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Abstract—Solid-state foliation, lineation, small-scale folds and domainal shear zones have developed in pre-
existing granitic and minor metasedimentary wallrock during a combined deformation involving a regional
extensional strain and ascent and emplacement of the Mt Givens pluton (MGP). Mylonite is common throughout
much of the ~1-2 km wide, 10 km long shear zone, with ultramylonite best developed near the contact with the
MGP, which itself lacks significant solid-state deformation. Migmatization accompanies ultramylonite formation
in the northern half of the zone, but both these features are poorly developed or absent in its southern half where
the shear zone is distributed over a wider area. Strain estimates across the shear zone using microgranitic enclaves
as markers show a positive gradient and an increasing ratio of simple shear/pure shear towards the MGP.
Microprobe analyses on hornblende and plagioclase yield pressure and temperature estimates of ~3.5 kb and
~680°C respectively, during shear zone formation, at least at its late stages of development. Zircon Pb/U and
“A1/¥ Ar ages constrain timing of the high-temperature movement on the shear zone to ~90 Ma, essentially the
age of the MGP, although movement immediately prior to that time appears likely. We speculate that a regional
extensional shear zone was developing prior to the emplacement of the MGP, which, as it ascended, heated the
wallrock facilitating both further strain in the zone as well as buoyant rise of the pluton along the zone. The MGP
was near its critical melt fraction during the last several kilometers (?) of its ascent, and could have possessed
sufficient viscosity (strength) to impose a weak shear strain on the shear zone rocks, although most of the foliation
and extensional features in the zone are probably related to the regional strain field. Late-stage folding of the
foliation is attributed to shouldering aside of the wallrock by the MGP during the last increment of its ascent and

final emplacement.

INTRODUCTION
General

CRreTACEOUS plutons of the central Sierra Nevada batho-
lith are known to become generally younger eastward
(Stern et al. 1981, Chen & Moore 1982), and the com-
piled data of Bateman (1988) document the widespread
occurrence of magmatic foliation in these plutons. Dis-
crete domains of solid-state deformation also occur, and
recent work is showing that the solid-state deformation
has formed within four different dynamic and/or kine-
matic frameworks: that related to: (a) dynamics of
pluton ascent and emplacement; (b) dextral strike-slip
shear zones (transpression); (c) regional extension; and
(d) regional contraction, with the last three associated
with some stage of pluton emplacement and/or cooling.

We are currently studying several domains of solid
state deformation which affect both granitoids and their
contiguous wallrocks in the central Sierra Nevada (Fig.
1.) and further to the south. The domains dip moder-

ately to steeply, are of variable length (10-40 km or
greater), and commonly are related to regional tectonic
activity showing either dip-slip (Tobisch et al. 1990,
McNulty 1991, Tong 1991) or strike-slip movement
(Busby-Spera & Saleeby 1990, Gazis and Saleeby 1991,
Tikoff & Teyssier 1991, Saleeby 1992). Other regions of
solid-state deformation in the central Sierra Nevada
appear related to pluton emplacement dynamics (e.g.
Bateman et al. 1983) or show a polygenetic origin (this
study).

The Courtright shear zone was originally mapped by
Bateman (1965) and co-workers (Bateman et al. 1984).
They concluded that the shear zone most likely resulted
from a regional tectonic event which predated emplace-
ment of the Mount Givens pluton (MGP), and was time
correlative with shear zones mapped to the northwest by
Peck (1980). Below we delineate the geometry and
development of solid-state fabric, give strain estimates
associated with foliation development, and consider its
thermobarometric and geochronological (Pb/U, “°Ar/
3 Ar) aspects. We interpret the Courtright shear zone as
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Fig. 1. Simplified geologic map of part of the central Sierra Nevada, showing specific features of the Mt Givens and Dinkey

Creek plutons (for clarity, other related but smaller plutons discussed in the text are not shown on the map) and their

relation to the study area. Zircon Pb/U ages showing error (+) are from this study, others are from Stern et al. (1981). W =

Wishon Reservoir, D = Dinkey Creek pendant. Map modified from Bateman (1988); shear zone northeast of study area
modified from Lockwood & Lydon (1976) and B. Tikoff (personal communication, 1991).

the combined result of a regional extensional strain field
and the dynamics of ascent and emplacement of the
MGP.

Rock types, ages and magmatic structures

The Courtright zone is an ~0.8-2 km wide and ~10
km long steeply dipping zone of ductile strain developed
within the border of three plutons of the Shaver Intru-
sive Suite (Bateman 1988) and adjacent wallrock screens
where they lie against the undeformed MGP (Fig. 1). At
its northern extremity, the shear zone is cut off by the
undeformed Eagle Peak granodiorite; at its southeast-
ern extremity, the shear zone disappears under glacial
deposits overlying the MGP (Bateman 1965). The wall
rocks, mostly impure sandstone and calc-silicate rock
with minor semipelite, occur as uncommon screens and
blocks, and probably are correlative with sedimentary
rocks in the Dinkey Creek pendant ~10 km to the west
(tocality D in Fig. 1). These muitideformed pendant
rocks lack fossils, and based on lithologic correlation
may be of Paleozoic or Mesozoic age (Kistler & Bate-
man 1966, Merritt 1985, Lahren & Schweickert 1989).

In the study area, the Shaver Intrusive Suite consists
of three intrusives: (a) the Dinkey Creek pluton (DCP),
which is a mafic hornblende-biotite granodiorite that
contains abundant microgranitic enclaves (Fig. 2,
closely spaced dots); (b) the granite of Short Hair Creek,
a somewhat more felsic biotite-hornblende granodiorite
with substantially fewer enclaves (Fig. 2, widely spaced
dots); and (c) the relatively small granite of Lost Peak, a
biotite leucogranite mostly devoid of enclaves (cf. Bate-

man 1965, 1988, Bateman & Wones 1972). The contact
between the granite of Short Hair Creek and DCP was
not observed and its exact locality in Fig. 2 is uncertain.

Zircon from a sample of DCP on the border of the
shear zone (Fig. 2) yielded a concordant Pb/U age of 102
+ 1 Ma (see Geochronology section for details). Mag-
matic foliation is well-developed in many plutons of the
batholith (Fig. 1) (Bateman 1965, 1988, Bateman &
Wones 1972, Lockwood & Bateman 1976). In the study
area, it is weakly to moderately developed within the
three plutons, and is defined (Paterson et al. 1989) by
aligned clots of biotite and/or hornblende, individual
mafic grains, plagioclase and microgranitic enclaves.
Magmatic lineation is weakly developed, and in general
has been much less commonly mapped (e.g. Bateman &
Wones 1972), perhaps in part because of the difficulty of
identifying and accurately measuring it in rounded gra-
nitic exposures.

The Mount Givens pluton (MGP) ranges in compo-
sition from tonalite to granite (Bateman & Nokleberg
1978). It is the largest single pluton in the central Sierra
Nevada batholith (Bateman 1988), with minimum
dimensions of ~15 X ~80 km. Throughout much of the
tonalitic to granodioritic parts, magmatic foliation is
weakly to moderately well developed, but in the more
differentiated (quartz monzonitic to granitic) parts,
foliation is weak or absent (e.g. Bateman 1965, Bateman
et al. 1971). In the study area, it is a hornblende-biotite
granodiorite with relatively few microgranitic enclaves
and a weakly to moderately developed magmatic folia-
tion which becomes very weak ~100 m from the contact.
Various other magmatic structures such as unusual (fish-
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net) schlieren, strongly developed mafic layering and
trains of enclaves occur in the border facies of the MGP
at Courtright (Bateman et al. 1984). Zircon from a
sample in the far northwest corner of the pluton (Fig. 1.)
gave a discordant Pb/U age of 90*%~* Ma (see Geo-
chronology section for details).

The Eagle Peak pluton (EP, Fig. 2.) is a hornblende-
biotite granodiorite with a more felsic granite core, and
it has been observed to intrude the MGP (Bateman &
Wones 1972, Bateman & Nokleberg 1978); however,
ages in the EP (K/Ar) and MGP (“’Ar/*’Ar and Pb/U)
suggest the two plutons are largely contemporaneous
(cf. Stern et al. 1981, Noyes et al. 1983, and this study).

SOLID-STATE STRUCTURES
Geometry and orientation

Wallrocks. According to Kistler & Bateman (1966)
and Merritt (1985), wallrocks in nearby areas to the
northwest (Fig. 1, D) were multiply deformed prior to
emplacement of the granitic rocks. In the study area,
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Fig. 2. Geologic map of the area showing the relation between the
ductile shear zone, the Mt Givens (MGP) and Eagle Peak (EP)
plutons, intrusives of the Shaver Intrusive Suite, and isolated screens
of wallrock (dimensions of screens slightly exaggerated for clarity of
pattern). Plutons of the Shaver Intrusive Suite are the Short Hair
Creek (widely-spaced dots), the Dinkey Creek (DCP, closely-spaced
dots) and the Long Peak (inverted v-dots). The shear zone has not
been shown in the wallrock to preserve clarity. Exact placement of
contacts within the Courtright reservoir are uncertain. Map modified
from Bateman (1965) and Bateman & Wones (1972). Letters A-C, T-
1, T-2, etc., and unadorned arrows between T-2 and T-3 are localities
discussed in the text.
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however, solid-state structural elements such as folia-
tion and stretching lineation found within granitoids in
the shear zone show a similar intensity of development
and orientation as those structures in wallrock screens,
suggesting that some component of wallrock strain may
be emplacement-related.

Further, the larger wallrock screen in area C (Fig. 2)
shows an intensely developed stretching lineation (Fig.
3a.) and mylonitic fabric is also well developed locally.
This septum has been intruded by felsic dikes (~2 m
maximum width) of the MGP, and both dike and earlier-
formed mylonitic foliation-lineation strongly folded
(Fig. 4a). Microscopic fabric of the dikes shows vari-
ations between essentially undeformed to weakly de-
formed, suggesting the dikes were in a ‘mush’ stage
when they were emplaced and folded. These obser-
vations indicate that at least the later folds—crenulations
in this wallrock screen are contemporaneous with the
MGP, and may be related to pluton emplacement dy-
namics.

Mt Givens Pluton (MGP). With the exceptions of
weak to moderate subgrain formation in quartz and
relatively rare kinking of plagioclase twins, the main
body of the MGP in the Courtright area is free from
solid-state deformation. Along parts of its border on the
west side of Courtright Reservoir (locality A, Fig. 2.),
however, solid-state deformation is locally developed
within an apparent coeval magma that has mingled with
Mt Givens magma during its ascent-emplacement. The
coeval magma occurs as accumulations of mafic enclaves
in a host somewhat more mafic than the MGP, which
itself has been invaded by the Mt Givens and Eagle Peak
granodiorites. The stretched enclaves lie in a foliation
developed from magmatic and lesser solid-state pro-
cesses, and has subsequently been folded (Fig. 4b). Key
exposures show the deformed enclave-rich magma cut-
ting the solid-state foliation in the DCP. From these
observations, it seems reasonable that the enclave-rich
magma intruded the shear zone at a late stage of move-
ment immediately prior to the emplacement of the
MGP.

Structures developed in granitoids within the shear zone

Foliation, lineation and folding of the foliation occur
within the DCP, Short Hair Creek and Long Peak
granitoids in the shear zone (Fig. 2). In the field, the
most prominent and widespread structure is foliation,
which generally is a combination of magmatic and solid-
state strain (), and in outcrop is seen mostly as aligned
individual and clots of mafic minerals (Fig. 4¢). Linea-
tion occurs as elongate clots of biotite—hornblende,
aligned hornblende and long axes of microgranitic
enclaves (Fig. 3b). Orientation of structures in the
granitoids and the wallrock shows a ‘normal’ scatter with
a mean foliation of ~150°/80°SW; the mean stretching
lineation is oriented 212°/77°, with a pitch of ~80° in the
foliation (Fig. 6a).

Domainal kinking, folding and crenulation of the
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foliation also occurs. On a basis of geometry and orien-
tation, these structures can be divided into extensional
and contractional sets. The extensional set (S, o) Occurs
as discrete zones of shearing and displacement of S| and
microgranitic enclaves, in which the west side is dis-
placed down (Figs. 3c and 4c); these structures appear
essentially contemporaneous with S;. In a few thin-
sections sampled close to the MGP, weakly developed
E-directed (west-side-up) microshears (S-C fabric)
were observed, and are probably related to S,.,; as
discussed later. Melt segregations are found lying paral-
lel to S, locally. The contractional set (S, .,,) varies
from very tight folding of mylonite and/or ultramylonite
(Figs. 4a & d) to more open to tight folding of micro-
granitic enclaves in the precursor phase of the MGP
(Fig. 4b) and in the wallrock. Melt segregations
(quartzo-feldspathic layers) have also been observed
lying parallel to the axial plane of the more open (S, o)
folding (Fig. 4b), suggesting high temperature prevailed
during S,. The orientation of axial planes of the domai-
nal late structures is generally northwest with steep dips
(Fig. 6b), whereas axes are moderately to steeply piung-
ing (and very difficult to measure). S,.,, shows a tend-
ency towards steeper dips and more constant strike than
S5 con- In addition, minor domains of kinking, crenula-
tion and narrow ultramylonite zones showing highly
variable orientation occur close to the contact with the
MGP. Field observations suggest these and most of the
S5 con Structures are probably related to emplacement
dynamics of the MGP.

Microstructural development in the shear zone

Solid-state strain in the shear zone is heterogeneous
both within a given exposure and regionally along strike.
In general, the development of ultramylonite increases
substantiaily towards the MGP, with its maximum
development in area B in the northwest (Fig. 2.) where it
may be tens of meters wide and is accompanied by
especially well-developed migmatization. Southeast of
the dam, migmatization becomes rare or absent, and the
shear zone crops out as a wider, more diffuse zone. West
of area C (Fig. 2.) the western part of the zone is
characterized largely by incipient recrystallization
(intercrystalline strain) of the magmatic fabric.

A traverse across the zone at Courtright dam (T-1,
Fig. 2.) shows the progressive development from mag-
matic structures through mylonite to ultramylonite tex-
tures (Figs. Sa—c, respectively). On the edge of the zone,
foliation in thin-section is defined by clots of biotite-
hornblende and alignment of longitudinally twinned
plagioclase, features typical of a magmatic structure
(Paterson et al. 1989). Solid-state effects are uncommon
but include kinking of large biotite grains, weak sub-
grain development in quartz and bent plagioclase twins,
all of which may be the result of late-stage emplacement
movement. Recrystallization fabrics of quartz, biotite
and hornblende showing some preferred orientation are
the first unambiguous evidence of shear zone defor-
mation, and these, with plagioclase and K-feldspar,
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form new smaller grains (Figs. 5b & c). However, the
recrystallization and deformation tend to be domainal,
and igneous and metamorphic phases of the same
mineral may coexist in a given thin-section.

Quartz morphology can be weakly to moderately
elongate (Fig. 5b) and shows deformation bands locally,
indicative of crystal-plastic mechanisms; however, it
more commonly forms equidimensional grains with near
120° boundaries (Fig. Sc). Further within the zone,
domains of strongly elongate quartz can be found locally
in some thin-sections. Closer to the contact with the
MGP, ultramylonite zones develop, and are character-
ized by essentially complete recrystallization of the
igneous assemblage (Fig. 5c). Quartz typically has re-
crystallized to equi-dimensional grains in these rocks,
although rarely relict igneous quartz in a few thin sec-
tions of ultramylonite preserve dimensional ratios as
high as 12:1. Visual evaluation of weak quartz defor-
mation band orientation (using a quartz wedge to deter-
mine fast-slow vibration directions) suggests (a) slip is
predominant, although relic deformation bands in many
grains support the interpretation that high temperature
(c) slip was active at some stage in the deformation. In
one sample of ultramylonite taken from a few meters
from the MGP contact (sample TC-21, Fig. 2), large
porphyroblasts of clinopyroxene occur and overprint a
strongly aligned biotite fabric; we consider the clinopyr-
oxene as a contact metamorphic effect that post-dates
the mylonitization.

Microstructural changes along other traverses are
comparable but vary in intensity. For example, west of
area C (Fig. 2), ultramylonites and complete recrystalli-
zation of the primary fabric are less common, and
igneous plagioclase and hornblende tend to be more
persistent even near the contact with the MGP, with the
western border of the shear zone expressed as incipient
recrystallization of myrmekite colonies and plagioclase
rims.

STRAIN AND KINEMATICS OF THE SHEAR
ZONE

Strain estimates from shape of microgranitic enclaves

Various workers have used the shapes of micrograni-
tic enclaves (henceforth referred to as enclaves) to
estimate the strain in granitic rocks (e.g. Ramsay 1975,
1989, Escorza 1978, Holder 1979, Courrioux 1987), and
several techniques have been proposed to evaluate their
original shape (e.g. Ramsay 1967, Hutton 1982, Ramsay
& Huber 1983). Great care needs to be exercised in
interpreting the strain from enclaves, however, since
substantial change in enclave shape are known to occur
over short distances as a result of magmatic flow in
tectonically undeformed plutons (e.g. Vernon et al.
1988; our unpublished data). Once solid-state defor-
mation has been superimposed onto a magmatically
deformed enclave, it is very difficult to separate the
effects of magmatic from solid-state strain.
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Fig. 3. Photographs of structural features. (a) Stretching lineation in wallrock lying in §;, south of locality C, Fig. 2. The

pencil is approximately 20 cm long. (b) Microgranitic enclaves in DCP showing composite fabric of mostly solid state with

some relic magmatic strains. Locality is southeast of dam, Fig. 2, close to the contact with MGP. The hammer head is

approximately 25 cm long. (c) Extensional S, ., structures showing west-side-(left) down; north of locality A, Fig. 2. The

coin is approximatcly 3 cm in diameter. (d) Photomicrograph of an o-type porphyroclast of igneous hornblende (core) and

metamorphic hornblende tails; from the southern part of the shear zone near locality C. and showing west-side-(left) down.
Bar scale is 0.4 mm.
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Fig. 5. Photomicrographs of foliation development in Shaver Lake Suite granitoids within the shear zone. For all figures,
K; = perthitic K-feldspar of igneous origin with patches of microcline; K,, = orthoclase of metamorphic origin; mec =
myrmekite colonies; q; = igneous quartz showing weak (in undeformed rocks) to moderate (in deformed rocks) subgrain
formation; q,,, = metamorphic quartz usually strain free, h; and h,, = igneous and metamorphic hornblende, respectively;
b; and b, = igneous and metamorphic biotite, respectively; and p; and p,, = igneous and metamorphic plagioclase,
respectively. Bar scale is 1 mm in all cases. (a) Primary igneous fabric in the Short Hair Creek granodiorite at station TC-13,
Fig. 2. (b) Assemblage in Dinkey Creck granodiorite showing recrystallization and deformation at station TC-16, Fig. 2.
Quartz shows some elongation. (¢) Ultramylonite fabric developed in DCP ~10 m from the contact with MGP (station TC-
21, Fig. 2), containing a completely recrystallized igneous assemblage, and with the addition of clinopyroxene (not shown);
note that many quartzo-feldspathic grains are nearly equidimensional, and that S, is defined principally by alignment of
metamorphic biotite and hornblende. with lesser enhancement by quartzo-feldspathic minerals.
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In the Courtright area, we made measurements on
enclave shape in parts of the DCP that had undergone
magmatic-only strain and parts that had subsequently
undergone solid-state strain. At each station showing
magmatic-only strain, a minimum of 25 (R;/¢) measure-
ments (Ramsay & Huber 1983) were made on each of
two surfaces approaching 90° to each other, highly
inclined to the foliation, and one surface of which was
picked to include the stretching lineation wherever it
was observable. [ Axes of the strain ellipsoid are X > Y >
Z, where changes in length (+ or — elongations) are X =
€1, Y = &, and Z = g5. Strain magnitude is & = 1/(3)!7
[(e; — &)* + (82 — £3)* + (&5 — £)°]"%, and strain
symmetry is v = 2(e;, — &, — &3)/(&; — &3), where ¢ =
(1 + e), e = elongation (!; — [y)/l,, and where [ is the
original and /, is the final length of any axis (Lode 1926,
Nadai 1963).] In a 2-3 km strain traverse away from the
shear zone (towards W, Fig. 1), the magnitude (&) of
magmatic strain was reasonably well-constrained over
five stations (i.e. & = 0.50-0.80), although strain sym-
metry (v) was more variable (i.e. v = —0.16 to +0.80).
We therefore think that the magnitudes of magmatic
strain immediately outside the shear zone are a reason-
able approximation to values within the zone prior to
solid-state deformation.

At stations showing solid-state deformation, we did
not usually measure the angle (¢) between enclave long-
axis and foliation, because ¢ appeared to be very small
(<<5° at most stations), and it was very time consuming to
measure angles accurately. We assessed the possible
error of ignoring ¢ by considering that angle in two
samples in which 1°< ¢ < 5°, and found the error in
strain magnitude (€,) without measuring ¢ was negli-
gible (<1%) at lower total strains (€, ~ 0.6), but was
overestimated by approximately +10% where £~ 2.0.

Solid-state strain in the shear zone was estimated by
calculating the total strain ellipsoid from enclave shape
and subtracting an average value of £, and v of magmatic
strain measured immediately outside the shear zone.
This operation used a matrix program which took into
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consideration &, v and the orientations of the initial
(magmatic) and total (magmatic + solid state) strain
ellipsoids. Two traverses across the entire zone (T-1 and
T-2, Fig. 2) show a marked positive strain gradient
towards the MGP (Fig. 7a). Two partial traverses (T-3
and T-4) within 200 m of the MGP also show increases in
&, and a larger constrictional symmetry component
towards the MGP as does T-1 (Fig. 7b). The remaining
three stations shown in Fig. 7(b) all lie within ~150 m of
the MGP contact between T-2 and T-3 (arrows lying
along contact in Fig. 2), and show values comparable to
the maximum shown in T-1 but with larger components
of flattening.

Development of matrix foliation (Figs. 5a—) along
most traverses appears visually commensurate with the
solid-state strains indicated (Figs. 7a & b). Locally,
however, matrix foliation elements (e.g. weakly
elongated primary(?) quartz or plagioclase poorly re-
crystallized) do not appear to sufficiently reflect the
strain recorded by the enclaves. This inconsistency may
indicate a local increase in magmatic strain intensity or a
change in the pre-solid-state orientation of the magmatic
foliation, which would affect the solid-state values calcu-
lated from the enclave data. Within the limitations
discussed above, we regard the enclave shape data and
the positive gradient towards the MGP as a conservative
approximation to solid-state strain in the shear zone.

Kinematic plan

Kinematic indicators in the shear zone are not com-
mon. However, three lines of evidence at various scales
suggest that displacement was down-dip in the shear
zone (i.e. DCP (west-side) down). At the microscopic
scale, o-type clasts (Passchier & Simpson 1986) of
igneous hornblende with recrystallized metamorphic
hornblende tails have been observed lying in the folia-
tion in a few specimens (Fig. 3d). As documented
earlier, the stretching lineation shows an 80° pitch in the
foliation (Fig. 6a). Within this geometric scheme, dis-

Fig. 6. Equal-area plots of structural elements in the study area. (a) Poles to S, foliation (open boxes) and stretching
lineations (filled circles). (b) Poles to axial planes of S, ., (Open squares) and poles to S ..y, (filled circles).
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Fig. 7. (a) & (b) Hsu diagrams showing range of strain magnitude (&) and symmetry (v) in (a) traverses T-1 (filled

symbols) and T-2 (open symbols) and (b) all other strain stations (open triangles = >25 measurements per face; filled

triangles = five measurements per face). (c) Section across the shear zone along traverse T-1 (dam) and T-2 (Fig. 2) showing
an increase in € as the contact with the MGP is approached.

placement of synkinematic felsic dikes at outcrop scale
indicate west-side-down movement. And lastly, as indi-
cated earlier, shear sets associated with S, structures
show two distinct orientations, S,.,, defining a steeply
dipping extensional set (Fig. 3c), and a more gently
dipping reverse-sense shear zone set (S .on) S€en only in
thin-sections close to the MGP. The two sets appear
approximately conjugate relative to the main foliation
(Fig. 8a). These geometric and kinematic relations are
consistent with a very steeply W-dipping shear zone
showing west-side-down movement (Fig. 8a), which is
commensurate with the other kinematic indicators men-
tioned above. This geometry and kinematic plan implies
the shear zone developed in an extensional environ-
ment; the amount of actual shear displacement along the
zone is unknown.

Components of simple shear—pure shear in the zone

To estimate the components of pure and simple shear
acting in the zone, we have plotted the strain data in Fig.
8(b) (modified after Coward & Kim 1981, Kligfield et al.

1981). The lower values of strain in the western half of
the shear zone (see Fig. 7c, traverses T-1 and T-2)
suggest the strain there has developed by a combination
of simple (ss) and pure (ps) shear with XZ/XZ; =1
(Fig. 8b). In the eastern half, however, that ratio in-
creases as the contact with the MGP is approached. This
is dramatically shown in T-2, where the ratio very near
the contact with the MGP is XZ/XZ; =17. In the
partial traverses and isolated strain stations which fall in
the eastern half of the shear zone, the increase is less
dramatic but nevertheless apparent relative to other
parts of the zone.

A review of the data shown in Figs. 3, 4, 6, 7(a)~(c)
and 8(b) leads us to conclude that: (i) there is hetero-
geneous distribution of the two shear components in the
zone but the simple shear component is most intense
near the MGP (i.e. an average y ~3 at 10 stations within
~200 m of the MGP); (ii) the shear component gradient
was steep and diminished rapidly away from the MGP
contact; and (iii) the presence of symmetrical S, .., folds
folding mylonitic foliation suggests that the MGP
imposed a flattening strain on the wallrock during late
stages of (diapiric) emplacement.
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Fig. 8. (a) Diagram showing the relation of the main foliation and micro/mesoshears showing extensional and contractional

geometries interpreted to indicate west-side-down movement along the main shear zone, which dips steeply to the west. (b)

Plot illustrating components of pure shear and simple shear active in the deformation (modified from Coward & Kim 1981

and Kligfield et al. 1981). O is the angle between the shear zone boundary and the X-axis of the strain ellipsoid. Filled and

open squares are as in Fig. 7(a), filled and open triangles as in Fig. 7(b); simple shear contours are a measure of the shear
strain (y). See text for details.

MINERAL ASSEMBLAGES AND
THERMOBAROMETRY

Mineral assemblages in granitoids

All mineral assemblages in the granitoids contain
quartz, plagioclase, K-feldspar, biotite, hornblende,
titanite and iron ore (magnetite). Metamorphic changes
across the shear zone generally do not produce an
entirely new mineral assemblage; rather, the metamor-
phic equivalent of the same assemblage is the rule.
Internal chemical-structural changes do take place in
some mineral phases, and occur in three general (shear
zone parallel) domains: (1) the western edge of the shear
zone; (2) the greater bulk of the shear zone; and (3)
ultramylonites in the eastern half, but predominantly
near the boundary with the MGP. For example, K-
feldspar occurs in various states related to these three
domains as follows:

(1) igneous orthoclase with patches of perthite or
microcline + abundant peripheral myrmekitic colonies
(Fig. Sa) (cf. Vernon 1991);

(2) igneous orthoclase, perthite, metamorphic micro-
cline, + rare myrmekite colonies;

(3) metamorphic orthoclase.

Mafic minerals change through the same three domains
as follows:

(1) igneous hornblende and biotite (some late re-
placement of biotite by chlorite),

(2) igneous and metamorphic hornblende, metamor-
phic biotite (rare chlorite after biotite);

(3) metamorphic hornblende and biotite, and rarely,
clinopyroxene (contact metamorphic overprint).

Microprobe analysis of plagioclase rims shows only
slight change between domains (1) and (3) (Anz, —
Anyy). Changes in hornbiende chemistry indicate a
decrease in Al'Y, which is correlated with a decrease in
alkali (Table 1) on the A site; there is no change in X,
and negligible change in Ca/Na™*,

The distribution of the mineralogical changes is very

heterogeneous, however, and their development is in
large part a function of strain intensity. Igneous and
metamorphic assemblages often coexist in the same
thin-section, even in small mylonitic domains immedi-
ately contiguous to the contact with the MGP where
strain intensity has not produced ultramylonitic fabrics.
Indeed, only in the ultramylonites is it clear that the
igneous assemblage is entirely recrystallized.

Mineral assemblages in wallrock

Wallrocks show the following characteristic assem-
blages in quartzo-feldspathic, impure calcareous, and
mafic rocks:

quartz-plagioclase (An..,q)-biotite * (titanite~epidote);

quartz—plagioclase-hornblende-biotite * (K-feldspar);

quartz-diopside-hornblende + (biotite—opaque);

quartz-K-feldspar-biotite =+ (hornblende—plagioclase—
epidote);

plagioclase-hornblende + (quartz-epidote-titanite).

Chlorite occurs after biotite (and rarely hornblende)
locally, which we consider a retrograde effect during
cooling. In any event, the metamorphic assemblages in
the granitic and metasedimentary rocks suggest tem-
perature conditions in the shear zone were those corre-
sponding to the transition between upper hornblende
hornfels and pyroxene hornfels facies (Turner 1981).

Hornblende thermobarometry

We probed hornblende rims for total (AlT) and
plagioclase rims for An content in an attempt to estimate
the physical conditions under which the shear zone
developed and the plutons were emplaced. The DCP,
Short Hair Creek and MGP all contain the critical
mineral assemblage (q—pl-ksp—bi-hb-sph-mt + melt
phase) for Al-in-hornblende barometry (Hammarstrom
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& Zen 1986) and plagioclase-hornblende thermometry
(Blundy & Holland 1990), as do the metamorphosed
granitic shear zone assemblages. While the presence of a
melt phase in the two shear zone assemblages (TC-18
and TC-21, Fig. 2.) is uncertain, the close proximity (10
m) to the MGP of at least TC-21 makes it likely that its
temperature was close to the solidus during emplace-
ment of the MGP. In any event, there is currently debate
on whether the total alumina content (AlT in horn-
blende) is predominantly pressure or temperature sensi-
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tive (Hammarstrom & Zen 1986, 1992, Hollister et al.
1987, Johnson & Rutherford 1989, Blundy & Holland
1990, 1992, Vyhnal et al. 1991, Poli & Schmidt 1992,
Rutherford & Johnson 1992, Schmidt 1992), and we
have interpreted the data cautiously.

Our microprobe data are given in Table 1 along with
representative analyses, and estimates of pressure have
been calculated using the experimentally determined
equation P (+0.6 kb) = —3.01 + 4.76Al" of Schmidt
(1992). In Table 2 we list Ague & Brimhall’s (1988,

Table 1. Chemical composition of representative microprobe analyses of
hornblende rims from four specimens. TC-13 is the undeformed Short Hair Creek
granodiorite outside the shear zone; TC-18 (mylonite) and TC-21 (uitramylonite)
are both DCP within the shear zone; TC-23 is undeformed MGP. Parentheses after

values of average Al', Si'V

and anorthite content indicate the number of

determinations made. Estimated errors for pressure values are approximately +1
kb; i.e. +0.6 kb from Schmidt (1991) and +0.5 kb spread in our data between
samples. Temperature was calculated from Blundy & Holland’s (1990) equation
using a mean pressure value (*P = 4.04 kb, 1P = 3.47 kb) recalculated from the
regional data listed in Table 2; the error in temperature estimates is +75°C (Blundy
& Holland 1990). The value in parentheses indicates the number of rim analyses per
thin section

Dinkey Creek Pluton (DCP)

Mt Givens (MGP)
Sample No. TC-13 TC-18 TC-21 TC-23
SiO, 43.96 45.61 46.17 46.15
TiO, 0.83 0.73 1.02 1.13
AlLO,3 8.37 6.99 6.90 7.09
FeO 18.42 17.96 17.88 14.36
MnO 0.68 0.76 0.49 0.49
MgO 9.80 10.28 9.50 12.49
CaO 11.11 11.33 11.19 11.46
Na,O 1.31 1.11 0.86 1.35
K,O 0.76 0.57 0.54 0.61
H,O 1.88 1.91 1.89 1.92
F 0.13 0.09 0.06 0.13
Cl 0.04 0.04 0.15 0.06
Total 97.21 97.10 96.56 97.13
sitY 6.82 7.04 7.14 7.00
ALY 1.18 0.96 0.86 1.00
Al 0.35 0.31 0.39 0.27
Total Al 1.53 1.21 1.25 1.27
Average AlT 1.53(8) 1.41 (10) 1.34(3) 1.28 (6)
Average Si'V 6.81(8) 6.93(9) 7.04 (3) 6.98 (6)
Plagioclase rim Ang, (4) Any; (5) Anz4 (3) Ang; (4)
Pressure 4.3kb — — 3.1kb
Temperature 710°C* 694°Ct 678°Ct 684°Ct

Table 2. (AlT) data from Ague & Brimhall (1988, appendix D, 200400 series) recalculated using the equation

4.76A1T — 3.01 (Schmidt 1992), and from Table 1, this study (TC-series). Standard errors on average pressure values

for Dinkey Creek, Mt Givens and Jackass Lakes plutons are +0.14, +0.13, and +0.12, respectively. Procedures and
assumptions for these samples (except TC-series) given in Ague & Brimhall (1988)

Dinkey Creek Pluton (102 + 1 Ma)

Mt Givens Pluton (90*¥~4 Ma)

Jackass Lakes Pluton (98 Ma)

Pressure Pressure Pressure
Sample No. Al (kb) Sample No. AlT (kb) Sample No. Al (kb)
281 1.50 4.1 299 1.38 3.6 349 1.44 3.8
282 1.44 3.8 300 1.32 33 351 1.53 4.2
289 1.51 4.2 301 1.57 4.5 353 1.59 4.6
293 1.68 5.0 331 1.30 3.2
294 1.50 4.1 332 1.43 3.8
295 1.37 3.5 343 1.27 3.0
296 1.36 3.5 344 1.48 4.0
297 1.46 39 348 1.27 3.0
298 1.47 4.0 422 1.32 3.3
TC-13 1.53 4.3 TC-23 1.28 31

Mean of 10: 4.04 + 0.4 kb

Mean of 10: 3.47 + 0.4 kb

Mean of three: 4.2 + 0.3kb
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Fig. 9. Simplified geologic map showing pressure in kilobars (kb)
calculated from Al” in hornblende in the DCP (10 samples), MGP (10
samples) and the JLP (three samples, Jackass Lakes pluton). Raw data
are from appendix D in Ague & Brimhall (1988, GSA Data Repository
Item 8813), with the exception of two samples (open boxes) from this
study; all data calculated using Schmidt’s (1992) equation given in the
text; see Tables 1 and 2 and captions, this study. Figures in large print
on the map show mean values and their standard deviation.

appendix D) data from the same plutons which we have
recalculated using Schmidt’s equation, and the total
pressure data are plotted in Fig. 9. We take the means of
~4 kb for the DCP and ~3.5 kb for the MGP as
reasonable estimates for the confining pressures prevail-
ing during their emplacement (Fig. 9, Tables 1 and 2;
based on the composition of aplite from H,O-saturated
residual melt, however, Noyes e al. (1983) estimated
the confining pressure during emplacement for the
roughly contemporaneous Eagle Peak granodiorite as
1+0.5 kb).

Microprobe analyses of rims from igneous plagioclase
from a sample of the Dinkey Creek composite pluton
(TC-13, Fig. 2.) outside the shear zone were very con-
sistent and yielded an average composition of andesine
(Ang, Table 1), closely comparable to their recrystal-
lized equivalents in mylonite (Ans;) and ultramylonite
(Anj,) in the shear zone. Using the microprobe data
listed in Table 1, and given the mean confining pressure
indicated in Table 2, we used the equation of Blundy &
Holland (1990) to estimate the temperature of shear
zone movement. Sample TC-18 comes from the middle
part of the shear zone (Fig. 2), and igneous hornblende
therein is incompletely recrystallized. We consider the
694°C value as representing a partially re-equilibrated
igneous emplacement temperature (i.e. TC-13, 710°C),
and its true value is uncertain. The ultramylonite sample
TC-21 (678°C, Table 1), however, is ~10 m from the
contact with the MGP (with a solidus temperature of
684°C—TC-23, Fig. 2 and Table 1), and is completely
recrystallized with metamorphic hornblende and biotite
defining the ultramylonitic fabric (Fig. 5¢). Diopsidic
pyroxene has also been observed as a contact metamor-
phic product overprinting the ultramylonitic assem-
blage. We regard the 678°C estimate of TC-21 to
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approximate the temperature prevailing during move-
ment in the shear zone at least at that point, with the
temperature in the zone as a whole very likely lying in
the 600-680°C range. To date, mineral assemblages in
the wallrock suitable for thermobarometry have not
been found to enable us to independently confirm these
T-P estimates.

GEOCHRONOLOGY

Accurate dating of the deformation in the shear zone
is crucial to interpreting its regional significance, espe-
cially its age relation to other shear zones to the north.
To this end, we sampled and analyzed zircons and
hornblende-biotite from rocks both within and immedi-
ately adjacent to the shear zone for Pb/U and “°Ar/>°Ar
ages, respectively.

Zircon Pb/U analysis

Zircon data for samples from the DCP and MGP
located outside the study area (Fig. 1) were previously
reported by Stern et al. (1981), but reverse discordances
cast uncertainty on their age interpretation at a level that
is critical for our shear zone analysis. Our new Pb/U
zircon data are given in Table 3.

Two size fractions of sample 1 from the DCP (Fig.
2) yielded externally concordant ages of 102 + 1 Ma.
The data are plotted on a concordia diagram in Fig. 10.
Stern et al. (1981) reported a 104 Ma Pb/U age for their
sample, although their uncertainty could exceed *+ 10
Ma considering the reverse discordance pattern in their
data. We interpret our 102 £+ 1 Ma age as the igneous age
of the DCP in the region of the shear zone. The identical
hornblende closure ages (discussed below) in the DCP
and the Short Hair Creek pluton suggest these two
bodies are essentially the same age.

Sample 38 of Stern et al. (1981), collected ~1.5 km
north of the shear zone (Fig. 1), yielded a concordant
Pb/U age of ~88 Ma for the MGP, and another speci-
men ~27 km to the north yielded a discordant Pb/U age
of ~93 Ma (Fig. 1). In an attempt to further constrain
the age of the MGP, we ran a multi-size fraction of
zircon (sample 2) collected ~60 km northwest of sample
38 (Fig. 1). The two finer fractions are each internally
concordant, but show minor external discordance, and
the coarser fraction is slightly discordant. On the Fig. 10
concordia plot, this pattern is exhibited by a slight
dispersion of the data points off of the most concordant
fine fraction. The relatively large uncertainties in the
207pb/206Pb ages induced by a relatively large common
lead component in the sample 2 zircon (Table 3), along
with the limited dispersion prohibit meaningful discor-
dia array analysis. The pattern exhibited by the sample 2
data suggests minor inheritance of older, probably Pro-
terozoic, zircon, that is accentuated in the coarser frac-
tions. The dispersion pattern coupled with the uncer-
tainties permit an igneous age of between 86 and 93 Ma,



622 O. T. TosiscH, P. R. RENNE and J. B. SALEEBY

which overlaps the Pb/U ages reported for the MGP by
Stern et al. (1981). Although we interpret the age of this
large pluton as 90**~* Ma, it is probably close to 90 Ma
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DISCUSSION

In their preliminary assessment, Bateman et al. (1984)
considered three possibilities to explain the genesis of
the shear zone at Courtright: (a) regional deformation
post-dating the DCP but pre-dating the MGP; (b) pro-
toclastic foliation generated with the late stages of em-
placement of the DCP; and (c) deformation related to
the forcible emplacement of the MGP. They concluded
that regional deformation (a) best accounted for all their
observations and fitted into a regional framework,
although subsequently Bateman (1988) reconsidered (c)
as equally possible.

We agree with Bateman et al. (1984) that (b) is
unlikely because the shear zone cuts across three plutons
plus their wallrock and shows kinematic west-side-down
movement. In our opinion, regional deformation (a) by
itself is also unlikely because the high temperature of
deformation would require a source of high heat flow
which would presumably be recorded over a larger area
than the shear zone, unless it was a focused fluid-
transported heat for which there is no petrologic evi-
dence (i.e. no hydrothermal alteration products were
observed). In addition, primary textures of the Short
Hair Creek granodiorite ~500 m west of the shear zone
show no evidence (Fig. 5a) for a wider spread high-
temperature thermal zone, nor have we found evidence
for the presence of fluid-related deformation within the
shear zone (e.g. Tobisch et al. 1991a).

In our preliminary interpretation of the data (Tobisch
etal. 1991b, c), we proposed that the shear zone resulted
from shear and flattening strains imposed by the ascent
and emplacement of the MGP, which was supported by
structural, metamorphic and geochronological data. To
have sufficient strength to impose a shear strain on the
pre-existing rocks during its ascent, however, the MGP
must have possessed a relatively high viscosity. Experi-
ments by Van der Molen & Paterson (1979) indicate that
under experimental conditions, the strength of partially
(i.e. 24%) melted granite is <1 MPa at high strain rates
(107° s71), which would not be sufficiently strong to
induce much shear strain. Many changing factors that
are likely to influence the viscosity of a large volume of
ascending magma (i.e. the MGP > 15,000 km?), how-
ever, cannot be reproduced or evaluated in the small
volume (~2 cm?) specimen available to the experimen-
talist. These factors might include km-scale gradients in
temperature and Py, Size, total content and contiguity
of grains, their distribution in the melt (e.g. clumping of
grains, etc.), thixotropic effects, and other factors
(Wickham 1987, Miller et al. 1988).

If the Mt Givens magma was near its critical melt
fraction (CMF approximately 30-40%7?, Arzi 1978, Van
der Molen & Paterson 1979, Wickham 1987, Miller et al.
1988) during the last several kilometers of its ascent and
emplacement, we think that it could cause deformation
by shouldering aside the wallrock to produce the S, .o,
structures, and the evidence presented earlier supports
this interpretation; it is also conceivable it could impose
a small amount of shear strain, if the wallrock were
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sufficiently weakened by the accompanying magmatic
heat. However, the high total strain and the high com-
ponent of shear strain documented in the zone require
other dynamic input, and we think a regional strain was
involved in the shear zone development.

We are presently developing a tectonic model for the
larger central Sierra Nevada (Tobisch ez al. 1992, and in
preparation), which posits that an extensional environ-
ment was active within the central Sierra Nevada mag-
matic arc. Recent moment tensor analysis of earth-
quakes has documented tensional stress regimes acting
normal to modern magmatic arcs in the Pacific Basin
(Apperson 1991), which presumably develop arc-
parallel normal faults. The shear zone at Courtright
shows many characteristics of a very steeply SW-dipping
(Figs. 2 and 8a) normal fault or ductile shear zone, which
displays relatively small(?) west-side-down displace-
ment. We envision that the shear zone initiated within a
weak regional extensional field as a narrow normal
fault-ductile shear zone prior to the immediate proxim-
ity of the MGP (Fig. 12, Stage 1). The early (low to
moderate temperature?) stages of solid-state foliation
developed at this time, possibly accounting for the
strong crystal-plastic deformation of relic igneous quartz
found in some specimens of ultramylonite. As the MGP
ascended, its heat envelope acted as a catalyst for
recrystallization and deformation in the shear zone,
broadening the zone and intensifying S, and S, ., struc-
tures (Fig. 12, Stage 2). The high-temperature mineral
assemblage was developing at this time, and probably
destroyed most of the lower temperature fabric formed
at an early stage of shear zone movement; in addition it
facilitated further ascent of the MGP and formation of
S, con Structures that were generated during the final
stages of emplacement (Fig. 12, State 3).

It is not possible to know what component of the total
strain in the shear zone was contributed by the MGP.
Our present data supports the interpretation that S, ..,
structures (e.g. Figs. 4a, b & d) represent late-
emplacement deformation imposed by the MGP, with
the pluton contributing to the development of the main
shear zone fabric (S; and §,.,,) mostly by its heat and
fluids (e.g. the migmatites in areas A and B, Fig. 2). The
intense stretching lineation and mylonitic foliation ob-
served in the wallrock (e.g. Figs. 3a and 4a) may be the
combined effect of shear zone strain related to the
regional strain field, downfiow of wallrock during pluton
emplacement such as found in wallrock screens else-
where in the batholith (e.g. Tobisch et al. 1986, Saleeby
et al. 1990), and ascent dynamics of the MGP.

CONCLUSIONS

Solid-state foliation, lineation, minor folds of the folia-
tion and discrete shear domains have developed in the
Shaver Intrusive suite, the adjacent wallrock, and an
enclave-rich precursor to the MGP. This deformation was
imposed by the combination of a regional extensional
strain field and the ascent and emplacement of the MGP
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Stage 1: 94-92 Ma -> Stage 2: 92-91 Ma > Stage 3. 91-90 Ma

N A AN AN NN
A A RARAANININ

Mount Givens Pluton /
Enclave-rich Precursor

=

Shaver Intrusive
Suite (DCP, etc.)

Metamorphosed Wallrock

Shear Zone in Shaver
Intrusive Suite & Wallrock

N7

Fig. 12. Diagram illustrating the concept of a regional normal fault—ductile shear zone facilitating the buoyant rise of the

MGP, further deformation on the zone being catalyzed by magmatic heat and producing the high-temperature fabrics.

Some ascent- and emplacement-related strain developed in the granitoids and sedimentary wallrock as the MGP rose and

overtook the enclave-rich precursor: wallrock screens may have been episodically dragged along and/or concomitantly

subjected to ‘return flow movement’ with the Shaver Intrusive Suite. The shear zone diagrammatically shows the successive

development of Sy, S ey, and S» .o The specific age designation shown at the top of each panel is not well constrained but
represents a reasonable scenario given our data.

between 94 and 90 Ma. Strains associated with this defor-
mation as estimated from enclave shape show increasing
intensity (€;) and increasing ratio of simple shear/pure
shear toward the MGP contact, which suggests that the
pluton used the weakest zone to ascend. The physical
conditions of shear zone development at its later stages
have been estimated from microprobe data for hornblende
and plagioclase at P = ~3.5kb and T = ~680°C, although
conditions obviously must have changed along the shear
zone as the MGP ascended to its present level. The
abundance of migmatite associated with ultramylonite
fabrics and melt lying parallel to S, axial planes in the
northern half of the shear zone are not found in its southern
half, and physical conditions there were probably some-
what different during shear zone development. In addi-
tion, visual estimate (using a quartz wedge) of slip systems
in quartz reveals (a) slip as predominant with (c) slip a lesser
component. This suggests that at least some deformation
of quartz occurred at 7 < 600°C (Blumenfeld et al. 1986),
and is a relic of early stages of regional shear, and/or the
very late stages in the shear zone history after its high-
temperature phase.

Lastly, it is not possible to know the original extent of the
shear zone because its northern and southern extensions
have been engulfed by the MGP and related plutons (e.g.
Eagle Peak pluton) at late stages of their emplacement.
Nevertheless, we think the Courtright shear zone rep-
resents movement in a weakly extensional environment
related to regional crustal inflation which facilitated the
emplacement of the MGP, and was accompanied by uplift
and/or denudation (Renne et al. in press).
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APPENDIX
Analytical procedures for “*Ar/*Ar

Hornblende and biotite were separated from the 20-60 mesh frac-
tion of each sample, then washed with distilled water in an ultrasonic
cleaner. Hornblende was further rinsed in 5% HF for 3 min. Several
grains from each of the 12 mineral separates were then placed in pits of
Al disks and irradiated for approximately 28 h in the Omega West
Reactor at Los Alamos National Laboratory, along with the inter-
laboratory standard Fish Canyon sanidine (Cebula er al. 1986) for
which a reference age of 27.84 Ma was used. The Dinkey Creek
samples (TC-13 ~ TC-21) and the Mount Givens samples (TC-39 and
TC-42) were irradiated in different batches, reflected by the different
values of J (a measure of the fast neutron fluence) for the different
samples. All samples and standards in a given batch were within 2 mm
vertically of one another during irradiation.

Single grains of each sample were incrementally degassed for 30s in
8-12 steps, up to fusion, with an Ar ion laser under a defocused beam.
Gas so liberated was purified with two SAES-172 getters operated at 3
A and a cryo-cooled condensation trap operated at —50°C. After
purification for 3-5 min, relative abundances of the Ar isotopes were
measured using a MAP-215C noble gas mass spectrometer. Laser
power output, pneumatically actuated valve operation and mass
spectroscopy were performed in fully automated mode according to
computer-programmed specifications (Deino et al. 1990). Ion beams
were measured on a Balzers electron multiplier operated for most
samples at 1.4 kV, except hornblendes from TC-39 and TC-42, which
were run at 1.6 kV. Data corrected for mass discrimination, interfering
nuclear reactions and atmospheric contamination were used to calcu-
late apparent ages, summarized in Table Al and Fig. 11. All samples
yielded apparent age plateaux of varying quality, and plateau dates
were calculated as the inverse variance weighted mean of dates from
consecutive steps within 2o of the weighted mean.

627

Table Al. Summary of **A/>°A data. All data were collected by a
single crystal laser probe; details of the analytical procedure are given

in the Appendix

Laser OAr*PAr %PAr* PAr  Age *1SD
TC-13 BIO Dinkey Creek pluton

A-0.2t 2.1020 1.4 0.0155 72.02 39.82
B-0.4 1.9831 33 0.1536 68.02 14.45
C-0.6 2.2111 18.6  0.1335 75.68 2.80
D-0.8 2.4241 27.8 0.1888 82.81 1.98
E-1.0 2.4736 45.6 03581 84.46 1.28
F-1.4 2.5471 66.9 14759 86.91 0.97
G-1.8 2.5890 84.9 2.1801 88.30 0.93
H-2.4 2.6001 95.4 5.6451 88.67 0.92
1-3.0 2.6082 97.5 52967 88.94 0.92
J-3.6 2.6142 97.5 24224 89.14 0.94
K-4.0 2.6096 96.6 0.5581 88.99 0.94
L-6.0* 2.6171 93.9 1.0740 89.24 0.93
Plateau = 88.62 + 0.35 Ma (steps F-L)

TC-16 BIO Dinkey Creek pluton

A-0.2% —2.1070 -5.3 0.0045 -75.20 22.78
B-0.4 2.3867 122 0.0764 81.56 15.29
C-0.6 1.4038 16.2  0.1377 48.42 221
D-0.8 1.8802 34.6 02533 64.56 1.31
E-1.0 2.3721 67.1 0.7351 81.07 0.93
F-1.4 2.5639 91.2 29488 87.47 0.91
G-1.8 2.5639 91.9 1.8916 87.47 0.91
H-2.4 2.5627 85.1 1.1078 87.43 0.93
1-3.0 2.4187 744 04621 82.63 2.18
J-3.6 2.4816 75.2  0.2521 84.73 1.07
K-6.0* 2.3454 69.2 05204 80.18 0.92
Plateau = 87.46 + 0.53 Ma (steps F-H)

TC-20 BIO Dinkey Creek pluton

A-0.41 1.4597 3.7 0.0385 50.32 10.43
B-0.6 2.1881 36.9 0.0919 7491 1.86
C-0.8 2.5102 63.3 0.2308 85.68 1.08
D-1.0 2.5533 84.7 0.4435 87.12 0.94
E-1.2 2.5915 93.0 0.8190 88.39 0.92
F-1.4 2.6217 959 14574 89.39 0.93
G-1.8 2.6263 98.1 0.6627 89.54 0.93
H-2.4 2.6201 86.5 0.5501 89.34 0.96
1-3.0 2.6416 83.9 0.2390 90.05 1.04
J-3.6 2.5561 91.3 0.1356 87.21 1.10
K-6.0* 2.4823 48.4 03666 84.75 1.24
Plateau = 88.74 + 0.37 Ma (steps D-J)

TC-21 BIO Dinkey Creek pluton

A-0.31 1.4482 3.1 0.0303 49.93 12.77
B-0.4 2.2194 314 0.0183 7596 4.66
C-0.6 2.4408 46.3 0.1182 8336 1.51
D-0.8 2.5915 85.5 0.2920 88.39 0.98
E-1.0 2.5820 92.9 04538 88.07 0.93
F-1.2 2.6122 96.6 0.6665 89.08 0.93
G-1.4 2.5771 96.1 0.3434 87.91 0.93
H-1.8 2.6091 96.4 02947 88.97 0.95
1-2.4 2.6357 949 0.1963 89.86 0.99
J-3.0 2.3992 86.3 0.0806 81.98 1.55
K-3.6 2.3981 85.5 0.0481 81.94 2.90
L-6.0* 2.4264 88.0 0.0960 82.88 1.16

Plat.eau = 88.69 % 0.39 Ma (steps D-I)

TC-39 BIO Mt Givens pluton

A-0.3 33.8321 6.7  0.4955 1036.82 72.86
B-0.4 2.4309 13.8 1.2594 97.96 3.74
C-0.5 2.2198 395 29275 89.66 1.06
D-0.6 2.1970 60.1 3.0408 88.76 0.48
E-0.7 2.1762 76.9 1.9697 87.94 0.42
F-0.9 2.1494 782 27119 86.89 0.30
G-1.2 2.1737 71.0 1.6836 87.84 0.37
H-1.5 2.1753 587 09051 87.91 0.57
I-1.8 2.0550 56.8 0.4461 83.16 0.69
J-2.5 2.0823 545 03734 84.24 0.80
K-3.0* 2.1528 545 0.1248 87.02 1.62

Plateau = 87.72 * 0.18 Ma (steps E-J)




628 O. T. TosriscH, P. R. RENNE and J. B. SALEEBY

Table Al. Continued

Laser WA P Ar %P Ar* PAr  Age +1SD Laser OAr*/*®Ar %YAr* PAr Age *1SD
TC-42 BIO Mt Givens pluton TC-21 HBL Dinkey Creek pluton
A-03 44.6699 7.9 0.5330 1273.26 71.33 A-0.5 4.2639 19.9  0.0520 143.21 6.44
B-0.4 2.5734 9.8 0.8709 103.54 5.92 B-0.9 2.7735 75.4 0.0540 9443 2.10
C-0.5 2.3403 149 1.1365 94.40 3.32 C-1.2 2.5575 81.0 0.2140 87.25 0.9
D-0.6 2.5721 11.5 1.1962 103.49 4.83 D-1.4 2.6428 95.8 0.4830 90.09 0.45
E-0.7 2.2594 302  1.0737 9122 1.70 E-1.6 2.6723 97.1 0.8940 91.07 0.41
F-0.9 2.1913 46.3  2.6627 88.54 0.85 F-1.8 2.6406 97.2 0.9090 90.02 0.40
G-1.2 2.1744 78.1 54790 87.87 0.28 G-2.0 2.6396 98.7 0.5680 89.98 0.42
H-1.5 2.1610 77.6 29777 87.34 0.30 H-2.5 2.6171 92.1 0.2700 89.24 0.74
I-1.8 2.1605 66.7 1.0728 87.32 0.48 [-4.0* 2.4291 852 0.0640 82.97 1.82
J-2.5 2.1821 63.2 0.8206 88.18 0.50 Plateau = 90.22 + 0.20 Ma (steps D-H)
K-3.0* 2.0770 55.4 0.2572 84.03 0.99 .
Plateau = 87.71 £ 0.18 Ma (steps C-H) TC-39 HBL Mt Givens pluton

. A-0.5 9.7399 29.9 0.8588 364.03 9.33
TC-13 HBL Dinkey Creck pluton B-0.9 2.7885 327 24871 11193 2.80
A-0.5 5.1148 17.0  0.0210 170.48 9.65 C-1.2 2.2522 57.4 4.0418 90.94 1.07
B-0.9 2.8695 67.4 0.0500 97.62 2.70 D-1.4 2.2564 749 52188 91.10 1.42
C-1.2 2.6265 81.1 0.1690 89.55 0.83 E-1.6 2.2547 834 7.7728 91.04 0.72
D-1.4 2.7468 97.9 0.7360 93.55 0.37 F-1.8 2.2664 83.4 7.7990 91.50 0.68
E-1.6 2.7842 98.3 0.6360 94.79 0.46 G-2.0 2.2028 71.6 10.5384 88.99 0.87
F-1.8 2.7828 99.7 0.7520 94.74 0.33 H-2.4 2.2134 86.6 16.7414 89.41 0.58
G-2.0 2.7422 97.3 0.9390 93.40 0.39 1-2.8 2.2219 92.3 28.0319 89.74 0.52
H-2.5 2.7328 98.0 0.2450 93.08 0.71 J-3.5* 2.1996 92.0 12.5754 88.87 0.95
1-4.0* 2.6937 97.3 03150 91.78 0.60 Plateau = 90.09 £ 0.26 Ma (steps C-J)

Plateau = 94.05 + 0.18 Ma (steps D-H)

TC-42 HBL Mt Givens pluton
TC-16 HBL Dinkey Creek pluton

A-0.5 0.6726 1.2 07727 27.64 26.16
A-0.5 2.9423 244 0.1190 100.03 2.93 B-0.9 1.9091 18.1  2.4165 77.38 4.35
B-0.9 2.6258 82.4 0.2680 89.53 0.83 C-1.2 2.2380 47.8 32103 90.38 1.36
C-1.2 2.6823 92.6 0.5680 91.41 0.41 D-1.4 2.1369 59.9 8.4245 86.39 1.00
D-1.4 2.7103 97.3  0.7340 92.34 036  E-1.6 2.1372 66.6 81438 86.40 1.67
E-1.6 2.6923 98.0 0.7880 91.74 0.37 F-1.8 2.0960 70.3  6.6679 84.78 0.81
F-1.8 2.6948 97.5 0.4630 91.82 0.49 G-2.0 2.2150 81.7 9.1119 89.47 0.71
G-2.0 2.6794 97.8  0.4090 91.31 0.56 H-2.4 2.2134 88.7 19.7210 89.41 0.64
H-2.5 2.6850 92.5 02410 89.47 0.66 1-2.8 2.2031 88.0 20.4144 89.00 0.56
1-4.0* 2.7379 99.2  0.3850 93.25 0.47 J-3.5% 2.2021 80.6 8.1533 88.97 0.92
Plateau = 91.53 + 0.18 Ma (steps B-H) Plateau = 89.21 + 0.34 Ma (steps G-J)
TC-20 HBL Dinkey Creek pluton Notes
A-0.5 2.6764 53.8 0.3900 91.21 0.82 Dinkey Creek pluton (irradiation 45 B): J= 0.01938 + 0.00002.
B-0.9 2.6097 85.8 0.3630 88.99 0.56 Mt Givens pluton (irradiation 51 B): J = 0.02296 + 0.00002.
C12 2.6689 97.3 0.6700 90.96 0.46 Laser is laser power output in W for indicated step; * indicates
D-1.4 2.6533 98.9 0.6890 90.44 0.38 fusion; 1 indicates 50% neutral density filter used for all steps.
E-1.6 2.6564 97.3 0.5740 90.55 0.40 % “Ar* is percent of *°Ar that is radiogenic.
F-1.8 2.6711 98.2 0.6090 91.04 0.46 % Ar is relative ion beam signal in nA.
G-2.0 2.7068 97.8 0.1950 92.22 0.69
H-4.0* 2.6394 96.8 0.6340 89.98 0.42

Plateau = 90.54 + 0.17 Ma (steps A-H)



