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ABSTRACT

Gold-bearing quartz vein systems in the Juneau gold belt formed within a 160-km-long by
5- to 8-km-wide zone along the western margin of the Coast Mountains, Alaska. Vein systems
are spatially associated with shear zones adjacent to terrane-bounding, mid-Cretaceous thrust
faults. Analysis of vein orientations and sense of shear data define a stress configuration with
greatest and least principal axes oriented subhorizontally with northeast-southwest trends and
subvertically, respectively. This local stress configuration is compatible with the far-field plate
configuration during Eocene time. Isotopic ages of vein formation indicate that fluid cycling
occurred between 56.5 and =52.8 Ma, and are consistent with a genetic link between veining
and a change in plate motion in early Eocene time. Veining was also synchronous with the latter
stages of rapid exhumation and voluminous plutonism immediately inboard of the gold belt. We
propose a model in which interacting tectonic events facilitated fault-valve action and vein

development along now-exhumed shear zones.

INTRODUCTION .
Mesothermal gold-quartz veins provide
some of the best fossil records of fluid cy-
cling. Various workers have investigated the
mechanisms of fluid cycling and vein devel-
opment. Robert and Brown (1986) described
the mechanical relation between shear and
tensional veins on the ore-deposit scale. At
the regional scale, Kerrich and Wyman
(1990) proposed a link between mesothermal
vein deposits and accretionary tectonics. To
explain crustal hydraulics, Sibson (1981,
1990) and Sibson et al. (1988) developed the
fault-valve model for fluid flow and cited
compelling evidence for a genetic link be-
tween seismic activity and hydrothermal
mineralization. Boullier and Robert (1992)
substantiated the notion of significant fluid-
pressure fluctuations associated with vein-
ing based upon microstructural and fluid-in-
clusion studies of gold-quartz vein systems.
Most studies of Mesozoic and older mes-
othermal vein deposits have indicated a long
duration of hydrothermal activity. Geochron-
ologic studies of vein deposits in Canadian
Archean rocks have indicated that hydro-
thermal activity at several deposits in the
Abitibi belt may have lasted over large time
spans (up to 54 m.y.), on the basis of “°Ar/
39Ar ages (Robert, 1990). Similarly, ages for
Phanerozoic mesothermal vein deposits
have suggested relatively long-lived hydro-
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thermal episodes (tens of millions of years)
in the Victoria region of Australia (Phillips,
1991), the Meguma terrane of eastern Can-
ada (Kontak et al., 1990), and the Mother
Lode of California (Bohlke and Kistler,
1986).

Eocene vein deposits in the Juneau gold
belt provide an opportunity to investigate
some of the youngest and best exposed mes-
othermal vein systems in the world. Located
in northern southeastern Alaska, the Juneau
gold beit is centered about a series of deeply
exhumed fault zones that acted as fluid con-
duits for adjacent gold vein deposits. In con-
trast to data from pre-Cenozoic gold sys-
tems, a short-lived (~1 m.y.) crustal-scale
dewatering event in the belt was described
by Goldfarb et al. (1991) for the extensive
vein formation. New isotopic ages, dis-
cussed below, indicate that this event oc-
curred over about 3-3.5 m.y. More impor-
tant is that the relations described herein
provide insights into development of meso-
thermal vein systems and shed light on fluid-
cycling processes within deep contractional
fault zones. We propose a model in which
fluid flow and gold deposition are temporally
and genetically related to orogenic events in
the fore arc of the Coast Mountains
batholith.

GEOLOGY OF THE LODES

The Juneau gold belt consists of more
than 200 gold-bearing quartz vein prospects
and mines in a 5-8-km-wide zone striking
northwestward for approximately 160 km

between the Kensington deposit south to the
Sumdum Chief mine (Fig. 1). Individual de-
posits range from isolated veins less than 1
m wide to vein systems up to 4 km long, 300
m wide, and at least 1-3 km deep. Gold-
bearing veins were formed at 250-350 °C,
and at depths of >4 km from fluids believed
to have been derived from prograde meta-
morphic reactions (Goldfarb et al., 1988;
Goldfarb, unpublished). Two deposits, the
Alaska-Juneau and Treadwell, have been re-
sponsible for 90% of the 210 tonnes of gold
produced from the belt since the 1880s.

Regional Setting

Veins in the Juneau gold belt are hosted
by lithotectonic terranes that have been jux-
taposed against one another along a system
of west-verging, mid-Cretaceous thrust
faults (Crawford et al., 1987; Gehrels et al_,
1992; McClelland et al., 1992; Rubin et al.,
1990; Gehrels, unpublished). Thrust faults
strike northwestward and dip moderately to
steeply eastward; older rocks to the east
were systematically thrust westward over
younger rocks. From the Coast Mountains
batholith westward, mixed metasedimen-
tary and metavolcanic rock sequences in-
clude (1) Carboniferous and older rocks of
the Yukon-Tanana terrane (Gehrels et al.,
1992); (2) Permian and Triassic rocks of the
Taku terrane that are in contact with Yukon-
Tanana terrane rocks along the Sumdum
thrust fault (Gehrels et al., 1992); (3) Juras-
sic-Cretaceous rocks of the Gravina belt that
are separated from rocks of the Taku terrane
by the Fanshaw fault (Fig. 1).

Rocks throughout the belt were regionally
metamorphosed to prehnite-pumpellyite fa-
cies by Cretaceous time. A Barrovian met-
amorphic event, beginning about 70 Ma,
produced facies ranging from lower green-
schist to upper amphibolite within the
Yukon-Tanana and Taku terranes (Forbes,
1959; Himmelberg et al., 1991). Several ma-
jor magmatic events also occurred between
mid-Cretaceous and middle Eocene time. A
suite of ~105 to 90 Ma diorite plutons was
intruded into Gravina belt and Taku terrane
rocks throughout the gold belt. Sheetlike to-
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Figure 1. Location map of Juneau gold belt showing general geology, first- and second-order
structures, and major vein deposits (labeled biack areas).

nalite plutons were emplaced 5-10 km east
of the gold belt between ~72 and ~58 Ma
(Gehrels et al., 1991). The bulk of the intru-
sive suite in the region, located 15-20 km
east of the gold belt, includes undeformed
granite and granodiorite bodies that were
emplaced between 55 and 48 Ma (Barker et
al., 1986; Gehrels et al., 1991; Snee, unpub-
lished data). Folding, thrust faulting, meta-
morphism, and plutonism in the region are
products of a progressive compressional
event that continued until late Paleocene-
Eocene onset of dextral motion along the
Denali-Chatham Strait fault system (Geh-
rels, unpublished; Miller and Gehrels,
unpublished).

Structural Relations of the Auriferous Veins

The structural grain of the region is de-
fined by a northwest-striking, moderately to
steeply northeast-dipping, penetrative folia-
tion that developed during progressive de-
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formation between Cretaceous and Eocene
time. The majority of the mineralized vein
systems in the gold belt strike northwest-
ward. First-order structural controls on the
veins are the Fanshaw and Sumdum thrust
faults (Fig. 1), which in many places coin-
cide with a prominent topographic feature
known as the Coast Range megalineament.
Abundant quartz and carbonate veins within
the fault zones suggest that these structures
acted as fluid pathways. Second-order struc-
tures are defined at the deposit scale and are
characterized by shear zones within 0.5 to 2
km of the Sumdum and Fanshaw faults.
Third-order structures, sympathetic to sec-
ond-order structures (Fig. 1), contain the
gold-bearing veins. Third-order structures
are composed of (1) shear veins, which
strike northwest, dip steeply to the north-
east, contain moderately north-northeast-
plunging striations, and display evidence for
right-lateral reverse displacement; (2) hybrid

-

veins, which are east-northeast-striking,
shear-tensional veins displaying shear steps
indicative of left-lateral displacement and
which are present within right-stepping, en
echelon swarms, and (3) tension veins,
which dip gently to the west and east (Table
1). Mutually crosscutting relations among
the three vein types can be reconciled with
a single regional stress regime in which the
maximum principal stress was oriented sub-
horizontally in a northeast to southwest di-
rection and the least principal stress was
subvertical.

Age Relations of the Veins

Auriferous veins cut the regional meta-
morphic fabric and thus were emplaced after
the Late Cretaceous to early Tertiary Bar-
rovian dynamothermal event. ““Ar/°Ar
ages of muscovites from veins from five of
the major deposits in the belt confirm this
observation and reveal that much of the vein
emplacement occurred between 56 and 55
Ma (Goldfarb et al., 1991). Additional iso-
topic dates from the shear, hybrid, and ten-
sion veins indicate that veining was cyclic
between about 56 and 53 Ma (Table 1). *°Ar/
3Ar ages of 58-57 Ma from biotite collected
from metamorphosed sedimentary rocks
within the footwall of the Sumdum fault, as
well as from ore-bearing diorite, indicate
that rocks in the Taku terrane and Gravina
belt were cooled below about 280 °C at least
1 m.y. prior to vein emplacement. Between
the Alaska-Juneau and Treadwell deposits,
biotite in greenstone within the Fanshaw
fault zone yielded an “°Ar/*°Ar age of 62 Ma.
Finally, fluid inclusion studies and oxygen
isotope geothermometry indicate that Kens-
ington veins formed at ~350 °C, and the re-
mainder of the deposits formed between
~250 and 300 °C. These temperatures are
equivalent to the blocking temperature of
muscovite and suggest that the veins were
never subjected to temperatures higher than
the blocking temperature of muscovite.
Thus, the apparent ages of the veins are in-
terpreted to reflect emplacement ages and
not cooling ages.

TEMPORAL ASSOCIATION OF
MINERALIZATION TO THERMAL
EVENTS, EXHUMATION, AND FAR-
FIELD PLATE-TECTONIC STRESSES
Magmatic activity in the Coast Mountains
occurred prior to, during, and after aurifer-
ous vein emplacement. A major thermal
event manifested by intrusion of the Coast
Mountains batholith lasted from about 55 to
48 Ma (Barker et al., 1986; Gehrels et al.,
1991; Snee, unpublished data) and is coeval
with the ore-forming episode. The relation
between this magmatic event and the gold-
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TABLE 1. “Ar/39Ar AGE SPECTRUM AND STRUCTURAL DATA FOR
HYDROTHERMAL MUSCOVITES OF THIRD-ORDER VEINS

Deposit  Style*  Orientation Apparent age lc Percent 3%A¢
(strike, dip*) (Ma) - on plateau
Kensington Shear 1357, 65° 56.4 0.2 248
Shear 335°,65° 54.2 0.1 67
Shear 330°, 60° 55.0 $0.1 87
Shear 000°. 61° 553 0.1 57
Shear 350°. 65° 54.0 10.1 94
Hybrid 022°,47° 544 0.4 60
Hybrid 075°, 85° 549 0.2 73
Tension  012°.32° 180°31° 535 0.1 72
Tension  000°, 25-35° 54.0 0.1 62
Tension . 54.1 0.1 60
* * 55.01 +0.3 79
Jualin Shear 335°,61° 55.5¢ 0.3 82
Shear 335°,65° 53.2 0.1 664
Tension  020°,25° 55.3 +0.3 78
Treadwell  Tension . 528 0.} 3344
Tension * $5.1t 0.2 10§#
Alaska- Shear 330°, 60° 56.1% +0.3 87
Juneau
Hybrid 070°, 75° 54.2 0.1 76
Sumdum  Hybrid 075°,75° 55.1% +0.2 95
_Chief

Note: Apparent argon loss and apparent ages of an age spectrum step up from low- to high-

extraction temperature.
*Indicates unknown style of orientation.

tAges originally published in Goldfarb et al. (1991).
§Apparent age and percent 39Ar reflect the maximum date of higher temperature steps in the age

spectrum; therefore ages are minimum estimate.

#Apparent argon loss.

Southwest

Flgure 2. Schematic cross
section looking to north-
west through Treadwell
(TRD) and Alaska-Juneau
(AJ) deposits and showing
first-order thrust fauits,
plutonic rocks, and in-
ferred fluid-flow pathways.
Arrow marked +30 km re-
fers to distance batholith
extends to east. Gr = Gra-
vina beR, Tk = Taku ter-
rane, YIT = Yukon-Tanana
terrane, FF = Fanshaw

Northeast

fault, SF = Sumdum fault,
Tn = tonalite sills, G/Gd =
granites and granodiorites
of Coast Mountains batho-
lith.

Zones

X

High--Permeability

Fluid Flow Lines

First—Order
Structures

bearing veins is not clear. The Eocene igne-
ous rocks and veins are separated by 15-20
km at the present surface. Emplacement of
a single large intrusion or multiple intru-
sions may have driven metamorphic fluids
trapped in pore spaces up the east-dipping
thrust faults. Rapid exhumation between 60
and 48 Ma (Hollister, 1982; Crawford et al.,
1987) was contemporaneous with mineral-
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ization and plutonism along the western
flank of the Coast Mountains. Changes in
the orientation of the far-field stress config-
uration occurred during the early Eocene
(Engebretson et al., 1985). A counterclock-
wise rotation in the direction of absolute mo-
tion of the Kula plate has been suggested to
have occurred at about 56-55 Ma (Lonsdale,
1988), or 54-53 Ma (Cande and Kent, 1992).

Vein geometries as noted above suggest that
the near-field stresses during mineralization
were compatible with far-field compression.
Timing constraints on hydrothermal activity
correlate well with changes in plate motion
during which a transpressive regime may
have been established. In such a case the
vein deposits may have formed within com-
pressional jogs along the transpressive zone.

INTEGRATED MODEL FOR VEIN
DEVELOPMENT AND FLUID CYCLING

Our model for fluid flow and vein devel-
opment is based on inferred genetic links be-
tween near-field processes of ductile-brittle
faulting, exhumation, and heat flow, and on
far-field plate motions. The synchroneity of
plate-motion changes with the final stages of
rapid uplift, the onset of dextral strike-slip,
and a large thermal anomaly make it difficult
to define any one process as responsible for
vein development. But the fact that these
thermotectonic events occurred simulta-
neously with vein development lends cred-
ibility to our model that fluidcycling events
and associated formation of gold-bearing
veins are inherent fore-arc processes of
orogenesis.

Migration of fluids into channelways
could have been initiated by uplift, a thermal
event, and/or a changing regional stress
field. Rapid exhumation of overtying aqui-
tards could aid vein development in two
ways: volumetric expansion of water ac-
companying uplift can facilitate hydraulic
fracturing (Norris and Henley, 1976), and
unloading would decrease the vertical stress
(least principal stress), thus enhancing the
formation of shallowly dipping tensional
veins. Magmatic heat could drive metamor-
phic pore fluids trapped in country rocks
into permeable fault zones, and gold could
be leached from country rocks during inter-
connection of flow channels and fluid advec-
tion (Fig. 2). Additionally, a shift from or-
thogonal to oblique convergence and the
onset of transcurrent motion on northwest-
striking structures would lower the effective
mean stress and increase permeabilities.

Nowhere else do we know of a vein sys-
tem of such magnitude in which individual
mineralized structures can be shown to be
mutually crosscutting and to have formed
over 3-3.5 m.y. While this narrow age range
may be one of the most tightty constrained
among mesothermal vein systems, *“Ar/
*Ar age data with a precision generally of
*1-3 x 10° yr (10) provide only a maximum
duration of the veining cycle. Yet this time
span correlates with fluid cycling events
which have been modeled to have periodic-
ities of 10°-10° yr (Nur and Walder, 1990),
seismic events capable of rupture length/
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width ratios of approximately 100 have pe-
riodicities of 10? yr (Sibson, 1990), and con-
vective flow due to thermal pulses has
periodicities of 10°-10° yr (Norton, 1984; B.
Dutrow and D. Norton, unpublished).

DISCUSSION

Crosscutting relations between and over-
lapping ages of different vein types illustrate
the cyclic nature of the vein events reflective
of variations in near-field stress axes due
to fluid fluctuations (Boullier and Robert,
1992). Fault-valve behavior (Sibson, 1981,
1990; Sibson et al., 1988) due to contraction
at a high angle to the first-order structures,
best explains these observations and is com-
patible with the main mineralizing event be-
ing associated with local compressional jogs
in a transpressive zone due to overall far-
field compression. The ultimate controf on
the fluid flow and emplacement of the veins
was tied to a feedback loop between near-
field processes and far-field stress configu-
rations between ~56 and 52 Ma. Near-field
processes include plutonism that could have
affected the thermal regime and fluid flow in
the vicinity of the gold deposits (Fig. 2). Ex-
humation may have facilitated veining due
to the volumetric expansion of water, and/or
it may have lowered the vertical stress as
unroofing progressed. Last, a change in the
local stress regime, due to a switch in far-
field plate motions from normal conver-
gence to oblique convergence, may have de-
creased the normal stress across the region,
resulting in increased permeabilities along or
near major fault zones (Fig. 2).

The synchroneity of fluid flow and frac-
ture development with the final stages of re-
gional exhumation, a large thermal event,
and changes in plate motion may be an es-
sential combination of processes necessary
for gold-vein mineralization. It is onfy within
such young systems as the Juneau gold belt
that recognition of these tectonic processes
and the ability to correlate ore-controlling
mesoscopic structures with far-field stresses
is readily feasible.

ACKNOWLEDGMENTS

‘We thank Echo Bay Exploration for permission
to conduct this study and for logistical as well as
financial support as part of Miller’s Ph.D. project;
Denis Norton and John Watkinson for helpful dis-
cussions; and Cliff Taylor Jr., Karen Kelley,
Francois Robert, and Virginia Sisson for reviews.

REFERENCES CITED

Barker, F., Arth, J.G., and Stern, T.W., 1986,
Evolution of the Coast Batholith along the
Skagway traverse, Alaska and British Co-
lumbia: American Mineralogist, v. 71,
p. 632-643.

Barton, M.D., and Hanson, R.B., 1989, Magma-
tism and the development of low-pressure
metamorphic belts: Implications from the
western United States and thermal modeling:
Geological Society of America Bulletin,
v. 101, p. 1051-106S.

Bohlke, J.K., and Kistler, R.W_, 1986, Rb-Sr,
K-Ar, and stable isotope evidence for the
ages and sources of fluid components of gold-
bearing quartz-veins in the northern Sierra
Nevada foothills metamorphic belt, Califor-
nia: Economic Geology, v. 81, p. 296-322.

Boullier, A-M., and Robert, F., 1992, Palacoseis-
mic events recorded in Archean gold-quartz
vein networks, Val d'Or, Abitibi, Quebec,
Canada: Journal of Structural Geology, v. 14,
p. 161-179.

Cande, S.C., and Kent, D.V_, 1992, A new geo-
magnetic polarity time scale for the Late Cre-
taceous and Cenozoic: Joumnal of Geophys-
ical Research, v. 97, p. 13,917-13,951.

Crawford, M.L., Hollister, L..S., and Woods-
worth, G.J., 1987, Crustal deformation and
regional metamorphism across a terrane
boundary, Coast plutonic complex, British
Columbia: Tectonics, v. 6, p. 343-361.

Engebretson, D.C., Cox, A., and Gordon, R.G.,
1985, Relative motions between oceanic and
continental plates in the Pacific basin: Geo-
logical Society of America Special Paper 206,
64 p.

Forbes, R.B., 1959, The geology and petrology of
the Juneau Icefield area, southeastern Alaska
[Ph.D. thesis]: Seattle, University of Wash-
ington, 261 p.

Gehrels, G.E., McClelland, W.C., Samson, $.D.,
Patchett, P.J., and Brew, D.A., 1991, U-Pb
geochronology of Late Cretaceous and early
Tertiary plutons of the northern Coast Moun-
tains batholith: Canadian Journal of Earth
Sciences, v. 28, p. 899-911.

Gebhrels, G.E., McClelland, W.C., Samson, S.D.,
and Patchett, P.J., 1992, Geology of the west-
emn flank of the Coast Mountains between
Cape Fanshaw and Taku Inlet, southeastern
Alaska: Tectonics, v. 11, p. 567-585.

Goldfarb, R.J., Leach, D.L., Pickthom, W.J.,
and Paterson, C.J., 1988, Origin of lode-goid
deposits of the Juneau gold belt, southeastern
Alaska: Geology, v. 16, p. 440-443.

Goldfarb, R.J., Snee, L.W., Miller, L.D., and
Newberry, R.J., 1991, Rapid dewatering of
the crust deduced from ages of mesothermal
gold deposits: Nature, v. 354, p. 296-298.

Himmelberg, G.R., Brew, D.A., and Ford, A.B.,
1991, Development of inverted isograds in
the western metamorphic belt, Juneau, Alas-
ka: Journal of Metamorphic Petrology, v. 9,
p- 165-180.

Hollister, L.S., 1982, Metamorphic evidence for
rapid (2 mm/yt.) uplift of a portion of the Cen-
tra] Gneiss Complex, Coast Mountains, Brit-
ish Columbia: Canadian Mineralogist, v. 20,
p. 319-332.

Kerrich, R., and Wyman, D., 1990, Geodynamic
setting of mesothermal gold deposits: An as-
sociation with accretionary regimes: Geol-
ogy, v. 18, p. 882-885.

Kontak, D.J., Smith, P.K., Reynolds, P., and
Taylor, K., 1990, Geological and “Ar/*°Ar
geochronological constraints on the timing of

Printed in U.S.A.

quartz vein formation in Meguma group lode-
gold deposits, Nova Scotia: Atlantic Geol-
ogy, v. 26, p. 201-227.

Lonsdale, P., 1988, Paleogene history of the Kula
plate: Offshore evidence and onshore impli-
cations: Geological Society of America Bul-
letin, v. 100, p. 733-754.

McClelland, W.C., Gehrels, G.E., Samson, S.D.,
and Patchett, PJ., 1992, Structural and
geochronologic relations along the western
flank of the Coast Mountains batholith: Sti-
kine River to Cape Fanshaw, central south-
castern Alaska: Journal of Structural Geoi-
ogy, v. 14, p. 475-489.

Norris, R.J., and Henley, R.W., 1976, Dewater-
ing of a metamorphic pile: Geology, v. 4,
p. 33-36.

Norton, D., 1984, A theory of hydrothermal sys-
tems: Annual Reviews of Earth and Plane-
tary Sciences, v. 12, p. 155-177.

Nur, A., and Walder, J., 1990, Time-dependent
hydraulics of the earth’s crust, in Geophysics
Study Commission on Geosciences, Envi-
ronment, and Resources: The roie of fluids in
crustal processes: Washington, D.C., Na-
tional Academy Press, p. 113-127.

Phillips, G.N., 1991, Gold deposits of Victoria: A
major province within a Palaeozoic sedimen-
tary succession, in World Gold '91: Mel-
bourne, Australian Institute of Mining and
Metallurgy, p. 237-245.

Robert, F., 1990, Dating old gold deposits: Na-
ture, v. 346, p. 792-793.

Robert, F., and Brown, A.C., 1986, Archean gold
bearing quartz veins at the Sigma mine,
Abitibi greenstone belt, Quebec: Part 1. Ge-
ologic relations and formation of the vein sys-
tem: Economic Geology, v. 81, p. 578-592.

Rubin, C.M., Saleeby, J.B., Cowan, D.S., Bran-
don, M.T., and McGroder, M.F., 1990, Re-
gionally extensive mid-Cretaceous west-ver-
gent thrust system in the northwestern
Cordillera: Implications for continental mar-
gin tectonism: Geology, v. 18, p. 276-280.

Sibson, R.H., 1981, Fluid fiow accompanying
faulting: Field evidence and models, in Simp-
son, D., and Richards, P., eds., Earthquake
prediction, an international review: Ameri-
can Geophysical Union Maurice Ewing Se-
ries, v. 6, p. 5§93-603.

Sibson, R.H., 1990, Faulting and fluid flow: Min-
eralogical Association of Canada Short
Course, v. 18, p. 93-132.

Sibson, R.H., Robert, F., and Poulsen, HK.,
1988, High-angle reverse faults, fluid-pres-
sure cycling, and mesothermal gold-quartz
deposits: Geology, v. 16, p. 551-555.

Manuscript received August 27, 1993

Revised manuscript received December 20, 1993
Manuscript accepted December 21, 1993

GEOLOGY, March 1994



	Abstract
	Introduction
	Geology of the Lodes
	Temporal Association of Mineralization to Thermal Events, Exhumation, and Far-Field Plate-Tectonic Stresses
	Table 1 - Age and Structural Data for Veins
	Integrated Model for Vein Development and Fluid Cycling
	Figure 2 - Cross section through Treadwell and AJ Deposits
	Discussion
	Acknowledgments
	References Cited



