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[i] UV and CO, laser-probe *°Ar/°Ar in situ
analyses of phlogopite and muscovite in fibrous
strain fringes from greenschist-facies metamorphic
rocks document mica growth ages at temperatures
lower than their closure temperatures, and therefore
directly date deformation. The new dates resolve the
age of the earliest ductile fabric recorded in the Raft
River—Albion—Grouse Creek metamorphic core
complex of Utah and Idaho. Phlogopite was dated
in quartz-calcite-phlogopite strain fringes around
pyrite in Pennsylvanian-Permian rocks from the
Grouse Creek Mountains (Utah) using both the UV
and CO, laser probe; muscovite was dated in quartz-
muscovite strain fringes around pyrite in deformed
Jurassic sills from the Black Pine Mountains (Idaho)
using the CO, laser probe. Phlogopite “°Ar/*°Ar
ages for individual strain fringes (Grouse Creek
Mountains) range from 92 Ma to 110 Ma, with the
most reliable ages ranging from 101 Ma to 110 Ma
(mean age, 105.0 = 5.8 Ma). Muscovite *°Ar/*°Ar
ages for individual strain fringes (Black Pine
Mountains) range from 97 Ma to 112 Ma (mean
age, 104.7 £ 5.8 Ma). Strain fringes are associated
with a subhorizontal foliation and a generally N-
trending elongation lineation exhibiting components
of top-to-the-north simple shear and coaxial strain
accommodating N-S extension and subvertical
shortening. Midcrustal northward flow at 105 (£6)
Ma within the interior of the Sevier orogen, coeval
with east-directed shortening in the foreland and
with plate convergence, records orogen-parallel
synconvergent extension. We favor gravitational
relaxation of structural culminations resulting from
focused crustal shortening as a driving mechanism
for orogen-parallel flow. Citation: Wells, M. L., T. L. Spell,
T. D. Hoisch, T. Arriola, and K. A. Zanetti (2008), Laser-probe
“OAr/*Ar dating of strain fringes: Mid-Cretaceous synconvergent
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1. Introduction

[2] Determining the absolute ages of deformation fabrics
in metamorphic rocks is critical to understanding the nature
of orogenesis in deeply exhumed ancient mountain belts.
For example, ages are necessary for establishing rates and
durations of deformation processes and the timing of
important kinematic transitions such as from shortening to
extension. Dating minerals that grew during deformation
(syntectonic minerals) is especially useful, because of the
potential to directly link the isotopic age to the deformation
fabric. Syntectonic minerals will yield the age of deforma-
tion when isotopic closure temperatures (T.) are higher than
crystallization temperatures [e.g., Getty and Gromet, 1992;
Miiller et al., 2000; Sherlock et al., 2003]. Direct dating of
syntectonic minerals requires adequate characterization of:
(1) the appropriate T, for the mineral phase and grain size,
(2) the temperature of growth during deformation and
metamorphism and, (3) the textural relationships between
mineral phases and deformation fabrics [Dunlap, 1997;
Reddy and Potts, 1999; Miiller, 2003, Mulch and Cosca,
2004]. In situ isotopic analysis provides a critical advantage
over bulk analysis of mineral separates because the relation-
ships between the analyzed mineral, deformation fabric, and
age, can be directly studied [Miiller et al., 2000], thus
eliminating potential complications of dating mixtures of
mineral grains of different age and textural affinity. Dating
minerals in fibrous strain fringes is particularly advanta-
geous because mineral growth can be clearly linked to the
progressive incremental strain history [Ramsay and Huber,
1983; Koehn et al., 2000; Miiller et al., 2000].

[3] Here we apply in situ “’Ar*°Ar UV and CO, laser
techniques to dating phlogopite in quartz-phlogopite-calcite
and muscovite in quartz-muscovite fibrous strain fringes in
greenschist-facies metamorphic rocks. To our knowledge,
these are the first successful applications of the laser probe
to in situ *°Ar/*°Ar dating of fibrous strain fringes. In both
cases, syntectonic mica growth occurred below the minerals
T. and thus the ages represent the timing of growth and
deformation. The new dates yield a mid-Cretaceous age for
the earliest ductile fabric (D,) preserved in the Raft River—
Albion—Grouse Creek metamorphic core complex of Utah
and Idaho, in the interior (hinterland) of the retroarc Sevier
orogenic belt. When combined with observations of the D,
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fabric and geophysical constraints on relative plate motions,
these data lead to a reinterpretation of the tectonic signifi-
cance ofthe D, fabric as recording a previously unrecognized
period of synconvergent orogen-parallel extensional flow
during dominantly orthogonal plate convergence. Syncon-
vergent orogen-parallel extension, common in the interiors of
orogenic belts worldwide [e.g., Ellis and Watkinson, 1987;
Mancktelow, 1992; McCaffrey, 1992; Murphy et al., 2002], is
most commonly interpreted within the contexts of trans-
pression, arcuation, or indentation and lateral escape. We
suggest an alternative interpretation for the cause of some
occurrences of synconvergent orogen-parallel extension as
gravitational relaxation due to unequal crustal thickening
along orogenic strike.

2. Structural Setting

[4] Midcrustal levels of the interior of the Jurassic to
Early Eocene Cordilleran (Sevier) orogenic belt are exposed
within the footwalls of some Cenozoic detachment faults in
the Great Basin, for example within the Snake Range, the
Ruby Mountains—East Humboldt Range—Wood Hills area,
and the Raft River—Albion—Grouse Creek Mountains
(Figure 1). These exposures record deformation processes
within deep levels of a retroarc noncollisional orogen. The
recorded events include substantial crustal thickening, thrust
burial metamorphism, and extensional exhumation broadly
synchronous with thrusting in the external fold-thrust belt
[Camilleri and Chamberlain, 1997; Wells, 1997; McGrew et
al., 2000; Hoisch et al., 2002; DeCelles, 2004; Harris et al.,
2007]. An understanding of the deformation history of these
rocks is important, not only to better understand the
Cordilleran orogen, but also in moving toward a more
complete understanding of retroarc noncollisional fold-
thrust belts in general, as these rocks are often considered
a more deeply exhumed analog to the modern Andean
mountain belt [e.g., Jordan et al., 1983].

[5] The Raft River, Albion, Grouse Creek and Black Pine
Mountains comprise an extensive metamorphic core com-
plex that exposes Proterozoic to Triassic metasedimentary
rocks, which unconformably overlie Archean basement
[Armstrong, 1968; Compton et al., 1977; Wells, 1997]
(Figure 2). The stratigraphic section and metamorphic iso-
grads have been greatly condensed by plastic attenuation
and omission of stratigraphy along Mesozoic and Cenozoic
low-angle normal faults and shear zones [Wells, 1997].

3. D, Fabric Distribution, Orientation,
and Kinematics

3.1. Raft River—Albion—Grouse Creek Mountains

[6] The oldest deformation fabric (D;) in the Raft River—
Albion—Grouse Creek metamorphic core complex exhibits
a flat-lying foliation (S;) and generally north-trending
clongation lineation (L;) and has been described in the
Albion [Armstrong, 1968; Miller, 1980; Wells, 1997], Grouse
Creek [Compton et al., 1977; Todd, 1980; Malavieille, 1987;
Sheely, 2002] and Raft River Mountains [Compton et al.,
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1977; Wells et al., 1990, 1997] (Figure 2). L, is parallel to
locally developed intersection lineations and F; hingelines
[Compton et al., 1977; Miller, 1980; Todd, 1980; Malavieille,
1987] (Figure 2). The D, fabric is expressed locally in the
Archean to Proterozoic parautochthon (Figure 3d) and sev-
eral overlying allochthons bounded by low-angle normal
faults of both Cenozoic and Mesozoic age, including the
Oligocene—late Miocene Raft River detachment and Eocene—
early Miocene Middle detachment. Despite maximum differ-
ences in the azimuth of L, as great as 60° across contiguous
exposures of the parautochthon and between allochthons and
the parautochthon (Figure 2), D, fabrics are correlated through-
out the Raft River, Albion, and Grouse Creek Mountains on the
basis of similarity in deformation kinematics and structural
sequence [Compton et al., 1977; Todd, 1980; Malavieille,
1987; Wells et al., 1997]. The D, fabric is evident in Archean
to Ordovician rocks where the Cenozoic extensional strain
overprint is not strong (Figures 2 and 3), and important to this
study, in the structurally higher Mississippian to Permian rocks
of the middle allochthon in the Grouse Creek Mountains
(Figures 3a—3c) and Devonian to Permian rocks of the nearby
Black Pine Mountains. The D, fabric is not developed in the
middle allochthon of the Raft River or Albion Mountains; in
these areas, the rocks of the middle allochthon are not
penetratively deformed.

[7] Kinematic studies of D; shearing in Archean to
Permian rocks indicate top-to-north noncoaxial shear
(Figure 3a) with a significant component of pure shear,
the latter of which accomplishes layer-parallel extension
and layer-perpendicular shortening [Malavieille, 1987;
Wells, 1997; Sheely, 2002] (Figure 3). Finite strain magni-
tudes, based primarily on qualitative observations, are
heterogeneous both laterally and vertically and high strain
zones dominated by simple shear deformation are common
at lithologic boundaries. Proterozoic and Ordovician meta-
sedimentary strata, where not affected by younger penetra-
tive strain, exhibit S; foliation parallel to lithologic layering
and substantial attenuation of rock units [Compton et al.,
1977, Todd, 1980; Malavieille, 1987; Wells, 1997].

[8] Previous geochronology investigations have estab-
lished a Late Cretaceous or older age for D, fabric devel-
opment. Late Cretaceous K-Ar ages (biotite, muscovite, and
hornblende) have been reported from lower amphibolite
facies rocks containing L; lineation from the northern
Albion Mountains [4Armstrong, 1976; Miller, 1980]. Three
“OAr/*? Ar muscovite analyses from uppermost greenschist-
facies Ordovician marble and schist containing D, fabrics in
the eastern Raft River Mountains yielded 88—90 Ma cool-
ing ages [Wells et al., 1990]. The D, fabrics are interpreted
to have developed prior to cooling at ~90 Ma on the basis
of deformation mechanisms that indicate temperatures
higher than the Ar closure temperatures. In consideration
of regional tectonic relations [e.g., DeCelles, 2004], this
leaves open a range of possible ages for D; fabrics from
Late Jurassic to mid-Cretaceous.

3.2. Black Pine Mountains

[9] Greenschist-facies Devonian to Permian rocks in
the Black Pine Mountains, which occur in several stacked
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Figure 1. Location map of Raft River—Albion—Grouse Creek metamorphic core complex, within the

hinterland of the Sevier fold-thrust belt. Lower grade metamorphic rocks shown in stippled pattern
include: BP, Black Pine; PM, Pequop; higher-grade metamorphic rocks shown in wavy line pattern
include: R, Ruby Mountains; EH, East Humboldt Range; WH, Wood Hills; SR, Snake Range; and RAG,
Raft River, Albion, Grouse Creek Mountains. Traces of major thrusts of the fold-thrust belt include: W,
Willard; P, Paris; M, Meade; C, Crawford; A, Absaroka; H, Hogsback. WC is Wasatch basement
culmination. Arrows indicate estimates for thrust transport direction from Royse [1993] and Yonkee
[1997]. Inferred positions of Precambrian crustal boundary shown by light gray dashed line, modified
from Bryant [1988] and Lush et al. [1988], and by gray solid line after Nelson et al. [2002], modified
from Zartman [1974]. Early Paleozoic shelf-slope break from Miller et al. [1991].

low-angle fault-bounded allochthons, exhibit a foliation
previously correlated to S; of the Raft River—Albion—
Grouse Creek metamorphic core complex on the basis of
similarity in structural sequence [Wells and Allmendinger,
1990; Wells et al., 1990]. The strain significance of this
fabric is best understood from studying carbonate rocks in
the Pennsylvanian-Permian Oquirrh and Devonian Guilm-
ette Formations in low-angle fault contact above and below,
respectively, an allochthon of Upper Pennsylvanian and
Lower Mississippian Manning Canyon Shale. Vorticity
and finite strain studies of the D, fabric in the carbonate
rocks document up to 160% layer-parallel extension, layer-
perpendicular shortening, plane strain, and a coaxial strain
path [Wells and Allmendinger, 1990]. An ~E-W extension
direction is reconstructed for the Devonian to Permian rocks
by consideration of a variety of features including folded
and boudinaged calcite and quartz veins in the Oquirrh
Formation; vein fibers and strain fringes in the Oquirrh
Formation, Manning Canyon Shale and associated Jurassic
sills; and stretching lineations which are most prominent in
the Devonian marble (Figure 2). This event is associated
with synkinematic metamorphism and growth of white mica
along slaty cleavage in the siltites and slates of the Manning
Canyon Shale.

[10] Previous geochronology studies have suggested a
mid-Cretaceous age for metamorphism and cleavage for-
mation. Smith [1982] reported nine K-Ar whole rock slate
ages of 77 to 111 Ma. Wells et al. [1990] reported four
discordant whole-rock *°Ar/*’Ar age spectra with variable
total gas ages from 168 to 93 Ma. On the basis of a
relationship of decreasing discordancy and total gas age
correlating with increasing structural depth, increasing
cleavage intensity, and increasing proportion of neoblastic
syncleavage white mica relative to detrital white mica, the
two mid-Cretaceous ages (93.4 £ 5.9 Ma and 101.1 +
1.6 Ma) from the structurally deepest level were interpreted
to record the age of metamorphism and cleavage formation
[Wells et al., 1990].

4. D; Strain Fringes
4.1. Grouse Creek Mountains

[11] In the Grouse Creek Mountains, the D; fabric is well
preserved structurally above the Cenozoic Middle detach-
ment fault within the Pennsylvanian-Permian Oquirrh For-
mation of the middle allochthon (Figure 2). The fabrics
have been mapped in many exposures of Oquirrh Formation
in the Grouse Creek Mountains [Compton et al., 1977;
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Figure 2. Generalized geologic map of Raft River—Albion—Grouse Creek metamorphic core complex
showing distribution and orientation of the L; stretching lineation. Lineation measurements used to
construct stereograms of L; from Compton [1972, 1975], Miller [1980], Todd [1980], Sheely [2002],
Wells [1997], and unpublished data of M.L.W. (2000 and 2003) and T.A. [2006]. Stereograms with
contour intervals of 2o with exception of northernmost (Albion) shown at 2%, 5%, 10% per 1% area.
Inset is detail of the Marble Peak klippe showing preservation of L; lineation above Middle detachment
and sample localities of strain fringes: location 1, sample used for UV laser probe and step-heating
analysis; location 2, sample used for CO, laser-probe analyses. Note that locations 1 and 2 are ~150 m
and ~15 m above the Middle detachment, respectively.

Todd, 1980] but here we focus on the Marble Peak klippe, a NNE-trending elongation lineation (Figures 2 and 3),
the site of our *°Ar/*’Ar geochronology study (Figure 2). parallel to an intersection lineation and indicate variable
Fibrous strain fringes developed adjacent to 2—10 mm maximum finite extensions of 60 to 150%. The strain
pyrite porphyroblasts within calcareous metasiltstones define  fringes record two growth events. The younger growth
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Figure 3. Field photographs of D, fabrics in the Grouse Creek Mountains. (a) Asymmetric boudinage
of quartz veins in Oquirrh Formation marble, showing top-to-NNE shear. (b, c), Stretching lineation
in Oquirrth Formation marble. Inset in Figure 3c is stretched crinoid stem (black), pull-aparts infilled
by quartz and calcite. (d) Strong N-trending stretching lineation in Archean orthogneiss. Arrows on

Figures 3b—3d indicate north direction.

event is recorded as thin (width 112 pum) quartz fibers that
postdate D fiber growth (Figure 4a). The older fibers (D)
are face-controlled, antitaxial, and consist of quartz, calcite,
and phlogopite (Figure 4). The optical continuity in quartz
and calcite between matrix grains and fibers within the
strain fringe indicates fiber growth from matrix toward
pyrite (Figure 4c), consistent with the pyrite-type strain
fringe growth model [Ramsay and Huber, 1983; Koehn et
al., 2000]. In some strain fringes (Figure 4a) phlogopite
crystals are discordant to face-controlled quartz fibers and
appear displacement-controlled, similar in orientation to
“ghost” fibers [Ramsay and Huber, 1983]. Phlogopite
fibers exhibit ¢ axes oriented parallel to fiber length (i.e.,
approximately perpendicular to pyrite faces), and are mostly
of uniform crystallographic orientation. Exceptions are in
local zones exhibiting postgrowth intracrystalline strain
including kink bands and intragranular fractures. The out-
lines of D, strain fringes in XZ planes (finite strain
ellipsoid) are oblique to the dominant foliation (S;) and
internally asymmetric (Figure 4a) and indicate noncoaxial
top-to-northeast shear [e.g., Koehn et al., 2000]. Further
south in the Grouse Creek Mountains, strain fringes within
the Oquirrh Formation are more asymmetric and apparently
record a larger component of top-to-north simple shear
[Malavieille, 1987].

4.2. Black Pine Mountains

[12] Sparse intermediate composition dikes and sills in-
trude the Upper Mississippian and the Lower Pennsylvanian

Manning Canyon Shale in the Black Pine Mountains [Smith,
1982; Wells et al., 1990]. The intrusions are altered and
cleaved, and at one locality pyrite (1-2 cm) is abundant
within a sill and in the adjacent siltite and slate country rock.
The sill shows a gradation from an interior of fresher and
less cleaved rock to a more altered and cleaved margin.
Quartz-muscovite strain fringes around pyrite are abundant
in both country rock and sill; the strain fringes are larger and
record more strain in the altered sill near the margin, where
the pyrite is mostly altered to goethite. The rubbly outcrop
habit of the sill and the large size of the strain fringes
preclude a detailed strain study, however, a few measure-
ments indicate variable extension magnitudes from 50—
90%, lower than the measured strain values in the Oquirrh
Formation [Wells and Allmendinger, 1990]. Examination of
in-place siltite and slate country rock shows a strain fringe
orientation compatible with that of the slaty cleavage, and
bulk extension oriented east-west, similar to that described
by Wells and Allmendinger [1990] from the overlying
Oquirrth Formation. Quartz and muscovite are intimately
intergrown throughout the strain fringes at the micron scale
and muscovite forms larger fibrous composite grains at the
millimeter scale (Figure 5). Distal fringe material (near the
matrix) tends to be dominantly muscovite.

5. The *“°’Ar/*’Ar Experimental Methods

[13] Samples of the Oquirrh Formation containing D,
strain fringes were collected from two locations within the
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Figure 4. Images of D; strain fringes from sample 1. (a) Photomicrograph (PL) of two generations of
strain fringe growth. First generation (D) fibers consist of quartz, calcite, and phlogopite (outlined).
Suture between face-controlled quartz fibers shown by dashed line. Note that phlogopite fibers are
displacement controlled, and discordant to face-controlled quartz fibers. Trace of S; foliation is
horizontal, XZ plane of finite strain ellipsoid. (b) Photomicrograph of quartz-phlogopite strain fringe from
sample 2 within the plane of foliation (XY plane of finite strain ellipsoid). (c) scanning electron microscope
(SEM), back-scattered electron (BSE) image of strain fringe. Note continuity in quartz (arrows) and calcite
between matrix and fibers. Phlogopite fibers labeled G1, G3, and G4 were analyzed by the UV laser probe.
Phl, phlogopite; Qtz, quartz; Cal, Calcite. (d) SEM BSE images of phlogopite fiber F analyzed by UV and
CO, laser: left-hand image is prior to analysis; right-hand image shows fiber excavation by UV laser and
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subsequent melting by CO, laser. Scale bars are | mm in length.

Marble Peak klippe; sample 1, ~150 m, and sample 2,
~15 m above the Middle detachment, respectively (Figure 2).
Eight thick sections (chips) with dimensions of ~100 mm?
by 3 mm thick containing pyrite porphyroblasts and both
sides of fibrous strain fringes were prepared and polished
for each of the two samples. A mineral separate of musco-
vite from the matrix of both samples 1 and 2 was also
prepared.

[14] Samples of a cleaved sill containing quartz-muscovite
strain fringes around pyrite, and of the surrounding contact-
metamorphosed siltite of the Manning Canyon Shale, were
collected from the Black Pine Mountains. Nine thick
sections (chips) with dimensions of ~225 mm® by 3 mm
thick, each containing one side of a fibrous strain fringe
were prepared and polished. A mineral separate of musco-
vite from the contact aureole in the Manning Canyon Shale
was also prepared.

[15] Thick sections were imaged and characterized by
scanning electron microscopy and electron microprobe
analysis in the Electron Microanalysis and Imaging Labo-
ratory (EMIL) at UNLV using a JEOL-8900 electron probe
microanalyzer and JEOL-5600 scanning electron micro-
scope. Electron microprobe analyses verify that strain
fringes from the Oquirrth Formation in the Grouse Creek

Mountains contain phlogopite whereas matrix micas are
muscovite, and that in the Black Pine Mountains samples,
muscovite is contained within the strain fringes of the
deformed sill and within the metasiltite of the contact
aureole. From the eight polished sections from the Grouse
Creek samples, 4 were selected for the UV laser (F, G, H,
and I), and 5 for the CO, laser (A, B, C, D, and E). From the
nine polished sections of the Black Pine samples, 6 were
selected for analysis by CO, laser.

[16] For *°Ar/*°Ar dating samples were stacked in a
Pyrex tube with Fish Canyon Tuff (FCT) sanidine, using
an age of 27.9 Ma [Steven et al., 1967; Cebula et al., 1986],
as a fluence monitor. Synthetic K-glass and optical grade
CaF, were included to monitor neutron induced argon
interferences from K and Ca. Samples were irradiated for
14 h at the Nuclear Science Center at Texas A&M Univer-
sity. Irradiated FCT sanidines together with CaF, and K-
glass fragments were placed in a Cu sample tray in a high
vacuum extraction line and were fused using a 20 W CO,
laser. The samples analyzed by the furnace step heating
method utilized a double vacuum resistance furnace. Argon
isotopic compositions were analyzed using a MAP-215
mass spectrometer at the Nevada Isotope Geochronology
Laboratory (NIGL) at UNLV. Mass spectrometer discrimi-
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Images of quartz-muscovite strain fringes from Black Pine Mountains. (a) SEM BSE image

of distal portion of strain fringe BP1DS8 prior to laser-probe analyses, showing distribution of ages.
(b) Silicon map showing fine-scale intergrown nature of quartz (Qtz, light) and muscovite (Mu, dark),
and muscovite rich distal fringe margin near contact with matrix (upper left). Repetition of ages shown
for comparison with Figure 5a. (¢, d) SEM BSE images of portions of fringes BP1D8 and BP1D5,
respectively, showing CO, laser pits and surrounding and variable accumulations of melt.

nation and sensitivity was monitored by repeated analysis of
atmospheric argon aliquots from an online pipette system.
Discrimination corrections as well as K and Ca correction
factors are given in the appropriate data tables for each
sample.

[17] For the Grouse Creek strain fringes, argon was
extracted from phlogopite fibers ~100 to 450 pum wide
and up to ~800 um in length using two laser systems
during two analytical sessions, to be referred to as session
one and session two. During session one, we analyzed
polished sections from sample 1 and during session two,
we analyzed sections from sample 2 and also performed
duplicate analyses from sample 1 (Figure 2 and Table 1).
During session one, a pulsed 266 nm wavelength Nd-YAG
ultraviolet laser focused to a ~10 um spot and operated at
4 mJ/pulse and 10—-20 Hz was used to extract gas from
trenches excavated by rastering the beam over areas of
strain fringe surfaces for total gas extraction times of 6—
15 min. Rastered areas were ~50,000 to 98,000 ﬂmz, and
were ~5—10 pm deep. During session one, blanks were
acceptably low relative to sample gas yields using the UV
laser. During session two, blank levels were significantly
higher (see below). Thus, following 4 initial UV analyses of
sample 2 (referred to as “duplicate UV analyses™), a second
laser system was used. A continuous 10.62 um wavelength

CO, laser focused to a ~100 pm spot and operated at 1.5—
3.0 Watts with 6—10 ms pulses allowed higher sample/blank
gas yields by excavating a larger volume of material in a
shorter period of time (total gas extraction times of 2—
6 min). Control of power levels and pulse lengths was
accomplished using custom LabView software. Additionally,
three analyses (referred to as “duplicate CO, analyses’’) of
sections G and F of sample 2, previously analyzed by UV
laser, were also conducted using the CO, laser system. For
both laser systems narrower fibers were trenched along their
entire length for single analysis, whereas wider fibers were
analyzed in two or three growth segments.

[18] Muscovite from the Black Pine strain fringes was
analyzed exclusively by the CO, laser described above, with
the exception that total gas extraction times were further
reduced to 1 min. Owing to the large size of the muscovite in
Black Pine strain fringes, individual analyses were derived
from single laser spots of ~100 um diameter.

[19] Laser extraction line blanks were measured after
every 3—4 analyses (i.e., approximately hourly). Blanks
were slightly more variable during session one, thus blank
corrections were adjusted to the time of individual analyses
by linear interpolation for UV laser analyses. Blanks were
more consistent during session two and during analysis of
Black Pine strain fringes. Accordingly, average daily blank
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Table 1. Phlogopite Laser Probe *°Ar/°Ar Data Summary,
Grouse Creek Mountains®

Fringe Age, Ma lo %40 Ar* Mean Ages > 65% **Ar*
Sample 1, UV Analyses
F 105.09 1.51 73.9 All (n = 15)
F 100.18 1.17 73.2 Mean = 105.0 + 5.8 Ma
F 101.70 0.70 72.2
F 97.45 0.59 70.2 F(n=4)
F 95.38 0.57 64.9 Mean = 101.1 + 3.2 Ma
F 94.11 1.05 56.7
F 90.88 0.78 57.6
G 104.14 2.20 83.3
Gl 108.76 0.97 78.2
Gl 106.34 1.66 78.1
Gl 111.10 1.66 76.1
Gl 102.52 1.53 73.4 Gn=9)
G3 107.73 1.45 70.3 Mean = 106.6 + 2.5 Ma
Gl 107.05 2.10 69.6
G4 106.99 0.82 67.3
Gl 92.13 232 55.7
Gl 93.47 227 533
Gl 105.16 0.72 66.5
Gl 96.63 1.08 54.8
H 109.66 0.75 76.9 H (n=1,109.7 + 0.8 Ma)
I 101.23 1.13 66.8 I(n=1,101.2 £ 1.1 Ma)

Sample 2, CO, Analyses

A 97.19 1.55 90.5 All (n = 12)

A 98.62 0.62 88.1 Mean = 92.5 + 5.0
A 90.87 1.27 85.9

A 83.85 2.37 77.1

A 94.58 1.01 74.8

A 93.57 2.00 71.2 Am=9)

A 75.96 5.58 52.4 Mean = 92.3 £ 5.1 Ma
A 94.99 4.94 89.7

A 84.87 0.95 74.7

A 92.36 3.24 66.8

A 77.12 2.93 63.8

B 95.16 1.71 85.8

B 86.66 2.31 82.7 B (n=3)

B 97.37 7.63 73.1 Mean = 93.1 + 5.6 Ma
B 71.10 1.90 62.8

B 100.88 10.86 61.9

C 85.08 1.35 57.7

C 81.94 2.16 51.5 C (none)

C 80.70 1.07 38.3

D 78.84 4.14 58.1

D 91.09 2.66 55.6 D (none)

D 74.63 4.62 43.2

D 78.34 5.13 40.5

D 66.81 1.58 26.0

E 82.48 3.31 62.8

E 83.43 1.48 60.6 E (none)

E 77.67 5.26 51.0

E 62.18 5.02 37.0

“talics denote the following: Sample 1, CO, analyses; Sample 2, UV
analyses.

values were used for CO, laser analyses. Data reduction
using different blank correction schemes did not result in
significant changes in variability of calculated ages or in
mean ages for individual strain fringes. Laser-probe sample
gas yields resulted in blank *°Ar corrections ranging from
13 to 34% of the measured *’Ar for UV analyses and from
0.6% to 17.1% for CO, analyses during analysis of Grouse
Creek samples in sessions one and two. Blank *°Ar correc-
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tions were significantly lower at 0.1% to 1.9% for CO,
analyses of Black Pine samples. Average blank values for
all argon isotopes during laser-probe analyses are given in
auxiliary material Data sets S1, S2, and S4!. Furnace
blanks measured prior to step heating analyses averaged
0.04 mV for *°Ar and 5.76 mV for "°Ar at temperatures
<1200°C, and 0.07 mV for 36Ar and 9.48 mV for “°Ar at
temperatures >1200°C. Furnace blanks for all other argon
isotopes were <0.02 mV.

6. The “°Ar/*°Ar Data Treatment and Results

[20] Laser-probe data is summarized in Tables 1 and 2;
the full data sets are given in auxiliary material Data sets S1,
S2, and S4. All uncertainties are reported at the 1o level.

6.1. Grouse Creek Strain Fringes

[21] For sample 1, 18 apparent ages by UV laser probe
vary from 92.1 Ma to 111.1 Ma (average 102.5 + 5.8 Ma)
(Figures 6 and 7 and Table 1) whereas 3 apparent ages
by CO, laser probe (“duplicate” CO, analyses) vary over
a similar range from 90.9 to 105.2 Ma (Table 1 and Data
Set S1). For sample 2, 23 apparent ages by CO, laser
probe vary from 62.2 Ma to 100.9 Ma (average 85.3 +
9.7 Ma), whereas 5 UV laser-probe analyses (““duplicate”
UV analyses) also vary over a similar range from 66.8 to
95.0 Ma (Figures 6 and 7, Table 1, and Data Set S2).

[22] Owing to concerns about degassing adjacent miner-
als in the strain fringe (quartz and calcite) with the CO,
laser, several analyses of these phases were performed.
None yielded measurable *°Ar above atmospheric values,
thus indicating that no degassing of adjacent mica occurred
and that there was no contribution of excess argon from
fluid inclusions. For example, an analysis of quartz from
Grouse Creek sample D yielded argon concentrations within
uncertainty of blanks except for *°Ar and *°Ar, which were
slightly above blank levels and yielded a *°Ar/*°Ar ratio
(290.8 £ 12.1) within uncertainty of the atmospheric value
(i.e., no detectable radiogenic or excess argon). Problems
with degassing of adjacent minerals during CO, laser
analysis of micas can otentiall;/ be further addressed via
measured *’Ar and *°Ar, as °’Ar is derived from Ca
(adjacent calcite) and 3BAr is derived from Cl (excess argon
may be associated with Cl-enriched fluid inclusions in
quartz). As Cl-derived **Ar is produced via a thermal
neutron interaction during irradiation we were unable to
use this tracer owing to the boron nitride shielding used at
the Texas A&M reactor. However, we note that there is no
significant difference in Ca/K values (calculated from
measured >’ Ar/*° Ar ratios) from UV and CO, laser analyses
from Grouse Creek sample 1 (Data Set S1). Similarly, with
the exception of three analyses there is no significant
difference in Ca/K from UV and CO, laser analyses from
Grouse Creek sample 2 (Data Set S2). Three CO, analyses
h