 
that there is no indication of detrital muscovite 
with an apparent age of ca. 900 Ma or older, 
the age of footwall muscovite directly updip 
of our sample location. The most likely nearby 
source for ca. 135 Ma muscovite is Gold Butte, 
which we suggest formed a Miocene upland 
area that shed detritus southward into the 
supradetachment basin (Fig. 7). Detrital mus-
covite and/or illite with a maximum apparent 
age of ca. 135 Ma, sourced from Gold Butte, 
are now found in the basin at least as far south 
as the southern edge of Lake Mead, where we 
sampled them. Where cut by the Salt Spring 
fault, these detrital grains were incorporated 
into clay-rich fault gouge.

Clast composition of the Miocene con-
glomerate at our sample location is consistent 
with derivation from Gold Butte (Howard 
et al., 2010), though the majority of paleo-
current data from the conglomerate near the 
Salt Spring fault suggest source regions to the 
east and southeast (Blythe et al., 2010). Paleo-
current data from the western part of the basin 
are generally southwest directed, however, 
reflecting Middle Miocene development of a 
drainage system with headwaters in the vicin-
ity of Gold Butte (Blythe et al., 2010). Our new 
data suggest that this system was the dominant 
source of detrital material in the supradetach-
ment basin, even in eastern locations near the 
Salt Spring fault.
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Pressure and Temperature Conditions of 
the Salt Spring Fault Gouge

Our interpretation that gouge along the Salt 
Spring fault formed principally by scraping 
clay from the syntectonic hanging-wall con-
glomerate implies that the stratigraphic thick-
ness of the conglomerate places limits on the 
depth at which the gouge formed. The maxi-
mum thickness of the conglomerate is ~300 m 
(Howard, 2003), corresponding to a lithostatic 
stress of ~6 MPa (using a density of 2 g/cm3 for 
unconsolidated sediment), which we suggest 
is a reasonable upper bound for formation of 
gouge in this location. Laboratory experiments 
on clay fabrics produced under different condi-
tions of normal stress and shear strain indicate 
that the weak fabrics typically exhibited by 
gouge can be generated with normal stresses of 
5–25 MPa, lending support to our conclusion 
(Haines et al., 2009).

The same low-temperature thermochronol-
ogy techniques that have been used to investi-
gate the exhumation of detachment footwalls 
can also be used to reconstruct thermal histories 
of fault rocks (Tagami et al., 1988; Omar et al., 
1994; d’Alessio et al., 2003; Tagami, 2005). 
Our fission-track data from apatites entrained 
in the Salt Spring fault, when compared with 
AFT data from the crystalline footwall, show 
no indication of a thermal overprint that could 
be ascribed to their position within the fault. 
Apatite grains in the gouge have a mean fission-
track age of 15.1 ± 1.1 Ma and a mean track 
length of 13.01 ± 0.26 µm. For comparison, six 
previously reported fission-track ages from the 
footwall of the Salt Spring fault range in age 
from 12.6 ± 1.8 to 18.5 ± 1.7 Ma and have mean 
track lengths that vary from 13.2 ± 0.2 to 14.6 ± 
0.1 µm (Fitzgerald et al., 2009). AFT ages 
from structurally deep parts of the Gold Butte 
block are ca. 11–16 Ma, and average ca. 15 Ma 
(Fitzgerald et al., 1991, 2009). Given the other 
available provenance constraints on the source 
of basin fill in the Salt Spring region, it is most 
likely that apatites in the gouge were scraped 
from the hanging wall of the Salt Spring fault 
and were ultimately sourced from Gold Butte, 
although the observed AFT ages do not pre-
clude a local provenance. The similarity in 
AFT ages and track-length distributions from 
the fault gouge to those observed in bedrock 
samples would suggest that at the paleodepth 
(≤~300 m) of our sample, (1) shear heating had 
no measura ble effect on AFT lengths or densi-
ties, and (2) either there were no fluids flow-
ing along the fault, or the fluids were not hot 
enough, or of sufficient duration, to measurably 
alter fission-track ages or length distributions of 
apatite grains within the gouge.

The conglomerate in the hanging wall at our 
sample location is from the lower part of the 
Miocene supradetachment basin and is cor-
relative with a section containing a 12 Ma tuff 
(Howard, 2003). This part of the conglomer-
ate is cut by the fault, so the AFT age of ca. 
15 Ma is older than the most recent activity on 
the fault. This indicates that the AFT ages were 
not completely reset by virtue of frictional or 
hydrothermal heating along the fault. Abundant 
low-temperature clays within the gouge (smec-
tite and 1Md illite) support the conclusion that 
the fault gouge did not experience elevated tem-
perature, consistent with previous observations 
of gouge from the Death Valley turtleback faults 
(Hayman, 2006).

Our thermochronology data also suggest that 
~3 m.y. elapsed between the time the gouge 
apatites cooled through the AFT partial anneal-
ing zone and the time they were deposited in 
the supradetachment basin. This lag time cor-
responds with an exhumation rate, which can 
be compared with the exhumation rate gradient 
along the SVWHD. For a geothermal gradient 
of 20 °C (Reiners et al., 2000), an AFT effective 
closure temperature of 120 °C, and a lag time 
of 3 m.y., the minimum exhumation rate of the 
gouge apatites was 2 km/m.y. This is a mini-
mum estimate because (1) the apatites could 
have spent some time at the surface after being 
exhumed but before being eroded, (2) a signifi-
cant amount of time could have elapsed between 
erosion of the apatites from a crystalline source 
and final deposition in the basin, and (3) the apa-
tites could have been incorporated into gouge 
from stratigraphically deeper parts of the con-
glomerate. For a normal fault dipping 60° (the 
estimated original dip of the SVWHD; Wer-
nicke and Axen, 1988; Fitzgerald et al., 2009), 
a minimum exhumation rate of 2 km/m.y. cor-
responds with a minimum fault slip rate of 
2.3 km/m.y. Fault slip rates based on AFT data 
decrease southward along the SVWHD from 
8.6 ± 6 km/m.y. at the Lakeside Mine fault to 
1.2 ± 1.1 km/m.y. at the Cyclopic Mine fault 
(Fitzgerald et al., 2009). While acknowledging 
that the exhumation rate calculation is based 
on assumed values for several key parameters, 
our estimate is consistent with a north to south 
decrease in exhumation along the SVWHD, 
and suggests that much of this decrease occurs 
between the Lakeside Mine fault and the Salt 
Spring fault.

CONCLUSIONS

The Salt Spring fault in northernmost Ari-
zona forms the central segment of the SVWHD 
and separates Proterozoic crystalline rocks in 
its footwall from Miocene conglomerate in its 

hanging wall. The clay mineral composition of 
gouge from the Salt Spring fault is similar to 
the matrix of adjacent Miocene conglomerate, 
suggesting that fault gouge clay minerals were 
derived from the conglomerate. Apatite grains 
entrained in the gouge have fission-track ages 
and track-length distributions that are similar to 
those of footwall apatites, indicating that insuf-
ficient heat was generated through shear heating 
or circulation of fault fluids to reset fault gouge 
AFT ages. Apatite grains entrained in the gouge 
have a history consisting of (1) crystallization 
within Proterozoic basement rocks, (2) exhuma-
tion in the footwall of the SVWHD, (3) erosion 
and deposition into the hanging-wall supra-
detachment basin, and (4) incorporation into the 
fault zone along with abundant clay minerals.

The 40Ar/39Ar results from clay in the fault 
gouge are also similar to results from the matrix 
of the conglomerate. Maximum ages from the 
largest sizes of conglomerate 40Ar/39Ar spectra 
are ca. 135 Ma, which we suggest is the appar-
ent age of detrital muscovite in the conglom-
erate. At our footwall sample location (and 
presumably  farther updip), muscovite 40Ar/39Ar 
ages are ca. 900 Ma or older. The most likely 
source for ca. 135 Ma detrital muscovite in the 
Miocene basin is Gold Butte, located 20 km to 
the north. Erosion of the exhumed Gold Butte 
block shed detritus southward into the supra-
detachment basin (Fig. 7), and these materials 
were subsequently scraped out of the basin and 
incorporated into the Salt Spring fault. AFT and 
illite 40Ar/39Ar results from the Salt Spring fault 
thus reflect the thermal history of the Gold Butte 
crustal section, and not the thermal evolution of 
the immediately adjacent footwall of the Salt 
Spring fault.

Our new results are consistent with a south-
ward-diminishing exhumation gradient along 
the SVWHD. Gold Butte exposes structural lev-
els below the muscovite 40Ar/39Ar PRZ, in con-
trast to the northern White Hills block, located 
along the central portion of the SVWHD, which 
is exposed only to the depth of the upper part 
of the PRZ. The present-day exhumation pattern 
is the reverse of the southward-increasing denu-
dation gradient established during Late Creta-
ceous–early Tertiary formation of the Kingman 
arch and reflects variation in the magnitude of 
Miocene extension across the SVWHD.
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