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The Border Ranges fauit system in Glacier Bay
National Parkf Aiaskai ewidence for m^jor early
Cenezolc dextrai strike-slip motion

ICewin Jo Smarts Tstrf L» Pawiigj, Wirginla B. Siss®ns Strati i . R®#sk®, and
Lawrenee W. Sn®e

Abstract; The Border anges fault system of southern Alaska the hndamental break between the arc basement and the
forearc accretionary complex, is the braundaq between the sular—Alexander—Wrangdlla terrane and the Chugach
terrane. The fault system separates crystalline rocks of the Alexander terrane from irtetamorphic rocks of the Chugach
terrane in Glacier Bay National Park. Mylonitic rocks in the zone record abundant evidence for dextrai strike-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 dextra! strike-slip motion occurring between 58 and 50 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 dextrai motion may
have been accommodated by this structure. These observations are consistent with oblique convergence of the Kula plate
during early Cenozoic and foreare slivering above an ancient subductisan zone following late Mesozoic accretion of the
Peninsular—Alexander—Wrangellia terrane to North America.

Résumé : Ee systkme de la faille de order Ranges dam ie sud de l1Alash, la cassure fondamemstaTs situee sntre le
sock de 19arc et le corr~plexe d'avant-arc accr&i@rnnaire, reprsrCsente la dCmarcation errtre le terrane de P e n i n s u l a r — d e —
WrangeBlia et le serrane de Chugach. Ee systkme de cette faille sCpare les roches cristalines du terrane d'Alexander
d'avec %es rocks metamophiques du terrane de Chugach dam le Glacier Bay National Park. Les roches myloaaitiques
dam la rrCgloga exhibent de nombreux indices d'un mouvement de dkcrochement dextre, le long de plans sub-verticaux
orient& nard-nord-ouest, Ees donndes g6ochronologiques jointes auw corrClatEons rCgiiomles des roches daa terrane de
Chugach d$rangkes par Ics processus de dkfsrrnation contraignent dam le temps ce r n o u v e t entre la fin du CrktacC
ea Be debut de l'Boc&ne ( - 5 0 Ma). Ces easeigngments sont en accord avec lea rksultats des es effectu6es au nod-ouest
et au sud-est, le long du système de la faille de Border Ranges, lesquels révèlent qu'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'âges similaires
exposées ailleurs le long du système de la faille de Border Ranges suggèrent qu'un mouvement dextre aussi important
que 700 km a été accommodé par cette structure. Ces observations sont en accord avec la convergence oblique de la

la de Kula durant Ie CCnozoique prCcoce, et avec le morcellement dc l'avant-arc au-dessus d'une anckennae zone de
subduction B la suite de l'accrktion du eerrane de eninsular—Alexander—Wrangt1Iia B IqAmCmque Qu Nord darmnt Ie
MCsozoique Pardif.
[Traduie par lz r6dactionj

introduction

tudies of modern oblique convergent boundaries find that
the plate-papallei motion is accommo by trench-parallel
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strikeslip faults within tbe accretionary co rn (or)
along the axis of the magmatic arc (Fitch 1972; Jarrard
1986). Many authors have suggested that the oblique conver-
gence between the Kula and North American plates during
the early Cenozoic resulted in northward displacement of
terranes along the northern Cordillera (e.g., Engebretson
et al, 1985, 1987; Debiche et ai. 1987; Oldow et al. 1989).
Determining which faults are responsible for the strike-slip
displacement and timing movement has been difficult. Paleo-
rnagnetic studies indicate that the outermost terrane, the
Chugach accretionary complex, was still far south of its
current position with respect to North America as recently as
early Cenozoic time (Plumley et al. 1983; Bol et al. 1992).
In addition, the amount of early Cenozoic displacement for
the Chugach terrane is greater than that for inboard terranes,
indicating differential motion between the accretionary com-
plex and its adjacent crystalline basement since the early
Cenozoic (Bo! et al. 1992). Our work in northern Glacier
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Smart et al. 1269

Fig. 1. Generalized terrane map of southern Alaska showing location of Peninsular-Alexander-
Wrangellia composite terrane, Chugach terrane, Prince William and Yakutat terraaes, the
Border Ranges fault system, and Glacier Bay National Park and Preserve (after Coney et al.

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

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 Peninsuiar-AIexander-Wrangellia (PAW)
terrane from the metasedimentary rocks of the Chugach
terrane (MacKevett and Plafker 1974). The fault system
originated as a raegafhrust (MacKevett and Plafker 1974;
Pavlis 1982; Pavlis et al. 1988; Plafker et ai. 1989, 1994),
but probably moved diachronously along strike, given the
great length of the fault system. Evidence for earliest 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 plutonisrn near Anchorage (Pavlis et al.
1988; Barnett et ai. 1994).

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

"Plafker et al.-1-989). Recent studies in-the eastern
Chugach Mountains (Roeske et al. 1991, 1993) clearly
demonstrate a major eariy 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 cryptic
because even reconnaissance mapping is incomplete and
much of the area is under icefields of the St. Elias Range.

The BRFS emerges from ice cover aad is very well exposed
in the upper fiords of Glacier Bay National Park and Pre-
serve. Reconnaissance mapping in the northernmost 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, 1979a, 1979e,
1979c; Brew et al. 1978<2, 1978&; Decker and Plafker 1982).
This zone, initially referred to as the Tarr Inlet suture zone,
consists of elongate bodies of foliated diorite—granodiorite
intruded into or faulted against phyllite, slate, conglomerate,
chert, mélange, and marble (Brew and Morrell 1978, 1979a).
Mélange rocks within the zone were correlated with the late
Mesozoic Kelp Bay Group exposed on Chichagof Island
(Decker and Plafker 1982), and by inference 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 a greywacke and argiilite unit that is part of the flysch
subterrane of the Chugach terrane. These turbidites are prob-
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Fig. 2 (concHuded). Legend.

Symbols

1271

LEGEND

Vertical ! t lc | ine{i

lineation

Vertical Inclined

Strike and dip of shear
band or c surface

Inclined with S t r i k e md d iP of peenschist-
subgreenschist faciès foliation

Strike and dip of high-
temperature foliation in Kg

Form surface of greenschist-
subgreenschist faciès foliation

Surface trace of greenschist-
subgreenscliist faciès shear zone

Brittle fault contact

Intrusive contact or ductile
structural contact
Topographic contour line
(contour interval = 500 ft)

cover

Glacier or ice sheet

Quaternary surficial
deposits (undivided)

Igneous Rocks
........ Undeformed dike

Tertiary biotite tonalité (Tbt) and
quartz diorite (Tqd)

Mesozoic or Cenozoic granodiorite

Mesozoic (?) tonalité and granodiorite
(undivided)

Early Cretaceous granodiorite with
swarms of mafic enclaves (Lamplugh pluton)

Jurassic (?) muscovite-bearing
leucotonalite and trondhjemite

Metamorphic Rocks

- 500 Kss

Kmw
Kfflg

L MzPzm

Fîysch subunit of Chugach Terrane
(formerly Valdez Group)

McHugh lex undivided (Krnu)
and greenschist (Kmg)

Messzok or Paleozoic rnetasedimentary rocks;
includes marble, quartzite, and biotite schist

Marble layers of uncertain affinity

ably correlative with the Upper Cretaceous Sitka Grey wacke
(Brew and Morrell 1979c; Decker and Plafker 1982) and
Valdez Group (Plafker et al. 1977).

Field relations
The structural succession across the Border Ranges fault
system is spectacularly exposed along 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, Russell 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 csnta metamorphism.

The eastern edge of the BRSZ occurs within a large Creta-
ceous enclave-bearing granodiorite ploton (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

and as discrete brittle 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 elongate plagioclase and
hornblende crystals, and aligned mafic enclaves.

Continuing westward, the first low-temperature ductile
deformational structures appear as a series of retrograde
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 Lamplugh 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 chlorite-epidote phyllonite
from the granodiorite (Fig. 3). Foliations in the phyllonites
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
phyilonitic ductile shear zones.

The western limit of the Lamplugh pluton is a discrete
brittle fault and to the west is a 1 km wide band of deformed
greenschist showing a penetrative LS tectonite fabric with a
subvertical foliztion and sbabhsrlzsntaH stretching lineation.
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1272 Can. J. Earth Sci. Vol. 33, 1996

Fig. 3. Butcrop photograph sf ductile shear zone warrswtreg
ts brittle fmEt over a distance of less than a metre (pencil
for scale).

These greenschists are superficiallyjimilar tothe phyJIoniîes_
and could represent completely retrograded plutonic rock.
Many of these rocks, however, contain thin, wispy, black,
micaceous iaterlayers that appear to be metamorphosed
argillaceous sediment. This package is probably derived
from a tuff—argillite sequence, a lithology characteristic of
the mélange unit of the Chugach terrane (Decker and Plaficer
1982), and thus the greenschists may represent the eastern
limit of that unit.

West of the greenschists, the BRSZ is a complexly juxta-
posed mixture of plutonic and metasedimentary—metavolcanic
rocks including greenschist, marble, and a dark meta-argiliite
interlayered with metagreywacke (Fig. 2). The plutonic rocks
are lithologically diverse and range from hornblende diorite
to muscovite trondhjemite. The metasedimentary 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 resembles 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 phyilite—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 depositions! age of the Chugach terrane flysch is

latest Cretaceous (Plaflcer et al. 1994), and thus from this
correlation much of the deformation in the BRSZ would be
latest Cretaceous or Tertiary in age. The western edge of the
BRSZ (Fig. 2} is marked by a sharp transition (i.e., fault)
from highly sheared mélange to much less deformed grey-
wacke and argiliite 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 phyllite-greywacke assemblages within the BRSZ are
correlative with the flysch to the west, then the western
boundary of the BRSZ appears to 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 half. Brittle faults are near vertical with
subhorizontal slickeRliaes (Fig. 4b) and bound heterogene-
ously deformed packages. Plutonic rocks typically lack a
penetrative foliation, hut are locally intensely deformed
by systems of ductile shear zones, brittle faults, or both.
Hydrothermal alteration of the plutonic rocks to chlorite —
epidote assemblages is ubiquitous in both the brittle 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 faciès assemblage of quartz + chlorite +
actinoiite + muscovite + epidote.

Slroclwral analysis
The kinematics of the BRSZ are clearly indicated by minor
structures in both the ductilely and britdely deformed rocks.
Mylonitic shear zones in quartz-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 subhorizpntal mineral lineations (Eg. 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),
S -C relationships, and mesoscale asymmetric porphyroclasts
(Fig. 6) show clear evidence of dextral shear.

A system of brittle faults with subhorizontal slickenîines
(Fig. 4b) is subparallei to the c surfaces and late shear
zones and has dextral slip sense indicators. Thus, the low-
temperature ductile and brittle deformational history was domi-
nated by right-lateral motion. Finally, the low-temperature
fabrics in the BRSZ are nearly parallel to the high-temperature
foliation ie the Cretaceous granodiorite along the eastern
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 absolute ages of the dikes are unknown. The oldest dikes
postdate the Late Cretaceous plutonic complex, but predate
the low-temperature ductile déformation of the BRSZ. These
include garnet-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 crosscetting relationships with structures of the BRSZ.

The earliest of these mafic dikes occurs predominantly as
an east-southeast-striking, near-vertical swarm 4 - 5 km east
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Smart et al. 1273

Fig. 4, (a) Equal-area, lower hemisphere projection of poles to 64 myionitic foliation planes,
showing mineral lineations (®), extension iineatkms calculated from S—C intersections (x),
and poles to c surfaces (A), (b) Equal-area, lower hemisphere projection of poîes to 64 fault
planes. #,21 slickeoline measurements, (c) Equal-area, lower hemisphere projection of 42 poles
to high-temperature foliation planes, (d) Equal-area, lower hemisphere projection of poles to
mafie dikes that crosscut the retrograde shear zones. El, older dikes, s, younger dikes. A11
contouring uses the Kamb 59) method with a contour interval sf 3a. Counting circle is
12.3% far (a) and (b) and 17.6% '001- (c).

N

of the main BRSZ (Fig. Ad). These dikes are limited spatially
to a single granodiorite body just west of Reid Inlet (Fig. 2),
but this swarm accommodated a large north — south extension
because dikes constitute more than 50% of the rock. Although
the absolute age of these dikes is problematic, they are clearly
cut by brittle faults 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 ail ductile struc-
tures, strike north-northeast, are nearly vertical (Fig. Ad),
and have a vesicular texture with conspicuous chill margins,
suggesting that this set was emplaced at a shallow level
and significantly postdates oiajor ductile deformation. Iso-
topic ages are lacking, but they may correlate with the Late
Oligocène — Miocene mafic dike swarm in southeast Alaska

and British Columbia described by Brew (1994).

The Lamplugh pluton contains a locally well-developed high-
temperature fabric subparaiiei to its highly elongate north-
west trend and to retrograde brittle-ductile fabrics within
the BRSZ. Parallelism of magmatic and tectonic fabrics may
occur 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 dimensional!}' preferred orientation of
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Fig. 5. Thin-se&m photamicrcsgraph sf asymmetric pressure
shadow around quartz grain indicating a dextral shear scmse.
Field of view is approximately 1.2 mrn X 0.8 mm.

t

Fig. re Outcrop photograph of asymmetric porphytoclast
showing dextral sense sf motion (hammer poiart fbr scale)

*'

l i

%
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mineral rains at the thin-section scale (Ramsay and Hukr
1983; Button 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 plutonic from solid-state-
fabrics (Hutton 1988; Paterson et al. 1989) and the initial
shapes of the enclaves are unknown. Nonetheless, these
analyses provide an approximation sf the strain state.

Finite strain from mafic enclaves
The shape fabric for deformed enclaves was estimated by
field measurement of ellipticities on three or more surfaces
at three locations near the eastern boundary of the BRSZ
(samples 89GP12, 89GP68, and 89GP77; Fig. 2). Two-
dimensional shapes were estimated on each surface from the
harmonic mean of 28 — 58 measurements of enclave elllp-
tic ity, and the finite stmin ellipsoid calculated (Table 1)
(Owens 1984).

The flattening (x,y) planes are subparaliel to the observed
field foliations (Table 1; Fig. 4c), although the great varia-
tion in finite strain ellipsoid 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 a mafic
dike that was traced laterally from a coherent intrusive body
into boudinaged segments that resembled typical enclaves.

Thin-sectioa-scale object strains
Finite strain was estimated in three perpendicular thin sec-
tions for six samples (Table 2) of the Lamplugh pluton using
the line-strain (Panozzo 1983, 1984) and normalized Fry

,-•=«*•

' •>*

»„ • '„ '-„*-.

# ' * y $ *™~~ V W S i k «

methods (Erslev 1988). Digitized plagioclase and quartz
grain boundaries were interpreted using computer programs
developed by W.A. Yonkee (written conimunicKtion, 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 fdiations (Fig. 4 4 . The long (x) axes are
enerakHy either subhorizontal or subvertical. The bimodal

variation in x-axis plunge could be an artifact of the extreme
ness of the strain ellips&&, in that for a strong1y oblate
, the difference between the lo nd intermediate axis

magnitudes is small,

Origin of foliation and interpretation of strain data
The fabric observed within the Lamplugh pluton is inter-
preted to result from superposition of a solid-state tectonic
deformation on a preexisting magmatic fabric. Evidence for
the initial magrnatic component includes (i) foliation partially
defined by aligned euhedral plagioclase lathes with rare
oscillatory zoning and twins parallel to the long dimension of
the grains (Hutton 1988; Paterson et aï. 1989; Miller and
Paterson 1992), and (M) 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 recrystallized hornblende and biotite adjacent to
partially recrystallized plagioclase lathes (Paterson et ai,
1989; Miller and Patersoa 1992). Evidence for subsequent
low-temperature solid-state deformation includes (/) moder-
ately to strongly undulose quartz, («) chevron-style kinks
in partially recrystallized biotite, and (Hi) microfractured
hornblende (Paterson et al. 1989; Miller and Paterson 1992).

In contrast ts the fabrics within the plutonic rocks, the duc-
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Smart et ai. 1275

le 1. Summary of finite strain data determine from mafk enclaves.

Sample
No.

89GP12
89GP68
89GP77

351
349
005

x,;

°/84°W

°/84°E
°/41°W

Principal planes

ygz

089°/40oN
073°/45°N
242°/88°S

076
084
000

X,Z

°/51
°/45
°/48

°S
°S
°E

Axial

R*y

2.47
7.43
2.33

ratios

Ryz

4.12
2.23
2.42

Field
foliation

347 "777 °W
344°/81°W
020<)/55t!W

Nates: The principal planes and axial ratios of calculated finite strain ellipsoids are given
for each sarnpk (locations given in Fig. 2). The field foliation is given for comparison with the
calculated flattening ( i s . , x.y) planes.

Table 2, Summary of finite strain data determined from Cretaceous gransdisrite.

Sample
No,

90KS1B
90KS4C
90KS13A
89GP16B
89GP5X
89GP9B

341
342
346
347
327
006

Principal

x,y

782°S
°/80°N
°/70°W
°/57°W
°/46°W
°/55°W

plmes (

072
072
359
008
025
271

y,z

°/79
787
°/21
°/35
761
783

(line

°N
°N
°E
°E
°E
"S

strain)

X

036°
326°
077°
084°
274°
351°

)

/14
III
186
IW
/58
136

°S
°S
"N
"N
°N
°E

Line

Rxy

1.22
1.04
1.12
1.17
1.19
1,22

strain

Ry,

1.35
1.51
1.23
1.53
1.48
1.18

341
348
325
334
309
012

x,y

°/89
786
°/89
°/62
°/48
°/57

nrincipal

°S
°S
°w
°w
°s
°w

057
081
058
010
080
088

planes (Fry)

Y,Z

°/Q5
c/48
°/29
°/34
°/53
•770

°S
"N
°N
°E
°N
°S

071
073
054
084
012
331

x9z

V&5
°/42
°/61
°/74
°/63
°/39

°N
°S
°S
°N
°E
°N

Fry

R,y

1.24
1.44
1.38
2.24
1.39
1.90

Kyz

1.34
1.71
1.43
1.66
1.79
1.48

Field
foliation

005'
350s

na
354'
000'
335'

790
790

776
769
777

°
o

°w
°W

Notes: The principal planes and axial ratios of finite strain ellipsoids are given for each sample as calculated by line-strain and nsrma1ized Fry methods
(locations given in Pig. 2)- The field foliations (uhere measu~d) are given for comparison with the cdcukated flattening planes. wa, foliation too faint ts
be measured in the field.

tile shear zones formed at subgreenschist to low-greenschist
faciès conditions. Retrograde assemblages in the granodi-
orite include ntuscovite + chlorite + quartz + epidote +
calcite ± albite. Quartz has undulose extinction and subgrain
development, whereas hornblende and plagioclase fractured
brittiely. Chlorite and moscovite also grew as fine-grained
fillings between porphyroclasts of quartz and feldspar and as
pressure shadows around quartz.

The strain studies support the field observation that the
jc,y-piane 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 either 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 ie 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. 1978a; Gehrels and Berg 1994) and the clear evidence
for significant solid-state deformation. Alternatively, the

Fig. '7. Flim plot sf finite strain ratios determined from
mafic enclaves (EB) and Cretaceous gransdisrite (A, line-strain
method; @, rmrmalized Fry method).

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 required in a system subjected to

C
an

. J
. E

ar
th

 S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

D
IR

E
C

T
O

R
A

T
E

 O
F 

C
O

L
D

W
A

T
E

R
 F

IS
H

E
R

IE
S 

R
E

S 
on

 0
9/

25
/1

5
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



1276 Can. J. Earth Sci. Vol. 33, 1996

Table 3. nmmary of U—Pb isotopic data for zircon from samle 893R29 (location given in Fig. 2).

Sample size
(mesh units)

100 +
ÎOG-206

Weight
(mg)

2.1
2.3

U
(ppm)

374
337

206pb*

(ppm)

6.134
5.462

2oepb

2 W p b

1929
1246

Measured

207pb

20Spb

0.05678
0.06039

ratios

208pb

206pb

0.09608
0.10437

206pb*

238TJ

0.01911
0.01884

Atomic ratios

207pb*

2 3 5 U

0.12874
0.12623

207pb*

206pb*

0.04886
0.04859

Apparent age

206pb*

2Î8TJ

122.0
120.3

207pb*

235TJ

123.0
120.7

(Ma)"

207pb*

2(»pb*

141 + 10*
128 ±5*

Nates: Analyses performed by J. Wright at ice University. Houston, Texas. Pb* denotes radiogenic Pb, corrected for common Pb using the isotopic
composition sf ZmPb/204&b = 18.6 and 207Pb/'wPb = 15.6.

"Ages calculated using t e follswing constants: decay constant for 235~ = 9.$485 x 1(TKI, 218U = 1.55125 x 10-'(', and 23SW/215kT = 137.88. Replicate
analyses of "standard9' zircon fractions yield reproducibility of 2m5~b*/238~ sf 8.05 at 2a.

bTke 20 uncertainties in the 2"7Pb*/206Pb* ages were calculated on the combined uncertainties in mass spectrometry (princ~pally the uncertainty in the
• measured ratios) and an assumed uncertainty sf 18.1 in the 207Pb/204Pb ratio used for the common Pb correctisn.

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

Isotopic dating of the dextrai ductile shear zones has proven
difficult because the rocks are heterogeneously deformed
and the 40Ar/39Ar 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
BRSZ brackets the age of deformation between Early Creta-
ceous and Early Oligocène. 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 - P b zircon and hornblende 40Ar/39Ar dates from the
deformed granodiorite (i.e., Lamplugh piuton) on the eastern
edge of the BRSZ (sample 89SR29, Fig. 2). The U - P b
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 (123.3 +
Q.4 Ma) 40Ar/39Ar hornblende plateau age (Fig. 8) (Roeske
et al. 1992) for the same sample. We interpret the igneous
age of the piuton to be -130 Ma.

A significantly younger maximum 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 (Valdez Group
and Sitka Greywacke). Lithologie correlations are always
ambiguous, but based on other data (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 piutons and
cooling ages. An absolute minimum age for the brittle fault-
ing and low-temperature shear zones is provided by the large
piuton in upper Johns Hopkins Met (sample 89GP61, Fig. 2).
It cuts both fabrics and the brittle fault along the western
edge of the BRSZ and yielded an 40Ar/39Ar total gas age on
biotite of 33.1 ± 0.3 Ma (Table 4; Fig. 8). A potentially

more useful crosscutting relation is a small undeformed
diorite plug immediately west of Lamplugh Glacier in the
heart of the BRSZ (Fig. 2). This undeformed piuton, how-
ever, crosscuts only ductile structures and, as such, cannot
be used to constrain the cessation of brittle faulting. Decker
and Piafker (1982) reported a hornblende K —Ar date of
58.6 + 5.2 Ma for this piuton. We attempted to date this
piuton 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 to obtain
a pure separate. This piuton is compositionally uniform, and
thus we believe the separate from the original date probably
contained these impurities. Pyroxene is a potential site for
extraneous 40Ar (e.g., McDougall and Harrison 1988); thus,
we suspect that this apparent age of ~ 59 Ma may be too old.
As a result, we submit that the only unequivocal age window
for the deformation is —130 to —33 Ma.

To further constrain the age of the deformation, we
analyzed a pair of samples from the large muscovite —
leucotonalite dy in Johns H s p h s 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 deforrnational event. However, the plateau age of
162.1 + 0.4 Ma (Table 4; Fig. 8) (Roeske et ai. 1992) is
substantially older than the maximum age for the retrograde
shear zones, as indicated by the hornblende cooling age of
123 Ma (sample 89SR29). Thus, the argon isotopic system
in the igneous muscovite was not reset during the low-
temperature deformation in the BRSZ. Another sample
(90KS18), from a 2 - 1 0 mm thick, mylonitic shear zone,
contained finer grained (100 — 200 mesh) white mica. The
result (Table 4; Fig. 8) is a classic disturbed Ar release spec-
trum with apparent ages gradually climbing from —5! Ma
in low-temperature 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: (i) older mica similar to sample
89GP71, and (ii) new mica from within the shear zones that
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art et al 1277

Fig. 8. 40Ar/40Ar release spectra with plateau ages and errors for hornblende from sample
89SR29, biotite from sample 89GP61, and moscovite from samples 89GP71 and 90KS18.
Analytical data are given in Table 5 for samples 89GP61 and 90KS18 and in Roeske et al
(1992) for samples 89SR29 and 89GP71. Sample locations are shown in Fig. 2.

175

150

125

100

a,
<

75

50

25

89GP71 (162,1 ±0.4 Ma)

90KS18 (152.7 ±0.4 Ma) r

89SR29 (123.3 ±0.4 Ma)

89GP61 (No plateau)

10 28 38 40 50 60 1

rcent 3%rK Release
70 ÎO0

were much younger. Regardless 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.

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

along ttie Border Ranges shear ions

The Lamplugh pluton (samples 9OKS5 and 89GP5X, Fig. 2)
along the eastern side of the BRSZ has the necessary assem-
blage for the A'-in-hornblende geobarometer (e.g., Ham-
marstrom and Zen 1986; Hollister et al. 1987). Table 5
presents representative mineral compositions analyzed at
Rice University on a Caineca SX-50 electron microprobe
using natural and synthetic oxide standards. X-ray intensities
were converted to weight percent by the <p(pz) algorithm of
Pouchou and Pichoir (1991). Recently, others have proposed
that this geobarometer be calibrated for temperature effects
(Leake and Said 1994, Anderson and Smith 1995). Crystalli-
zation temperatures of ~715°C were estimated with the
Holland and Bluody (1994) amphibole—plagioclase geother-
mometer. The calibrations of Schmidt (1992) and Anderson
and Smith (1995) seem best suited for this pluton aod yield
crystaHizatisn pressures (Table 5) between 256 & 60 and

Movement history of the Border Ranges shear zone In
Glacier Bay

Our kinematic analysis of the ductile shear zones and brittle
faults within the BRSZ shows predominantly subhorizontal
dexîral 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 lieeations calculated from S—C inter-
sections, and slicfcenlines on brittle fault planes further
document subhorizontal motion.

We propose that much, or all, of the low-temperature
deformation recognized in the BRSZ occurred during the
early Cenozoic, as sample 90KS18 (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 (i) lithologie corre-
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B e 4. ""Arl39Ar analytical data for samples 89GP61 and 90KS18 (locations given in Fig. 2).

Temp.
(°C)

Sample
500
600
650
700
730
800
50

900
850

1000
1050
1158
1300

Radiogenic
40Ar
(V)

89GP61: bfotite.
0.00192
0.02106
0.19533
0.46849
1.03325
1.33789
0.94376
0.77773
0.88185
8.$7394
0.679
8.515
8.331

Tstal gas

Sample
500
700
750
800
850
900
950

1000
1050
1160
B250
135

K-derived
3»Ar
(V)

, latitude 58
0.00182
0.02577
0.10247
0.22364
0.47889
0.61121
0.40854
0.32050
0.36637
0.36836
0.30126
0.21333
0.11658

90KS18: mitscavite, latitudt
0.0Î149
0.67805
0.90027
1.57589
2.28180
6.22159
7.69609
7.16826
8.42662
4.97753
6,50663
0.10449

Total gas

0.00864
0.16960
0.17004
0.22547
0.25030
0.56183
0.66199
0.59929
0.68657
0-40837
0.16213
0.04304

F
value

;°54'18"N,
1.053
0.817
1.906
2.095
2.Î64
2.189
2.310
2.268
2.407
2.373
2.256
8.515
2.840
2.264

; 58°§4'!2'

1.329
3.998
5.295
6.989
9.116

11.074
11.624
11.961
12.274
12.189
3.125
2.428

10.273

Radiogenic
yield
(%)

loiîgîtade ]
2.6
8.8

49.1
61.8
87.8
95.8
96.5
95.2
0 . 8
93.1
94.0
92,0
8 . 3

Percent
39Ar total

137°O1'18"W
0.1
0.7
2.9
6.3

13.5
17.3
11.5
9.1
0.8

10.4
8.5
6.0
8.3

'N, longitude 136CS9'3«'
8.6

58.3
90.0
97.3
97.6
98.7
98.9
98.7
98.8
98.8
87.5
79.1

0.2
4.3
4.3
5.7
6.3

14.2
16.8
15.2
17.4
10.3
4.1
1.1

39Ar/37Ar
ratio

143.55
1.71
7.58
5.88

31.26
19.14
18.87
14.50
13.04
13.90
0.679
1.00
1.25

'W

11.13
6.83

11.70
7.25

13.68
27.99
1'7.48
16.87
17.75
10.38
3,323
7.51

Apparent age
and error

(Ma at Iff)

15.46±34.18
12.01 + 1.86
27.89+0.82
30.63+0.36
31.63+0.14
32.00+0.15
33.75+0.17
33.13+0.37
35.15±0.17
34.66±0.18
32.97+0.26
35.26+0.20
41.40+0.41
33.09±0.30

17.22±2.92
51,30+0.21
67.63+0.58
88.75+0.34

114.92+0.33
138.67+0.44
145.31 ±0.39
149.33+0.40
153.07+0.41
152.06±0.40
40.22+0.24
31.22±1.04

128.98+0.46

Ndes: Analytical data for radiogenic "Ar and K-de~ived 3Y~r are calculated from raw data to five places right
of the decimal; F values (radi~gewic ""~r I K-derived " ~ r after all corrections for interfering isotopes have been
mde) are cakeulated to three places right of the decimal. Radiogenic WAR, K-derived 3%r, and F values have
been rounded usirag calculated analytical precisians. Apparent ages and errors were calculated from uwrsunded
data and then rounded using analytical pnxisions. 39~r/'7~r is determined by mass spectrometry. Assuming 39Ar is
Ca derived and 39~r is K derived, t i s ratio is an 'bpparent MICa ratio" when multiplied by approximately 8.5.

lation is inherently ambiguous, as the metasedimentary rocks
may not be from the latest Cretaceous fiysch; and (ii) it is
possible that the lithologie 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 obser-
vations are taken together, it seems more likely that the
brittle and low-temperature ductile deforrnational 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 appropriate for the
brittle-ductile transition.

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

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 also be
explained by superposition of structures. However, two
observations support simultaneous brittie and ductile defor-
mation: (i) most shear zone walls are sharp and the chloride
phyllonites 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 imply 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).

Our interpretation that dextral displacement was occur-
ring at —50 Ma is supported by other 40Ar/39Ar data along
the Border Ranges fault system. Three hundred kilometres
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Smart et al. 1279

Table 5. tiw mineral compositisns and geotkemsbarometrie estimates for two samples of the Early
Cretaceous rite (locations given iw Fig. 2).

Sample No.:
Mineral:

SiO2 (wt.%)
TiO2

AI263

FeO
MnO
MgO
CaO
Na2O
K2O
BaO
F
Cl
HjO*
O = F + Cl
Total

No. of oxygens
Si
Aliv

Ar
Ti
Fe3-
Fe2+

Mn
Mg
Ca
Na
K
Ba
F
Cl

Pressure (MPa)
Hammarstrom and Zen (1986)
HolEister et 81, (1
Johnson and Rutherford (1989)
Schmidt (1992)
Anderson and Smith (19

Temperature ("

9GKS5"
Mg-hornblende

47.74
0.91
7.34

15.21
0.51

13.07
11.83
1.06
0.47
na
0.12
0.05
2.00
0.06

100.84

23
6.918
1.082
0.172
0.099
0.656
1.188
0.062
2.823
1.836
0.298
0.087
—

0.055
0.013

240
230
180
300
250

719

90KS5
Plagioclase

58.63
na

25.88
0.52

na
na

7.13
7.14
0.07
0.11
na
na
na
na

99.49

8
2.631
1.369
—
—

0.018
—
—
—

0.343
0.622
0.004
0.002

—
—

89GP5X"
Mg-hornblende

45.42
1.32
8.39

16.64
0.50

11.66
11.84
1.10
0.94
na
0.12
0.18
1.93
0.09

100.46

23
6.708
1.292
0.169
0.146
0.593
1.462
0.063
2.567
1.873
0.314
0.177
—
0.056
0.044

340
350
270
390
350

713

89GP5X
Plagioclase

63.10
na

23.08
0.52
na
na
2.22
9.06
1.96
0.11
na
na
na
na

100.05

8
2.804
1.209
—
—

0.017
—
—
—
0.781
0.781
O.ili
0.002
—
—

89GP5X
K-fetdspar

63.24
na

18.70
0.25
na
na

0.04
0.49

15.63
1.01
na
na
na
na

99.38

8
2.963
1.033
—
—

0.009
—
—
—

0.002
0.045
0.935
0.019

—

Nates: na, not analyzed.
"Amphhk stoichiometq calculated using Tindk and Webb (1994).
bW,O is calculated by difference.
Temperature is calcuiated using Holland and Blundy (2994).

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 kilomètres to the south, on Baranof Island, veins
associated with brittle deformation on a dextral strike-slip
fault in the Border Ranges fault system have a white mica
40Ar/39Ar date of 49.5 Ma (Haeussier et al. 1994, 1995). If
the dextrai slip recorded in the BRSZ of Glacier Bay occurred
simultaneously with these Early Eocene displacements, then
the active fault system 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 plutoeic rocks,
together with the elongate shape of the piuton, suggest
emplacement as a syntectoaic 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 1993), 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 concurrent
with the Early Cretaceous emplacement of the plutonic body
and later dextra! strike-slip movement.

sig:
The Border Ranges shear zone in northern Glacier Bay
records ancient arc-parallel strike-slip similar to modern
oblique convergent margins such as Sumatra, northern Chile,
and the western Aleutians (Fitch 1972; Jarrard 1986; Scheuber
and Andriessen 199Q; Diament et al. 1992; McCaffrey 1992).
The main strike-slip event recorded by the low-temperature
fabrics and faults 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 oblique subduction of the Kula
plate (e.g., Plafker 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-
niagnetic data (Plurnley et al. 1983; Bol et al. 1992), which
indicate greater Tertiary poleward displacement in the Chugach
terrane than in the more inboard Peninsular and Wrangellia
terraees. 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 ai. 1992).

Hints of the magnitude of the net slip on the BRSZ were
suggested by Roeske et al. (1992), who noted that the 162 Ma
cooling ages for plutonic 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 ai.
1988). This apparent displacement would be a minimum,
as piutons of that age range occur in the Queen Charlotte
Islands and 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. 1991). The next youngest
suite of piutonic rocks, the Nutzotin-Chichagof belt of
Hudson (1979, 1983), encompasses cooling dates of 117 —
100 Ma. The -130 Ma piuton in Johns Hopkins Inlet may
be part of this suite, but if so it would be the oldest date
reported from it. Intrusive rocks of similar age (120 — 130 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 on the
Border Ranges fault system may be comparable to, or larger
than, other well-known dextrai structures like the Denali and
Tirrtina faults.

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

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