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a b s t r a c t

Detailed geologic mapping, cross-section reconstructions, strain analyses, and kinematic analyses, enable
the reconstruction of a wone-kilometer-wide domain of L tectonites in the east–west-striking, sub-
horizontal to gently south-dipping Pigeon Point high-strain zone (PPHSZ) associated with a major thrust
fault separating oceanic- and arc-affinity terranes in the Klamath Mountains, California. L tectonites are
associated with: (1) a convex-upward warp of the upper high-strain-zone boundary, (2) a transition from
mafic metavolcaniclastic rocks to micaceous quartzites, (3) folds subparallel with mineral lineations, (4)
emplacement of synkinematic ultramafic/mafic intrusive bodies, and (5) a local temperature increase
from greenschist- to amphibolite-facies conditions. Pure-shear-dominated deformation accommodated
zone-normal shortening and transport-parallel elongation coupled with subordinate top-to-the-west-
directed, thrust-style simple shear. L tectonite formation was controlled by the shape of the high-strain-
zone boundary driving lateral flow into the apex of the lens-shaped zone in response to a favorable
kinematic geometry and bulk strain in the constrictional field. Localized magmatic heating best explains
the shape of the high-strain-zone boundary, but L tectonites are not partitioned into a single rheological
domain. During terrane amalgamation strain-path partitioning occurred with localized top-to-the-west-
directed simple shear partitioned into a structurally overlying thrust zone and pure-shear-dominated
subvertical shortening and transport-parallel elongation partitioned into the PPHSZ.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Lateral accretion at subduction margins is an important and
widely recognized mechanism of continental growth, and belts of
oceanic-, arc-, and continental-affinity accreted terranes are found in
orogenic systems ranging in age from Archean to modern (e.g.
Condie, 1982; Plafker et al., 1989; Robinson et al., 1998; Huang et al.,
2000; Snoke et al., 2001; Schmid et al., 2004; Frost et al., 2006;
Dickinson, 2008). In many cases, however, the exact mechanisms of
terrane amalgamation and accretion remain enigmatic. In some
orogenic belts terranes are partially or completely subducted only to
be exhumed and exposed as fault slices (e.g. Schmid et al., 1996).
Elsewhere accreted supra-crustal material is left unmetamorphosed
or subjected to only low-pressure metamorphism associated with
mid- to upper-crustal arc magmatism (e.g. Frost et al., 2006; Gerbi
and West, 2007). In most all cases only slices and dismembered
fragments of what were once large crustal blocks are exposed,
leading to extreme telescoping of past plate-tectonic systems
ll rights reserved.
(e.g. Robinson et al., 1998; Schmid et al., 2004; Dickinson, 2008).
Moreover, in many cases terrane-bounding fault systems are over-
printed by stitching plutons and/or highly modified by later defor-
mation, and the nature of deformation accommodating the initial
dismemberment and subsequent reassembly of telescoped crustal
fragments is unknown.

To some degree this lack of understanding of the mechanisms
leading to crustal dismemberment and the subsequent formation
of belts of highly telescoped accreted terranes is related to our
limited understanding of how and why deformation is partitioned
in the middle and lower crust. Historically plastic high-strain zones
were interpreted in two dimensions using a model of progressive
simple-shear deformation (Ramsay and Graham, 1970). However,
case studies of natural high-strain zones tell us that non-plane-
strain deformation is common (e.g. Pfiffner and Ramsay, 1982 their
Fig. A1) and that strict monoclinic simple-shear deformation is the
exception rather than the rule (e.g. Lin and Jiang, 2001; Bailey et al.,
2004; Giorgis and Tikoff, 2004). Structural interpretations are
further complicated by high-strain zones that are non-planar and/
or contain complex internal rheological and kinematic domains.
Complex spatial variations in strain geometry and strain path are
found in a wide variety structural settings and plate-tectonic
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environments including transpressional shear zones (e.g. Goodwin
and Williams, 1996; Czeck and Hudleston, 2003; Sullivan and Law,
2007), footwall shear zones of metamorphic core complexes (e.g.
Bailey and Eyster, 2003; Sullivan, 2008), and shallowly dipping
high-strain zones in contractional orogenic systems (e.g. Law et al.,
1984; Xypolias and Koukouvelas, 2001; Jessup et al., 2006). Inter-
preting these complex spatial kinematic and strain variations is an
important step in understanding how deformation is accommo-
dated in the middle and lower crust. Perhaps the most enigmatic of
these internal strain variations is the formation of large domains of
constrictional strain often manifested by pure or nearly pure linear
fabrics, or L tectonites (Flinn, 1965). Domains of L tectonites asso-
ciated with continental growth by amalgamation of oceanic-, arc-,
and continental-affinity terranes are found in a number of orogenic
belts world wide (e.g. Wright and Fahan, 1988; Brown and Talbot,
1989; Flinn, 1992; Hacker and Mosenfelder, 1996; Lin and Jiang,
2001; Snoke et al., 2001; Kurz, 2005), but the exact kinematic
significance of constrictional deformation associated with terrane
amalgamation at convergent margins is often incompletely
understood. Therefore, to improve our understanding of both the
kinematic significance of L tectonites within major high-strain
zones and the nature of deformation leading to the formation of
telescoped belts of accreted terranes I present a detailed case study
of a one-kilometer-wide domain of L tectonites in a subhorizontal
to gently dipping high-strain zone associated with a major thrust-
fault system separating oceanic- and arc-affinity terranes in the
Klamath Mountains, California, referred to as the Pigeon Point high-
strain zone (PPHSZ). These data and analyses enable two important
conclusions. First, the formation of L tectonites in the PPHSZ is
associated with a variation in the shape of the high-strain-zone
boundary, localized magmatic heating, and a bulk kinematic
geometry favorable for the localization of constrictional strain.
Second, the PPHSZ developed in response to vertical shortening
related to contractional deformation and thrust loading during
terrane amalgamation, but it is not a simple-shear-dominated,
terrane-bounding fault zone. Simple-shear deformation related to
terrane emplacement was partitioned into a structurally overlying
thrust-fault zone. These results provide a better understanding of
how and why constrictional fabrics form in high-strain zones, and
will help future geologists encountering L tectonites in the field to
better interpret them. Moreover, because they provide a detailed
description of strain partitioning and plastic deformation during
the amalgamation of two major oceanic- and arc-affinity accreted
terranes, they also improve our understanding of how and why
strain is partitioned during lateral terrane accretion and conti-
nental growth.

2. Regional geologic setting

2.1. The Klamath Mountains province

The Klamath Mountains province in northwestern California
and southwestern Oregon is constructed of assemblages of oceanic-
and arc-affinity rocks that were accreted onto the western margin
of North America during subduction-related processes, manifested
by a long-lived history (>400 m.y.) of tectonic growth (Irwin, 1981,
1994; Snoke and Barnes, 2006). Irwin (1960) first recognized that
the province can be divided into roughly north–south-striking
lithic belts and initially defined, from east-to-west, the eastern
Klamath, central metamorphic, western Paleozoic and Triassic, and
western Jurassic belts. Subsequently a number of authors further
subdivided these four lithic belts into a series of distinct fault-
bounded tectonostratigraphic terranes (e.g. Davis et al., 1965; Irwin,
1972, 1994; Wright, 1982; Harper, 1984; see also Snoke and Barnes,
2006 for an overview of the terrane concept in the Klamath
Mountains province). Terranes exposed in the southern Klamath
Mountains in the area of this study (Fig. 1) include, from east-to-
west, the central metamorphic and Stuart Fork terranes of the
original central metamorphic belt (Davis et al., 1965; Goodge,
1989a,b; Peacock and Norris, 1989; Barrow and Metcalf, 2006); the
North Fork, eastern Hayfork, western Hayfork, and Rattlesnake
Creek terranes of the original western Paleozoic and Triassic belt
(Irwin, 1972; Wright, 1982; Ando et al., 1983; Ernst et al., 1991;
Ernst, 1999); and the Smith River subterrane (specifically, the Galice
Formation and Devil’s Elbow ophiolite remnant) of the original
western Jurassic belt (Garcia, 1979; Harper, 1984; Wyld and Wright,
1988; Harper et al., 1994).

The Stuart Fork, North Fork, and eastern Hayfork terranes (Fig. 1)
comprise a genetically related accretionary complex/fore-arc
assemblage that was formed and amalgamated during late Paleo-
zoic–early Mesozoic accretion (Wright, 1982; Ando et al., 1983;
Ernst et al., 1991; Ernst, 1999). The Stuart Fork terrane experienced
metamorphism under blueschist-facies conditions during the Late
Triassic and represents exhumed, partially subducted oceanic
sedimentary and volcanic rocks (Hotz et al., 1977; Goodge, 1989a,b;
Ernst, 1999). The North Fork terrane is composed of a supra-
subduction-zone ophiolite on which Permian? and Triassic arc
tholeiites were erupted (Ando et al., 1983; Ernst et al., 1991; Ernst,
1999). The eastern Hayfork terrane is composed of argillite-matrix
mélange and broken formation that contains early Mesozoic radi-
olarians (Irwin et al., 1977; Wright, 1982; Ando et al., 1983).

The eastern Hayfork terrane is structurally underlain by calc-
alkaline volcanogenic sandstones and breccias and interbedded
epiclastic and hemipelagic sedimentary rocks that collectively
comprise the western Hayfork terrane (Fig. 1) (Irwin, 1972, 1994;
Wright, 1982; Wright and Fahan, 1988). Volcanic clasts and crystal
fragments from volcanogenic sandstones and breccias of the
western Hayfork terrane yielded ages of 168� 1.9 Ma, 171�2.0 Ma,
and 177� 2.8 Ma (K–Ar, hornblende) (Wright and Fahan, 1988), and
Donato et al. (1996) reported 172.3�1.0 and 173.3�1.3 Ma
(40Ar/39Ar, hornblende) magmatic ages from correlative rocks
exposed in the northern Klamath Mountains. These rocks are
interpreted to represent the remnants of a Middle Jurassic volcanic
arc, the western Hayfork arc (Wright, 1982; Wright and Fahan,
1988).

The Rattlesnake Creek terrane structurally underlies the
western Hayfork terrane (Fig. 1) and is composed of a serpentinite-
matrix ophiolitic mélange that is intruded and overlain by a Late
Triassic–Early Jurassic volcanic-arc sequence (Wright, 1982;
Donato, 1987; Wright and Fahan, 1988; Wright and Wyld, 1994;
Irwin,1994). Wright and Wyld (1994) interpret the Triassic–Jurassic
arc sequence of the Rattlesnake Creek terrane as exotic based on its
position outboard of the well-defined, contemporaneous Stuart
Fork/North Fork/eastern Hayfork accretionary complex/fore-arc
assemblage. The Rattlesnake Creek terrane likely forms part of the
basement upon which the western Hayfork arc was built (Wright
and Fahan, 1988).

2.2. Middle Jurassic deformation and metamorphism

The Jurassic–Early Cretaceous history of the Klamath Mountains
province is characterized by nearly continuous arc magmatism and
alternating episodes of contractional and extensional deformation
associated with regional metamorphism (Wright, 1982; Wright and
Fahan, 1988; Harper et al., 1990, 1994; Hacker et al., 1995; Allen and
Barnes, 2006). Because the rocks cut by the PPHSZ are part of the
western Hayfork terrane and have Middle Jurassic protolith ages
and deformation in this zone is of Middle Jurassic age, this
discussion is limited to Middle Jurassic deformation and meta-
morphic events. During the Middle Jurassic, the central



Fig. 1. Geologic sketch map of the southeastern Klamath Mountains, California (after Irwin, 1994) showing the locations of terranes discussed in the text and the area of Fig. 2.
SCF¼ Salt Creek fault, ST¼ Siskyou thrust, and WPT¼Wilson Point thrust.
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metamorphic, Stuart Fork, North Fork, eastern Hayfork, western
Hayfork, and Rattlesnake Creek terranes were imbricated along
a series of east-dipping, low-angle faults widely interpreted as
thrust faults (Davis et al., 1965; Davis, 1968; Wright, 1982; Hill,
1985; Wright and Fahan, 1988). Specifically, the central meta-
morphic terrane is separated from the Stuart Fork and North Fork
terranes by the Siskiyou thrust (Davis et al., 1965; Davis, 1968), the
eastern Hayfork terrane is separated from the western Hayfork
terrane by the Wilson Point thrust (Wright, 1982), and the western
Hayfork terrane is separated from the Rattlesnake Creek terrane by
the Salt Creek fault (Wright, 1982; Wright and Fahan, 1988). In the
area of this study, the Wilson Point thrust accommodated
a minimum of 13 km of heave (Fig. 1) (Irwin, 1994). North of the
area of this study, Donato (1987) interpreted the contact between
the western Hayfork and Rattlesnake Creek terranes as a faulted
depositional contact. In many localities, low-angle faults were
extensively modified by later high-angle normal faulting. This
Middle Jurassic contractional event is associated with regional
greenschist- to amphibolite-facies metamorphism and penetrative
deformation and is collectively referred to as the Siskiyou event
(Coleman et al., 1988; Wright and Fahan, 1988). Lower age bounds
for the Wilson Point thrust and the Salt Creek fault are provided by
the 177–168-Ma igneous crystallization ages of hornblendes
collected from the western Hayfork terrane. These faults are over-
printed by the w170-Ma (U-Pb zircon, Wright and Fahan, 1988)
Ironside Mountain batholith (Fig. 1), and contact metamorphism
associated with the intrusion of this composite pluton overprints
penetrative deformation fabrics that are coeval with regional
metamorphism in the Rattlesnake Creek, western Hayfork, and
eastern Hayfork terranes (Barnes et al., 2006). The ages of both the
Wilson Point thrust and Salt Creek fault are therefore bracketed at
w170 Ma by the errors in the available geochronology, and these
structures must be nearly coeval with the Middle Jurassic arc
volcanism recorded by the western Hayfork terrane (Barnes et al.,
2006).
3. Local geologic setting and unit descriptions

3.1. Local setting of the Pigeon Point high-strain zone

The PPHSZ is an east–west-striking, subhorizontal to gently
south-dipping structure that cuts part of the western Hayfork
terrane exposed in a window through the structurally overlying
eastern Hayfork terrane and Wilson Point thrust in the area of Pigeon
Point along the Trinity River (Figs.1 and 2). Wright (1982) and Wright
and Fahan (1988) outlined a coherent stratigraphic succession in the
western Hayfork terrane. Rock units cut by the PPHSZ include
a structurally lower unit comprised of metamorphosed mafic vol-
caniclastic tuff breccias and volcanogenic sandstones hereon
referred to as the metavolcaniclastic unit and an overlying meta-
morphosed sequence of argillite and chert that locally includes lesser
amounts of sandstone and conglomerate hereon referred to as the
metasedimentary unit. Both of these units underwent regional
metamorphism under greenschist-facies conditions and contain
a weak foliation. Composite clinopyroxenite/hornblende-gabbro
dikes intrude the metavolcaniclastic and metasedimentary units at
Pigeon point (Fig. 2), and these bodies are associated with an increase
in metamorphic temperatures from greenschist- to amphibolite-
facies conditions (Wright and Fahan, 1988).

3.2. Metavolcaniclastic unit

In the area of this study, the metavolcaniclastic unit includes
massive mafic tuff breccias, crystal-lithic tuffs, and volcanogenic lithic
sandstones deposited by subaqueous debris flows and turbidity
currents from a proximal volcanic arc (Wright and Fahan, 1988). Clasts
in tuff breccias range from 1 to 30 cm in diameter, and they are domi-
nated by porphyritic lava fragments with locally significant pumiceous
clasts (Fig. 3) (Wright and Fahan, 1988). Clasts and the surrounding
matrix typically contain the same mineral assemblage with only minor
differences in modal composition. Throughout the study area, the



Fig. 2. Geologic map of the Pigeon Point high-strain zone (PPHSZ) showing the domain of L tectonites; the high-strain-zone boundary; the locations of strain analyses and oriented samples discussed in the text and presented in Figs. 3–
5 and 8; and locations of cross sections in Fig. 7. Contacts outside of the PPHSZ are modified from Fahan (1982). The pattern of ellipses within the PPHSZ is generalized and intended to show the approximate shape of finite-strain
ellipsoids viewed down into the ground on lineation-parallel faces.
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Fig. 3. (a) Undeformed tuff-breccia clasts in the metavolcaniclastic unit exposed along the Trinity River near the area of this study. Location of photo is outside of the area of Fig. 2.
(b) Cigar-shaped deformed tuff-breccia clasts in the domain of L tectonites. Photograph was taken at locality WH-074 (Figs. 2 and 5). View is straight down on a lineation-parallel
face. Orientation of the mineral lineation and the long axes of the clasts is indicated in the upper left-hand corner of the photo. Knife used for scale is 9.8-cm long.
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metavolcaniclastic unit was pervasively metamorphosed under
greenschist-facies conditions and contains the characteristic
metamorphic mineral assemblage blue-green actinoliteþ green acti-
noliteþ epidoteþ biotiteþ quartz� chlorite� carbonate minerals.
Outside of the PPHSZ, original pyroxene and hornblende phenocrysts
are commonly well preserved, and plagioclase phenocrysts, though
altered, are readily distinguished. In the PPHSZ, pyroxene and horn-
blende phenocrysts are almost entirely psuedomorphed by actinolite,
and plagioclase is rarely observed. The matrix surrounding the
phenocrysts is composed of a fine-grained aggregate of epidote,
actinolite needles, quartz, and local chlorite. Actinolite in the matrix and
actinolite pseudomorphs of hornblende phenocrysts exhibit green
pleochroism, whereas actinolite pseudomorphs of pyroxenes
commonly exhibit blue-green pleochroism. Blue-green actinolite is
sometimes epitaxially overgrown by green actinolite. Within the
PPHSZ, quartz and carbonate minerals frequently constitute a signifi-
cant portion of the matrix. Porphyroclasts (phenocrysts) in the PPHSZ
are often rimmed by pressure-shadow overgrowths of quartz and/or
carbonate minerals intergrown with actinolite, chlorite, and, in some
samples, biotite (Fig. 4c). Deformation-fabric-parallel faces of the por-
phyroclasts are sometimes rimmed by a thin seam of fine-grained
epidote. The pervasive replacement of phenocrysts by metamorphic
minerals in the PPHSZ, a complete lack of textural evidence for crystal-
plastic deformation in quartz, and the prevalence of metamorphic
minerals intergrown with quartz and carbonate minerals in pressure-
shadow overgrowths indicate that the dominate deformation mecha-
nism in greenschist-facies tectonites was reaction-assisted diffusive
mass transfer.

Wright and Fahan (1988) recognized a small domain of
amphibolite-facies metamorphism within the PPHSZ in the L tec-
tonite domain, roughly centered about the clinopyroxenite/horn-
blende-gabbro dikes exposed at Pigeon Point (Fig. 2). In this area,
rocks assigned to the metavolcaniclastic unit include both amphib-
olite and local garnet amphibolite. Garnet amphibolite contains pods
of non-garnetiferous amphibolite that I interpret as relict tuff-
breccia clasts. The transition from amphibolite to garnet amphibolite
is abrupt, and both rock types are interfolded with each other and the
overlying metasedimentary rocks. The inclusion of non-garnetif-
erous pods within garnet amphibolite and the abrupt transition
between the different types of amphibolite indicates that garnet
growth in these rocks was likely a function of protolith composition.
Deformation fabrics in amphibolites are parallel with those in the
enveloping greenschist-facies tectonites. Within amphibolites,
hornblende is locally rimmed by actinolite and quartz in the matrix
displays subgrain-rotation and minor grain-boundary-migration
dynamic recrystallization (regime-II–III transition of Hirth and Tullis,
1992). These observations indicate that the final increments of
deformation in these rocks occurred under upper-greenschist-facies
conditions. The transition between greenschist- and amphibolite-
facies metamorphic assemblages is typically gradational over
a distance of 10–50 m or more, but locally it can be quite sharp,
occurring over a few meters.

3.3. Metasedimentary unit

The protolith of the metasedimentary unit was predominately
siliceous argillite and subordinate interbedded chert. Schists inter-
preted as metamorphosed graywackes locally crop out near the
contact with the metavolcaniclastic unit. Metamorphosed siliceous
argillite is ordinarily black on fresh and weathered faces and contains
the assemblage quartzþ chloriteþwhite micaþ epidoteþ opaque
minerals (graphite?)� garnet� biotite. Within the area of amphib-
olite-facies metamorphism at Pigeon Point, metamorphosed siliceous
argillite is noticeably coarser grained and contains the assemblage
quartzþ biotiteþmuscoviteþ garnet� chlorite. The abundant opa-
que minerals (graphite?) that give the greenschist-facies rocks a black
color in hand sample are not present in the amphibolite-facies rocks,
and they are now gray to brown on both fresh and weathered faces.
Quartz in greenschist-facies tectonites underwent subgrain-rotation
dynamic recrystallization (regime-II of Hirth and Tullis, 1992),
whereas quartz in amphibolite-facies samples underwent pervasive
grain-boundary-migration dynamic recrystallization (regime-III of
Hirth and Tullis, 1992) and often exhibits subpolygonal recrystallized
grain shapes (Fig. 4a), indicating a high rate of recovery of
intracrystalline strain. One sample of metamorphosed siliceous
argillite from the amphibolite-facies domain is intruded by a one-
centimeter-wide granitic dike. Feldspars in this dike underwent
extensive subgrain-rotation dynamic recrystallization and quartz
exhibits pervasive grain-boundary-migration recrystallization
(regime-III of Hirth and Tullis, 1992). These observations indicate an
increase in deformation temperature and the dominance of crystal-
plastic deformation mechanisms in quartz and feldspars in the
amphibolite-facies domain (Hirth and Tullis, 1992; Tullis and Yund,
1992; Stipp et al., 2002).

3.4. Clinopyroxenite/hornblende-gabbro composite dikes

Two mappable clinopyroxenite/hornblende-gabbro composite
dikes intrude both the metavolcaniclastic and metasedimentary
units at Pigeon Point (Fig. 2). These dikes are centered within the
domain of L tectonite formation and are associated with the
increase in metamorphic temperature outlined above. They consist
of cores of coarse-grained to pegmatitic clinopyroxenite rimmed by
pegmatitic hornblende gabbro. Contacts between the dikes and
their wall rocks are sharp. The long axes of the dikes themselves are
parallel with the solid-state deformation fabric in the wall rocks,
and they contain a variable linear magmatic fabric that intensifies
near the dike margins and is also parallel with the solid-state



Fig. 4. Photomicrographs of L tectonites from the PPHSZ arranged as lineation-parallel and lineation-perpendicular pairs. (a) Lineation-parallel section of amphibolite-facies meta-
argillite. Note the strong alignment of mica grains and the semi-polygonal shape of recrystallized quartz grains. (b) Lineation-perpendicular section of amphibolite-facies meta-
argillite. Note the random orientation of high-relief mica grains and the lack of an apparent deformation fabric. (c) Lineation-parallel section of greenschist-facies volcaniclastic
breccia. Note the strong alignment of porphyroclasts, pressure-shadow overgrowths, and matrix minerals. (d) Lineation-perpendicular section of greenschist-facies volcaniclastic
breccia. Note the random orientation of porphyroclasts and the lack of an apparent deformation fabric. (e) Lineation-parallel section of garnet amphibolite. Note elongate aggregates
of fractured garnet grains. (f) Lineation-perpendicular section of garnet amphibolite. Note the lack of an apparent deformation fabric and the fractured nature of garnet grains. (a)
Was taken under parallel-polarized light. All others were taken under plane-polarized light. Sample numbers are given at the bottom center of each photo pair. Sample locations are
noted in Fig. 2. WH-181 (a, b) and WHT-04A (e, f) are oriented samples and the orientation of the lineation relative to the photographs is given at the top of each pair. WHT-04A was
collected by A. W. Snoke. Act¼ actinolite, Gar¼ garnet, Hb¼ hornblende, and Qtz¼ quartz.
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deformation fabric in the wall rocks. Wright and Fahan (1988)
interpreted these dikes as synkinematic and obtained hornblende
K–Ar ages of 171�1.8 Ma and 169�1.2 Ma from the dikes and
168� 3.4 Ma from the adjacent amphibolite.

4. Geometry of the Pigeon Point high-strain zone

4.1. Description of the deformation fabrics

The PPHSZ is marked by a strong, pervasive mineral lineation
and a penetrative foliation. In greenschist-facies tectonites of the
metavolcaniclastic unit, the mineral lineation is defined by
streaking of compositional domains, an alignment of metamorphic
minerals (particularly actinolite), and a weak alignment of pseu-
domorphed phenocrysts and associated pressure-shadow over-
growths (Fig. 4c). The long axes of elongated tuff-breccia clasts are
always subparallel with the mineral lineation (Fig. 3b), and slight
deviations between clast orientation and mineral-lineation orien-
tation do not occur in any systematic manner. These observations
coupled with the observation that there is no evidence for a pre-
existing preferred orientation of tuff-breccia clasts outside of the
PPHSZ (Fig. 3a) indicates that the mineral lineation defines the
principal finite elongation direction. In L–S and L> S tectonites of
the metavolcaniclastic unit, foliations are defined by an alignment
of metamorphic minerals, flattening of compositional domains, and
a weak alignment of pseudomorphed phenocrysts and associated
overgrowths. The long axes of tuff-breccia clasts observed on foli-
ation-normal faces are subparallel with the trace of the meta-
morphic foliation indicating that the pole to the foliation defines
the maximum finite shortening direction in these tectonites. In
amphibolite-facies tectonites of the metavolcaniclastic unit, the
lineation is defined by an alignment of hornblende� elongate
garnet grains (Fig. 4e). In hand sample, the elongate garnet grains
appear to be single crystals. However, under the microscope, garnet
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grains appear as aggregates of fractured garnet crystals wherein the
fractures are infilled by quartz, carbonate minerals, and minor
chlorite (Fig. 4e,f). Quartz infilling fractured garnet grains is
generally not dynamically recrystallized, and I interpret fracturing
of the garnet as a late-stage deformation feature. Lineations in the
metasedimentary unit are defined by a quartz grain-shape align-
ment, aligned metamorphic minerals, streaking on foliation faces,
and, in L tectonites, by pervasively folded and mullioned compo-
sitional banding (Fig. 4a). Foliations in these rocks are generally
subparallel with the original bedding and are defined by a quartz
grain-shape alignment and aligned chlorite, biotite, white mica,
and graphite(?) grains.

L tectonites in the PPHSZ display a unique set of microstructural
features on lineation-normal faces that also argue in favor of true
constrictional deformation. Despite the strong mineral shape
fabrics visible on lineation-parallel faces, there is no discernable
mineral shape fabric visible on lineation-normal faces of L tecton-
ites of all of the different rock types cut by the PPHSZ (Fig. 4).
Porphyroclasts in greenschist-facies L tectonites of the meta-
volcaniclastic unit show no shape-preferred orientation (Fig. 4d),
and they are sometimes completely rimmed by seams of fine-
grained epidote, indicating pressure solution took place all the way
around the clasts. Amphibole grains are oriented such that basal
sections are commonly presented on lineation-normal faces, but
their intermediate axes show little or no preferred orientation. In
siliceous meta-argillites of the metasedimentary unit, basal
cleavage traces of micas are randomly oriented when viewed in
lineation-normal sections (Fig. 4b). These rocks also display
compositional segregation at the hand-sample scale with quartz-
rich domains being completely encircled by micaceous domains.
Quartz shows no grain-shape-preferred orientation on lineation-
normal faces despite displaying abundant evidence for crystal-
plastic deformation.
4.2. Finite-strain estimates

During geologic and structural mapping of this area, I qualita-
tively estimated the shape of the finite-strain ellipsoid and relative
magnitude of finite-strain at each field station. A few of the excel-
lent water-worn exposures along the Trinity River also allow
quantitative finite-strain estimates obtained by measuring the axial
ratios of elongated tuff-breccia clasts on mutually perpendicular
faces. At each locality, clasts were measured on faces normal to both
the mineral lineation and foliation and on foliation-parallel faces
and/or faces parallel with the lineation and perpendicular to the
foliation. Lineation-normal faces yield 20 or more measurements at
each locality, whereas lineation-parallel faces typically expose 8–12
measurable clasts. The harmonic mean of all of the axial ratios was
calculated for each face. These results are reported in Fig. 5.
Localities WH-194 and WH-214 are located on opposite sides of the
Trinity River, separated by no more than 40 m (Fig. 2), and I inter-
pret the variation between these two estimates as largely reflecting
the error in my quantitative strain analyses (Fig. 5). Qualitative
strain estimates fall into three categories; L tectonites, L> S tec-
tonites, and L–S tectonites. For example, locality WH-076, plotted
on the Flinn diagram in Fig. 5, lies well into the constrictional field,
but a measurable foliation is still apparent in outcrop. Therefore, it
is classified as L> S tectonite. Similarly, sample WH-074 (Figs. 3b
and 5) has no measurable foliation in outcrop and is classified as an
L tectonite. Rocks exposed at localities WH-194, WH-195, and WH-
214 (Figs. 2 and 5) are considered L–S tectonites. Qualitative esti-
mates were based on both the relative intensities of foliations and
lineations and, where possible, on examinations of tuff-breccia
clasts insufficiently exposed for quantitative analyses.
4.3. Internal geometry of the high-strain zone

A one-kilometer-wide, east-southeast-trending domain of well-
developed L tectonites in which no foliation can be discerned in
outcrop despite a strong, pervasive linear fabric is centered about
Pigeon Point within the PPHSZ (Fig. 2). This domain extends along
trend throughout the exposed portion of the PPHSZ and includes
both the metavolcaniclastic and metasedimentary units. It narrows
upwards, and L> S and, locally, L–S tectonites structurally overlie
much of the L tectonite domain. A few local domains of L> S tec-
tonites are hosted in the L tectonite domain. Examination of the
almost continuous exposures along the Trinity River downstream
from Pigeon Point shows that the transition from L tectonites to L–S
tectonites takes place over an across-trend horizontal distance of
200–300 m.
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Fig. 6. Orientation of foliation and lineation data from the PPHSZ plotted on equal-area, lower-hemisphere projections. (a) Data from the metasedimentary unit. (b) Data from the
metavolcaniclastic unit. (c) Combined data from the metasedimentary and metavolcaniclastic units. Note that the poles to the best-fit great circles to the poles to foliation all lie on
the lineation measurements.

Fig. 7. Cross-section reconstructions of the PPHSZ. A–A0 is a lineation-perpendicular cross-section through the domain of L tectonites. B–B0 is a lineation-parallel cross-section
outside of the domain of L tectonites. C–C0 is a lineation-parallel cross-section through the domain of L tectonites. Locations of cross-section lines are displayed in Fig. 2. The pattern
of ellipses within the PPHSZ is generalized and intended to show the approximate shape of finite-strain ellipsoids viewed on vertical faces.
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Fig. 8. (a) Shear-band orientations from the domain of L� S and L> S tectonites
within the PPHSZ. Rose diagrams are viewed to the north as near-vertical sec-
tionsdperpendicular to the foliation and parallel with the mineral lineation. Plots
contain every shear band found in a standard thin section. Data are plotted by class
frequency, and the outer circle represents 30% of the total data points. Four-out-of-five
samples indicate top-to-the-west, reverse-sense displacement. One sample (WH-103)
indicates top-to-the-east, normal-sense displacement. Conjugate sets of shear bands
are present in all of the samples. Maximum shear-band inclinations are given in Table
1. Orientations of mineral lineations are noted. (b) Simplified map of the PPHSZ
showing locations of samples in (a). Map symbols are the same as in Fig. 2.
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Mineral lineations in the PPHSZ plunge gently to the east-
southeast to southeast, with the most southerly trends occurring in
the southeasterly most part of the domain of L tectonites (Figs. 2
and 6). This systematic spatial change in lineation orientation is
reflected in the apparent scatter of lineation orientations in the
stereonet plot of fabric elements from the metasedimentary unit
(Fig. 6a). Because lineations in L, L> S, and L–S domains in all of the
rock types are parallel with one another across lithologic contacts
(Fig. 2), this spatial change in lineation orientation is not inter-
preted as rheologically driven.

At both the northeast and southwest edges of the domain of L
tectonites, the strike of foliation in L> S tectonites is close to the
trend of the lineation, and foliations on both edges of the L tectonite
domain dip moderately to steeply towards the domain of L tec-
tonites (Figs. 2 and 7a). Because of this systematic change in foli-
ation dip approaching the domain of L tectonites, poles to foliation
within the PPHSZ loosely define a great-circle distribution centered
about the elongation lineations (Fig. 6). This great-circle distribu-
tion is more pronounced in the metasedimentary unit (Fig. 6a)
because most of the L> S tectonite domains that mantle the L
tectonites are in this unit. The systematic change in foliation
orientation at the margins of the L tectonite domain could be
a result of: (1) active folding of the foliation during progressive
deformation, (2) an increasing component of subhorizontal,
transport-perpendicular shortening partitioned into this domain,
or (3) both of these mechanisms. A lack of thin section- and
outcrop-scale evidence for folding of a preexisting foliation, the
observation that L> S tectonites transition progressively into L
tectonites, and the observation that shape fabrics are parallel with
the axes of the finite-strain ellipsoid throughout the PPHSZ indicate
that the great-circle distribution of poles to foliation in the PPHSZ is
a result of an increasing component of subhorizontal, transport-
perpendicular shortening partitioned into the area around the L
tectonite domain rather than active folding.

Outside of the domain of L tectonites, the strike of foliation in
the PPHSZ varies from northeast–southwest to northwest–south-
east, and foliation planes dip gently to the east (Fig. 2). In the area of
Logan Gulch, the strike of foliation varies systematically, changing
from weast–west to wnorth-northeast–south-southwest and back
to weast–west again (Fig. 2). This systematic change does not occur
elsewhere within the resolution of the map data. On the south side
of the river, the dip of the foliation is typically oblique to the high-
strain-zone boundary by 10� or more (Fig. 2).

In the PPHSZ, the contact between the metasedimentary and
metavolcaniclastic units is roughly northwest–southeast-striking
and gently northeast-dipping. In the domain of L tectonites at
Pigeon Point, the contact between these two units is folded. An
open antiform is centered about the larger of the two composite
dikes, and a smaller recumbent fold is exposed on the northeast
side of Pigeon Point and cut by the smaller of the two composite
dikes (Figs. 2 and 7a). Orientations of map-scale fold hinge lines
cannot be precisely determined, but they are generally subparallel
with mineral lineations in the L tectonite domain. These folds
further indicate that the domain of L tectonites records localized
high-strain-zone-parallel, lineation-perpendicular shortening.

4.4. External geometry of the high-strain zone

I mapped the upper boundary of the PPHSZ along the steep sides
of the Trinity River valley as accurately as possible using traditional
geologic mapping methods and a GPS unit (Fig. 2). A thorough
examination of the nearly continuous exposures along the hogback
ridge above Pigeon Point on the south side of the river unequivo-
cally demonstrates that the deformation fabric in the PPHSZ
progressively weakens upwards from the river level to the high-
strain-zone boundary. The boundary of the high-strain zone is
located where deformation fabrics are indistinguishable from the
regionally developed weak foliation. Throughout the area, the
upper high-strain-zone boundary lies at least 300 m structurally
below the position of the Wilson Point thrust mapped by Fahan
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(1982), and the lower boundary is not exposed. Across- and along-
trend projections of the high-strain-zone boundary along lines A–
A0 , B–B0, and C–C0 are presented in Fig. 7. The orientation of the
high-strain-zone boundary in these sections is constrained by: (1)
the mapped position of the boundary, (2) three-point-problem
solutions conducted where the boundary is cut by tributary valleys,
and (3) the observation that rocks in float on top of the unnamed
knoll between lines B–B0 and C–C0 on the north side of the river
contain a strong L–S deformation fabric indicating that the high-
strain-zone boundary must project well above the w800-m
elevation of this point (Fig. 2). In the domain of L–S tectonites, in the
west half of the exposed part of the PPHSZ, the high-strain-zone
boundary is roughly east–west-striking and gently south-dipping
(Figs. 2 and 7a,b). Moving across-trend towards the northeast into
the domain of L tectonites, the high-strain boundary is interpreted
to warp upwards (Figs. 2 and 7a). Above the domain of L tectonites,
along line C–C0, the high-strain-zone boundary is subhorizontal to
northeast–southwest-striking and gently southeast-dipping
(Figs. 2 and 7c), and I interpret this area as being at the culmination
of a convex-upwards warp of the high-strain-zone boundary.

5. Kinematic analyses

5.1. Sense of shear

During geologic and structural mapping, oriented samples were
collected for thin section-based kinematic analyses. Samples were
cut perpendicular to and parallel with the three principal elonga-
tion directions defined by the foliation and the mineral lineation.
Thin sections were predominately prepared from lineation-parallel
cuts in samples of both L and L–S tectonites. Thin sections from
lineation-perpendicular and foliation-parallel cuts were also
prepared from several samples. Deformation fabrics viewed on
both lineation-parallel and lineation-perpendicular faces are highly
symmetrical. However, conjugate sets of weakly developed shear
bands (Berthé et al., 1979; Platt and Vissers, 1980) and local
asymmetric pressure-shadow overgrowths on porphyroclasts
(Etchecopar and Malavieille, 1987) are visible in thin sections cut
from faces perpendicular to the foliation and parallel with the
lineation in L–S and L> S tectonites collected from the
metavolcaniclastic unit. The dominate orientation of shear bands
from four out of five of these samples indicates top-to-the-west,
reverse-sense displacement, and the other sample indicates top-to-
the-east, normal-sense displacement (Fig. 8). Top-to-the-west,
reverse-sense displacement is also indicated by the sense of
obliquity between foliations and the high-strain-zone boundary,
with foliations just beneath the boundary dipping �10� more
steeply to the east (Figs. 2 and 7b).

5.2. Kinematic-vorticity estimates

The highly symmetrical character of the deformation fabrics and
the presence of conjugate sets of shear bands visible on faces
viewed perpendicular to the foliation and parallel with the
Table 1
Angles between shear bands and the main foliation and corresponding values of
kinematic vorticity.

Sample Apparent sense
of motion

Greatest inclination
of synthetic shear
bands (a)

Wk % simple
shear

Greatest inclination
of antithetic shear
bands

WH-076 Reverse 33� , n¼ 17 0.41 27% 33� , n¼ 08
WH-103 Normal 42� , n¼ 83 0.10 7% 37� , n¼ 26
WH-194 Reverse 32� , n¼ 54 0.44 29% 39� , n¼ 26
WH-195 Reverse 37� , n¼ 60 0.28 18% 37� , n¼ 27
WH-214 Reverse 40� , n¼ 35 0.17 11% 41� , n¼ 17
lineation indicates that L� S and L> S tectonites within the PPHSZ
record a significant component of coaxial deformation that
accommodated foliation-normal contraction and transport-parallel
elongation and extrusion of material out of the zone (Platt and
Vissers, 1980). A useful measure of the degree of noncoaxiality of
flow is the kinematic-vorticity number (Wk) (Truesdell, 1954; see
also reviews by Means et al., 1980; Simpson and De Paor, 1993;
Tikoff and Fossen, 1995). For the simple case of two-dimensional
deformation with no net external rotation, Wk can be defined as the
cosine of the acute angle between the flow apophyses or the flow
eigenvectors (Means et al., 1980; Simpson and De Paor, 1993). In
such case, Wk will range from zero (cosine 90�) for coaxial defor-
mation to one (cosine 0�) for the case of strict simple shear. The
intermediate case, or roughly equal contributions of pure shear and
simple shear, occurs at Wk¼ 0.71 (cosine 45�).

Simpson and De Paor (1993) tentatively proposed that synthetic
and antithetic shear bands will nucleate parallel with the acute and
obtuse bisectors of the stable flow eigenvectors respectively during
steady-state, monoclinic, general-shear deformation. Kurz and
Northrup (2008) tested this hypothesis using naturally deformed
rocks and concluded that synthetic and antithetic shear bands
initially nucleate parallel with the acute and obtuse bisectors of the
stable flow eigenvectors and progressively rotate towards paral-
lelism with the flow plane of the simple-shear component of flow
as deformation proceeds. With this relationship Wk can be esti-
mated using the equation

Wk ¼ cosð2aÞ

where a is the greatest angle between a synthetic shear band and
the flow plane of the simple-shear component of deformation, one
of the stable eigenvectors (Kurz and Northrup, 2008). The a values
and their corresponding Wk estimate from the PPHSZ samples are
listed in Table 1. Maximum angles between antithetic shear bands
and the flow plane in these samples are not large enough to define
the obtuse bisector between the stable flow eigenvectors (Table 1).
However, the sample sets of antithetic shear bands are small, and
they are even more poorly developed than the synthetic shear
bands. For these reasons, I may have failed to find or recognize
antithetic shear bands at or near their initial nucleation orientation.
The orientation of the flow plane of the simple-shear component of
deformation was approximated as the orientation of the foliation.
For relatively low finite strains and/or simple-shear-dominated
deformation this should lead to underestimates of the angle
between the stable eigenvectors and hence Wk. However, samples
used in these analyses appear to record pure-shear-dominated
deformation and relatively large finite strains, and the foliation is
generally subparallel with the long axis of the finite-strain ellipsoid.
Therefore, it is reasonable to assume that the foliation is subparallel
with the flow plane of the simple-shear component and hence one
of the stable flow eigenvectors. Because shear bands are assumed to
rotate away from the acute bisector of the stable flow eigenvectors
after initial nucleation, this method for estimating Wk provides
a maximum possible value of the simple-shear component of
deformation in these samples, as it is unlikely that my relatively
small data sets sample a shear band at the initial stages of formation.
Also, this method utilizes data collected on two-dimensional
section planes and is not strictly valid for non-plane-strain defor-
mation. However, Tikoff and Fossen (1995, pp. 1776–1777) have
shown that two-dimensional kinematic-vorticity analyses of three-
dimensional, monoclinic deformations will consistently over-
estimate Wk by only a small amount. Overestimation will be greatest
for nearly equal components of coaxial and noncoaxial deformation
and will decline to zero as Wk goes to zero or one. For



Fig. 9. (a) Block-diagram cartoon showing the three-dimensional geometry of the PPHSZ developed from the map data, cross-section reconstructions, and kinematic data. (b) Block-
diagram cartoon showing the inferred convex-upwards, lens-shaped geometry of the PPHSZ. The domain of L tectonites lies in a narrow corridor in the center of the PPHSZ and
accommodates a component of subhorizontal, strike-parallel flow in addition to the component of subhorizontal, strike-perpendicular flow accommodated throughout the zone.
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microstructural approaches to estimating Wk, overestimation due
to non-plane-strain deformation is probably less than the
measurement error. Finally, these estimates are based on fabric
elements that only record the last increments of deformation and
therefore may not be true estimates of the mean vorticity of
deformation.

Synthetic shear bands in L–S and L> S tectonites of the PPHSZ
suggest Wk values between 0.10 and 0.44 corresponding to simple-
shear components of 7–29% (Table 1). Given the large number of
uncertainties and assumptions used in obtaining these Wk
estimates, they are probably not accurate values of the mean
vorticity of flow. However, these estimates combined with the
observation that deformation fabrics in the PPHSZ samples are
highly symmetrical indicate that flow in L–S and L> S tectonites in
the PPHSZ can be broadly characterized as pure-shear dominated.
Kinematic-vorticity analyses of L tectonites are problematic because
there is no visible foliation to serve as a reference frame for the
orientation of the simple-shear component of deformation, and I
have not attempted to quantify Wk in these rocks. However, defor-
mation fabrics in all of the lineation-parallel and lineation-
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perpendicular thin sections cut from L tectonite samples are also all
highly symmetrical regardless of section orientation, and I also
interpret the L tectonites as recording pure-shear-dominated
deformation.

6. Causes of L tectonite formation

6.1. Summary of important data and observations

The map data and cross-section reconstructions presented above
demonstrate that the exposed part of the PPHSZ is an east–west-
striking, subhorizontal to gently south-dipping high-strain zone that
cuts rocks of the western Hayfork terrane. L–S and L> S tectonites
characterize the western half of the exposed part of the PPHSZ,
whereas the eastern half of the high-strain zone contains a one-
kilometer-wide (across-trend) domain of L tectonites in which no
mesoscopic foliation is visible. The domain of L tectonites is associ-
ated with: (1) an across-trend convex-upward warp of the upper
high-strain-zone boundary, (2) a lithogical and hence rheological
transition from mafic metavolcaniclastic rocks to micaceous
quartzites and quartzose schists, (3) folding of this rheological
boundary, (4) the emplacement of synkinematic mafic/ultramafic
dikes, and (5) an associated local increase in deformation tempera-
tures in both of the rheologic units from greenschist- to amphibolite-
facies conditions creating additional rheologic domains. Finite-strain
and microstructural analyses of L tectonites show that these rocks
record nearly pure constrictional strain. Microstructural analyses of
L� S and L> S tectonites in the western half of the PPHSZ show that
the zone records pure-shear-dominated deformation that accom-
modates zone-normal shortening and transport-parallel elongation
coupled with a subordinate component of top-to-the-west-directed
simple-shear.

All of these observations and constraints are incorporated into
the cartoon block diagram presented in Fig. 9a. In this model, the
PPHSZ is confined to the western Hayfork terrane and records zone-
normal shortening and transport-parallel extrusion of material out
of the deformation zone. At the same time, top-to-the-west,
reverse-sense displacement between the western Hayfork terrane
and the structurally overlying eastern Hayfork terrane is almost
entirely partitioned into the Wilson Point thrust zone.

6.2. Kinematic significance of L tectonites

The domain of L tectonites localized a significant component of
constrictional pure shear resulting from zone-parallel, transport-
perpendicular flow. L tectonites are localized in a narrow corridor in
the convex-upwards, high-strain zone that is flanked on at least
one side by a large domain of L–S and L> S tectonites. Based on
these observations, I propose that the PPHSZ is a lens-shaped zone
with domains of L–S and L> S tectonites originally flanking the
domain of L tectonites on either side (Fig. 9b). Lateral flow into the
domain of L tectonites resulting from zone-normal contraction
requires either strain in the flattening field outside the domain of L
tectonites or bulk constrictional strain across the PPHSZ. Significant
flattening strains are not recorded in the exposed part of the high-
strain zone, but they may exist in unexposed parts of the zone, so
neither of these possibilities can be ruled out. Although, bulk strain
in the constrictional field is more likely. This geometry requires
a triclinic deformation symmetry in at least part of the PPHSZ to
accommodate simultaneous strike-parallel, lineation-perpendic-
ular flow into the domain of L tectonites and the component of top-
to-the-west, reverse-sense motion. Although, I found no evidence
of a triclinic deformation geometry in my microstructural analyses
of lineation-perpendicular sections. This could be because the
deformation is only slightly triclinic. Alternatively, the strike-
parallel, lineation-perpendicular simple-shear component of
deformation may have been localized near the high-strain-zone
boundary where unweathered exposures are scarce and I was not
able to collect fresh samples. In either case, the large apparent
inclinations of synthetic shear bands indicates that lineation-
parallel thin sections used in the kinematic analyses are close to
perpendicular to the vorticity vector.

Flinn (1961) used an unscaled analogue model to investigate
formation of constrictional strain in rectangular grooves in one
boundary of a high-strain zone undergoing zone-normal
contraction and found that flow within the groove and hence the
development of constrictional strain will not initiate until the
groove depth exceeds the thickness of the high-strain zone
outside of the groove. In the PPHSZ, the convex-upwards warp of
the high-strain-zone boundary over the domain of L tectonites
does not provide sufficient relief to meet this criterion. However,
Flinn’s (1961) model recorded bulk strain in the flattening field
because it was not constrained laterally. Bulk plane-strain or
constrictional deformation would certainly favor flow into the
existing channel in the high-strain-zone boundary and the
formation of L tectonites. Also, the geometry of the lower
boundary of the PPHSZ is completely unconstrained. If the lower
boundary of the zone mirrors the upper boundary, this would
effectively produce a deeper channel, also favoring flow into this
domain and the formation of L tectonites. Therefore, I propose
that localization of the domain of L tectonites is at least in part
a function of the convex-upward warp of the high-strain-zone
boundary favoring zone-parallel, strike-perpendicular flow into
this domain.

There are no obvious lithological transitions controlling the
orientation and location of the boundaries of the PPHSZ. Hence, the
convex-upward warp of the high-strain-zone boundary was prob-
ably caused by: (1) a local increase in deformation temperature and
possibly metamorphic fluids associated with the composite dikes
centered within the domain of L tectonites, and/or (2) local varia-
tions in the boundary conditions that drove the formation of the
PPHSZ in the first place. About three kilometers west-southwest of
the PPHSZ, a similar high-strain zone cuts exposures of the meta-
volcaniclastic unit that crop out along the Trinity River just
upstream of the town of Big Flat. This structure has not been named
in the literature, so I will hereon refer to it as the Big Flat high-strain
zone. The Big Flat high-strain zone is characterized by east-trend-
ing, moderately plunging elongation lineations; east–west- to
northeast–southwest-striking, moderately dipping foliations; and
plane strain or strain in the constrictional field. At least one
outcrop-scale domain of L tectonites is also present. A >200-m-
wide clinopyroxenite/hornblende-gabbro body intrudes the west-
ernmost exposed part of the Big Flat high-strain zone, and this body
caused a local increase in metamorphic temperatures from
greenschist- to amphibolite-facies conditions. Greenschist-facies
deformation fabrics in the Big Flat high-strain zone can be traced
continuously into amphibolite-facies fabrics, and the two domains
exhibit similar fabric orientations. Based on these relationships, I
interpret the composite intrusive body as syntectonic. Because
deformation in both the PPHSZ and Big Flat high-strain zone is
directly related to the local intrusive bodies, and there are no
intrusive bodies in the weakly deformed rocks between the two
high-strain zones, I propose that local temperature increases and
perhaps local increases in metamorphic fluids played a direct role
in initiating intense plastic deformation in these zones. This
proposal favors the hypothesis that the convex-upwards shape of
the high-strain-zone boundary above the domain of L tectonites in
the PPHSZ was caused by the localization of magmatic heat in this
domain. At the same time, zone-normal contraction and localized
transport-perpendicular, strike-parallel flow into the domain of L
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tectonites are still required to produce local constrictional strain,
making the formation of L tectonites within the PPHSZ a function of
both a local variation in the shape of the high-strain-zone boundary
driven by magmatic heating, and a kinematic geometry favorable
for the localization of constrictional strain in this domain.
L tectonites within the PPHSZ are developed in both the meta-
sedimentary and metavolcaniclastic units deformed under
greenschist- and amphibolite-facies conditions, and deformation-
fabric elements in all of these rheologic units are parallel with each
other at lithologic contacts. Hence, constrictional strain is not being
partitioned into a single rheological domain.

6.3. Incorporation into the regional geologic framework

Direct constraints on the timing of deformation in the PPHSZ are
provided by hornblende K–Ar cooling ages of 169�1.2 and
171�1.8 Ma from the syntectonic composite dikes exposed at
Pigeon Point and a hornblende K–Ar cooling age of 168� 3.4 Ma
from the amphibolite associated with these dikes (Wright and
Fahan, 1988). The existence of metamorphic minerals and defor-
mation textures consistent with amphibolite-facies conditions
indicates that deformation in the PPHSZ was at least in part coeval
with local amphibolite-facies metamorphism associated with these
dikes. Based on the local syntectonic replacement of hornblende by
actinolite in amphibolites and relatively low-temperature sub-
grain-rotation dynamic recrystallization (regime-II–III transition of
Hirth and Tullis, 1992) of quartz, I infer that deformation continued
for a short time after cooling through the Ar closure temperature of
hornblende. These observations place the PPHSZ in a well-estab-
lished Middle Jurassic episode of thrust faulting, regional meta-
morphism, and penetrative fabric development: the Siskiyou event
outlined above. Two possibilities then exist for the structural
significance of the PPHSZ: (1) it may be the hanging-wall exposure
of a large-displacement plastic thrust zone separating two terranes
(e.g. the Salt Creek fault that separates the western Hayfork terrane
from the underlying Rattlesnake Creek terrane; Wright and Fahan,
1988) or (2) it may be an intra-terrane structure related to
contractional deformation and terrane amalgamation, but not
a major terrane boundary. Because deformation in the PPHSZ was
pure-shear dominated, the first possibility can be eliminated.
Instead, the PPHSZ accommodated a limited amount of top-to-the-
west, reverse-sense displacement and a significant amount of
subvertical shortening and extrusion of material out of the defor-
mation zone. This geometry developed in response to contractional
deformation and thrust loading associated with terrane amal-
gamation during the Middle Jurassic Siskiyou event and is tempo-
rally related to the overlying west-vergent Wilson Point thrust
which is cut by the w170-Ma Ironside Mountain batholith (Barnes
et al., 2006). Therefore, the coeval PPHSZ/Wilson Point-thrust
system represents deformation-path partitioning during assembly
of the western Hayfork and eastern Hayfork terranes. In this system
simple-shear deformation accommodating large-magnitude,
reverse-sense displacement between the two tectonically distinct
telescoped crustal fragments was partitioned into the Wilson Point
thrust zone. I was unable to locate exposures of the Wilson Point
thrust zone during regional reconnaissance, and the exact nature of
this fault zone is not described in the literature. Therefore, I can
only speculate about the mechanisms (frictional/brittle faulting vs.
plastic flow) that accommodated simple-shear translation between
the western Hayfork and eastern Hayfork terranes. At the same
time slip across the Wilson point thrust was occurring, plastic,
pure-shear-dominated deformation in the PPHSZ (and probably the
Big Flat high-strain zone as well) helped to accommodate crustal
thickening during terrane amalgamation through subhorizontal
shortening coupled with extrusion of material from beneath the
structurally overlying Wilson Point thrust and eastern Hayfork
terrane towards the orogenic front to the west. Thus, the PPHSZ
represents a mid-crustal mechanism for accommodating variable
crustal thickening during terrane amalgamation and continental
assembly by plastic flow from beneath a major thrust plate cata-
lyzed by local magmatic heating.

7. Summary and conclusions

Detailed geologic mapping, strain analyses, and kinematic
analyses, enable the reconstruction of a one-kilometer-wide
domain of L tectonites within the gently dipping PPHSZ in the
southern Klamath Mountains, California. The domain of L tectonites
is associated with: (1) an across-trend, convex-upward warp of the
upper high-strain-zone boundary, (2) a lithologic and hence rheo-
logical transition from mafic metavolcaniclastic rocks to micaceous
quartzites and quartzose schists, (3) folding of this rheological
boundary, (4) the emplacement of synkinematic ultramafic/mafic
intrusive bodies, and (5) an associated local increase in meta-
morphic temperature in both of the rock units from greenschist- to
amphibolite-facies conditions creating additional rheologic
domains. Microstructural analyses of L–S and L> S tectonites in the
western half of the PPHSZ indicate pure-shear-dominated defor-
mation that accommodated zone-normal shortening and trans-
port-parallel elongation coupled with a subordinate component of
top-to-the-west-directed simple shear. The localization of con-
strictional strain in the L tectonite domain was likely controlled by
the shape of the high-strain-zone boundary causing lateral flow
into the apex of the lens-shaped zone in response to a favorable
kinematic geometry that includes zone-normal shortening coupled
with transport-parallel elongation and probably bulk strain in the
constrictional field throughout the zone. Localized magmatic
heating is the best explanation for the shape of the high-strain-
zone boundary. Localization of constrictional strain does not seem
to be related to the rheological and metamorphic transitions within
the PPHSZ because the domain of L tectonites cuts all of the rheo-
logic units and deformation-fabric elements in all of the units are
parallel with one another across lithologic contacts. This structural
geometry developed in response to regional contractional defor-
mation, terrane amalgamation, and thrust loading during a Middle
Jurassic orogenic event and helped to accommodate crustal thick-
ening during terrane accretion and continental growth along
a subduction margin. The coeval PPHSZ/Wilson Point-thrust system
records deformation-path partitioning between localized top-to-
the-west simple-shear along the Wilson Point thrust and distrib-
uted subvertical shortening and transport-parallel elongation in
the underlying plastic PPHSZ. Terrane assembly was accomplished
by simple shear deformation along the Wilson Point thrust while
the plastic PPHSZ accommodated crustal thickening by moving
material back towards the orogenic front.
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