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Lawrence W. Snes

Abstract: The Border Ranges fault system of southern Alaska, the fundamental break between the arc basement and the
forezarc accretionary complex, is the boundary between the Peninsular-— Alexander —Wrangeilia terrane and the Chupach
terrane. The fault system separaies crystailine rocks of the Alexander terrane from metamorphic rocks of the Chugach
terrane in Glacier Bay Mational Park. Mylonitic rocks in the zone record abundant evidence for dextral sirike-slip motion
along north-northwest-striking subvertical surfaces. Geochronologic data together with regional correlations of Chugach
terrane rocks involved in the deformation constrain this movement between latest Cretaceous and Early Eocene ( ~ 50 Ma).
These findings are in agreement with studies to the northwest and southeast along the Border Ranges fault system which
show dextral strike-slip motion occurring between 58 and 30 Ma. Correlations between Glacier Bay plutons and rocks
of similar ages elsewhere along the Border Ranges fault system suggest that as much as 700 km of dextral motion may
have been accommodated by this structure. These observations are consistent with oblique convergence of the Kula plate
during early Cenozoic and forearc slivering above an ancient subduction zone following late Mesozoic accretion of the
Peninsular — Alexander — Wrangellia terrane to North America.

Résumé : Le sysitme de la failie de Border Ranges dans le sud de I'Alaska, la cassure fondamentale située entre le
socle de P'arc et le complexe d’avant-are accrétionnaire, représente fa démarcation entre le terrane de Peninsular ~ Alexander —
Wrangellia et le terrane de Chugach. Le syst2me de cette faille sépare les roches cristallines du terrane ¢’ Alexander
d’avec fes roches métamorphiques du terrane de Chugach dans le Glacier Bay National Park. Les roches mylonitiques
dans la région exhibent de nombreux indices d’un mouvement de décrochement dextre, le long de plans sub-verticaux
orientés nord-nord-ouest. Les donndes géochronologiques jointes aux corrélations régionales des roches du terrane de
Chugach dérangées par les processus de déformation contraignent dans le temps ce mouvement entre la fin du Crétacé
et le début de P"Eocéne (~ 50 Ma). Ces enseignements sont en accord avec les résultats des dtudes effectuées au nord-ouest
et au sud-est, le long du systéme de la faille de Border Ranges, lesquels révélent gu’un mouvement de décrochement
dextre s’est produit entre 58 et 50 Ma. Les corrélations entre les plutons de Glacier Bay et les roches d’4ges similaires
exposées aitieurs le long du sysieme de la faille de Border Ranges suggérent gu'un mouvemen: dextre aussi important
que 700 km a &€ accommodé par cette structure. Ces observations sont en accord avec la convergence oblique de la
plaque de Kula durant le Cénozoigue précoce, et avec le morcellement de Vavant-arc au-dessus d'ure ancienne zone de
subduction 2 la suite de P'accréticn du terrane de Peninsular — Alexander — Wrangellia 3 U Amérique du Nord durant le
Mésozoique tardif.

{Traduit par la rédaction}

introduciion strike-slip faults within the accretionary complex and (or)

Studies of modern oblique convergent boundaries find that
the plate-parallel motion is accommodated by trench-parallel

along the axis of the magmatic arc (Fitch 1972; Jarrard
1986). Many anthors have suggested that the obligue conver-
gence between the Kula and North American plates during
the early Cenozoic resulted in northward dispiacement of

K.J. Smart’ and T.L. Pavlis. Departiment of Geology and
Geophysics, University of New Orleans, New Orleans,
LA 70148, U.S.A.

V.B. Sisson. Department of Geology and Geophysics, : \ e _
MS-126, Rice University, Houston, TX 77005, U.S A. Chugach accretionary complex, was still far south of its

8.M. Roeske. Department of Geology, University of current position with respect to North Armerica as recentiy as
California at Davis, Davis, CA 95616, U.S.A. carly Cenozoic time (Plumiey et al. 1983; Bol et al. 1992).
L. W. Snes. United States Geological Survey, Denver In addition, the amount of early Cenozoic displacement for
Federal Center, MS-963, Denver, CO 80225, U.8.A. the Chugach terrane is greater than that for inboard terranes,

Received August 10, 1995. Accepted April 24, 1996, terranes along the northern Cordillera (e.g., Engebretson
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Determining which faults are responsibie for the strike-slip
displacement and timing movement has been difficult. Paleo-
magnetic studies indicate that the outermost terrane, the
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indicating differential motion between the accretionary com-
plex and its adjecent crystalline basement since the early
Cenozoic (Bo! et al. 1992). Gur work in northern Glacier
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Fig. 1. Gencralized terrane map of southern Alaska showing location of Peninsular — Alexander ~
Wrangellia composite terrane, Chugach terrane, Prince William and Yakutat terranes, the
Rorder Ranges fault system, and Glacier Bay National Park and Preserve (after Coney et al.

1980; Jones et al. 1981; Plafker 1987).
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- Bay, southeast Alaska, identifies a major dextral strike-slip
fault system that formed at the arc —forearc boundary between
the Peninsular — Alexander — Wrangellia and Chugach terranes.

Regional geclogy

The Border Ranges fault system (BRFS) rims southern Alaska
from Kodiak Island in the west to Chichagof Island in the
southeast (Fig. 1) and separates predominantly crystalline
rocks of the Peninsular— Alexander —Wrangellia (PAW)
terrane from the metasedimentary rocks of the Chugach
terrane (MacKevett and Platker 1974). The fault system
originated as a megathrust (MacKevett and Plafker 1974;
Pavlis 1982; Pavlis et al. 1988, Plafker et al. 1989, 1934),
but probably moved diachronously along strike, given the
great length of the fault system. Evidence for eariiest motion
is only locally preserved, but includes Early Jurassic subduc-
tion at the western end (Roeske et al. 1989) and Early Creta-
ceous reestablishment of convergence with high-temperature
metamorphism and plutonism near Anchorage (Pavlis et al.
1988; Barnett et al. 1994).

Post-middle Cretaceous reactivation occurred at varicus
times with different kinematic histories. The United States
Geological Survey’s Trans-Alaska Crustal Transect (TACT)
program in the eastern Chugach Movntains provided the first
conclusive evidence for major strike-slip reactivation, but the
timing and sense of slip were unresolved (Pavlis and Crouse

Border Ranges
Fault System

1989 Platker et al— 1989). Recent studies in-the eastern
Chugach Mountains (Roeske et al. 1991, 1993} clearly
demonstrate a major early Cenozoic dextral reactivation.
The scale of this system of brittle and ductile structures is
such that it must connect to the south and east with related
dextral shear systems. Nonetheless, this connection is eryptic
becawse even reconnaissance mapping is incomplete and
much of the area is under icefields of the St. Elias Range.

The BRFS emerges from ice cover and is very well exposed
in the upper fiords of Glacier Bay MNational Park and Pre-
serve. Reconnaissance mapping in the northermmost parts
of Glacier Bay led to recognition of a 5—12 km wide,
northwest —southeast-trending  zone of diverse low-grade
metamorphic rocks (Brew and Morrell 1978, 19794, 19796,
1979¢; Brew et al. 1978, 19785; Decker and Plafker 1982).
This zone, initially referred to 2s the Tarr Inlet suture zone,
consists of clongate bodies of foliated diorite — granodiorite
intruded into or faulted against phyliite, slate, conglomerate,
chert, mélange, and marble (Brew and Morrell 1978, 19794).
Mélange rocks within the zone were correlated with the late
Mesozoic Kelp Bay Group exposed on Chichagof Island
(Decker and Plafker 1982}, and by infcrence with other
mélange units in the Chugach terrane, the Uyak Mélange of
the Kodiak Islands and the McHugh Complex of the Chugach
Mountains {Plafker et al. 1977). West of the Tarr Inlet suture
zone is & greywacke and argillite unit that is part of the flysch
subterrane of the Chugach terrane. These turbidites are prob-
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Fig. 2 (concluded). Legend.
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. Al I {undivided)
Vertical  Inclined  temperature foliation in Kg ESERSEN
W \\\\\ Form surface of greenschist- Kg Early Cretaceoys granadioﬁte with
WY subgreenschist facies foliation swarms of mafic enclaves (Lamplugh phuton)
Surface trace of greenschist- }?{if #7] Jurassic (?) muscovite-bearing
subgreenschist facies shear zone M PEs) leucotonalite and trondhjemite

Brittle fauit contact

Intrusive contact or ductile
structural contact

o ) Topographic contour line
500 (contour interval = 500 fi) Kss
. Kmu
Surficial cover Kmg
| Glacier or ice sheet MzPzm

Quaternary surficial
deposits (undivided)

ably correlative with the Upper Cretaceous Sitka Greywacke
{Brew and Morrell 1979¢; Decker and Plafker 1982) and
Valdez Group (Plafker et al. 1977).

Structuratl history of upper Glacier Bay

Field relations

The structaral succession across the Border Ranges fault
systerm 1s spectacularly exposed zlong the walls of Johns
Hopkins Inlet (Fig. 2} in a 5~ 12 km wide shear zone referred
to here as the Border Ranges shear zone (BRSZ). Within the
BRSZ, high-angle brittle faults and ductile shear zones have
complexly interleaved metasedimentary and igneous rocks of
the Alexander terrane with Chugach terrane rocks (Pavlis
et al. 1989; Roeske et al. 1990). East of the BRSZ, in the
vicinity of Reid Inlet, Russeli Island, and the eastern shore
of Tarr Inlet (Fig. 2), the Alexander terrane includes a com-
posite plutonic complex with large screens of metavolcanic
and metasedimentary rocks. Here plutonic rocks are not
foliated and older ductile fabrics in the metamorphic screens
are overprinted by contact metamorphisn.

The castern edge of the BRSZ occurs within a large Creta-
ceous enclave-bearing granodiorite pluton (informally named
the Lamplugh pluton). Approximately midway between Reid
Inlet and Lamplugh Glacier, the first conspicuous structures
related to the BRSZ appear as complex arrays of epidote veins

Metameorphic Rocks

Flvsch subunit of Chugach Terrane
{formerly Valdez Group)

McHugh Complex undivided (Kmu)
and greenschist (Kmg)

Mesozoic or Paleozoic metasedimentary rocks;
includes marble, quartzite, and biotite schist

Marble layers of uncertain affinity

and as discrete brigtle faults (Fig. 2} showing hydrothermal
alteration with pervasive epidotization and chloritization. The
brittle structures are superimposed upon a high-temperature,
steeply dipping fabric defined by clongate plagicclase and
hkornblende crystals, and aligned mafic enclaves.

Continuing westward, the first low-temperature ductile
deformational structures appear as a series of reirograde
ductile shear zones near the opening to Johns Hopkins Inlet.
The first shear zones are relatively narrow (~ 10 cm to 1 m)
and widely spaced but rapidly increase in thickness and abun-
dance toward the west. The retrograde fabric is pervasive
along the extreme western edge of Lamplogh pluton (~2 km
west of the mouth of Johns Hopkins Inlet, Fig. 2). Extensive
retrograde mineral growth in the shear zones produced a
strongly foliated and lineated chiorite —epidote phyllonite
from the granodiorite {Fig. 3). Foliations in the phylionites
are near vertical with subhorizontal lineations (Fig. 4a).
Many of these shear zones are either bound by brittle faults
or are cut by faults that parallel the shear bands in the phyl-
lonites, suggesting either simultaneous brittle and ductile
deformation or superposition of brittle structures onto the
phyllonitic ductile shear zones.

The western limit of the Lamplugh pluton is a discrete
brittle fanlt and to the west is a2 1 km wide band of deformed
greenschist showing a penetrative LS tectonite fabric with a
subvertical foliation and subhorizontal stretching lineation.
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Fig. 3. Ouicrop photograph of ductile shear zone narrowing
te brittle fault over a distance of less than a metre (pencil
for scale).

These greenschists are superficially similar to the phylionites _

and could represent completely retrograded plutonic rock.
Many of these rocks, however, contain thin, wispy, biack,
micaceous interlayers that appear to be metamorphosed
argillaceous sediment. This package is probably derived
from a tuff—argiilite sequence, a lithology characteristic of
the mélange unit of the Chugach terrane (Decker and Plafker
1982), and thus the greenschists may represent the eastern
fimit of that anit.

West of the greenschists, the BRSZ is a complexly juxta-
posed mixwre of phitonic and metasedirnentary — metavolcanic
rocks including greenschist, marble, and a dark meta-argillite
interlayered with metagreywacke (Fig. 2). The plutonic rocks
are lithologically diverse and range from hornblende diorite
to muscovite trondhjemite. The metasedimeniary and meta-
volcanic rocks presumably are derived from the diverse
assemblages of the Chugach terrane, but other rocks could
be present {e.g., marbles could be fragments of Alexander
terrane). The phyllite —greywacke assemblage is significant
because it resembiles the Chugach terrane flysch to the west
of the BRSZ (Fig. 2). Unfortunately, these assemblages
cannot be unequivocally correlated because of a lack of
fossils. Nonetheless, the phyllite—greywacke assemblages
occur exclusively in the western half of the BRSZ, and slices
of these rocks become more abundant westward. This struc-
tural distribution suggests that these rocks may correlate with
Chugach terrane flysch. This tentative correlation is critical
because the depositional age of the Chugach terrane flysch is

Can. J. Earth Sci. Vol. 33, 1996

latest Cretacecus (Plafker et al. 1994), and thus from this
correlation much of the deformation in the BRSZ would he
latest Cretaceous or Tertiary in age. The western edge of the
BRSZ (Fig. 2} is marked by z sharp transition (i.e., fault}
from highly sheared mélange to much less deformed grey-
wacke and argillite of the flysch subterrane, The flysch is not
ductilely sheared but does possess a moderately well devel-
oped, coarse, continuous cleavage subparalle! to bedding, If
the phyilite —greywacke assemblages within the BRSZ are
correlative with the flysch to the west, then the western
bourdary of the BRSZ appears t© be a brittle fault that
postdates the main phase of shear.

Fabric development within the western half of the BRSZ
is variable, but indicates a kinematic history indistinguish-
able from the eastern haif. Britile faults are near vertical with
subhorizontal slickenlines (Fig. 4b) and bound heterogene-
ously deformed packages. Plutonic rocks typically lack a
penetrative foliation, but are Iocally intensely deformed
by systems of ductile shear zones, brittle faults, or both.
Hydrothermal alteration of the plutonic rocks to chlorite—
epidote assemblages is ubiguitous in both the brittie faults
and the ductile shear zones. In contrast, most metasedimen-
tary and metavolcanic assemblages display a penetrative pro-
grade fabric. Mafic metavolcanic rocks are characterized
by a greenschist facies assemblage of quartz + chlorite +
actinolitc + muscovite + epidote.

Structural analysis

The kinematics of the BRSZ are clearly indicated by minor
structures in both the ductilely and britdely deformed rocks.
Mylonitic shear zones in quariz-rich rocks and chloritic phyl-
lonites all have an L—S-tectonite fabric characterized by a
northwest-striking, vertical to steeply west-dipping foliation
with subhorizontal mineral lineations (Fig. 4a). Extension
lineations calculated from S and C intersections, like the
mineral lineations, are nearly subhorizontal (Fig. 4a). Fabric
asymmetries, such as asymmetric pressure shadows (Fig. 5),
§—C relationships, and mesoscale ssymmetric porphyrociasts
(Fig. 6) show clear evidence of dextral shear.

A system of brittle faults with subhorizontal slickenlines
(Fig. 4b) is subparallel to the ¢ surfaces and late shear
zones and has dextral slip sense indicators. Thus, the low-
temperature ductile and brittle deformational history was dom-
nated by right-iateral motion. Finally, the low-temperature
febrics in the BRSZ are nearly parallel to the high-temperature
foliation in the Cretaceous granodiorite along the castern
boundary (Fig. 4c¢) (see below).

Multiple dike generations
At least four generations of dikes help constrain the relative
timing of deformation in upper Glacier Bay. Unfortunately,
the absclute ages of the dikes are unknown. The oldest dikes
postdate the Late Cretaceous plutonic complex, but predate
the Jow-temperature ductile deformation of the BRSZ. These
include garmet—muscovite trondhjemite dikes and younger
mafic dikes that crosscut the high-temperature fabric in the
plutonic rocks but are cut by the retrograde shear zones. The
younger two generations are mafic dikes that provide impor-
tant crosscutting relationships with struciures of the BRSZ.
The earliest of these mafic dikes accurs predominantly as
an east-southeast-striking, near-vertical swarm 4 —35 km east
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Fig. 4. (o) Bgual-aree, lower hemisphere projection of poles to 64 mylonitic foliation planes,
showing mineral lineations (@}, extension lineations calculated from S—C intersections (x},
and poles to ¢ surfaces (&). (&) Equal-area, lower hemisphere projection of poles to 64 fault
planes. €, 21 slickenline measurements. {¢} Equal-area, lower hemisphere projection of 42 poles
to high-temperature foliation planes. (d) Equal-area, lower hemisphere projection of poles to
mafic dikes that crosscut the retrograde shear zones. 0, older dikes, @8, younger dikes. All
contouring uses the Kamb (1959) method with a contour interval of 3o. Counting circle is

12.3% for (@) and (b) and 17.6% for {(c).

of the main BRSZ (Fig. 4d). These dikes are limited spatially
to a singie granodiorite body just west of Reid Inlet (Fig. 2),
but this swarm accommodated a large north — scuth exiension
because dikes constitute more than 50% of the rock. Although
the absolute age of these dikes is problematic, they are clearly
cut by brittle fauits related to the BRSZ. Nonetheless, because
of their spatial distribution it is unclear whether these dikes
are equivalent to deformed dikes within the BRSZ, or whether
the injection of this complex was related to the deformation
of the BRSZ.

In contrast, the youngest dikes crosscut ali ductile struc-
tures, strike north-northeast, are nearly vertical {Fig. 44d),
and have a vesicular texture with conspicucus chill margins,
suggesting that this set was emplaced at a shallow level
and significantly postdates major ductile deformation. Iso-
topic ages are lacking, but they may correlate with the Late
Oligocene — Miocene mafic dike swarm in southeast Alaska

and British Columbia described by Brew (1994).

Deformation of plulonic recks along the
Border Ranges shear zone

The Lamplugh pluton contains a locally well-developed high-
temperature fabric subparabiel to its highly elongate north-
west trend and to retrograde brittle —ductile fabrics within
the BRSZ. Parallelism of magmatic and tectonic fabrics may
oceur in oblique convergent margins, as modern examples
typically have strike-slip faults parallel to and within the axis
of the magmatic arc (Fitch 1972; Jarrard 1986). To test
whether both the high-temperature fabric and the retrograde
shear zones formed during the same progressive deforma-
tion, we assessed the finite strain state in the foliated plutonic
rocks directly east of the BRSZ using the shape fabric of
mafic enclaves and dimensionally preferred orientation of
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Fig. 5. Thin-section photomicrograph of asymmetric pressure
shadow around quartz grain indicating a dextral shear sense.
Ficld of view is approximately 1.2 mm X U.8 mm.

mineral grains at the thin-section scale (Ramsay and Huber
1943; Eutton 1988; Brun et al. 1990). Pitfalls for using these
object strains as an accurate measure of the finite strain
are that it is difficult to distinguish piutonic from solid-state
fabrics (Huiton 1988; Paterson et al. 1989) and the initial
shapes of the enclaves are unknown. Monetheless, these
analyses provide an approximation of the strain staie.

Finite strain from mafic enclaves

The shape fabric for deformed enclaves was estimated by
field measurement of ellipticities on three or more surfaces
at thres jocations near the castern boundary of the BRSZ
(samples 89GP12, BYGPGS, and 89GPT7; Fig. 7). Two-
dimensional shapes were estimated on each surface from the
harmonic mean of 20—50 measurements of enclave cllip-
ticity, and the finite strain ellipsoid calculsted (Table 1)
(Owens 1984},

The flattening (x,y) pianes are subparalle] o the observed
field foliations (Table 1; Fig. 4¢), although the great varia-
tion in finite strain eilipsoid shape (Fig. 7) may indicate that
the deformation is apparent for a fabric that actually formed
by magmatic emplacement. Alternatively, the ellipsoid shape
may be a function of the interaction between emplacement
and subsequent tectonic deformation. For example, the prolate
strain ellipsoid (sample 89GP68; Figs. 2, 7) may indicate that
locally the enclaves are extremely attenuated mafic dikes. This
interpretation is supported by a field observation of 3 mafic
dike that was traced lateraily from a ccherent intrusive body
into boudinaged segments that resembled typical enclaves.

Thin-section-scale object strains

Finite strain was estimated in three perpendicular thin sec-
tions for six samples (Table 2) of the Lamplugh pluten using
the line-strain (Panczzo 1983, 1984) and normalized Fry

Can. J. Earth Sci. Vol. 33, 1996

Fig. 6. Outcrop photograph of asymmetric porphyroclast
showing dextral sense of motion (hammer point for scale).

methods (Erslev 1988). Digitized plagioclase and guartz
grain boundaries were interpreted using computer programs
developed by W.A. Yonkee (written communication, 1989),
and two-dimensional strain data were combined to yield
finite strain ellipsoids (Owens 1984).

Most samples (Fig. 7; Table 2) fall within the field of
apparent flattening. The x,y-planes strike north-northwest,

and most dip moderately to steeply southwest, consistent - -

with the observed foliations (Fig. 4¢). The long (x) axes are
generally either subhorizontal or subvertical. The bimodal
variation in x-axis plange could be an artifact of the extreme
ablateness of the strain eliipsoids, in that for a strongly oblate
shape, the difference between the long and intermediate axis
magnitudes is smalil.

Origin of foliation and interpretation of strain data
The fabric observed within the Lamplugh pluton is inter-
preted to result from superpusition of a solid-state tectonic
deformation on a preexisting magmatic fabric. Evidence for
the initial magmatic component includes (/) foliation partially
defined by aligned evhedral plagioclase lathes with rare
oscillatory zoning and twins parallel to the long dimension of
the grains (Futton 1983; Paterson et al. 1989; Miller and
Paterson 1992), and () aligned mafic enclaves (Hutton
1988; Paterson et al. 1989, Miller and Paterson 1992). A
superimposed high-temperature solid-state component of
deformation is suggested by the presence of medium- to fine-
grained recrysiallized hornblende and biotite adjacent to
partially recrystallized plagioclase lathes (Paterson et al.
198%; Miller and Paterson 1992). Evidence for subsequent
low-temperature solid-state deformation includes (i} moder-
ately to sirongly undulose quartz, () chevron-style kinks
in partially recrystallized biotite, and ¢if) microfractured
hornblende (Paterson et al. 1989; Miller and Paterson 1992).
In contrast to the fabrics within the plutonic rocks, the duc-
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Principal planes Axial ratios

Sample Field
Neo. X,y ViZ Xx,Z R, R, foliation
8OGP12  351°/84°W  089°/40°W  076°/31°8% 247 412 347°177°W
89GP68  349°/84°E 073°/45°N  0B4°/45°S  7.43  2.23 344°/81°W
89GP77  Q05°/41°W  242°/88°S 000°/48°E  2.33 242 (Q20°/35°W

Wotes: The principal plancs and axial ratios of calculated finite strain ellipsoids are given
for each sample {locations given in Fig. 2). The field foliation is given for commparison with the

calculated flattening (i.e., x,3) planes.

Table 2. Summary of finite strain data determined from Cretaceous granodiorite.

Principal planes (line strain) Line strain Principal planes (Fry) Fry )

Sample Field

Mo. X,y .2 X,Z R, R, X,y V.2 X,z E, R, foliation
90KSIB  241°/82°S  072°/79°N  036°/14°S 1.22 L35 341°/89°S  057°/05°S O71°/85°N 1.24 1.34 005°/90°
S0KS4C  342°/80°N  Q72°/87°N  326°/11°S  1.04 1.5 34B°/86°S 08i°/48°N 073°/42°§ 144 1.71 350°/90°
SOKSI3A  346°/70°W  3535°/21°E O77°/88°N 112 1.23  325°/89°W  O58°/29°N  054°/61°S  1.38 143 na
89GPI6E  347°/57°W  (08°/35°E  (084°/80°N  1.17 1.53 334°/62°W 010°/34°E  OB4°/74°N  2.24 1.66 354°/76°W
8OGPSX  327°/46°W  Q25°/61°E  274°/38°N  1.19 148 309°/48°S  (80°/53°N QlI2°/63°E 1.39 1.79 000°/6%°W
89GPIB  O06°/55°W  271°/83°8  3S1°9/36°E  1.22 1.1§ 012°/57°W (88°/70°8  331°/38°N  1.90 148 335°/77°§

Nates: The principal planes and axial ratios of finite strain ellipscids are given for ecach sample as calculated by line-strain and normalized Fry methods
(locations given in Fig. 2). The field foliations (where measured) are given for comparison with the calculated flattening planes. na, foliation too faint to

be measured in the field.

tile shear zones formed at subgreenschist to Jow-greenschist
facies conditions. Retrograde assemblages in the granodi-
orite include muscovite + chlorite + guartz + epidote +
calcite + albite. Quartz has urdulose extinction and subgrain
development, whereas hornblende and plagioclase fractured
hrittiely. Chiorite and muscovite also grew as fine-grained
fillings between porphyroclasts of guartz and feldspar and as
pressure shadows around quartz.

The strzin studies support the field observation that the
x,y-plane is parallel to the foliation in the rock, but elonga-
tion is poorly defined. Calculated ellipsoid long axes are
scattered throughout the foliation plane and are neither con-
sistently steeply plunging nor subhorizontal, as would be
predicted by a syntectonic pluton emplaced into cither a
thrust or strike-slip system. The results of the strain study do
not directly support the hypothesis that the high-temperature
fabric and the BRSZ are the product of a single progres-
sive deformation. However, the high-temperature fabrics are
shifted 20—30° with respect to the low-temperature fabrics.
Assuming progressive simple shear, the high-temperature
fabric would record larger strains than the low-temperature
fabric and the systematic misalignment between orientations
would be produced; thus, a single progressive deformation
event is possible.

The origin of the strong fabric within the plutonic body is
problematic and several possibilities exist. One possibility is
a fabric entirely related to emplacement (e.g., ballooning
plutons as cited in Castro 1987; Ramsay 1989; or Paterson
and Fowler 1993). We consider this mechanism unlikely,
however, given the highly elongate shape of the pluton (Brew
et al. 19784a; Gehrels and Berg 1994) and the clear evidence
for significant solid-state deformation. Alternatively, the

Fig. 7. Flinn plot of finite strain ratios determined from
mafic enclaves (@) and Cretaceous granodiorite (4, line-strain
method; @, normalized Fry method).

8

Tr
Apparent £y
6 Constriction 2
5
R X}l

4

Apparent

Flattening

[::]
4 5 6 7 &

fabric could be due to a magmatic fabric with superimposed
tectonic solid-state flow. A final possibility is that the pluton
represents syntectonic emplacement in a zone of distributed
transpression. Given that theoretical models {e.g., Sanderson
and Marchini 1984; Fossen and Tikoff 1993) indicate that
bulk flattening strains are reguired in a system subjected to
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Table 3. Summary of U—Pb isotopic data for zircon from sample 823R29 (location given in Fig. 2).

Measured ratios

Atomic ratios Apparent agc (Ma)®

Sample size  Weight U Woppx  206ph 27pl Hoppy* 207ppx Wiphe  06php%  207phyk 207ppp*
(mesh units) (mg) (ppm)  (ppm)  2%Pb 208py 2383 B3y 206p* 2387 3y Weppy*
100+ 2.1 174 6.134 1929 0.05678 0.09608 0.01911  (0.12874 (.048R6 122.6 123.0 141 +10%
100206 2.3 337 5.462 1246 $.06039 0.10437 (.01884  §.12623  0.0485% 120.3 120.7 128+ 5%

Notes: Analyses performed by . Wright at Rice University, Houston, Texas. Pb* denotes radiogenic Pb, corrected for common Pb using the isotopic

composition of XPb/2Pb = 18.6 and *"Pb/2Ph = 15.6.

“pges calculated using the following constants: decay constant for 25U = 9.8485 x 1071, 2% = 1.55125 x 107", and *30U/*¥Y = 137.88. Replicate
analyses of “‘standard’’ zircon fractions vield reproducibility of ™Pb*/**U of .05 at 20.

*The Z¢ uncertainties in the “Pb*/?®Pb* ages were calculated on the combined uncertainties in mass spectrometry (principally the uncertainty in the
0Pl 2Pl measured ratios) and an assumed uncertainty of +0.1 in the 2Pb/®™Pb ratio used for the common Pb correction.

distributed transpressional motions, this process could explain
both the elongate shape of the pluton and the observed
flattening. As & result, we favor the latter interpretation,

Timing of deformation events from
geochronciogica!l studiss

Isotopic dating of the dextral ductile shear zones has proven
difficult because the rocks are heterogeneously deformed
and the “CAr/*Ar isotopic system has not completely reset
(Roeske et al. 1992). A conservative interpretation of crys-
tallization and cooling ages of some plutonic bodies in the
BESZ brackets the age of deformation between Early Creta-
ceous andl Early Oligocene. However, as described below,
we suggest that the deformation actually occurred primarily,
if not entirely, in the early Cenozoic.

The clearest maximum age for the BRSZ is provided by
U—Pb zircon and hornblende “OAr/39Ar cates from the
deformed granodiorite (1.e., Lamplugh pluton) on the sastern
edge of the BRSZ (sample 89SR29, Fig. 2). The U-Pb
zircon data show a slight discordance from the coarse to fine
fractions (Table 3). However, the younger U—Pb ages
(~120 Ma) are younger than the very clean (1233 %
0.4 Ma) ““Ar/*Ar hornblende plateau age (Fig. 8) {Roeske
et al. 1992) for the same sample, We interpret the igneous
age of the pluton to be ~ 130 Ma.

A significanily younger maxirmuim age is suggested by
correlation of metaclastic units within the BRSZ. Based on
our experience in other parts of the Chugach terrane, the
large slices of metagreywacke and argillite within the BRSZ
{labeled Kss? in Fig. 2) are indistinguishable from the latest
Cretaceous flysch units of the Chugach terrane (Valder Group
and Sitka Greywacke). Lithologic correlations arc always
ambigucus, but based on other daia (discussed below) this
correlation is allowable. Thus, we suggest their latest Creta-
ceous age is a reasonable maximum age for the deformation
in the zone,

Minimum age estimates for the low-temperature deforma-
tion in the BRSZ are provided by crosscutting plutons and
cooling ages. An absolute minimum age for the brittle fault-
ing and low-temperature shear zones is provided by the large
pluton in upper Johns Hopkins Inlet (sample 89GP61, Fig. 2).
It cuts both fabrics and the britde fault along the western
edge of the BRSZ and yielded an “CAr/¥Ar total gas age on
biotite of 33.1 £+ 0.3 Ma (Table 4; Fig. 8). A potentially

more useful crosscuiting relation is a small undeformed
diorite plug immediately west of Lampiugh Glacier in the
heart of the BRSZ (Fig. 2). This undeformed pluton, how-
ever, crosscuts only ductile structures and, as such, cannot
be used to constrain the cessation of brittle fauiting. Decker
and Plafker (1982) reported a hornblende K — Ay date of
58.6 + 5.2 Ma for this pluton. We attempted to date this
pluton to determine the reliability of this standard K—Ar
date. However, thin sections revealed that the amphiboles
generally contain pyroxene cores and we were unable w obtain
a pure separate. This pluton is compositionally uniform, and
thus we believe the separate from the original date probably
contained these impurities. Pyroxene is a potential site for
extraneons “CAr (e.g., McDougall and Harrison 1988); thus,
we suspect that this apparent age of ~ 39 Ma may be too old.
As a result, we submit that the only unequivocal age window
for the deformation i3 ~ 130 to ~33 Ma.

To further constrain the age of the deformation, we
anafyzed a pair of samples from the large muscovite—
leucotonalite body in Johns Hopkins Inlet (Fig. 2). The first
sample {89GP71) was a coarse-grained intrusive rock with
abundant coarse igneous muscovite. Because of the relatively
low closure temperature for muscovite, we assumed this
separate would yield a cooling age, indicating a minimum
age for the deformational event. However, the plateau age of
162.1 + 0.4 Ma (Table 4; Fig. 8) (Roeske et al. 1992) is
substantially older than the maximum age for the retrograde
shear zones, as indicated by the hornblende cooling age of
123 Ma (sample 838R29). Thus, the argon isotopic sysiem
in the igneous muscovite was not reset during the low-
temperature deformation in the BRSZ. Another sample
(90KS18), from a 2—10 mm thick, mylonitic shear zone,
contained finer grained (100200 mesh) white mica. The
result (Table 4; Fig. 8) is a classic disturbed Ar release spec-
trum with apparent ages gradually climbing from ~ 51 Ma
in low-termperature steps to ages approaching the coarse-
fraction plateau age from sample 89GP71. This pattern may
reflect partial argon loss in igneous muscovite that was sub-
jected to grain-size reduction in the shear zones. However,
given the intense fabric development in the shear zones, this
interpretation seems unlikely, as the white mica appears to
be new mineral growth. An alternative explanation of this
release pattern is that the mica separate contained two dis-
tinct mica populations: (J) older mica similar to sample
89GP71, and (if) new mica from within the shear zones that
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Fig. 8. CAr/*Ar release spectra with plateau ages and errors for hornblende from sample
89SR29, biotite from samiple BOGP61, and muscovite from samples 89GP71 and S0KS18.

Analytical data are given in Table 5 for samples 89GP61 and 90KS18 and in Roeske ef al.
{1992y for samples 89SR29 and 89GP71. Sample locations are shown in Fig. 2.
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were much younger. Regardiess of which interpretation is
preferred, the low-temperature portion of the release spec-
trum implies that deformation and associated low-grade
metamorphism were still active at ~ 50 Ma.

Bepth estimate for the deformational events
atong the Border Ranges shear zone

The Lamplugh pluton (samples 90KS35 and 89GPSX, Fig. 2)
along the eastern side of the BRSZ has the necessary assem-
blage for the Al-in-hornblende geobarometer (e.g., Ham-
marstrom and Zen 1986; Hollister et al. 1987). Table 5
presenis representative mineral compositions analyzed at
Rice University on a Cameca SX-50 electron microprobe
using natural and synthetic oxide standards. X-ray intensities
were converied to weight percent by the o{pz) algorithm of
Pouchou and Pichoir (1991). Recently, others have proposed
that this geobarometer be calibrated for temperature effects
(Lcake and Said 1994; Anderson and Smith 1995). Crystalii-
zation temperatures of ~715°C were estimated with the
Holland and Blundy (1994} amphibole — plagioclase geother-
mometer. The calibrations of Schmidt {1992) and Anderson
and Smith (1995) seem best suited for this pluton and yield
crystallization pressures (Table 5} between 250 + 60 and

80 S0 100

350 + 60 MPa. This provides a maximum depth for the
deformation of approximately 10—12 km.

Discussion and conclusions

Movement history of the Border Ranges shear zone in
Glacier Bay

Our kinematic analysis of the ductile shear zones and briitle
fanlts within the BRSZ shows predominantly subhorizontal
dextral motion. Micro- and mesoscale kinematic indicators
demonstrate consistent dextral shear along steep to near-
vertical surfaces with a nearly horizontal slip line. Mineral
lineations, extension lincations calculated from S—C inter-
sections, and slickenlines on brittie fault planes further
document subhorizontal motion.

We propose that much, or alf, of the low-temperature
deformation recognized in the BRSZ occurred during the
carly Cenozoic, as sample 90K518 (Fig. 8) has evidence for
an early Cenozoic white mica population. This interpretation
of the age spectrum supports our field interpretation that the
phyllite — greywacke assemblages incorporated in the BRSZ
represent the latest Cretaceous flysch unit of the Chugach
terrane. The involvement of these rocks does not necessarily
constrain the age of deformation because (¢} lithologic corre-
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Tabie 4. **Ar/PAr analytical data for samples 8SGPA1 and 90KS18 (focations given in Fig. 2).

Radiogenic  K-derived Radiogenic
Temp. Vhr Bhr F yield Percent
&) 1)) (V) value (%) ¥Ar total

Appatent uge

Sample 83GP61: biotite, latitude 58°54'18"'N, longitude 137°01'18'W

500 0.00192 0.00182 1.053 2.6 0.1
600 0.02106 0.02577 0.817 8.8 0.7
650 0.19533 0.10247 1.906 49.1 25
700 3.46849 0.22364 2.095 61.8 6.3
750 1.33325 0.47885 2.164 87.8 13.5
800 1.33788 0.61121 2.189 85.8 i7.3
850 0.94376 0.40854 2.310 96.5 i1.5
900 877773 0.32050 2.268 95.2 9.1
950 0.88185 0.36637 2.407 92.8 0.4
10600 0.873%6 0.36836 2.373 83.1 10.4
1650 0.67976 £.30126 2.256 94.0 8.5
1150 0.31505 §.21333 2.415 92.9 6.0
1300 (.33109 0.11658 2.840 86.7 3.3
Total gas 2.264

Sample DK S12: muscovite, latitude 58°54'12"'N, longitude 136°59'306'W

500 0.01149 0.00864 1.329 8.6 6.2
700 0.67805 0.16960 3.998 58.3 4.3
750 9.90027 0.17004 5.295 30.0 4.3
800 1.57589 0.22547 6.989 97.3 5.7
850 2.28180 0.2503¢ 9.116 97.6 6.3
900 6.22159 0.56183 11.074 98.7 14.2
950 7.69609 0.66192  11.626 98.9 16.8
1400 7.16826 0.59929  11.961 98.7 15.2
1050 8.42662 0.68637  12.274 989 17.4
1160 4.97753 0.40837  12.189 98.8 10.3
1250 0.50663 0.16213 3.125 87.5 4.1
1350 0.10449 0.04304 2.428 78.1 .1
Total gas 10.273

Bar/VAr and erfor
ratio (Ma at io)
143.55 15.46+34.18
1.7t 12.01+1.86
7.58 27.89+G.82
5.88 30.63+0.358
31.26 31.63+0.14
£19.14 32.00+0.15
18.87 33.754+0.17
14.50 33.13+0.37
13.04 35.15840.17
13.90 34.66+0.18
10.72 32.97+0.26
1.00 35.2640.20
1.25 41.40+0.41

33.09+0.30

11.13 17.2242.92
5.83 51.30+£0.21
11.70 67.63+0.58
7.25 88.7540.34
13.68 114.924+0.33
27.98 138.674+0.44
17.49 14531 +0.39
16.87 149.331£0.40
17.75 153.07+0.41
15.30 152.06+G.40
3.38 40.224+0.24
7.51 31.2241.04
128.98+0.46

Notes: Analytical data for radiogenic “Ar and K-derived ¥Ar are calculated from raw data to five places right
of the decimal; F values {radiogenic ““Ar / K-derived *Ar after all corrections for interfering isotopes have been
made) are calculated to three places right of the decimal. Radiogenic *Ar, K-derived ®Ar, and F values have
been rounded using caleulated analytical precisions. Apparent ages and errors were caleulated from unrounded

Can. J. Earth Sci. Vol. 33, 1996

data and then rounded using analytical precisions. ®Ar/¥ Ar is determined by mass spectrometry. Assaming Ar is

I

Ca derived and ®Ar is K derived, this ratio is an

lation is inherently ambiguous, as the metasedimentary rocks
may not be from the latest Cretaceous flysch; and (37} it is
possible that the lithologic juxtaposition in the western half
of the BRSZ is entirely the product of a brittle deformation
that is distinctly younger than the development of the retro-
grade shear zones and fabrics. Nonetheless, when the cbser-
vations are taken together, it seems more likely that the
brittle and low-temperature ductile deformational history of
the BRSZ are part of a progressive deformation event, The
kinematics of the ductile and brittle deformational events are
identical and many of the retrograde shear zones have very
sharp boundaries. The lower greenschist to subgreenschist
metamorphic assemblages indicate that the retrograde shear
zones formed in the temperature range appropriaie for the
brittle —ductile transition.

This interpretation is potentially significant, because it
may indicate that the low-temperature deformation along the

apparent K/Ca ratio’” whea multiplied by approximately G.5.

BRSZ represents a progressive deformation at conditions
near the brittle ~ductile transition. This is indicated by the
presence of synchronous ductile shear zones and brittle faults
and their near parallelism. This observation could alsc be
explained by superposition of structures. However, two
observations support simultaneous brittle and ductile defor-
mation: (/) most shear zone walls are sharp and the chloritic
phylionites within them are developed by recrystallization,
and (ii) mineral assemblages in both faults and retrograde
shear zones indicate a similar temperature for formation.
This similarity may tiaply that a fluid-actuated process, such
as initial brittle deformation, which allows fluid influx and
alteration followed by a switch of deformation mechanism,
was operational (e.g., Janecke and Evans 1988).

Cur interpretation that dextral displacoment was occur-
ring at ~ 50 Ma is supported by other *CAr/¥Ar data along
the Border Ranges fault system. Three hundred kilometres
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Table 5. Representative mineral compositions and geothermobarometric estimates for two samples of the Early

Cretaceous granodiorite (locations given in Fig, 2).

Sample No.: AN 90KSS 39GPSXe 89GPSX §2CPSX
Mineral: Mg-hornblende  Plagioclase Mg-hornblende Plagioclase K-feldspar

8i0, (wt. %) 47.74 58.63 45.42 63.10 63.24
TiG, 0.91 ra 1.32 na na
AL, 7.34 25.88 3.36 23.08 18.7G
FeQ 15.21 0.52 16.64 0.52 0.25
MnG 0.51 na 0.50 na ne
MgD 13.07 na 11.66 na na
Cal 11.83 7.13 11.84 2.22 3.04
Na,O 1.06 7.14 1.10 2.06 (.49
K,0 0.47 .07 0.94 1.96 15.63
Bad) na g.11 na 0.1t 1.61
¥ 0.12 na .12 na ng
Ci 0.05 ra £.18 na ng
H,0f 2.00 na 1.93 na na
O =F+ Cl 0.06 na 0.09 2 na
Total 100.84 $9.49 (00,46 100.05 99.38
No. of oxygens 23 8 23 B 3
Si 6.818 2.631 6.708 2.804 2.963
Al 1.082 1.369 1.292 1.208 1.033
AlM 0.172 — 0.169 — —
Ti 0.099 — 8.146 — —
Fe’~ 0.656 0.018 0.593 3.017 0.008
Fe?* 1.188 — 1.462 — —
Mn 0.062 — 0.063 — —
Mg 2.823 — 2.5¢7 - —
Ca 1.536 ¢.343 1.873 0,781 £.002
Nz 0.298 3.622 0.314 0.781 0.045
K 0.087 0.004 0.177 0.111 £8.935
Ba — 0.002 — 0.002 $.019
F 0.055 —_— 0.036 — —
Cl 0.013 — 0.044 — -
Pressure (MPa)

Hammarstrom and Zen (1986) 240 340

Hollister ¢t al. (1987) 230 350

Johnson and Rutherford (1989) 180 270

Schmidt (1992) 300 380

Anderson and Smith (1995) 250 350
Temperature (°C)¢ 719 713

Nates: na, not analyzed.

“Amphibole stoichiometry calculated using Tindle and Webb (1994).
*H,0 is calculated by difference.

“Temperature is calculated using Holland and Blundy (1994).

to the northwest, Roeske et al. (1993) documented ductile
deformation in a dextral strike-slip zone along the Border
Ranges fault system between 58 and 51 Ma. Two hundred
and twenty kilometres to the south, on Baranof Island, veins
associated with brittle deformation on a dextral strike-slip
fanlt in the Border Ranges fault system have a white mica
WA/ Ar date of 49.5 Ma (Haeussler et al. 1994, 1995). If
the dextral slip recorded in the BRSZ of Glacier Bay cccurred
simukbtaneously with these Early Eocene displacements, then
the active fault systemn was over 500 km in length.
Although the kinematics of the low-temperature deforma-

tion are clear, the older history of the BRSZ is not well
resolved. Microstructures in the foliated plutonic rocks,
together with the elongate shape of the pluton, suggest
emplacement as a syniectonic intrusive. Estimated finite
strains are consistent with the dominance of S-tectonites
in the high-temperature fabric. Since flattening strains are
predicted from theoretical models of transpressional systems
{Fossen and Tikoff 1593), the syntectonic emplacement may
have occurred within a transpressional shear zone. Further
work is needed, but if this tentative conclusion is substan-
tiated, then the BRSZ may have two distinct episodes of
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transcurrent motion. The early history may be comcurrent
with the Early Cretacecus emplacement of the plutonic body
and later dextra! sirike-slip movement.

Tectonic significance

The Border Ranges shear zone in northern Glacier Bay
records ancient arc-paraliel strike-slip similar o modern
oblique convergent margins such as Sumatra, northern Chile,
and the western Aleutians (Fiich 1972; Jarrard 1986; Scheuber
and Andriessen 1990; Diament et al. 1992; McCaffrey 1992).
The main strike-slip event recorded by the low-temperature
fabrics and faulis in this system: was apparently of Paleocene
or Early Eocene age. The timing of this event is important,
because early Cenozoic dextral strike-slip is widespread in
the northern Cordillera, and this motion has generally been
attributed to the effects of obligue subduction of the Kula
plate ¢e.g., Plafler et al. 1994). Moreover, the presence of
a major dextral fault along the inboard edge of the Chugach
terrane may resolve a long-standing problem posed by paleo-
magnetic data (Plumley et al. 1983; Bol et al. 1992), which
mdicate greater Tertiary poleward displacement in the Chugach
terrane than in the more inboard Peninsular and Wrangellia
terranes. No piercing points exist that might resolve the net
dextral slip on the BRSZ in Glacier Bay, but even the minimum
offset from the paleomagnetic data indicates displacements
greater than 400 km (Bol et al. 1992},

Hints of the magnitude of the net slip on the BRSZ were
suggested by Roeslce et al. (1992), who noted that the 162 Ma
cooling ages for phutonic rocks within the zone were atypical
of the Glacier Bay area. The closest plutons along strike from
Glacier Bay with similar cooling ages are ~ 150 km to the
south, on Chichagof Island (Brew and Morrell 1983; Karl et al.
1988). This apparent displacement would be a minimum,
as plutons of that age range occur in the Queen Charlotie
Islands end Vancouver Island, 600--800 km to the south
(Anderson and Greig 1989; Anderson and Reichenbach
1989; Friedman 1990). Similarly, the ~ 130 Ma age for the
foliated pluton along the BRSZ in Glacier Bay is an unusual
date in the northern Cordillera. Rare cooling ages as young
as ~ 130 Ma have been reported to the northwest in the
St. Elias Range (Dodds and Campbell 1988; Campbell and
Dodds 1991; Woodsworth et al. 1921). The next youngest
suite of plutonic rocks, the Nutzotin—Chichagof bele of
Hudson (1979, 1983), encompasses cooling dates of 117 —
100 Ma. The ~ 130 Ma pluton in Johns Hopkins Enlet may
be part of this suite, but if so it would be the oldest date
reported from it. Intrusive rocks of sirmnilar age (120130 Ma)
do occur, however, 700 km along strike in the western
Chugach Mountains (Pavlis et al. 1988; Barnett et al. 1994).
It is possible that these two plutonic complexes are part of an
original plutonic complex that has now been dispersed by
strike-slip. If this speculation is correct, the net slip o the
Border Ranges fault system may be comparable to, or larger
than, other well-known dextral structures like the Denali and
Tintina faults.

The significance of the early deformation indicated by the
syntectonic emplacement fabrics of the ~ 130 Ma pluton
along the BRSZ is still poorly resolved. The apparent age of
the event represents a timme when major thrusting was occur-
ring along segments of the Border Ranges faolt system now
located in the western Chugach Mountains (Paviis et al.
1988; Barnett et al. 1994). Thus, the syntectonic emplace-

Can. J. Earth Sci. Vol. 33, 1686

ment of the pluton in Glacier Bay could record a related
event. However, this association is cryptic, and until more
information is available on the pre-Cenozoic history of the
Glacier Bay region, this guestion will remain unresolved.
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