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Introduction  

Supporting information for this paper includes text, figures, and tables that give 
information on: the thicknesses of Grant Range rock units, geologic mapping in the 
western part of the southern Grant Range, oil well lithology logs, descriptions of the 
methodology used to estimate tilting accommodated by set 2 normal faulting, detailed 
descriptions of the geometries and field relations of set 1 detachment faults, 
methodology of mineral separation, methodology and supporting data for the 40Ar/39Ar 
analyses and multi-diffusion domain modeling, methodology and supporting data for 
fission-track and (U-Th)/He analyses, pictures and graphs demonstrating U zonation in 
zircons, methodology of HeFTy thermal modeling, and methodology and parameters for 
Midland Valley Move kinematic forward modeling. 

 

Text S1. Thicknesses of rock units in the southern Grant Range. 
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Thicknesses of stratigraphic units were estimated from cross section A-A’ where possible. 
Complete sections of several map units were not exposed, and only minimum 
thicknesses could be estimated. For several of these units, published thickness estimates 
from nearby studies in the Grant Range were used (Table S1). However, for several units, 
including the Cambrian Prospect Mountain Quartzite and the Cambrian Sidehill Spring 
Formation, complete thicknesses are not exposed anywhere in the Grant Range. For 
these units, minimum tectonic thicknesses estimated from the cross section are shown 
(Table S1). 
 
Table S1. Data supporting thicknesses of map units in the southern Grant Range. 
 

 
 
 
 
 
 
 
Text S2. Geologic mapping in the western Grant Range. 
 
In the western part of the Grant Range, cross section A-A’ is supported by unpublished 
1:24,000-scale geologic mapping within the Bullwhacker Springs 7.5’ quadrangle 
performed by J. Fryxell. Figure S1 shows a simplified version of the area of this geologic 
map that lies along and in proximity to the cross section line. Similar unit divisions are 
used for Cambrian, Ordovician, and Devonian rocks as shown on Figures 2 and 3 in the 
text. Set 1 detachment Faults 1, 2, and 8 are labeled (note: in the eastern part of the map, 
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Fault 1 consists of two closely-spaced, subparallel faults that bound a <20-30 m thick 
sheet of intervening rock; see detailed discussion below). 
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Figure S1. Geologic map of the western part of the southern Grant Range. 
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Text S3. Supporting data for oil wells in southern Railroad Valley. 

Nine oil wells were projected onto cross section A-A’ (Fig. 3 in the text), and their 
locations are shown on Figure S2. Lithologic logs for these wells, which show intersection 
depths of the upper contacts of rock units (formation tops) as interpreted by the original 
well site geologists, are compiled in Hess et al. (2004), and individual lithologic and 
geophysical well logs are publicly available at the Great Basin Science Sample and 
Records library in Reno, NV. Formation top interpretations used in this study are 
summarized in Table S2. Logs of apparent dip magnitude were available at the Great 
Basin Science Sample and Records Library for two of these wells (RV10, QFC1). 

Figure S2. Locations of the oil wells projected onto cross-section A-A’. 

 

Table S2. Lithologic logs of wells in southern Railroad Valley. 
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Text S4. Data supporting retro-deformation of tilting accommodated by set 2 normal 
faults. 

The magnitude of tilting accommodated by motion on set 2 normal faults was estimated 
by summing their cumulative offset magnitude on cross section A-A’ (Table S3), after the 
methodology of Long and Walker (2015). Westward tilting accommodated by down-to-
east faults was interpreted to have directly counteracted eastward tilting accommodated 
by down-to-west faults. Therefore, the total down-to-east offset magnitude was 
subtracted from the total down-to-west offset magnitude to generate a cumulative 
offset estimate. Across the full width of the cross section, the cumulative offset of set 2 
faults is 2.23 km of down-to-west motion (Table S3). If the Grant Range and Railroad 
Valley are treated as a coherent block with a present-day width of 31.4 km, which 
pivoted from its western end, the magnitude of eastward tilting can be estimated either 
by solving trigonometrically, assuming an average fault orientation of 60˚W, or by 
solving for the geometry of a circle with a radius of 31.4 km and a radial rotation of 2.23 
km (Fig. S3). Both techniques yielded similar results of ~4˚ of eastward rotation. This 
method assumes that tilt magnitude was homogeneous across the width of the cross 
section and that tilting accommodated by normal faults to the east and west of the cross 
section is negligible, and should therefore be considered approximate. 

The 4˚ eastward rotation magnitude is corroborated by apparent dip data within 
Neogene valley fill sediment in two oil wells projected onto the cross section (Fig. 3 in 
the text). Well RV10 is characterized by gentle (typically <5°) eastward and westward 
apparent dip magnitudes between 0.5 and 1.25 km elevation. Well QFC1 is characterized 
by ~3-5˚ eastward apparent dip magnitudes between 0.5 and 1.2 km elevation. At lower 
elevations within these wells, as the contact with Paleozoic bedrock is approached, both 
wells exhibit progressively steeper eastward apparent dips, which is characteristic of syn-
extensional deposition in half-grabens (e.g., Leeder and Gawthorpe, 1987). In addition, 
within the Neogene valley fill, a sub-horizontal basalt flow of likely Pliocene age 
(Johnson, 1993; Hulen et al., 1994) is intercepted at ~800-900 m elevation in three wells 
that span much of the width of the valley. The presence of a sub-horizontal basalt flow 
corroborates the shallow dips observed in the Neogene valley fill in wells RV10 and 
QFC1. 

Table S3. Offset magnitudes of set 2 normal faults on cross section A-A’, from west to 
east. 
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Figure S3. Geometric models used to estimate tilt magnitude accommodated by set 2 
normal faults on cross section A-A’. The top model shows rotation estimated by 
cumulative slip along a 60˚ west-dipping normal fault, and the bottom model shows 
rotation about a pivot located at the western end. 

 

 

 

Text S5. Descriptions of geometric constraints, offset magnitudes, and field relationships 
of set 1 detachment faults. 

Fault 1: Multiple traces of Fault 1 are exposed in the western third of the range, over an 
across-strike distance of 4 km (Fig. S1). In most exposures, Fault 1 consists of two 
subparallel faults that bound a ~20-30 m-thick sheet of lower Cambrian rocks; due to 
their close spacing, these two faults are simplified as one fault on cross section A-A’. 
Fault 1 places lower and upper Cambrian rocks over lower Cambrian rocks. Based on 
offset of the contact between lower and upper Cambrian rocks, Fault 1 has an estimated 
top-down-to-west offset magnitude of 11,000 feet (3,350 m). Fault 1 is cut in several 
places by Fault 2, at and south of the cross section line (Fig. S1). Four traces of Fault 1 
intersect the cross section line (Fig. S1), and provide evidence for open, anticlinal folding 
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of the fault surface (Fig. 3 in the text). Between the easternmost two traces, a dip of 5°E is 
defined. Between the two middle traces, a dip of 10°W is defined. Between the 
westernmost two traces, a dip of 12°W is defined. Below the modern erosion surface to 
the east of its easternmost trace, the dip angle of Fault 1 is unconstrained. After 
observations of 4-5° cutoff angles with stratigraphy documented on several set 1 faults 
in the eastern half of the range (see descriptions of Faults 4-7 below), a cutoff angle of 5° 
was assumed in the subsurface for Fault 1, which corresponds to subsurface dip 
magnitudes ranging between 0-25°E. Cutoff angles observed for portions of Fault 1 that 
deform the Timber Mountain anticline are high. Footwall cutoff angles vary between 
100-118° above the overturned limb of the anticline, and are between 42-80° in the 
subsurface to the east, above the eastern flank of the anticline. Footwall cutoff angles are 
between 29-46° above the upright limb of the anticline, and hanging wall cutoff angles 
are between 42-57°. 

Fault 2: On cross section A-A’ (Fig. 3 in the text), separate western and eastern exposures 
of Fault 2 are interpreted to connect above the modern erosion surface. The western 
exposure dips to the west and places upper Cambrian rocks over lower Cambrian rocks 
(Fig. S1). The eastern exposure, which was mapped by Hyde and Huttrer (1970) and Lund 
et al. (1988), dips to the east and places Ordovician rocks over upper Cambrian rocks. 
Evidence supporting correlation of these two fault exposures includes: 1) these two faults 
define the structurally next-highest faults above Fault 1 on the east and west, and a 
continuous exposure of upper Cambrian rocks in the hanging wall of Fault 1 that is 
undisturbed by faulting lies between them; 2) the map units juxtaposed on either side of 
both fault exposures define a similar top-to-west offset magnitude, and therefore 
correlation of these two faults is kinematically compatible; and 3) the folding observed 
on Fault 1 implies that the overlying Fault 2 is also folded, after field relations described 
~6 km to the north in Long and Walker (2015). Therefore, the simplest kinematic 
interpretation is that these two fault exposures connect above the erosion surface as one 
fault. Based on offset of the contact between lower and upper Cambrian rocks, Fault 2 
has an estimated top-to-west offset magnitude of 12,200 feet (3,720 m). At its western 
exposure, Fault 2 cuts Fault 1 at and south of the cross section line (Fig. S1). In addition, 
field relationships imply that Fault 2 is cut by Fault 8 (Fig. S1). Two hundred meters north 
of the cross section line, lower Cambrian rocks in the footwall of Fault 2 are overlain by 
Devonian rocks in the hanging wall of Fault 8. However, ~100 m south of the cross 
section line, upper Cambrian rocks in the hanging wall of Fault 2 are overlain by 
Devonian rocks in the hanging wall of Fault 8. These relationships imply that Fault 2 is 
cut by Fault 8 within the intervening region of Quaternary sediments (Fig. S1). At its 
eastern exposure, Lund et al. (1988) showed that Fault 2 is cut by Fault 3 approximately 
4.5 km north of the cross section line. At its western exposure, Fault 2 has to dip 11-13 
°W (or steeper) in order to not intersect the modern erosion surface to the east and west 
of its trace. A three-point problem calculated on its trace along the cross section line 
defines a strike of 015°, and an elevation drop of 100 feet over a lateral distance of 325 
feet, corresponding to a 17° westward dip. At its eastern exposure, Fault 2 has to dip at 
least 10°E in order to not intersect the modern erosion surface to the west of its trace. In 
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the subsurface to the east of its eastern trace, the dip of Fault 2 is unconstrained; 
however assuming a cutoff angle of 5° (see discussion above for Fault 1, and see 
descriptions below for Faults 3-7), dips between 0-25°E are estimated in the subsurface. 
Cutoff angles observed for the western exposure of Fault 2, which deforms the eastern 
flank of the Timber Mountain anticline, vary between 20-64°. 

Fault 3: Fault 3 was mapped by Hyde and Huttrer (1970) and Lund et al. (1988), and 
places the upper part of the Ordovician section over the lower part of the Ordovician 
section. Based on westward offset of the upper and lower contacts of the Ordovician 
Eureka quartzite, Fault 3 has an estimated top-to-west offset magnitude of 10,000 feet 
(3,050 m). Approximately 4.5 km north of the cross section line, Fault 3 cuts Faults 2 
(Lund et al., 1988). To the north, Hyde and Huttrer (1970) map Fault 3 as far north as 
Heath Canyon, where it correlates with Fault 5 of Long and Walker (2015). Fault 3 must 
dip at least 5°E in order to not intersect the modern erosion surface to the west of its 
trace. Fault 3 is shown at a dip of 25°E, which is based on assumption of a 5° cutoff angle 
with stratigraphy (see discussion for Faults 3-7 below). Its geometry above the erosion 
surface to the west of its trace is unconstrained. 

Fault 4: Fault 4 was mapped by Lund et al. (1988), and places the base of the Devonian 
section over the Silurian section. Measurement of the offset of the contact between 
Devonian and Silurian rocks yields a top-to-west offset estimate of 9,800 feet (2,990 m). 
Lund et al. (1988) mapped Faults 3 and 4 merging ~2 km north of the cross section line. 
Fault 4 must dip at least 10°E to not intersect the modern erosion surface to the west of 
its trace. However, assuming that its cutoff angle with stratigraphy remains constant 
across-strike, Fault 4 cannot have a cutoff angle higher than 5° without intersecting the 
modern erosion surface in the westernmost flank in the range. Therefore, Fault 4 is 
drawn with a 5° cutoff angle, which corresponds to a 25°E dip at the modern erosion 
surface. The geometry of Fault 4 above the erosion surface to the west of its trace is 
unconstrained; however field relationships indicate that it merges with Fault 3 (Lund et 
al., 1988). 

Fault 5: Fault 5 was mapped by Lund et al. (1988), and places upper Devonian rocks over 
lower Devonian rocks. Fault 5 is not exposed on the cross section line, and is shown in 
the subsurface only; its position on the cross section was projected southward from its 
trace mapped ~2.0 km to the north of the cross section line by Lund et al. (1988), where 
it is cut by Fault 7. The existence of Fault 5 in the subsurface is required by the map units 
exposed in the footwall of the two traces of Fault 7. The western trace of Fault 7 places 
Paleogene rocks over Devonian rocks, and the eastern trace places Paleogene rocks over 
Mississippian rocks. To accomplish this stratigraphic omission in the footwall of Fault 7, 
Faults 5 and 6 are shown merging upward with Fault 7 between its two traces. This 
facilitates omission of much of the Mississippian section and the upper part of the 
Devonian section, and is kinematically compatible with the geometries and relative unit 
juxtapositions of Faults 5 and 6. Based on the westward offset of the contact between 
Devonian and Mississippian rocks, top-to-west offset on Fault 5 is estimated at 11,500 
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feet (3,510 m). The location of its intersection with Fault 6 is estimated from southward 
projection of its trace ~2 km to the north of the cross section line on Lund et al. (1988). 
East of this intersection, the cutoff angle with stratigraphy of Fault 5 cannot exceed 4° 
without intersecting the modern erosion surface in the footwall of the easternmost set 2 
normal fault. This corresponds to dips between 10-15°E near the modern erosion surface.  

Fault 6: Fault 6 was mapped by Kleinhampl and Ziony (1985), and places Pennsylvanian 
rocks over Mississippian rocks. This fault likely correlates with Fault 8 of Long and Walker 
(2015), which is mapped ~6 km to the north. This contact was mapped as depositional 
by Lund et al. (1988), Hyde and Hutter (1970), and Scott (1965). However, we argue that 
the existence of this fault is supported by the 550’ thick section of Mississippian 
Chainman shale exposed in its footwall, which we interpret as tectonically-thinned, as 
this unit is as thick as 1250-1400’ in nearby areas of the Grant Range (Hyde and Huttrer, 
1970; Long and Walker, 2015). Offset on Fault 6, as estimated from top-to-west offset of 
the contact between Mississippian and Pennsylvanian rocks, is 5,700 feet (1,740 m). Fault 
6 must dip at least 12°E to not intersect the modern erosion surface to the east of its 
trace, corresponding to a maximum permissible cutoff angle with stratigraphy of 13°. 
However, in order to intersect the structurally-higher Fault 7 east of its western trace 
(which is required by field relations, as a structure that can be correlated with Fault 6 is 
not observed in the footwall of Fault 7), the cutoff angle on Fault 6 is limited to a 
maximum of 5° (assuming that cutoff angles remain constant across strike). Therefore, 
Fault 6 is shown with a cutoff angle of 5°, corresponding to a dip of 20°E at its trace. In 
the hanging wall of Fault 6, a ~150 foot-thick section of the Pennsylvanian Ely limestone 
is unconformably overlain by a ~4000 foot-thick section of Paleogene volcanic and 
sedimentary rocks. With the geometry shown, Fault 6 cuts Paleogene units as young as 
the ~31.2 Ma Windous Butte Formation on the area of the cross section. 

Fault 7: Fault 7 was mapped by Lund et al. (1988), and places Paleogene rocks over 
Devonian rocks. Based on the westward offset of the contact between Mississippian and 
Paleogene rocks, a top-to-west offset magnitude of 3,000 feet (910 m) is estimated for 
Fault 7. As a result of set 2 normal faulting, two traces of Fault 7 intersect the modern 
erosion surface on the cross section. Connecting its two traces yields a cutoff angle with 
stratigraphy of 4° and a dip angle of 16°E. To the west of its western trace, Fault 7 has to 
dip at least 12°E in order to not intersect the modern erosion surface. To the west of its 
western trace, cutoff angles on Fault 7 cannot be greater than 4° without intersecting the 
modern erosion surface (assuming constant cutoff angles across strike). Therefore, this 
limits the dip angle west of its western trace to a minimum of 16°E. To the east of its 
eastern trace, the cutoff angle on Fault 7 is increased to 12°, in order to not intersect the 
modern erosion surface on the area of the cross section (Fig. 3 in the text). Along its 
eastern trace, Fault 7 cuts Paleogene volcanic units as young as the ~27.2-29.7 Ma 
Needles Range Formation. 

Fault 8: In the western Grant Range, Fault 8 places brecciated Devonian limestone over 
upper Cambrian rocks in the hanging wall of Fault 2, and over lower Cambrian rocks in 



 
 

11 
 

the hanging wall of Fault 1 (Fig. S1). Though the contact is concealed under Quaternary 
sediment, these field relationships require that Fault 8 cuts Fault 2. Fault 8 is correlated 
with an additional fault intercepted in the two easternmost drill holes in Railroad Valley 
(SGF11-32, WS34-31), which places Devonian rocks over Jurassic-Cretaceous granite. This 
fault is correlated with the exposure of Fault 8 in the western Grant Range because they 
both carry Devonian rocks in their hanging wall. On the cross section, Fault 8 is shown 
cutting structurally-downward toward the west, and cutting Fault 2 just to the east of the 
range front normal fault. This relationship allowed for Jurassic-Cretaceous granite to lie 
in the footwall of Fault 8, which is observed in the drill holes. In the western Grant Range, 
Fault 8 is exposed ~100 m south of the cross section line, which implies that it is just 
above the modern erosion surface. To the east of its trace, Fault 8 cannot dip any 
shallower than 9°W without intersecting the modern erosion surface. Between its trace 
and the interception of Fault 8 in well SGF11-32, a dip of 22°W is defined, which 
corresponds to a 3° hanging wall cutoff angle. The footwall cutoff angles here are high 
(48-69°), as these rocks restore to the eastern flank of the Timber Mountain anticline. 
Between its intersections in wells SGF11-32 and WS34-31, a dip of 14°W is defined. Dip 
data are not available for either of these wells, and therefore cutoff angles cannot be 
accurately estimated here. However, a hanging wall cutoff angle of 3° is shown between 
these two wells, to match the cutoff angle observed in the western Grant Range. West of 
its intersection with well WS34-31, the subsurface geometry of Fault 8 is unconstrained; 
it is shown shallowing in dip, and staying just below the total depth of the wells. Rocks 
that can be matched up between the footwall and hanging wall of Fault 8 are not 
present on the area of the cross section. Between well WS34-31 and the easternmost 
trace of Fault 8 in the Grant Range, 15,900 feet (4,850 m) of minimum structural overlap 
is estimated. As the geometry of Fault 8 is not constrained west of well WS34-31, 
structural overlap from here to point A’’ at the western edge of the cross section, which 
is 22,500 feet (6,860 m), should be considered approximate. Cross cutting relationships 
between Fault 8 and Faults 3-7 in the eastern part of the range are not exposed. Fault 8 
carries rocks that are stratigraphically-higher than Faults 3 and 4, so it is likely that they 
do not correlate. Fault 8 carries rocks that are at similar stratigraphic levels to those 
carried by Fault 7; however, the east-west extent of Devonian rocks preserved in the 
hanging wall of Fault 8, combined with the Devonian position of the Paleogene 
unconformity in Railroad Valley, indicate that rocks in the hanging wall of Fault 8 restore 
stratigraphically higher than Fault 7 (Fig. 3C in the text), and therefore Fault 8 represents 
a separate and structurally-higher fault.  

Stratigraphic omission across Fault 8 at wells SGF11-32 and WS34-31 is at least 8,600-
9,200 m, which is the largest omission in the study area. Therefore, we interpret that 
Fault 8 represents a ‘master’ detachment level, into which the cumulative offset from all 
of the older, structurally-lower faults to the east was fed (e.g., Long and Walker, 2015). 
Thus, as faults are successively crossed from east to west, cumulative offset on Fault 8 
increases, as well as stratigraphic omission. The cumulative offset magnitude of Faults 1-
7 is 19,270 m, which is sufficient to account for the 11,710 m of minimum structural 
overlap observed across Fault 8. The restored position of the rocks in the hanging wall of 
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Fault 8 require an additional 4,300 m of offset on this fault, in order to place point A’ 
over A’’. 

 

Text S6. Mineral separation methods 

Standard mineral separation procedures were used to obtain zircon, apatite, and 
muscovite fractions from the eight Irwin Canyon granite samples. These included 
crushing and pulverizing whole rock samples to sand-size grains, density separation on a 
Wilfley table, separation into dense and light fractions by heavy liquid separation, and 
passing the dense fraction through a Frantz magnetic separator. 

 

Text S7. Supporting data for muscovite 40Ar/39Ar ages and multi-diffusion domain 
modeling 

40Ar/39Ar analyses of the eight Irwin Canyon granite samples were performed at the New 
Mexico Geochronology Research Laboratory. Approximately 3 mg of each sample were 
wrapped in copper foil and placed in a 24-hole, 2.54 cm diameter aluminum disk along 
with neutron flux monitor FC-2 sanidine (28.201 Ma; Kuiper et al., 2008) placed in every 
third hole around the disk. The package was irradiated in the central thimble at the 
United States Geological Survey TRIGA reactor located in Denver, CO. The muscovite 
samples were step-heated in the double-vacuum Nb resistance furnace with a heating 
time of 18 minutes for each increment. The evolved gases were exposed to a SAES GP-50 
getter (operated at 450°C) during heating. Following heating, gas was expanded into a 
second stage and reacted for 1.5 minutes with two SAES GP-50 getters, one heated to 
450 °C and the other at room temperature. Gas was also exposed to a W filament 
operated at 2000 °C while in the second stage. Argon isotopes were analyzed with a 
MAP 215 50 mass spectrometer fitted with a Balzers 217 multiplier operated in analogue 
mode. Blanks were run at room temperature and are generally not temperature-
dependent below about 1150 °C and averaged 85±35%, 1.0±2.5%, 0.2±8%, 0.08±3%, 
and 0.06±15% moles x10-17 for masses 40, 39, 38, 37, and 36, respectively. All samples 
were heated to 1620 °C, but in many instances the samples were fully degassed by about 
1100 °C and the higher temperature steps are not reported. J-factors were determined to 
a precision of ~0.1% by single crystal fusion of 6 grains in each of 8 irradiation locations. 
Analytical data are provided in Table S4.  

Table S4 (following 6 pages). 40Ar/39Ar analytical data for the Irwin Canyon granite 
samples. 
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Figure S4. 40Ar/39Ar age spectra plots for the Irwin Canyon granite samples. 
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Thermal histories were obtained using a multi-diffusion domain (MDD) model that 
follows the basic procedures of Lovera et al. (1989) and Sanders et al. (2006). Diffusion 
coefficients were calculated based on the fractional release of 39Ar and plotted on 
Arrhenius plots. Log(r/r0) plots were obtained using an activation energy of 64 kcal/mol 
(Harrison et al., 2009) and using the convention of placing the reference Arrhenius law to 
pass through the first heating step such that the log(r/ro) value is zero for the first 
increment of gas release. The log(r/ro) plots are consistent with a multi-domain behavior, 
with inflections that closely correlate to inflections in the age spectra. The Arrhenius data 
were forward modeled with an activation energy for each domain of 64 kcal/mol, and a 
domain distribution that utilizes 5 or 6 domains provides model fits that closely match 
the measured data. Thermal histories were derived by fitting the measured age spectrum 
with acceptable fits determined by a Chebyshev’s approximation. A minimum of 20 
successful model fits was used to determine a mean and 90% confidence interval for the 
thermal histories. In most cases, the model age spectra closely approximate the 
measured spectra and return thermal histories that constrain the temperature paths 
between ~375-425 °C and ~250 °C for the age range provided by the age spectra. 
Sample GR23 was not modeled as the last 50% of the age spectrum exhibited overall 
declining ages and is not a form predicted by the MDD model. However, the other 7 
samples exhibit remarkable consistency between age spectra and kinetic data and yield 
robust thermal histories. Kinetic data are provided in Table S5. 
 
Table S5. MDD kinetic parameters for muscovite diffusion domain modeling.  
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Figure S5 (following 4 pages). Supporting graphs for muscovite 40Ar/39Ar MDD 
modeling. For each model, measured data are shown in blue and model outputs are 
shown in red. 
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Text S8. Methodology and supporting data for zircon and apatite fission track ages 

Analyses on zircon and apatite separated from Grant Range granite samples were 
performed at the University of Arizona Fission-Track Lab by S. Thomson. Supporting data 
are shown in Table S6 (single-grain data tables for individual samples are available upon 
request from the corresponding author). Apatite grains were mounted in epoxy resin, 
alumina and diamond polished, and spontaneous fission tracks were revealed by etching 
with 5.5M HNO3 at 20°C for 20 seconds. Zircon grains were mounted in PFA Teflon, 
diamond polished, and etched in an oven at ca. 220 °C using a KOH-NaOH eutectic melt 
(Gleadow et al., 1976) in a zirconium crucible for 3 to 50+ hours. The optimum etch time 
is dependent on age and radiation damage, and was monitored by repeated etching and 
observation at 3-6 hour time intervals. Samples were analyzed by applying the external 
detector method (Gleadow, 1981) using very low uranium, annealed muscovite mica 
detectors, and irradiated at the Oregon State University Triga Reactor, Corvallis, U.S.A. 
The neutron fluence was monitored using European Institute for Reference Materials and 
Measurements (IRMM) uranium-dosed glasses IRMM 540R for apatite and IRMM 541 for 
zircon. After irradiation, induced tracks in the mica external detectors were revealed by 
etching with 48% HF for 18 minutes. Spontaneous and induced fission track densities 
were counted using an Olympus BX61 microscope at 1250x magnification with an 
automated Kinetek Stage system. Apatite fission track lengths and Dpar values were 
measured using FTStage software, and an attached drawing tube and digitizing tablet 
supplied by T. Dumitru of Stanford University calibrated against a stage micrometer. 
Central ages (Galbraith and Laslett, 1993; Galbraith, 2005), quoted with 1σ errors, are 
calculated using the IUGS recommended zeta-calibration approach of Hurford and 
Green (1983). Current apatite and zircon IRMM 540R and IRMM541 zeta calibration 
factors of 368.1 ± 14.9 and 121.3 ± 2.6, respectively, have been obtained by repeated 
calibration against a number of internationally-agreed age standards including Durango 
and Fish Canyon apatite, and Fish Canyon and Buluk zircon, according to the 
recommendations of Hurford (1990). 
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Table S6. Supporting data for zircon and apatite fission track analyses of the Irwin 
Canyon granite samples. 

 

 

Text S9. Methodology and supporting data for zircon and apatite (U-Th)/He ages. 

(U-Th)/He dating of zircon and apatite separated from the Irwin Canyon granite samples 
was performed at the University of Arizona Radiogenic Helium Dating Laboratory. 
Analyses followed the procedures outlined in Reiners et al. (2004) and Reiners (2005). 
Individual grains were selected from separates on the basis of size, morphology, and lack 
of inclusions. Grains lacking obvious fractures and with a minimum radius of 60 μm, with 
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minimal to no inclusions, were selected. The dimensions of individual grains were 
measured from digital photomicrographs, using the approach outlined in Hourigan et al. 
(2005) for alpha-ejection corrections. Single grains were then packed into 1-mm Nb foil 
envelopes. Multiple foil packets were then placed in individual holes in a 30-hole 
planchett inside a ~7-cm laser cell pumped to <10-9 torr. For zircon, individual packets 
were then heated for 15 minutes by a focused beam of a 1-2 W laser, to extract 4He. The 
packets were then re-heated for 15 minutes, often multiple times, until 4He yields were 
less than 1% of total. For apatite, the procedure was similar, except the packets were 
heated for 3 minutes during the first extract and all following re-extracts. For zircon 
analyses, standards of Fish Canyon Tuff zircon (28.48 ± 0.06 Ma (2σ), Schmitz and 
Bowring, 2001) were analyzed between every 5 unknowns. For apatite analyses, 
standards of Durango apatite (31.44 ± 0.18 Ma (2σ); McDowell et al., 2005) were 
analyzed between every 5 unknowns. 

Gas released from heated samples was spiked with 0.1-0.2 pmol 3He, and condensed 
onto activated charcoal at the cold head of a cryogenic trap at 16 K. Helium was then 
released from the cold head at 37 K into a small volume (~50 cc) with an activated Zr-Ti 
alloy getter and the source of a Balzers quadrupole mass spectrometer (QMS) with a 
Channeltron electron multiplier. Peak-centered masses at approximately m/z of 1, 3, 4, 
and 5.2 were measured. Mass 5.2 establishes background, and mass 1 is used to correct 
mass 3 for HD and H3+. Corrected ratios of masses 4 to 3 were regressed through ten 
measurement cycles over ~15 seconds to derive an intercept value, which has an 
uncertainty of 0.05-0.5% over a 4He/3He range of ~103, and compared with the mean 
corrected ratio to check for significant anomalous changes in the ratio during analysis. 
Helium contents of unknown samples were calculated by first subtracting the average 
mass-1-corrected 4He/3He measured on multiple procedural blanks analyzed by the 
same method, from the mass-1-corrected 4He/3He measured on the unknown. This was 
then ratioed to the mass-1-corrected 4He/3He measured on a shot of an online reference 
4He standard analyzed with the same procedure. The resulting ratio of measured 4He/3He 
values was then multiplied by the moles of 4He delivered in the reference shot. 

After He extraction and measurement, foil packets were retrieved and transferred to 
Teflon vials. Vials containing zircon were spiked with a 50 ml shot containing 7.55 ± 0.10 
ng/ml 233U and 12.3 ± 0.10 ng/ml 229Th, and vials containing apatite were spiked with a 
50 ml shot of a 97%-enriched 147Sm spike with 10.8 ± 0.10 ng/ml Sm. High-pressure 
digestion vessels were used for dissolution of the zircon, apatite, and Nb foil packet. 
Natural-to-spike isotope ratios of U and Th were then measured on a high-resolution 
(single-collector) Element2 ICP-MS with all-PFA Teflon sample introduction equipment 
and sample preparation/analytical equipment. Blanks for zircon analyses were 2.6±0.5 pg 
U and 5.5±1.0 pg Th. 

Precision on measured U-Th ratios is typically better than 0.5% for zircon analyses. 
Propagated analytical uncertainties for typical zircon samples lead to an estimated 
analytical uncertainty on (U-Th)/He ages of approximately 1-3% (1σ). In some cases, 
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reproducibility of multiple aliquots approaches analytical uncertainty. However, in 
general, reproducibility of repeat analyses of (U-Th)/He ages is significantly worse than 
analytical precision. Thus (U-Th)/He ages typically show a much greater scatter and 
higher MSWD than expected based on analytical precision alone, and multiple replicate 
analyses of (U-Th)/He ages on several aliquots is necessary for confidence in a particular 
sample age. Single-grain zircon and apatite (U-Th)/He ages and supporting data are 
shown on Tables S7 and S8, respectively, and weighted mean ages are shown on Table 2 
in the text. Single-grain ages are reported with 2σ formal analytical precision, and 
weighted mean ages are reported with 2σ standard error. 

Table S7. Single-grain zircon (U-Th)/He ages and supporting data. 
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Table S8. Single-grain apatite (U-Th)/He ages and supporting data. 
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Text S10. Supporting data for U zonation in the analyzed zircons. 
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The weighted mean ZHe ages for seven of the eight granite samples (all but sample 
GR27A) are typically between 4 and 8 Myr younger than the AFT and AHe ages from the 
corresponding samples (Table 2 in the main text). This inversion is interpreted as the 
result of zonation in the zircons that resulted in U-enriched rims and tips, which led to 
anomalously high alpha ejection (e.g., Hourigan et al., 2005; Orme et al., 2015). This 
interpretation is supported by photomicrographs of the zircon grains and mica external 
detectors that were utilized to collect the ZFT ages from these samples, which exhibit a 
high concentration of natural and induced fission tracks within the rims, and a paucity of 
tracks in the grain centers (Fig. S6). Zonation in the zircons is also supported by a 
positive age-eU correlation (Fig. S7A), and low Th/U values (typically ~0.05-0.15) that are 
consistent with overgrowth of Th-poor metamorphic rims (e.g., Orme et al., 2015) (Fig. 
S7B). In light of this evidence for zonation, and the consistency within and between the 
AFT and AHe datasets, the inverted ZHe ages for these seven samples are not 
interpreted to be representative of the timing of exhumation-related cooling. 
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Figure S6. Representative photomicrographs of zircon grains and mica detectors used in 
collection of ZFT data, which show a concentration of natural and induced fission tracks 
in the rims. 
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Figure S7. Graphs of (A) age versus eU and (B) age versus Th/U for the zircon (U-Th)/He 
single-grain analyses. The slight positive correlation on the age-eU graph is consistent 
with U zonation, and the overall low Th/U values (typically ~0.05-0.15) is consistent with 
overgrowth of Th-poor metamorphic rims. 

 

 

 

Text S11. Supporting information for HeFTy temperature-time (T-t) path modeling 

(U-Th)/He and fission track ages were input into HeFTy version 1.9.1 (Ketcham, 2005) in 
order to inverse-model T-t paths for the eight Irwin Canyon granite samples. The 
following section describes methodology and modeling parameters. 
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For the ZHe model: Calibration: “Guenthner et al., 2013 (Zircon)”; Radius: Average radius 
of all grains used to calculate the sample weighted mean age (from the ‘half-width (μm)’ 
column on Table S6); Abraded: “0 μm” (default); Model precision: “Good”; Stopping 
distances: “Ketcham et al. 2011”; Alpha calculation: “Ejection”; Measured age 
(uncorrected): The weighted mean (U-Th)/He age of uncorrected ages (from the ‘raw 
age’ column on Table S6 and associated 1σ error) was input here, so that the resulting 
corrected age is equivalent to the corrected weighted mean age for the sample; Age to 
report: “Corrected”; Alpha correction: “Ketcham et al. 2011”; Composition: The average U 
and Th concentration of all grains used to calculate the weighted mean age of the 
sample (from the ‘ppm U’ and ‘ppm Th’ column on Table S6) was input here; Zoned? 
“No.” 

For the AFT model: Annealing model: “Ketcham et al. (2007a)”; C-axis projection: 
“Ketcham et al. (2007b), 5.0M”; Model C axis projected lengths?: “No”; Used Cf 
Irradiation?: “No”; Default initial mean track length: “From Dpar (μm), 16.3 μm” (default); 
Length reduction in standard: “0.893” (default); Kinetic parameter: “Dpar (μm).” Each 
sample was modeled using a single kinetic parameter (Dpar (μm)). Zeta mode: 
“Traditional”; Uncertainty mode: “1 SE.” 

For the AHe model: Calibration: “Shuster et al. (2006) (Do/a2) (Apatite)”; Radius: Average 
radius of all grains used to calculate the sample weighted mean age (from the ‘half-width 
(μm)’ column on Table S7); Abraded: “0 μm” (default); Model precision: “Good”; Stopping 
distances: “Ketcham et al. 2011”; Alpha calculation: “Static ejection”; Measured age 
(uncorrected): The weighted mean (U-Th)/He age of uncorrected ages (from the ‘raw 
age’ column on Table S7 and associated 1σ error) was input here, so that the resulting 
corrected age is equivalent to the corrected weighted mean age for the sample; Age to 
report: “Corrected”; Alpha correction: “Ketcham et al. 2011”; Composition: The average U 
and Th concentration of all grains used to calculate the weighted mean age of the 
sample (from the ‘ppm U’ and ‘ppm Th’ columns on Table S7) was input here; Zoned? 
“No.” 

For ZFT data, the calibration options available in HeFTy correspond to predicted closure 
temperatures (at a cooling rate of 10°C/Myr) between ~280-325˚C, which are 
characteristic of zircons with zero radiation damage (Rahn et al., 2004; Yamada et al., 
2007). Therefore, because this study analyzed zircons from Jurassic-Cretaceous granite, 
which must have some degree of radiation damage, ZFT ages were entered into HeFTy 
as constraints in T-t space that the cooling path must pass through, rather than input as 
thermochronologic ages. A closure temperature range of 240 ± ~15˚C (Bernet, 2009), 
which is characteristic of natural, radiation-damaged zircons at orogenic (~15 °C/Myr) 
cooling rates (e.g., Brandon et al., 1998), was used along with the age and error range of 
individual ZFT dates to define the area in T-t space that the cooling path had to pass 
through. 
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Inverse modeling for each sample used the following parameters: Search Method: 
“Monte Carlo” (default); Subsegment spacing: “Random” (default); Ending condition: 
“Paths tried = 10000” (default); Result to display: “Paths”; Weighted mean path function: 
“Nodal, GOF Product” (default); Merit value for ‘good’ fit: “0.5” (default); Merit value for 
‘acceptable fit’ = “0.05” (default). 

The HeFTy T-t paths from all eight samples are shown in Figure S8, with bounds of 275°C 
and 35 Ma. In the main text, the HeFTy paths are shown in Figure 8A-B, with bounds of 
425°C and 75 Ma, in order to combine them with the higher-temperature T-t paths 
obtained from muscovite 40Ar/39Ar MDD modeling. 

 

Figure S8 (following 2 pages). T-t paths for the Irwin Canyon granite samples, inverse-
modeled in HeFTy. 
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Text S12. Supporting information for 2-D kinematic forward modeling 

Cross section A-A’ was sequentially deformed and isostatically decompacted in six 
increments using Midland Valley Move version 2017.2 (results are shown on Figure 9 in 
the main text). First, an undeformed version of the cross section was drafted in Move. 
Motion on individual faults was performed using the ‘2D Move-on-Fault’ module, using 
the ‘Fault Parallel Flow’ method, with the offset magnitude on each fault input from 
Table 1. After motion on a fault was performed, for each increment of deformation, 
isostatic rebound was then accounted for using the ‘2D Decompaction’ module. The 



 
 

39 
 

following parameters were used: Main tab: ‘Decompaction’; Bed Selection tab: Top Beds: 
the line representing the top of the Paleogene section from the previous deformation 
increment was selected here; Active Intermediate Objects: all lines on the cross section 
were selected here: Base: the line representing the top of the Paleogene section in the 
current deformation increment was selected here; Parameters tab: Get Parameters From: 
‘Default parameters’; Default Parameters: Initial Porosity ‘0.56 (default)’; Depth 
Coefficient: ‘0.39 km-1 (default)’; Grain Density: ‘2680 kg/m3 (default)’; Compaction Curve: 
‘Sclater-Christie (default)’; Samples: ‘2000’; Trim Grid: ‘0’; Extend Grid: ‘3 (default)’; Filter 
Grid: ‘1 (default)’; Minimum Intersections: ‘3 (default)’; Decompact to: ‘Use selected 
horizon (default)’. Isostatic Relief tab: Isostasy: ‘Flex Isostasy’; Load: ‘Sub Aerial Load’; Bulk 
Load Density: ‘2,600 kg/m3’; Mantle Density: ‘3,300 km/m3 (default)’; Elastic Thickness: 
‘1,000 m (yielded a flexural wavelength of 33,088 m)’; Young’s Modulus: ‘70,000 Mpa 
(default)’; Burial History tab: Selected Point X: ‘0.0 m (default)’. After motion on a fault, 
decompaction was then completed for that deformation increment. Then, the next 
youngest fault was drawn, slipped, and decompacted using a similar methodology.  
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