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The mechanics of slip on low-angle normal faults (LANFs) remain an enduring problem in structural 
geology and fault mechanics. In most cases, new faults should form rather than having slip occur on 
LANFs, assuming values of fault friction consistent with Byerlee’s Law. We present results of laboratory 
measurements on the frictional properties of natural clay-rich gouges from low-angle normal faults 
(LANF) in the American Cordillera, from the Whipple Mts. Detachment, the Panamint range-front 
detachment, and the Waterman Hills detachment. These clay-rich gouges are dominated by neoformed 
clay minerals and are an integral part of fault zones in many LANFs, yet their frictional properties 
under in situ conditions remain relatively unknown. We conducted measurements under saturated 
and controlled pore pressure conditions at effective normal stresses ranging from 20 to 60 MPa 
(corresponding to depths of 0.9–2.9 km), on both powdered and intact wafers of fault rock. For the 
Whipple Mountains detachment, friction coefficient (μ) varies depending on clast content, with values 
ranging from 0.40 to 0.58 for clast-rich material, and 0.29–0.30 for clay-rich gouge. Samples from the 
Panamint range-front detachment were clay-rich, and exhibit friction values of 0.28 to 0.38, significantly 
lower than reported from previous studies on fault gouges tested under room humidity (nominally dry) 
conditions, including samples from the same exposure. Samples from the Waterman Hills detachment 
are slightly stronger, with μ ranging from 0.38 to 0.43. The neoformed gouge materials from all 
three localities exhibits velocity-strengthening frictional behavior under almost all of the experimental 
conditions we explored, with values of the friction rate parameter (a − b) ranging from −0.001 to 
+0.025. Clast-rich samples exhibited frictional healing (strength increases with hold time), whereas 
clay-rich samples do not. Our results indicate that where clay-rich neoformed gouges are present along 
LANFs, they provide a mechanically viable explanation for slip on faults with dips <20◦, requiring only 
moderate (P f < σ3) overpressures and/or correcting for ∼5◦ of footwall tilting. Furthermore, the low 
rates of frictional strength recovery and velocity-strengthening frictional behavior we observe provide an 
explanation for the lack of observed seismicity on these structures. We suggest that LANFs in the upper 
crust (depth <8 km) slip via a combination of a) reaction-weakening of initially high-angle fault zones 
by the formation of neoformed clay-rich gouges, and b) regional tectonic accommodation of rotating fault 
blocks.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Normal faults with low dips (<30◦) have been recognized in 
the field for over a century (e.g. Ransom et al., 1910; Longwell, 
1945), but the shallow observed dips stand in apparent con-
tradiction with two fundamental predictions from rock mechan-
ics. For typical values of rock internal friction (∼0.6–0.8), nor-
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mal faults should not form at dips <∼50◦; for typical values 
of sliding friction (μ = 0.6) those faults should not then slip at 
dips much below 30◦ . The crust should fail instead by formation 
of new higher-angle faults (e.g., Anderson, 1951; Byerlee, 1978;
Collettini and Sibson, 2001) (Fig. 1).

Several explanations for LANF slip have been offered. One set 
of explanations argues that the low dips observed in the field 
are caused by post-deformational rotation of the fault plane, ei-
ther by the passage of a ‘rolling hinge’ (Wernicke and Axen, 
1988; Buck, 1988), or by late-stage ‘domino’-style’ rotation of 
normal fault blocks (e.g. Wong and Gans, 2008). A separate set 
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Fig. 1. A) Map of the southwestern US showing metamorphic core complexes with low-angle normal faults (LANFs). Core complexes with LANFs highlighted in red are those 
sampled in this study: PM: Panamint range-front LANF, WM: Whipple Mountains Detachment, WH: Waterman Hills LANF. B) Panamint Detachment outcrop; this is the same 
outcrop sampled by Numelin et al. (2007). Footwall is Neoproterozoic schist, hanging wall is weakly consolidated conglomerate. Clay gouge zone is 0.5–2.0 m thick. Inset 
is clay-rich wafer used in our experiments. C) WM: Whipple Mountains detachment fault exposed at Bowman’s Wash. Hanging wall is quartz-cemented quartzite breccia 
(interpreted megabreccia deposits – Forshee and Yin, 1995). Footwall is Cretaceous granite with characteristic chlorite/epidote ‘microbreccia’ texture and alteration. Clay 
gouge zone is 0.5–2.0 m thick. D) Waterman Hills detachment fault. Hanging wall is Miocene rhyolite, footwall is Miocene granodiorite (Fletcher and Bartley, 1994). Clay 
gouge zone is 1.0–2.0 m thick. Grey material is smectite-dominated, brown is illite-dominated. Illite-dominated material was sampled. E) Field photo of Whipple Moutain 
Detachment at Bowman’s Wash, showing clay-rich gouge horizons we sampled (white arrows). F) Whipple Mountain Detachment at Bowman’s Wash, showing clast-rich 
gouge (inset is a wafer used in our experiments). Scale in insets in 1B and 1F are the same, upper scale units are in 10’s of mm. Photo annotations: HW: Hanging wall. FW: 
Footwall. G: Gouge.
of explanations argues for the presence of unusual conditions 
within the fault core itself, through either: (a) rotation of principal 
stresses in the immediate vicinity of the fault core (Chery, 2002;
Lecomte et al., 2012), (b) locally elevated pore-fluid pressures 
in the fault zone (Rice, 1992; Axen, 1992), or (c) the presence 
of low-friction materials in the fault core (Hayman et al., 2003;
Numelin et al., 2007; Collettini et al., 2009a, 2009b).

Many LANF in the American Cordillera contain well-developed 
clay-rich gouges, ranging in thickness from cm’s to >10 m (Haines 
and van der Pluijm, 2012, Fig. 1). These gouges are dominated 
by authigenic clay minerals (illite, illite–smectite, smectite and 
chlorite–smectite phases) formed at temperatures of 60–180 ◦C. 
Depth constraints on the formation of the neoformed clay gouges 
we sampled from three well-studied detachments for this work 
(the Whipple Mountains, Panamint range-front, and Waterman 
Hills detachments) are harder to establish, given uncertainties 
in heat flow and temperature gradients within exhuming LANF 
footwalls, but range from <2 to >8 km (Haines and van der 
Pluijm, 2012). The neoformation of clay-rich fault gouge, a low-
temperature metasomatic process confined to fault zones, thus has 
a potential impact on the frictional strength of LANFs in the up-
per crust, where low-angle slip is mechanically most problematic. 
Although reaction-softening has been discussed as a possible ex-
planation for LANF slip (e.g. Manatschal, 1999), the actual frictional 
properties of these neoformed clay-rich gouges and their implica-
tions for LANF slip remain poorly characterized.

Frictional properties of natural fault zones are commonly ex-
trapolated or estimated from laboratory tests on synthetic gouges 
of similar composition (e.g. crushed illite shale as a proxy for illitic 
gouges; Brown et al., 2003; Ikari et al., 2009). Work comparing 
frictional properties of chlorite separated from natural fault gouge 
with crushed chlorite schist has highlighted dramatic differences 
in both the frictional strength and stability between phyllosilicate 
materials that have identical compositions, but very different parti-
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Fig. 2. Hand specimen and SEM images of gouge materials sampled. A) Hand sample of gouge from the Panamint Detachment. B) Hand sample of clay-rich gouge from the 
Whipple Detachment. Light irregular lines on surface are cracks in epoxy coating surface and not vein mineralization. C) Hand sample of grey illitic gouge from the Waterman 
Hills Detachment. D) Wafers of clast-rich gouge from the Whipple Detachment. Compare with B. Wafers are slightly undersized for testing and were not used. Upper scale 
is in millimeters. E) SEM image of gouge from the Panamint Detachment. Note scaly fabric in the ‘P’ orientation of Logan et al. (1979) and narrow through-going polished 
Riedel surface. Sense of shear is top to the left. F) SEM image of gouge from the Waterman Hills Detachment. Note polished and striated Riedel surface. Sense of shear is 
shown surface to bottom of image (missing other side of Riedel surface to top).
cle morphologies (Haines et al., 2013). While tests of natural fault 
rocks are now common (e.g. Tembe et al., 2009; Collettini et al., 
2009a, 2009b; Carpenter et al., 2011), LANF gouges remain under-
studied relative to similarly mechanically problematic strike-slip 
systems such as the San Andreas and Alpine Fault (e.g. Tembe et 
al., 2009; Boulton et al., 2012) and seismogenic thrust-fault sys-
tems such as the Nankai Trough and Longman Shan (e.g. Verbane 
et al., 2010; Ikari and Saffer, 2011). Fault rocks from the Zuccale 
Fault, an exhumed LANF in central Italy, have been extensively 
studied (Collettini et al., 2009a, 2009b; Smith and Faulkner, 2010;
Tesei et al., 2012), but the Zuccale LANF fault rocks are domi-
nated by talc and chlorite-dominated phyllonites mineralogically 
and structurally distinct from the illite- and smectite-dominated 
clayey gouges common to the LANFs of the American Cordillera 
(Haines and van der Pluijm, 2012).

Numelin et al. (2007) measured frictional strengths and stability 
of gouges from the Panamint Detachment, but worked exclusively 
with dry materials that were powdered and sieved. Their exper-
imental conditions leave unresolved questions about the in situ 
frictional properties of these fault gouges, given the importance of 
fluid saturation, pore pressure and effective stress, and fault zone 
fabric in governing the frictional behavior of clay-rich gouge (e.g., 
Ikari et al., 2009, 2011; Collettini et al., 2009a, 2009b). A need thus 
exists to measure frictional properties of both intact and powdered 
LANF natural gouges under saturated and controlled pore pres-
sure conditions. Here, we report on shearing experiments designed 
to measure the frictional properties of natural LANF neoformed 
clay-rich fault gouges. Specifically, we (1) measure the frictional 
strength of natural gouges, using intact gouge wafers where possi-
ble; (2) measure rate/state friction constitutive properties including 
the rate of frictional healing and the velocity dependence of slid-
ing friction to address the question of whether LANF seismicity is 
expected; and (3) discuss these results in the context of LANF evo-
lution, geometry, and seismicity.
2. Experimental samples and methods

We collected natural gouges from exposures of three LANF de-
tachment faults in SE California: the Whipple Detachment, the 
Panamint Detachment, and the Waterman Hills Detachment of the 
Central Mojave Metamorphic Core Complex (CMMCC – Fig. 1).

The Panamint Detachment lacks a mylonitic footwall and was 
apparently active entirely in the brittle regime (Cichanski, 2000)
during the Miocene to Pleistocene (Andrew and Walker, 2009). 
We sampled the detachment in South Park Canyon (N36◦00′01.8′′), 
W117◦12′02.0′′ , NAD 1927) where it locally dips 18◦ to the west 
and juxtaposes likely Pliocene or latest Miocene weakly indurated 
conglomerates against a footwall of Proterozoic schists. This ex-
posure is the same exposure as ‘Location A’ of Numelin et al.
(2007) and was also characterized mineralogically by Haines and 
van der Pluijm (2012) (their sample “South Park, central gouge”). 
At this outcrop, clay gouge material is reddish brown or yellowish, 
is relatively free of clasts larger than pebble size, and is only very 
crudely foliated in hand specimen (Fig. 2A and inset in Fig. 1B). 
Visual inspection of clasts in the gouge indicate that they con-
sist of partially metasomatized schist and granitic material, indi-
cating the neoformed clays in the gouge are apparently derived 
from footwall lithologies (Haines and van der Pluijm, 2012). XRD 
analysis indicates that both reddish and yellowish materials are 
dominated by neoformed illite (specifically the disordered 1Md
polytype) derived from the breakdown of potassium feldspar, along 
with catclastically-derived quartz and potassium feldspar, and mi-
nor gypsum (Haines and van der Pluijm, 2012). SEM images show 
a scaly fabric with thin polished Riedel shear surfaces. The likely 
temperature of gouge formation, based on the neoformed clay 
mineral assemblage in the gouge, is 60–160◦C (Haines and van der 
Pluijm, 2012).

The Whipple Detachment was active in the mid-Miocene 
(Davis, 1988). We sampled the detachment at Bowman’s Wash 
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(N34◦17′15.3′′ , W114◦17′30.3′′) where it juxtaposes cemented 
monolithic quartzose breccia in the hanging wall and pervasively 
brecciated and epidote–chlorite metasomatized Cretaceous granite 
in the footwall (Forshee and Yin, 1995; Selverstone et al., 2012)
The Bowman’s Wash locality contains both laterally continuous 
clay-rich gouge (Fig. 1E) and lenses of clast-rich material with 
clasts to pebble and locally boulder size (Figs. 1C, 1F, 1F inset, and 
Fig. 2). Gouge clasts are fresh sub-rounded to sub-angular granitic 

material, indicating that the gouge was derived from footwall 
lithologies, and not from the hanging wall quartzose monomict 
breccia. Notably, gouge clasts are fresher than the epidote-altered 
granitic material in the immediate footwall (Fig. 1C), indicating 
formation from metasomatism of materials located some distance 
away from the immediate outcrop sampled, presumably up-dip 
on the footwall. XRD analysis of the gouge indicates that both 
the clay-rich and clast-rich horizons (shown in Figs. 1E, 1F, and 
Figs. 2B, 2D) are dominated by neoformed illite (specifically the 
disordered 1Md polytype) derived from the breakdown of potas-
sium feldspar, along with catclastically-derived quartz and potas-
sium feldspar. The likely temperature of gouge formation, based on 
the neoformed clay mineral assemblage in the gouge, is 60–160 ◦C 
(Haines and van der Pluijm, 2012). The epidote-rich metasoma-
tism in the footwall (visible in Fig. 1C as a greenish layer in the 
immediate footwall) formed at significantly higher temperatures 
(380–420 ◦C, Selverstone et al., 2012), at depths of ∼9 km and 
likely earlier in the fault’s history. Both clay-rich and clast-rich ma-
terials were sampled for this study. The clay-rich material was too 
friable to prepare wafers, so samples were disaggregated gently 
with a mortar and pestle, and then sieved to <106 μm. Clast-
rich material was cut into wafers ∼8–10 mm × 60 mm × 60 mm
(Fig. 1F) for our tests.

The Waterman Hills detachment fault was sampled in the 
northern Waterman Hills (Walker et al., 1990; Anderson, 2007)
where it juxtaposes Tertiary rhyolites in the hanging wall and 
mylonitic granodiorite in the footwall (Fig. 1D). The detachment 
is a late brittle fault that is part of the ductile-to-brittle Cen-
tral Mojave metamorphic core complex (Dokka, 1989; Walker et 
al., 1990). The temporal and kinematic relationship of the brittle 
fault to the mylonitic detachment is complex, in that kinematic 
indicators associated with the brittle fault record north–south ex-
tension as opposed to the northeast–southwest mid-Miocene ex-
tension recorded by the mylonites (Walker et al., 1990; Anderson, 
2007). At outcrop, the gouge consists of grey illitic layers and 
brown smectite-dominated layers (Haines and van der Pluijm, 
2012; Figs. 1D and 2C). We sampled grayish illitic material for 
this study, as it is laterally continuous throughout the outcrop. 
The illite in the Waterman Hills Detachment is also neoformed, 
of the disordered 1Md polytype, and derived from the breakdown 
of potassium feldspar, similar to the Panamint Detachment and 
Whipple Detachment localities, and also likely formed at temper-
atures of 60–160 ◦C (Haines and van der Pluijm, 2012). Sample 
material was disaggregated gently with a mortar and pestle and 
sieved to <106 μm.

Representative material from all 3 exposures was examined 
by scanning electron microscopy (SEM) to image fault rock mi-
crofabric, and material from the Panamint and Waterman Hills 
exposures was characterized by high-resolution X-ray texture go-
niometry (XTG) to quantify the degree of preferred orientation of 
phyllosilicates. Details of the XTG method are found in van der 
Pluijm et al. (1994). SEM images show a scaly fabric with well-
developed polished and striated narrow (<10 μm) Riedel shear 
surfaces, and with phyllosilicates weakly aligned in the aligned 
in the P orientation (Figs. 2E and 2F). These fabrics are similar to 
those described in experimental clay-rich fault rocks (Haines et al., 
2009, 2013), and the very thin nature of the Riedel surfaces is sim-
ilar to those found in both natural and experimental fault gouges 
Fig. 3. Data for a representative shearing experiment run at an effective normal 
stress of 20 MPa. Friction (shear stress normalized by normal stress) is plotted 
vs. shear strain determined by normalizing shear displacement by layer thickness. 
A shear displacement of ∼16 mm corresponds to a shear strain of 10. Larger inset: 
Frictional healing (�μ) plotted versus hold time for example clast-rich and clay-
rich samples from the Whipple Detachment. Lines indicate best-fit healing rates 
(�μ/decade). Smaller inset: Example measurement of frictional healing parameter 
�μ for a single slide–hold-slide test.

and faulted mudrocks (Haines et al., 2013; Laurich et al., 2014). 
XTG analysis indicate that the degree of preferred orientation of 
phyllosilicates in the Panamint material is 2.3 and 3.1 multiples 
of a random distribution (MRD), and that material in the Water-
man Hills exposure has a preferred orientation of 2.5 and 3.4 MRD 
units. These low values are very similar to those reported from clay 
rich fault gouges elsewhere in the Cordillera and globally (Haines 
et al., 2009).

We conducted our experiments on intact wafers of gouge from 
the Panamint Detachment (clay-rich gouge) and the Whipple De-
tachment (clast-rich lenses), and on powdered gouges from all 
three localities. Sample conditions did not allow tests of intact 
wafers of clay-rich gouge from the Waterman Hills or Whipple 
Detachments. Gouge material was either disaggregated gently us-
ing a mortar and pestle to preserve natural particle morphology 
and sieved to <106 μm (for tests on powdered material), or cut 
into wafers ∼8–10 mm × 60 mm × 60 mm using an oil-cooled 
tile saw (for intact wafers). Wafers were cut parallel to the in situ 
fault-zone shear direction and fault zone fabric (Fig. 1B). The plas-
ticity and saturated nature of the sheared materials from all sites 
prevented removal of intact samples post-test for fabric studies to 
compare with pre-experiment fabric (shown in Fig. 2).

We sheared samples in a double-direct shear configuration in-
side a pressure vessel, under saturated and controlled pore pres-
sure conditions at room temperature. Details of the experimental 
configuration are given in Samuelson et al. (2009) and Ikari et al.
(2009). Samples were jacketed and saturated with distilled wa-
ter at a pore fluid pressure of 5 MPa and a confining pressure 
of 6 MPa, prior to application of effective normal stresses ranging 
from 18 to 60 MPa. Samples were then sheared at 10 μm/s un-
til reaching a steady-state friction value, followed by velocity-step 
tests to measure frictional rate dependence (a −b), and slide–hold-
slide tests to measure the rate of frictional healing (β) (Fig. 3).

We report friction values as the ratio of shear stress to nor-
mal stress (assuming no cohesion), taken at angular shear strains 
of 2–3, past the point at which the stress–strain curve ‘rolls over’ 
and at which (in dry materials sheared in the same apparatus) 
Riedel shears and a weak preferred orientation of phyllosilicates 
in the P orientation (of Logan et al., 1979; Marone, 1998) is de-
veloped (Haines et al., 2013). The change in friction coefficient 
with sliding velocity is described by the friction rate parameter 
(a − b) = �μss/� ln V , where μss is the steady-state friction co-
efficient and V is the sliding velocity (Fig. 3). Positive values of 
(a − b) reflect velocity-strengthening behavior (i.e. friction coef-
ficient increases with increasing sliding velocity), whereas neg-
ative values of (a − b) reflect velocity-weakening behavior. The 
rate of frictional healing (β) is given by �μ/ log th, based on the 
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Fig. 4. A) Coefficient of sliding friction for clay gouges from (A) Panamint Detachment; (B) Waterman Hills Detachment; and (C) Whipple Mts. Detachment. Center key 
applies to all panels. Panel (A) also shows data collected at room humidity from Numelin et al. (2007) for comparison, including results for powders comprised of <50% 
phyllosilicates (orange shaded area), sample A3 (57% phyllosilicates; gray triangles), and sample B6 (63% phyllosilicates; gray circles). Numelin ‘A3’ was taken from the same 
Panamint outcrop as we sampled. Note our wafers and powders are substantially weaker than reported by Numelin et al. (2007) for >50% clay gouges from same outcrop 
sheared at room humidity. ‘B6’ is different clay mineralogy than we studied (predominantly smectite) and from a different Panamint outcrop. Whipple Detachment samples 
are separated into clay-rich and clast-rich materials. Note Whipple clast-rich wafers and powders are 0.1 μ weaker than Numelin ‘<50% clay’ powders, although samples are 
compositionally similar.
Fig. 5. A) Friction rate parameter (a − b) as function of sliding velocity for our com-
plete dataset. No significant variation of (a − b) between outcrops was observed, so 
data from all localities are plotted together. B) Rate of frictional re-strengthening 
(β) (μ after hold −μ before hold) measured during slide–hold-slide tests plotted 
as a function of friction coefficient (μ). Key is the same as for Fig. 4A.

change in measured peak friction (μ) before and after a hold of 
length th (Fig. 3, inset). Positive healing rates indicate frictional re-
strengthening with hold time. Both velocity-weakening friction and 
positive healing rates are pre-requisites for initiation of failure in 
repeated stick-slip events (i.e. earthquakes) (e.g., Marone, 1998).

3. Frictional strength and properties of low-angle normal fault 
gouges

The clay-rich gouges from all three detachment faults are fric-
tionally weak, with steady-state friction values of μ = 0.28–0.43
(Fig. 3). In contrast, the clast-rich gouges are stronger, with fric-
tion coefficients of 0.43–0.56. In general, wafers and powders of 
the same material exhibit similar frictional strengths. The friction 
coefficient for wafers of clay-rich gouge from the Panamint De-
tachment was μ = 0.28–0.38, whereas μ for powders of the same 
material ranged from 0.29 to 0.36. Wafers of clast-rich gouge from 
the Whipple Detachment were slightly weaker (μ = 0.43–0.52) 
than powders of the same material (μ = 0.47–0.56). Powdered 
clay-rich gouge from the Waterman Hills Detachment was slightly 
stronger (μ = 0.38–0.44) than clay-rich gouges from the other two 
localities (Fig. 3). We observe no systematic trends in friction co-
efficient with effective normal stress for either wafers or powders 
(Figs. 4A–4C).

Gouge materials from all three detachments exhibit velocity-
strengthening behavior, with the friction rate parameter (a − b) 
ranging from +0.0002 to +0.0250 (Fig. 5A). Examination of the 
data reveals two distinct trends. First, (a − b) generally increases 
with upstep sliding velocity for all of the gouges (Fig. 5A). Sec-
ond, clay-rich materials have slightly higher values of (a − b) at 
upstep velocities <100 μm/s than for clast-rich (clay-poor) materi-
als (Fig. 5B). The parameter a − b does not vary significantly with 
normal stress, or between wafers and powders.

Healing rates vary strongly with both clay content and frictional 
strength for all gouges. Values of β range from −0.039�μ/decade 
(negative healing) for clay-rich powdered gouge from the Panamint 
Detachment, to +0.069�μ/decade for clast-rich gouge from the 
Whipple Detachment. In general, the clay-rich gouges exhibit sys-
tematically lower healing rates than the clast-rich gouges; a clear 
trend of decreasing healing rate with lower frictional strength of 
the clay gouge is also evident in Fig. 4B. Overall, we do not ob-
serve a significant difference in healing between wafers and pow-
ders. Notably, all three detachments had at least 1 clay-rich gouge 
sample that was weak (μ < 0.4), velocity-strengthening, and char-
acterized by negative healing rates (Fig. 4B), including wafers of 
gouge from the Panamint Detachment. Overall, we do not observe 
a significant difference in healing between wafers and powders.

4. Discussion

The LANF gouges we tested are weak relative to Byerlee’s Law, 
and are comparable in frictional strength to previously studied nat-
ural and synthetic clay-rich gouges from other major fault systems 
(e.g. Carpenter et al., 2011; Ikari et al., 2011). Our observation 
of similar frictional strength between intact wafers and powdered 
material is consistent with previous studies of intact vs. powdered 
clay gouges (Ikari et al., 2009, 2011; Carpenter et al., 2011, 2012) 
and contrasts with large differences in frictional strength between 
powders and intact wafers in visibly foliated and mineralogically 
layered fault rocks (Collettini et al., 2009a, 2009b). Clay-rich fault 
gouges lack strong fabrics at outcrop and fabric intensity stud-
ies using X-ray texture goniometry and synchrotron X-rays both 
demonstrate that they are characterized by weak preferred orienta-
tion of phyllosilicates relative to visibly-foliated fault rocks (Haines 
et al., 2009; Buatier et al., 2011).

Notably, our results suggest that in situ LANF gouges are signif-
icantly weaker than reported by Numelin et al. (2007) for similar, 
or in some cases, the same materials. This is consistent with pre-
vious work demonstrating lower frictional strengths for saturated 
versus nominally dry clay-rich gouges of the same material (e.g., 
Ikari et al., 2007; Behnsen and Faulkner, 2012). For example, at the 
effective normal stress conditions we investigated (17–60 MPa), 
Numelin et al., reported μ values ranging from μ = 0.48–0.64 for 
samples with <50% phyllosilicates, and for sample A3 (57% phyl-
losilicates, and from the same outcrop we sample) that drop sys-
tematically with increasing normal stress from μ = 0.65 at 5 MPa 
to μ = 0.42 at 70 MPa (Fig. 4A). Our results for saturated samples 
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from the same Panamint outcrop indicate μ = 0.28–0.38, with no 
systematic decrease in frictional strength with increasing normal 
stress.

The frictional properties of clay rich gouges, both natural and 
synthetic, change markedly as a function of temperature. Pre-
vious works show that clay gouges strengthen markedly and 
in some cases becoming frictionally unstable at temperatures 
>200 ◦C (Tembe et al., 2009; Den Hartog et al., 2012a, 2012b). 
These results were obtained to understand the behavior of either: 
(1) subduction-zone faults, where clay-rich material is entrained 
in the subduction zone and transported to regions of higher tem-
peratures and pressures; or (2) continental-scale strike-slip faults. 
In contrast to those types of fault systems, exposure of LANF 
gouges to higher temperatures and pressures after their forma-
tion is exceedingly unlikely, given the clear extensional nature of 
LANFs. The temperature at the time of neoformed LANF gouge 
formation is likely the highest temperature experienced by the 
gouge, and is constrained by the clay mineral assemblage to be 
60–160 ◦C. Although our results were obtained at room tempera-
ture, they are likely valid for LANF fault-zone conditions, as the 
gouges likely never experienced temperatures >200 ◦C at which 
clay-rich gouges with similar illite-dominated mineralogies are re-
ported to strengthen and become frictionally unstable as reported 
elsewhere (Den Hartog et al., 2012a, 2012b).

To explore the implications of our lab data for the paradox of 
slip on shallowly-dipping (and thus severely misoriented) LANF, we 
define a relationship between the dip of faults on which slip would 
be permitted, and the effective horizontal stress (S , normalized to 
the overburden) based on simple re-arrangement of the Coulomb–
Mohr failure criterion (after Abers, 2001):

S = σ ′
3

ρgz
= (1 − λ)

1 − μ cot θ

1 + μ cot θ
(1)

where σ ′
3 is the least principal effective stress, ρ is the mean 

bulk density of the overburden, g is gravitational acceleration, z is 
depth, λ is the ratio of pore fluid pressure to lithostatic stress, and 
θ is the dip of the detachment (Fig. 6C). The lower limit for ef-
fective stress labeled ‘hydrofracture’ in Fig. 5C is slightly below 0, 
reflecting an assumed rock tensile strength of 10 MPa and shown 
for depths of 2, 5 and 8 km, assuming a mean bulk density of 
2300 kg m−3 for the overburden.

Slip is permissible at dips as low as 16◦ (μ = 0.28) to 22◦
(μ = 0.43) (Fig. 6C) and at dips of >20◦ with overpressures simi-
lar to those found in sedimentary basins elsewhere (Figs. 6 and 7, 
Gaarenstroom et al., 1993; Converse et al., 2000). Alternatively, 
overpressure could be locally developed in the clay-rich and low-
permeability gouge layer itself and not require a regionally over-
pressured basin. Although slip is not permitted at hydrostatic pore 
fluid pressure for μ = 0.28, slip is possible at the range of dips we 
observe in the field for the Panamint Detachment with the intro-
duction of only modest overpressure (P f equivalent to a gradient 
of 11.3 MPa/km, vs. a hydrostatic gradient of 10.1 MPa).

For the friction coefficients we measured, slip would be per-
mitted on LANF with dips as low as ∼16◦ (μ = 0.28) to 22◦
(μ = 0.43) (Fig. 4) with higher overpressures (nearer lithostatic). 
For μ = 0.43, moderate to high overpressures (but still P f < σ3) 
are required for slip to be permitted (Figs. 6–7). Estimates of 
fluid pressures from field evidence in the vicinity of low-angle 
normal faults vary with crustal depth. For LANFs active in the 
upper few km of the crust, reliable estimates of pore pressure 
are sparse. By contrast, LANF fault rocks exhumed from the mid-
crustal brittle–plastic transition at temperatures of 250 to 420 ◦C, 
several LANFs (the Woodlark Basin detachment, Zuccalle Fault, and 
the Whipple Detachment) exhibit compelling field evidence for 
overpressure, such as fault-parallel tensile veins (Roller et al., 2001;
Collettini et al., 2006; Selverstone et al., 2012)
Fig. 6. Mechanical analysis of measured friction results. A) Measurements of the 
modern dip angle of the Panamint range-front LANF (after Andrew, 2002). B) Mohr 
circle diagram for a stress state at failure consistent with our laboratory findings 
and a mean fault dip of 21◦ . Circles are for our measured minimum and maximum 
friction values. C) Minimum horizontal effective stress (σ3 − P f ) at failure normal-
ized to the overburden (σ1; given by ρgz), as a function of fault dip for frictional 
failure, assuming hydrostatic conditions (λ = 0.4) and σ3 = 0.7 × σ1 (after Abers, 
2001). Coefficients of friction from our experimental results are shown in bold. Dots 
are Mohr circles shown in panel B. Shaded area below each curve of μ defines the 
range of mechanically viable fault dips and stress states that would allow slip at that 
value of μ. Pink area is mean fault dip shown in panel (A), showing ±1σ . Brown 
areas define fields of hydrofracture for surrounding rock with tensile strength of 
10 MPa at depths of 2, 5 and 8 km.

For comparison, the Panamint Detachment has dips ranging 
from 6◦ to 44◦ (mean = 21◦ , 1σ variation = 8.8◦) (Andrew, 
2002, Fig. 4A), and sub-horizontal horizontal lacustrine strata in 
the hanging wall indicate that it slipped at or near its current 
dips. Previous studies of LANF dips indicate that the Panamint De-
tachment mean dip of 21◦ is representative of many LANFs (e.g., 
Collettini, 2011). The amount of footwall tilting in the vicinity of 
the Panammint Detachment is likely minor. We note that even for 
well-exposed and undisturbed detachments such as the Panamint 
Detachment, some footwall tilting (∼5◦) may have occurred that 
is not resolvable. With 5◦ of footwall tilting, slip is possible at any 
fluid pressure for μ = 0.28 and at moderate to high overpressures 
for μ = 0.43 (Fig. 7).
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Fig. 7. Minimum horizontal effective stress (S) at failure normalized to the overbur-
den stress as a function of fault dip as in Fig. 5C, showing conditions required for 
LANF slip at current Panamint Detachment dip. Stresses are calculated using Eq. (1)
and friction data we report. Mean fault dip for Panamint Detachment ± 1 standard 
deviation shown in vertical transparent grey box. Effective stress ratios at failure 
are calculated holding μ and σ3 constant (for values of μ we measure, μ = 0.28
and μ = 0.43, and σ3 = 0.7 × σ1) and varying λ. Note, by contrast, in Fig. 5C we 
hold λ constant (λ = 0.44) and calculate states of stress for different values of μ. 
A) μ = 0.28 and varying λ, dipping at present day dips. Hydrostatic fracture win-
dow is same as 5 km window in Fig. 5C. B) μ = 0.43, varying λ, and dipping at 
present day dips. Note that with moderate or high (but sub-σ3) overpressures, slip 
is possible at the observed dips.

The dip of the Waterman Hills detachment fault (present-day 
10◦) is more difficult to establish at the time of slip, as field re-
lations are significantly complicated by later high-angle normal 
faulting and strike-slip faulting associated with the onset of the 
San Andreas strike-slip system. An estimate based on apatite and 
zircon fission-track dating and assumptions of a geothermal gra-
dient elsewhere in the greater Central Mojave metamorphic core 
complex put the dip at the time of slip to be 20–27◦ (Dokka, 
1995), but is strongly sensitive to the choice of early Miocene 
geothermal gradient. For a postulated 20–27◦ dip at the time of 
slip, slip is similarly possible at μ = 0.38 to μ = 0.44 with moder-
ate to high overpressures.

The dip of the Whipple detachment is also difficult to es-
tablish at the time of slip. At our sampling locality, the detach-
ment surface dips 15◦ to the SW, and is clearly back-rotated at 
outcrop, as the detachment has a clear overall top to the NE 
sense of displacement (Davis, 1988). The detachment has un-
dergone significant late doming due to isostatic rebound owing 
to a probably ‘rolling-hinge’ evolution (Dorsey and Becker, 1995;
Axen, 2004) but was likely never above 45◦ . In the least-disrupted 
northeastern portion of the detachment (10 km north of our sam-
pling locality), the detachment dips at 12–28◦ (Yin and Dunn, 
1992). For the clay-rich material at the Whipple detachment, slip 
is possible with our measured friction values at the higher end of 
the observed dip range for most values of overpressure, but slip is 
impossible at the lowest dip with all but near-lithostatic values of 
overpressure (Figs. 6–7). Two explanations have been suggested to 
explain slip on the Whipple Detachment: high fluid pressures or 
low-friction gouge material (Axen, 2004). Our data lend support to 
the low-friction gouge material interpretation or a combination of 
low friction and moderately elevated pore pressures. As paleo-dip 
constraints for the Waterman Hill and Whipple Detachments are 
significantly poorer than for the Panamint Detachment, we do not 
treat them quantitatively in Fig. 7.

Clay-rich gouges are found at multiple exposures of many 
Cordilleran LANFs (Haines and van der Pluijm, 2012). Our results 
indicate that the widespread occurrence of these mechanically 
weak fault zone materials, together with moderately-elevated pore 
fluid pressures and/or correcting for only minor footwall tilting, 
are a viable explanation for LANF slip at low dips. In particular, 
field relations at the Whipple Detachment require slip at low dips 
during the final period of activity on the detachment (Dorsey and 
Becker, 1995; Axen, 2004).

The low frictional strength of LANF clay-rich gouge correlates 
with both velocity-strengthening behavior and near-zero healing 
rates, similar to both synthetic clay-rich gouges (Bos and Spiers, 
2000) and those recovered from the SAFOD borehole (Carpenter 
et al., 2011, 2012). The negative healing rates we observe indicate 
that grain contacts in the clay-rich LANF gouges we studied do not 
strengthen with hold time, and together with the rate strengthen-
ing behavior we observe (a − b > 0), provide direct experimental 
evidence suggesting that LANFs should slip aseismically.

One of the most compelling arguments against low-angle nor-
mal fault slip has been the absence of an unequivocal focal mecha-
nism for a low-angle slip event (Wernicke, 1995), although isolated 
examples have been reported (Abers, 2001; Chairaluce et al., 2007). 
The most compelling modern example is the Alto Tibernia Fault 
in the Italian Appenines, which has both documented microseis-
micity (Chairaluce et al., 2007) and apparent aseismic creep ap-
parent from GPS measurements (Hreinsdóttir and Bennett, 2009). 
Our data suggest that an absence of LANF focal mechanisms for 
large earthquakes should not be considered evidence of absence 
of LANF slip. We note that the velocity-strengthening behavior of 
the clay gouges we sampled indicates that rupture nucleation in 
clay-rich gouges is likely impossible, but does not preclude the 
possibility of permitting propagation of a rupture initiated else-
where on the detachment surface. Our data thus indicate that if 
LANF faults are capable of seismicity, slip events must nucleate at 
depths greater than those at which clay-rich gouges form, and sug-
gest that the depth of rooting of a low-angle normal fault may 
control its propensity for seismicity and shallow coseismic slip.

Another key issue in the debate surrounding low-angle nor-
mal faults has been the mechanical problem of initiating a normal 
fault at low dips (e.g. Axen, 2004). While our data do not shed 
light directly on the problem of LANF initiation, neoformation of 
frictionally-weak clay-rich gouges offers a potential solution to the 
problem if the fault initiated at a higher dip. Neoformation of 
clay-rich fault gouge can be thought of as a low-temperature meta-
somatic process confined to fault zones. Our data indicate that clay 
gouge formation, a process that can be dated directly to occur dur-
ing periods of fault activity (Haines and van der Pluijm, 2008, 2010, 
Duvall et al., 2011), is a process that produces materials in LANF 
fault cores with low frictional strength, velocity-strengthening be-
havior and little to no healing. These materials, once formed, can 
act to weaken a pre-existing fault surface, and thus permit it to 
slip at dips lower than it otherwise could.

Our data are consistent with field observations indicating 
that some low-angle normal faults initially formed at high an-
gles (∼60◦) and later rotated to their current low dips (e.g.
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Wong and Gans, 2008). Faults that are metasomatically weakened 
by the growth of neoformed clay could thus continue to slip to the 
low dips observed, as long as larger-scale crustal extensional pro-
cesses continue to create accommodation space for the ends of the 
‘domino blocks’ to rotate. For faults that initiated at anomalously 
low dips (at or <45◦), the formation of weak fault zone materi-
als by clay metasomatism will still permit slip at dips significantly 
lower than would be permitted by typically assumed frictional val-
ues of μ = ∼0.6.

Cordilleran LANF faults are observed to ‘cluster’ in space and 
time, suggesting larger-scale crustal processes, such as gravita-
tional collapse of thick lithosphere triggered by thermal weaken-
ing of subducted oceanic lithosphere and passage of the Men-
docino fracture zone, play a role in their formation (Axen et al., 
1993). Examples include the Miocene–Pliocene ‘Turtleback’ LANFs 
in the Death Valley area and the Panamint Range in CA (Badwater, 
Mormon Point, and Copper Canyon Turtlebacks, Amargosa Detach-
ment, and Panamint Detachment), and the Middle Miocene Col-
orado River Extensional Corridor LANFs, (Sacramento Detachment, 
Chemehuevi Detachment, Whipple Detachment, Buckskin–Rawhide 
Detachment, Harcuvar and Harquahala Detachments). Older exam-
ples include the Oligo-Miocene LANFs in eastern Nevada (Ruby-
Humboldt Mts LANF, North and South Snake Range Detachments, 
Schell Creek Detachment, Albion–Grouse Creek and Raft River de-
tachments) and the Eocene-age belt of metamorphic core com-
plexes of western Canada and the NW United States (Valhalla MCC, 
Kettle Dome, Shushwap MCC, and Bitterroot Detachment). We sug-
gest that LANFs may be the result of a combination of widespread 
reaction-softening of the fault surface by formation of clay-rich 
gouges during fault evolution together with larger-scale crustal 
processes that create new accommodation space for fault block 
rotation. LANF formation and slip may thus be the result of a con-
fluence of distinct processes, one metasomatic, the other crustal in 
scale.
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