
Chapter 13 Structure

Like most of the Cordillera, the Tagish area is domi-

nated by a northwest-trending structural fabric. This fab-

ric persists across the area from the Atlin complex to the

Nisling assemblage. Yet, to a large degree, this structural

grain is a late-imposed fabric overprinting earlier fabrics

that may not have originally been coaxial. Structural

overprinting of disparate ‘earlier’ fabrics by a common

‘late’ fabric leads to structural styles that are unique to

each terrane; reflecting their past evolution as separate

entities.

In general, older rocks within the map area have been

subjected to, and record, a greater number of deform-

ational events - an observation well displayed through

comparison of the metamorphic terrains with younger

lithologies. Also, although sedimentary rocks of the

Atlin complex and Whitehorse Trough both record short-

ening about a north-northwest axis, this overprints an

ear ly emplacement- re la ted fabr ic disp layed in

harzburgite tectonites (Ash and Arksey, 1990b) of the

Atlin complex. Late, northeast-trending, high-angle

faults of the type found throughout the Intermontane

Belt, are relatively pervasive; they affected even the

youngest rocks in the area.

Four structural domains are recognized in the map

area (Figure 2-2), based primarily on presence of, or dif-

ferences in, older fabrics. Domain boundaries roughly

correspond to terrane extents, but do not portray the lim-

its of progressively younger deformational events which

affect the amalgamated terranes. Most westerly is Do-

main I, which encompasses dominantly intrusive rocks

of the Coast belt and does not represent a distinct terrane.

Domain II includes mainly polydeformed Palaeozoic and

older metamorphic rocks west of the Llewellyn fault. Do-

main III includes Mesozoic rocks of the Whitehorse

Trough, dominantly Laberge Group, which is a fold and

thrust belt. Most easterly is Domain IV which includes

competent volcanic units of the Peninsula Mountain suite

and the accretionary complex of the Cache Creek terrane,

both east of the Nahlin fault.

Domain I, Intrusives of the Coast Belt

Late Cretaceous and younger intrusive rocks of the

Coast belt within the map area do not display pervasive

structural fabrics, however, discreet zones of late brittle

to semi-ductile deformation are common. Brittle defor-

mation zones within Late Cretaceous and Tertiary intru-

sive bodies probably represent faults related to uplift of

the complex during the last 10 Ma (Donelick, 1988).

Such zones are generally tens of centimetres across with

unknown lateral extent. They are particularly well dis-

played along the shores of southern Tagish and Bennett

Lakes (Photo 13-1).

A steep planar fabric is developed in the Early Creta-

ceous Mount Lawson tonalite between Fantail Lake and

southern Taku Arm (Photo 12-10). It is produced by

alignment of medium to coarse-grained hornblende or

plate-like mafic-rich xenoliths which outline a hemi-

spherical shell, but no consistent lineation has been rec-

ognized. These fabrics were probably produced during

diapiric intrusion and inflation of the pluton. Older folds

within the Boundary Ranges metamorphic suite are

warped about the Mount Lawson pluton, supporting an

interpretation of forceful intrusion.

Domain II, metamorphic rocks

Domain II is defined by the distribution of old meta-

morphic rocks within the Tagish area (see Chapter 3).

Metamorphic rocks can be grouped into three main pack-

ages from north to south: greenschist to amphibolite

grade arc rocks of the Boundary Ranges metamorphic

suite (probable Stikine Assemblage, including the Wann

River gneiss), Jurassic plutons of the Aishihik plutonic

suite, and amphibolite grade miogeoclinal strata of the

Florence Range metamorphic suite (regionally correla-

tive with the Nisling Assemblage). Each metamorphic
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Photo 13-1. Brittle deformation zone in circa 56 Ma Sloko pluton
may have been produced during isostatic uplift.



package displays a different structural style: Boundary

Ranges suite is characterized by polyphase, non-coaxial

deformation (Table 13-1), whereas, farther south, in the

Hale Mountain granodiorite, Wann River gneiss and

Florence Range suite, fabrics are low-angle (Figure

13-1), produced or transposed by the latest pervasive duc-

tile deformational event (Table 13-2). Differences in

structural style are due primarily to contrasting protolith

age and competency and structural level of deformation.

Most evidence suggests that the structures preserved

share a common lineage rather than having been pro-

duced in disparate paleotectonic environments.

Boundary Ranges metamorphic suite
deformation

Five deformational events can be recognized in the

Boundary Ranges suite; they are designated D1 through

D5. Planar fabrics were produced, at least locally, during

each of the oldest four events; these are designated S1 to

S4. Associated folds are designated F1 through F4. The

youngest four events were described by Mihalynuk et al.

(1989a) and by Currie (1994). These papers do not pres-

ent evidence for an older, cryptic deformation (D1). D1

folds (F1) are rarely preserved in outcrop, evidence for

their existence can more commonly be found through

petrographic analysis. No clear examples of large scale F1

folds have been identified in the Boundary Ranges suite,
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First Deformation-Metamorphism Event (D1)

S0 consists of original bedding/layering, such as carbonate in which layers are visible but thicknesses are
distorted - both thickened and thinned. Competent layers are boudinaged.

S1 is the oldest foliation, preserved as rootless, intrafolial isoclines (Photos 13-5) outlined by trails of
fine-grained graphite and lesser muscovite in quartz.

F1 apparently forms rare, outcrop-scale isoclinal folds, but none have been conclusively identified (a
possibe lexample is in Photo 13-3); best represented by relict crenulations in probable hinge zones.
Traces of F1 are obliterated by the dominant and peak metamorphic foliation (S2). D1 may not have
been regionally developed.

Second Deformation-Metamorphism Event (D2)

S2 is the dominant foliation and generally parallels transposed compositional layering defined by the
growth of chlorite, muscovite, actinolite, biotite, garnet, and in pelitic rocks, rare kyanite or staurolite.

F2 forms relict D2 folds that are scarce (Photo 13-3), but in these, S2 distinctly crosscuts fold hinges (Photo
13-4). F2 are typically close to isoclinal.

Third Deformation Event (D3)

Some evidence points to a continuum between D2 and D3. Two D3 fold styles are apparent depending upon litho-

logic competency:

F3A folds with variable hinge-line orientations including sheath folds (indicate differential strain along
hinge-lines) typically formed within chlorite schists adjacent to the Llewellyn Fault (Photo 13-10).

F3B folds occur in more competent units and produce styles that are open to close and commonly chevron
in nature.

S3 is a crenulation cleavage that is only locally developed (Photo 13-6). Crenulations may fold actinolite,
biotite, chlorite and muscovite.

Fourth Deformation Event (D4)

F4 is observed on kilometre-scale as refolding of closed F2-3 folds, especially notable within the chlorite
schist/marble succession (see Figure 13-2).

S4 is sub-parallel to the limbs of tightly refolded F2 and F 3 folds (Figure 13-2) and locally decapitates these
F2 and F 3 folds on an outcrop scale.

Fifth Deformation Event (D5)

F5 broadly folds F4 and earlier structures as they are warped around intrusions such as the Mount Lawson
tonalite salient, mainly as a result of forceful intrusion (see Figures GM97-1). No foliation is developed
in response to this event although earlier fold limbs may be further attenuated.

Table 13-1. Deformation and metamorphism: Boundary Ranges metamorphic suite.
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First (Cryptic) Deformation-Metamorphism Event (D1?)

S1 consists of rare curvilinear inclusion trails in garnet porphyroblasts that may be the only relicts of the
earliest deformation, although, Currie (1994) reports rare early folds with refolded axial planar folia-
tion.

Second Deformation-Metamorphism Event (D2)

S2 is the dominant foliation into which original compositional layering has been transposed (e.g. massive
marble bands), generally S0, S1 and S2 are parallel and outlined by muscovite and biotite, and less com-
monly, garnet and kyanite concentrations. Muscovite, biotite and kyanite are wrapped around the D1?
garnets. Peak pressures were attained during this event.

F2 No major F2 fold closures have been observed.

Third Deformation-Metamorphism Event (D3)

F3 folds were developed at scales ranging from kilometres to metre-sized parasitic folds or fine
crenulations. Currie (1994) reports that most of the large folds are northeast-verging.

S3 is locally developed, especially where S2 is crenulated in fold cores. Idioblastic andalusite overgrows
deformed biotite and mantles kyanite porphyroblasts.

Fourth (Isostatic) Metamorphic Event (D4)

Isostatic growth of randomly oriented fibrolite may mantle both andalusite and kyanite, or nucleate on
biotite.

Table 13-2. Deformation and metamorphism: Florence Ranges metamorphic suite.
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Figure 13-1. Equal area stereonet projection showing poles to foliation and mineral elongation lineations from (a) Aishihik
plutonic suite, and (b) Wann River gneiss.



but rare, outcrop-scale folds might be F1 (Photo 13-3).

Hand-sample-scale decapitated D1 microfolds are more

common (Photo 13-4). They may be outlined where low

grade assemblages like chlorite and actinolite in meta-

tuffs are preserved (Photo 3-4) or by graphite and musco-

vite in pelitic rocks. Rootless hinges occur as inclusions

in intrafolial (S2) quartz microlithons (Photo 13-5) in

pelitic rocks; they are interpreted to have formed during

an early, lower grade deformational event. D2 and D3 are

progressive deformational events. D2 appears to have

produced the dominant foliation which is outlined by

chlorite, epidote, actinolite (± hornblende), garnet and, in

pelites, andalusite and rare kyanite. Idiomorphic garnet

overgrows S2 which may be folded by open microfolds

prior to garnet growth. Microfold growth outlasted garnet

growth with amplification of microfold amplitude and

limb slip, and ultimately development of S3 (Photo 13-6),

presumably in the axial zones of F3 folds. Kilo-

metre-scale F3 folds are commonly northeast-verging,

such as those outlined by carbonate layers on Sections

E-E’ and F-F’ of Figure GM97-1. D3 fold styles vary with

lithologic composition. Competent lithologies com-

monly display open to close chevron fold development.

Incompetent units like chlorite schist display variable F3

hinge line orientations and sheath folds, especially adja-

cent to the Llewellyn Fault zone (Photo 13-2). Progres-

s i v e D 3 f o l d i n g a n d c o n c o m i t a n t r e t r o g r a d e

metamorphism in such units has produced a curious

alignment of nematoblasts (principally actinolite); adja-

cent schist layers within the same limb of the same fold

display different orientations, or random orientations.

Presumably individual schist layers acted as closed sys-

tems and metamorphic mineral growth occurred at slight-

ly different stages in the progressive development of the

fold limbs.

D4 is most readily recognized where F4 and F3 folds

are noncoaxial. Good F3-F4 interference fold patterns are

widespread, with the best examples outlined by carbonate

such as is demonstrated at Brownlee Lake (Figure 13-2).

Locally retrograde D3-D4 mineral assemblages (actin-

olite, chlorite, epidote) predominate in the axial regions

of F3 and F4 (see planar fabric orientations in D3-D4 inter-

ference fold of Figure 13-2).

D5 is produced by broad warping of D3-D4 struc-

tures and fabric about near vertical axes. This warping is

in response to forceful intrusion of Early (and ?Late) Cre-

taceous plutons, minor Jura-Cretaceous adjustments in

the orientation of the Llewellyn Fault zone and shorten-

ing across the Whitehorse Trough. Peak thermal meta-

morphism was attained locally during D5 as a result of the

huge volume of intrusive rocks emplaced on the western

margin of the domain (Photo 3-1). One D5 fold is coeval

with emplacement of the Mount Lawson Tonalite which

returns a Middle Cretaceous K-Ar cooling age (133Ma,

Bultman, 1979; Table 2-1). Here, F4 folds and foliation

wrap around the eastern end of the pluton (Figure

GM97-1).
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Photo 13-2. Folds with variable hinge-line orientations include
sheath folds (indicate differential strain along hinge-lines) typi-
cally formed within chlorite schists adjacent to the Llewellyn
Fault .

Photo 13-3. In a relatively rare occurrence, an equivocal second
phase fold within Boundary Ranges metamorphic suite rocks is
seen to deform a first phase fold. Irregular tight to isoclinal second
and third phase folds are most typical of this rock package (S0+1
surface is highlighted in white).



Bulletin 105 139

Photo 13-4. Dominant D2 fabric (Sn+1) masks earlier foliation (Sn) in outcrops of Boundary Ranges metamorphic suite rocks. While the
early fabric is not apparent at the outcrop, cut and polished samples such as this clearly display the earlier fabric (S1).

Photo 13-5. Rootless intrafolial isoclines preserve S1 in a gra-
phitic garnet (Gt)-muscovite schist dominated by S2. Long dimen-
sion of photomicrograph represents 2.5 mm (sample
CWA88-60-7).

Photo 13-6. Idiomorphic garnet overgrows wavy S2 (Si). Outside
the garnet the microfold amplitude has increased and incipient S3

is developed.



Florence Range metamorphic suite
deformation

Four deformational events can be recognized in the

Florence Range suite; they are designated D1 through D4.

Associated folds are designated F1 through F4. Planar fab-

rics were produced, at least locally, during the three old-

est events; these are designated S1 to S3. Deformation

within the Florence Range suite is discussed in detail by

Currie (1994) who presents an alternative interpretation

of deformation and its relation to metamorphism than is

presented here. In essence, she recognizes two major

deformational events: an early deformation that produced

the dominant transposition fabric, and a later deformation

that folded and locally overprinted the earlier fabric.

Petrographic analyses conducted as part of this study in-

dicate that, as in the Boundary Ranges metamorphic

suite, a cryptic deformational event predated the oldest

event recognized by Currie (1994). Furthermore, a late,

dynamothermal event resulted in oriented growth of an-

dalusite at the expense of kyanite (Photo 3-7).

Microfolds outlined by inclusion trails of quartz and

muscovite in garnet (Photo 13-7) are the primary evi-

dence for an early cryptic event; denoted here as “D1?”

(Table 13-2). D2 produced the dominant transposition

fabric, S2, within the Florence Range suite. It is generally

layer parallel and is defined by formation of quartz rib-

bons, and muscovite and/or biotite-rich which layers

which envelope cogenetic garnet, andalusite and kyanite.

D2 records peak dynamothermal metamorphism. D3 de-

formed earlier-formed porphyroblasts and developed

kilometre-scale northeast-verging folds (see Currie,

1994, Figures 4.5b and c) as well as several orders of sub-

ordinate parasitic folds. Idioblastic, oriented andalusite

was developed locally during D3. Finally, D4 (and per-

haps a later, localized deformational event) produced

open folds in the hangingwall of the Wann and Willison

Creek Fault zones as mapped by Currie. Fabrics devel-

oped in the axial regions of these folds are denoted by

Currie (1994) as S3T and S3+n, respectively. Translated

into the notation of this study, these fabrics are S4 and

S4+n.

Structural history comparison

The foregoing descriptions record evidence of simi-

lar deformational histories in both the Boundary Ranges

and Florence Ranges metamorphic suites. An early low

grade metamorphic event produced a cryptic foliation,

S1, that was all but obliterated during the later, dominant

deformational event (D2) which was coeval with peak

dynamothermal metamorphic conditions, as indicated by

growth of kyanite in the dominant S2 foliation. During

D3, mainly northeast verging folds resulted in formation

of S3, deformation of S2 minerals, including kyanite
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Figure 13-2. Detail of an interference fold just west of Brownlee
Lake.

photo13-7

Photo 13-7. Garnet porphyroblast enveloped by S2 encloses Si in-
clusion trails



(Photo 3-2a, b), and overgrowth of the S2 fabric by anda-

lusite (Photo 3-3). Folds formed during D4 may be

noncoaxial; those in the Florence Range metamorphic

suite trend northeast. Examples of large-scale D4 inter-

ference folds where mapped in the Florence Ranges suite

south of Tagish Lake by Currie (1994; Hale antiform and

Willison synform) and, in the Boundary Ranges suite,

near Brownlee Lake (this study; Figure 13-2).

Currie (1994) identified and isotopically dated the

Wann River shear zone that apparently affects rocks over

a thickness of more than 4 kilometres. Shear zone fabrics

are principally developed in the Wann River Gneiss of the

Boundary Ranges suite, but also extend up to 1 km into

structurally overlying Florence Range suite and 3 km

into the upper parts of the structurally underlying Bound-

ary Ranges metamorphic suite (structurally underlying

rocks are mainly Aishihik plutonic suite, see cross sec-

tions K and L, Figure GM97-1). Best constraints place

the age of motion at between 184 and 176 Ma. Age limits

are provided by the youngest unit caught up in the defor-

mation, the Mount Caplice quartz monzodiorite; the age

of metamorphic monazite (180.9 ±3.1 and 177.5 ±1.5

Ma; Currie, 1994) formed at the same time as minerals

that apparently overprint the early transposition fabric of

the Wann River shear zone; and the age of pegmatites

dykes that are both concordant and discordant with fab-

rics in the Hale Mountain granodiorite (Photo 13-8d) and

are dated at 178.8 ±0.9Ma . Early penetrative transposi-

tion fabrics display top to the south-southeast sense of

shear and south-southeast mineral-elongation lineation

(Figure 13-1a, b). Fabrics in the Wann River shear zone

formed under transitional greenschist - amphibolite con-

ditions that are typical of the Boundary Ranges suite.

Currie correlates the Florence Range with Tracy

Arm assemblage and called them both Tracy Arm

Terrane. Currie’s main terrane-defining criteria are the

quartz-rich, pericratonic nature of protoliths and the

“scarcity of rocks with igneous protoliths”. However, in

the type locality, Gehrels et al. (1990a) states that the

Tracy Arm assemblage “grades (up section?) westward

into a sequence that contains quartzite, metapelite, and

minor marble, but is dominated by metarhyolite (with

blue quartz eyes) and metabasalt.” (the Endicott Arm as-

semblage; further documented by Gehrels et al., 1992). If

this is the case, the Tracy Arm assemblage must contain

some related felsic magmatic rocks as plutons or feeder

dikes in addition to the metamorphosed basalt and tuffs

that are recognized by Currie (1994) as part of the Tracy

Arm Terrane. Indeed it does, and in the Tagish area these

are also recognized by Currie (1994) as part of the Flor-

ence Range suite. They are rare quartzo-feldspathic

gneiss layers less than one metre thick. It is possible that

the scarcity of felsic meta-igneous rocks in the Tracy

Arm Terrane as defined by Currie (1994) is more appar-

ent than real, and has more to do with the abundance of

such rocks in her small study than with regionally impor-

tant, terrane-defining characteristics.
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Photo 13-8a. Deformation within the 185Ma Hale Mountain
hornblende granodiorite produced sigma-type augen indicating
top-to-the-left (south) motion. A well- developed mineral
lineation outlined by hornblende is approximately parallel to the
outcrop surface; (b) Offsets within a light-coloured and relatively
coarse-grained layer within the Hale Mountain hornblende
granodiorite. Anisotropy within the light layer is discordant with
that of the bounding gneiss (compare with 8c) providing slip
planes which accommodate rotation and flow partitioning in a
domino fashion. Notice that the left-most shear band cuts layer
anisotropy and the block is back-rotated. Both shear sense indica-
tors are consistent with bulk sinistral strain (viewed down to the
west); (c) Back rotated asymmetric pull-aparts in Hale Mountain
granodiorite. View is to the east-northeast with indicated offset of
top-to-the south; (d) Pervasive brittle faults offset abundant peg-
matite dikes intruding the Hale Mountain granodiorite. Offset is
mainly east-side-down and dextral. Some of the pegmatite
dikelets are ductilely deformed such as the one boudinaged on the
right of the photo. U-Pb zircon age dating of these pegmatites
points to an age of 178.8 ±0.9Ma (Tables AA1, AA2). A change
from sinistral ductile deformation to brittle dextral deformation
probably occurred at this time.

a

b

c

d



An additional possible link between the Tracy Arm

and Florence Range assemblages are Rb-Sr cooling ages

of 210 and 244 Ma (Werner, unpublished, 1978) from the

Florence Range that correspond to U-Pb isotopic distur-

bance ages of 210 ±25 and 242 ±97Ma from zircons of the

Tracy Arm assemblage (Gehrels et al., 1991b). However,

because limits of error are so large, the age similarities

may be more perceived than real. Nevertheless, isotopic

disturbance ages may be a useful tool for metamorphic

correlation by future investigators.

The youngest units to be affected by dynamothermal

metamorphism in Domain II are intrusive rocks of the

Hale Mountain granodiorite. Kinematic indicators are lo-

cally well developed and show top-to-the-southwest

sense of motion (Photos 13-8a, b, c). In contrast with

younger plutons, it is clearly folded. It contains limbless,

recumbent enclaves of Boundary Ranges metamorphic

suite rocks and mafic xenoliths that display a strong axial

parallel, north northwest lineation (Photo 13-9; Figure

13-1a).

Domain III (Whitehorse Trough)

Laberge Group

Sediments of the Laberge Group record a continuum

of deformational events that began during deposition of

the strata and peaked during contraction of the basin in

Toarcian to Bajocian times during terrane amalgamation.

Evidence of earlier deformation is ambiguous. Intraform-

ational conglomerate (Photo 9-7) and unconformities

(Photo 9-3), numerous clastic dikes (Photo 9-6) and

slump folds (Photo 9-5) may all be attributed to early de-

formation, but could also result from deposition on unsta-

ble submarine fans. Clear evidence of syndepositional

tectonism such as widespread coherent folds, or reverse

growth faults, is lacking. However, numerous slope fail-

ure and dewatering structures in the Whitehorse Trough

are suggestive of deformation-related seismic events

within the basin. Early Jurassic basin architecture was

probably controlled in part by the Llewellyn fault which

today is coincident with the western limit of the contigu-

ous Laberge Group. Outliers of Laberge Group west of

the fault resemble Toarcian strata and rest on Boundary

Ranges metamorphic suite rocks, indicating a radical

westward thinning of the Laberge Group across the fault

(Figure 9-2). Thus, syndepositional motion on the

Llewellyn fault and genetically related deformation in the

basin, probably played a large role in controlling the dis-

tribution of Laberge Group strata.
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Photo 13-9. Mafic-rich layers within the Hale Mountain intrusive
locally display tight to isoclinal folds with axes parallel to the re-
gionally developed mineral lineation.

Laberge Group

N=171

N=9

Bedding poles

Cleavage poles

Figure 13-3. Equal area stereonet projection showing contoured
poles to bedding and cleavage measurements from the Laberge
Group.



Only one example of an early fabric, (fracture cleav-

age) which is folded by the dominant deformation that af-

fects the trough, has been seen. The outcrop is located

about a kilometre from the Llewellyn Fault, south of Ra-

cine Lake. This early cleavage probably formed during

an early folding event. However, it may also have devel-

oped dur ing the ea r ly s t ages o f the dominan t

deformational episode and was subsequently folded as

the deformational event progressed .

Perhaps the best evidence for an early Laberge defor-

mation is a conglomerate comprised dominantly of

Laberge Group clasts which is interbedded and then

folded along with volcanics of suspected Early to Middle

Jurassic age (Figure 10-2). However, the age of the volca-

nic rocks is not well constrained (see Chapter 10).

Deformation within the Whitehorse trough is exten-

sive (Bultman, 1979: Mihalynuk and Rouse, 1988a,b;

Mihalynuk, et al., 1990b, 1989b; and Mihalynuk and

Mountjoy, 1990a). At the latitude of Graham Inlet, short-

ening has reduced the preserved basin width by at least 50

percent, based upon bed length measurements in the in-

terpretive cross sections of Figure GM97-1. This short-

e n i n g h a s b e e n a c c o m m o d a t e d b y a s e r i e s o f

north-northwest-trending thrust faults and pervasive

closely-spaced, open to close, upright to overturned folds

(Figure 13-3) with half-wavelengths of up to 500 metres

or more. Actual shortening is probably much greater

(perhaps twice as much) because a conservative ap-

proach was followed in creating the cross sections. Also,

lack of fossil age data does not permit the identification

of cryptic thrusts, motion on thrusts such as those at Deep

Bay cannot be constrained due to lack of hangingwall-

footwall cutoffs, and the pop-up structure projected into

sections H’-H" and I-I’ (Figure GM97-1) represents an

unknown bed length that could be tens of kilometres.

Overall fold and thrust vergence is mainly toward the

southwest, but near the eastern margin of the trough is

dominantly northeast. Laberge Group rocks near Atlin

Mountain are tight to isoclinal with steep to west-dipping

axial surfaces. Fold axes plunge gently to moderately

southeast. Asymmetric extension within the axial zones

of high amplitude folds near the Llewellyn fault is re-

corded by brittle deformation of cobbles within paper

shale that has a vertical fabric. Rotation of the clast frag-

ments suggests sinistral shear (Figure 13-4). Numerous

joint sets and bedding parallel shears also affect these

rocks.

Constraints on the age of major shortening are good

but not precise. Folding definitely postdates the youngest

Laberge strata deposited in mid to Late Toarcian time

(181 to 178Ma on time scale of Pálfy et al., 1998), and

folds are cut by plutons as old as Late Cretaceous (e.g. 92

Ma Jack Peak pluton; Bultman, 1979). However, the

folding appears to be kinematically linked to emplace-

ment of the Cache Creek Terrane. Slivers of mantle

tectonite and MORB occur sporadically along faults

within the trough north of Graham Inlet and into the Yu-

kon (cf. Hart and Orchard, 1996; and “Nahlin Fault” sec-

tion below). Early fabrics including emplacement

structures are clearly cut by the Fourth of July batholith

(c. 172Ma; Mihalynuk et al., 1992a). Folding probably

occurred during the crustal thickening event responsible

for the formation of leucosome during peak metamor-

phism in the Florence Range metamorphic suite, dated by

Currie as 177 Ma. Thus, major basin shortening formed

between 183 and 172 Ma, and probably prior to the 177

Ma age of peak metamorphism in the Florence Range.

Stuhini volcanic strata

Widespread folding that affects the Laberge Group

does not persist down into Stuhini Group strata. Instead,

the Stuhini Group appears to have deformed as a series of

semi-rigid, east-dipping blocks. No clear duplication of

stratigraphy by large, mountain-scale folding or thrust

faults has been identified, although high angle normal

faults and minor outcrop-scale folds locally thicken the

section. One clear example of isoclinal folding on the

south shore of Willison Bay is attributed to soft sediment

deformation.

A strain discontinuity occurs at the top of the Sinwa

Formation, which locally acts as a detachment horizon.

Where Stuhini Group strata border the Llewellyn fault,

they are variably foliated and shuffled. North of Racine

Lake, Stuhini conglomerate appears to be folded in the

hangingwall of a reverse fault. Displacement on the re-

verse fault decreases to the north. The geometry of

Laberge Group units immediately overlying the con-

glomerate suggest a low angle thrust, but this configura-

tion could also arise from rapid facies changes and part of

the conglomerate could be Jurassic in age.

Domain IV

Domain IV covers the western margin of the Cache

Creek terrane (Figure 2-2). Deformation in the domain is
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wacke

paper shale

Figure 13-4. A reproduced field sketch of an extended clast
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dominated by north-northwest-trending high angle faults

kinematically linked to late motion on the Nahlin fault

(see ‘Nahlin fault"), and east to northeast faults related to

Late Cretaceous volcanism.

Deformation of Peninsula Mountain
volcanic strata

Like volcanics of the Upper Triassic Stuhini Group,

the Middle to Upper Triassic Peninsula Mountain strata

appear to have acted mainly as a rigid body, and were only

deformed by broad open folds (cross sections H"-H’’’and

I-I’). In contrast, Laberge Group strata within this domain

outline upright chevron folds (as in cross section I-I’, Fig-

ure GM97-1). Deformation of the Late Cretaceous

Windy-Table volcanics has resulted mainly in variable

tilting of the strata. Most synvolcanic dikes in the Table

Mountain area are parallel to the east to northeast fault

set, supporting a cogenetic origin for this fault set. Broad

warping of the young volcanics may be due to draping

over pre-existing topography and/or variable compac-

tion.

Deformation of the Atlin complex

Rocks of the Atlin complex within the map area are

dominated by units interpreted to have formed in an

accretionary complex. In such environments, broken for-

mation and discontinuous, fault-bounded units as seen in

the Atlin complex are typical. Three families of structures

probably contributed to deformation of the complex:

thrust faults accompanying accretionary prism develop-

ment during accumulation of hemipelagite and ocean

crust fragments scraped off subducting oceanic litho-

sphere; west-verging folds and thrusts related to em-

placement of the Cache Creek terrane; and high angle

fault and shear zones related to late motion along the

Nahlin fault. Due to the limited extent of the Atlin com-

plex in the map area, lack of age data, lack of continuous

marker horizons, complexity of deformation and appar-

ently incoherent folding, the study did not significantly

advance the understanding of Cache Creek deformation.

Only structures related to the Nahlin Fault were clearly

distinguished, and only in some instances. Timing and ex-

tent of earlier structural events remain unresolved.

Crustal-scale Faults

Understanding the timing and magnitudes of motion

on major fault segments, as well as their relationship to

other structures, is a key exercise in unravelling the tec-

tonic history of the Cordillera. In the Tagish area, three

crustal-scale faults influence the distribution of major

lithologic packages and their past interrelationships. The

Llewellyn fault Tally-Ho shear zone system (LFZ-THSZ)

coincides with the boundary between structural domains

II and III and the eastern limit of polydeformed metamor-

phic rocks; the Nahlin fault zone (NFZ) marks the divi-

sion between domains III and IV and the western limit of

oceanic crustal slivers within the Whitehorse Trough;

and the King Salmon thrust (KST), although not unequiv-

ocally isolated within the study area, is important because

of its kinematic linkage with the Llewellyn fault and its

role in terrane amalgamation regionally. Regional fault

geometry is shown in Figure 13-5.

Nahlin Fault

Regionally, the Cache Creek Terrane is bounded to

the west by the Nahlin fault zone which coincides along

much of its length with a belt of alpine ultramafites (Fig-

ure 5-2). The fault extends far beyond the limits of the

map area. To the south, it is particularly conspicuous be-

cause it outlines the southwestern limit of the largest

ultramafite in British Columbia, the Nahlin Ultramafic

body (c.f. Terry, 1977); and to the north, small slivers of

ultramafic crop out along the fault at irregular intervals.

In the Tagish area, the NFZ extends from northern

Torres Channel to north of Sunday Peak. It generally jux-

taposes deformed marine sediments of arc provenance

belonging to the Laberge Group and dismembered oce-

anic rocks of the Atlin or Graham Creek complexes. In

many occurrences oceanic crustal rocks include lenses of

tectonized mantle harzburgites. Outcrop patterns show
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this fault to be a high angle structure, but it probably orig-

inated during Cache Creek Terrane emplacement as a

low angle, west-directed thrust.

In detail, this fault is an anastamosing network of

subparallel strands of varying age that record various

amounts of offset. A structural unit along the western

shore and inland of Torres Channel is coincident with the

mapped trace of the NFZ. It is characterized by a chaotic

mix of fine to medium-grained volcanic wacke and

mudstone with subordinate sheared basalt, localized

zones of black cataclastic rock and lenses of diorite to

ultramafite. Small rootless isoclinal folds and dismem-

bered compositional layering on millimetre to centimetre

scale are overprinted by an outcrop to regional scale pen-

etrative shear fabric.

North of Torres Channel the fault is more complex,

consisting of several strands that occupy valleys on the

mountain above the Channel. The fault can be traced fur-

ther to the northwest as a series of notched ridges on the

north side of Atlin Mountain. North of Atlin Mountain

the fault is obscured by alluvium and passes under Gra-

ham Inlet. The western-most fault strand cuts Laberge

Group strata near Mount Fetterly (Figure GM97-1). It is a
dominantly brittle structure with slickenside striae on

anastomosing shears which indicate that latest motion

was dominantly dextral. Northwest-striking bedding

planes within the fault zone contain moderately east-

plunging slickenside striae with sinistral shear sense on

antithetic shear surfaces, consistent with overall dextral

movement on this fault segment.

Where the fault emerges north of Graham Inlet, the

west-most fault strand is outlined by an elongate body of

tectonized harzburgite. To the west are argillites and

lesser wackes of the Laberge Group, and to the east are

volcaniclastics of the Peninsula Mountain suite. On the

low sloping hillside to the west of Shaker Creek, a de-

formed 50m diameter dacite stock is structurally inter-

leaved with Laberge Group strata and is tectonically

admixed with serpentinized harzburgite tectonite.

Semi-ductile fabrics in the stock display a dip-slip com-

ponent (Photo 6-2); however, the kinematics of this de-

formation zone are uncertain due to lack of a well

developed lineation. If crude quartz lineations on shear

planes are intrafolial quarz veins rodded by non-coaxial

simple shear (Figure 13-6), then the shear zone is domi-

nantly sinistral and bulk strain is minimal, such that

quartz rods have not experienced variable degrees of ro-

tation into parallelism with the maximum instantaneous

stretching axis of the bulk flow. Sinistral motion on this

fault segment is not opposite to that predicted by overall

fault geometry (Figure 13-5), perhaps indicating an anti-

thetic fabric. Farther north, near the southwestern margin

of Peninsula Mountain, faults related to the Nahlin sys-

tem may step farther west. There a chert-wacke unit sur-

rounded by Laberge Group argillite is contorted and

crosscut by several discreet fault zones that trend due

north (000/64, 180/74).

The eastern limit of the NFZ system is difficult to de-

termine. A separate fault strand may follow the north-

Bulletin 105 145

141
o

310 o

no

ob
se

rva
tio

ns
quartz rodding
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within a fault strand of the Nahlin fault. A preexisting schistosity
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into shear bands oriented ~310°. Quartz veins oriented obliquely
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Photo 13-10. A sketch of a photograph showing an ultramafic
block that sits above Laberge Group strata along the Atlin Moun-
tain fault, a reactivation plane rooting in the Nahlin Fault zone (cf.
Bloodgood and Bellefontaine, 1989). View is to the south.



trending eastern end of Graham Inlet, but it is totally ob-

scured by alluvium and the inlet. For the most part the

fault is obscured because it occupies topographic depres-

sions that are infilled by surficial deposits.

Age and Interpretation

Motion on the NFZ is likely not restricted to a single

time interval; more likely, various segments were active

at different times. Latest motion predates intrusion of the

Birch Mountain stock on Teresa Island (Figure TC-1)

which clearly cuts across the main fault trace and has re-

turned a K-Ar date of about 50Ma (Bultman, 1979; Table

AA5). Latest motion on the westernmost fault strand be-

tween Atlin Mountain and Mount Fetterly postdates de-

position of the Sloko Group (c. 55Ma) because Sloko

Group volcanics are juxtaposed across the fault with

folded Laberge Group rocks. A similar relationship was

noted by Bultman (1979), but he was not able to deter-

mine whether the contact is a fault or a product of deposi-

tion at a fault scarp. The relationship was also recorded by

Aitken (1959) who mapped the NFZ near Pike Bay

(southeast of the map area) as forming the contact be-

tween Cache Creek and Sloko Group strata.

Latest motion on the easternmost fault strand has

emplaced an ultramafic block above Laberge Group

strata within the fault zone (Photo 13-10; too small to rep-

resent on Figure GM97-1). The fault responsible for this

juxtaposition has been called the Atlin Mountain fault by

Bloodgood and Bellefontaine (1990) as it transects the

flank of Atlin Mountain a few kilometres west of the

peak. Motion on the Atlin Mountain fault has probably

been accommodated through reactivation of a coexten-

sive portion of the older NFZ, into which it apparently

roots. Atlin Mountain pluton appears to be crosscut on its

western side by the Atlin Mountain fault; however,

apophyses of the intrusion extend into Laberge strata on

the western side of the fault (Bloodgood and Belle-

fontaine, 1990) indicating that the intrusion was localized

along the fault, and not displaced by it. Foliated chert and

basalt adjacent to the fault zone are cut by undeformed

granitic dikes believed to emanate from the Atlin Moun-

tain pluton, indicating that motion on this part of the Atlin

Mountain fault predates emplacement of the pluton, and

that intrusion of the Atlin Mountain pluton is probably

not synkinematic. Although the Atlin Mountain pluton

age is not known, a two-point Rb-Sr isochron suggests

that it is comagmatic with the Late Cretaceous Windy-

Table volcanics (Mihalynuk et al., 1992a, Chapter 13).

In southernmost Yukon, the NFZ has most recently

been mapped by Hart and Pelletier (1989a). There it var-

ies from a single strand of protomylonite and argillaceous

gouge to a zone of imbricate thrusts involving rocks of

both the Intermontane Belt and the Cache Creek terrane.

It dips northeast (65°) and is thought to have accommo-

dated westward thrusting of the Cache Creek terrane over

the Whitehorse Trough. Latest motion is constrained by

the 88 Ma Montana Mountain complex which is involved

in thrusting, and the 64 Ma Carcross pluton which cross-

cuts the thrusts (Hart and Pelletier, 1989a).

Information needed to unravel the early history of the

NFZ is lacking. To what extent the NFZ in the map area

was involved in Cache Creek terrane emplacement is un-

certain. Our present level of understanding does not per-

mit unambiguous separation of structures that led to

offscraping and accumulation of the Atlin complex at a

convergent plate margin, such as faulting related to

underplating of sediments and growth of the Atlin

accretionary complex, from those related to terrane em-

placement, such as the Nahlin fault. Bloodgood and

Bellefontaine (1990) suggest that deformation related to

the NFZ affected a zone 5 kilometres wide along the west-

ern margin of the Cache Creek terrane in the Pike Bay

area (southeast of the map area). Similarly, near Tele-

graph Bay, lensoid stratigraphic domains tens of metres

to a kilometre or more in length, are structurally juxta-

posed across sheared boundaries that parallel, but are up

to 15 kilometres east of the mapped trace of the NFZ

(Mihalynuk and Mountjoy, 1990; Mihalynuk et al.,

1991). All of these structures are cut by the Middle Juras-

sic Fourth of July batholith and, if related to the NFZ, re-

flect pre -172 Ma motion that clearly predates the oldest

motion determined in southernmost Yukon (Hart and

Pelletier, 1989).

Much further southeast, the northern Bowser Basin

probably records foredeep development in response to

loading by the Cache Creek Terrane as it was emplaced

along southwest-verging faults, principally the King

Salmon and Nahlin faults (Ricketts and Evenchick,

1991). Oldest foredeep strata may be of latest Early Juras-

sic age (Late Toarcian). Although the influx of Cache

Creek-derived chert pebble conglomerate into the Bow-

ser Basin was delayed until the Bathonian (Ricketts and

Evenchick, 1991), similar conglomerate was deposited in

the Whitehorse Trough by Aalenian time (Mihalynuk et

al., 1995a; Tulsequah map area). Early to Middle Jurassic

radiolarians identified in Cache Creek cherts in southern

British Columbia (Cordey et al., 1987) and recently rec-

ognized within cobbles from Bowser Basin conglomerate

(Lower Jurassic, Cordey, personal communication,

1991) provide tight constraints on the timing of Cache

Creek uplift and perhaps major motion on the NFZ.

Faulting to produce these earlier structures must be

pre-to Early Middle Jurassic, in agreement with the age

constraints of Gabrielse (1985) and Ricketts and

Evenchick (1991). In the map area, the NFZ parallels the

northwest structural grain of the Cordillera; whereas, in

the Dease Lake area, it trends more easterly and is a

south-southwest-verging thrust. This geometry necessi-

tates predominantly dextral transcurrent motion on the

Atlin portion of the Nahlin (Figure 13-5). Near vertical

fabrics and limited but mainly dextral kinematic indica-

tors within the NFZ zone (Mihalynuk and Mountjoy,
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1990; Bloodgood and Bellefontaine, 1990) support this

model.

Llewellyn Fault zone

Earliest references to the Llewellyn fault (LFZ) are

by Bultman (1979) who recognized it as a system of

northwest-striking, steeply northeast-dipping to vertical

strands. In many respects the character of the LFZ is simi-

lar to that of the subparallel NFZ to the east. Like the

Nahlin, it forms the present boundary between two ter-

ranes within the map area, but deformation related to it

may not be confined to this boundary. As with the Nahlin,

it records a protracted deformational history. Further-

more, a possible linkage with the southwest-verging

King Salmon thrust (KST) yields a strike-slip to thrust

transition just like that of the Nahlin (Figure 13-5).

Along much of its trace the LFZ marks the contact

between Mesozoic Whitehorse Trough strata on the east

and Florence or Boundary Ranges metamorphic rocks on

the west. In British Columbia, the LFZ is locally a dis-

creet, near vertical structure only a few tens of metres

across. Lithologies within the fault zone are commonly

silicified, sericitized, argillically altered, and perva-

sively cleaved; locally protomylonite and orthomylonite

textures are preserved (sensu Wise et al., 1984; Photo

13-11a, b). More commonly, LFZ is one to three kilo-

metres across and comprised of numerous elongate

lenses of various, nearly vertical lithologies. These may

represent strike-slip duplexes (Figure GM97-1, cross-

sections F-F’ and G-G’), but their exact nature is not well

known due to the generally recessive nature of the faulted

zone. The most obvious southern continuation of the LFZ

proper has been mapped in the Tulsequah area by Nelson

and Payne (1984) and Mihalynuk et al. (1994a,b, 1995a,

b; Figure 1-1). There it marks the boundary between a Pa-

leozoic volcano-sedimentary arc succession (Stikine

‘basement’) and metamorphic rocks of the Nisling as-

semblage. Where the fault crosses the British Columbia -

Alaska border it is plugged by a granodioritic pluton be-

longing to a belt of 45-55 Ma intrusives (Brew, 1988).

The age and magnitude of oldest motion on this segment

of the THFZ-LFZ system is not known, however, the

presence of Upper Triassic (Stuhini Group) conglomer-

ates containing a large proportion of metamorphic clasts

(J.L. Nelson, pers. comm. 1990; Souther, 1971), points to

a tectonic history similar to that of the LFZ to the north.

Between Tulsequah and the southern limit of the map

area, the Llewellyn fault may merge with the King

Salmon fault as shown on many small-scale compilation

maps (e.g. Wheeler and McFeely, 1991) and as indicated

by zones of strong foliation in Stuhini Group strata

(Mihalynuk, 1990, unpublished data; Wilton, 1971;

Bultman, 1979).

Near the British Columbia-Yukon border the LFZ

merges with a 1 to 4 km wide steep southwest dipping,

northwest-trending ductile deformation zone known as
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Photo 13-11. Photomicrograph of deformed granodiorite along
the Llewellyn Fault zone near the Klondike Highway. The top
photo is of protomylonite in which grain-size reduction by crys-
tal-plastic strain resulted in a high proportion of porphyroclasts
within a fine grained matrix. The bottom photomicrograph is of an
adjacent sample of mylonite. Lenticular porphyroclasts of
polygonized quartz and feldspar are subordinate to fine-grained,
comminuted matrix.



the Tally Ho Shear zone (THSZ; Hart and Radloff, 1990).

The THSZ is exposed for 45 kilometres before it disap-

pears beneath a cover of Mio-Pliocene basalt at its north-

ern end (Doherty and Hart, 1988; Hart and Pelletier,

1989a). A discreet zone of anastomosing brittle faults lo-

calized on the eastern margin of the THSZ, is attributed to

the LFZ by Yukon workers.

Ductile deformation fabrics are commonly devel-

oped along the LFZ in British Columbia, but no continu-

ous mappable ductile zone like the THSZ is recognized.

However, similar ductile fabrics are superimposed on the

moderate to steeply-dipping foliation within the Bound-

ary Ranges metamorphic suite (as is well displayed be-

tween Tutshi and Skelly Lakes). Perhaps the THSZ is a

northern extension of the Boundary Ranges metamorphic

suite and deformation fabrics are genetically related (see

Chapter 3).

Age of faulting

Evidence points to motion on the LFZ at various

crustal levels over a protracted time interval. In the

Tagish area, ductile fabrics are largely overprinted by

cospatial brittle fabrics, although in the Yukon, these fab-

rics can be mapped separately as: (1) the steep south-

west-dipping, ductile Tally Ho shear zone (THSZ) and,

(2) the dominantly brittle, Yukon portion of the LFZ

which is localized along the eastern margin of the THSZ.

Obviously, a clear picture of the proto-LFZ-THSZ

has yet to be developed, but this fault system appears to

mark a fundamental tectonic boundary that has been in-

termittently active at least since the earliest Late Triassic

(pre-220Ma). Motion may be recorded by the conglomer-

ate deposited unconformably atop the Willison pluton be-

tween 217Ma (the age of the Bennett - Willison bodies,

Table AA5) and late Norian (c. 209Ma is the minimum

age), assuming that erosion was in part due to west-side-

up motion on the fault. Perhaps the clearest indication is

provided by regional changes in stratigraphic thicknesses

across the fault. Strata of the Whitehorse Trough occur on

both sides of the THSZ-LFZ, but they are much thicker

immediately east of the fault zone (Figures 8-2 and 9-2)

indicating significant west-side-up motion on the fault

system perhaps as early as Late Triassic to Early Jurassic

times. Gross stratigraphic facies suggest that Late Trias-

sic motion along the Tally Ho shear zone-LFZ created the

western margin of the Whitehorse Trough, uplifted the

Nisling Assemblage, and controlled consequent deposi-

tion of widespread Stuhini Group conglomerate that lo-

cally contains abundant metamorphic clasts of the

Nisling assemblage. Evidence of synsedimentary defor-

mation is common throughout the Lower Jurassic sedi-

mentary succession and is attributed to episodic motion

on the LFZ.

Ductile fabrics are well displayed at Willison Bay in

the c. 217 Ma Willison Bay pluton and the leucogabbro

which it intrudes. Fabrics are intense adjacent to the fault,

where the leucogabbro has been reduced to chlorite

schist, and persist a kilometre or more from the fault,

where a foliation is still apparent. Such relationships sug-

gest that a large component of strain along the LFZ is co-

eval with early emplacement of the Late Triassic

intrusive suite, and congruent with earliest motion on the

Tally Ho Shear Zone in the Yukon. A very weak to mod-

erate foliation developed in both the Bennett and

Willison bodies could also be emplacement-related, but

grain size reduction of and development of authigenic

minerals within the foliation suggest a synkinematic ori-

gin for this fabric (Photo 12-6).

Elongate, strongly foliated biotite granodiorite

lenses with well developed cataclastic fabrics (Photo

13-11a, b) occur along the LFZ. They are interpreted to be

synkinematic with ductile motion on the LFZ, but

cataclastic fabrics are probably formed during late move-

ment on the fault. Brittle textures with dextral offset lo-

cally overprint ductile fabrics in the LFZ zone. The

transition between dominantly brittle and dominantly

ductile deformation was probably diachronous, occur-

ring mainly in the Early Cretaceous, but probably extend-

ing from Middle Jurassic to Late Cretaceous. A strongly

sericitized lens of the Willison Bay pluton crops out at the

Brown occurrence near the mouth of the Wann River. A

K-Ar age from this lens yielded an age of 132 ± 5 Ma, in-

dicating that hydrothermal alteration ceased and/or the

rocks were cooled along this strand of the LFZ by the

Early Cretaceous. If there is a kinematic linkage between

the LFZ and fabrics within the adjacent Hale Mountain

granodiorite, then the change from ductile, sinistral

dip-slip motion to dominantly brittle, dextral movement

can be constrained by the 178.8 Ma age of a pegmatite

dike (Tables AA1, AA2) that cuts the ductile fabric and

intrudes along pervasive brittle faults that cut the Hale

Mountain granodiorite.

Observed drag folds northeast of a LFZ strand indi-

cate right-lateral, oblique-west-side-up normal fault

movement (Bultman, 1979). Most other brittle structures

associated with the LFZ are ambiguous because of a lack

of mineral lineation development within them. Further-

more, distinguishing between synthetic and antithetic

structures can become a problem of scale, thus it is impor-

tant to look at for large scale indicators of motion sense

which are less prone to ambiguities.

Youngest brittle deformation must have extended at

least into the Early Eocene as indicated by the juxtaposi-

tion of Eocene Sloko Group volcanic rocks with Stuhini

Group rocks across the fault in Hoboe Creek (Werner,

1978; unpublished mapping in 104M/). However, Eocene

motion must be mainly dip-slip with only minor trans-

lational motion since a granite body which is part of a

Late Cretaceous suite (c. 76 to 92 Ma; Bultman, 1979) in

northwest 104M/15, plugs one of the major fault strands

and shows little significant offset. About 20 kilometres to

the south, lithologically similar granitoids returned a

U-Pb zircon age of 72 Ma (Barker et al., 1986).
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In the Yukon, the Tally Ho shear zone displays an

early ductile fabric with sinistral shear sense that is of

probable Late Triassic age (cf. discussion by Hart and

Radloff, 1990). Mafic volcanic and volcaniclastic rocks,

augite porphyry, gabbro, marble and ultramafite of the

Upper Triassic Lewes River Group (equivalent to the

Stuhini Group in British Columbia) were penetratively

mylonitized and metamorphosed to upper greenschist fa-

cies within the Tally Ho shear zone in Early Jurassic time

based upon the late-synkinematic relations of the cross-

cutting c. 177 Ma Bennett pluton. Structural and kine-

matic studies of this pre to syn c. 177 Ma fabric

demonstrate an early component of sinistral displace-

ment (Radloff et al. 1990; Hart and Radloff, 1990 and

Hansen et al., 1990). Likewise, a c.115 Ma K-Ar (horn-

blende) age from a foliated gabbro in the Tally Ho shear

zone indicates that the ductile portion of the fault zone

cooled through the closure temperature of around 685 ±

53ºC (Berger and York, 1981) in the Early Cretaceous.

Amount of Offset

In the Yukon, youngest motion on the main trace of

LFZ is constrained by a granite plug, the Pennington

pluton dated at 55 Ma (Hart, 1995; Table AA5). Numer-

ous shear bands and brittle fracture zones subparallel to

the LFZ cut plutons of this suite and may be attributed to

relatively minor late motion on the fault system. This lat-

est deformation affects rocks as young as 78 Ma with up

to 10 km of displacement, and may disrupt dikes as young

as 65 Ma which have 1 to 2 km of cumulative offset (U-Pb

and K-Ar dates respectively; Hart and Radloff 1990)

Offsets older than Cretaceous are less clear, but units

that might be offset across the fault since the Late Trias-

sic include parts of both the Aishihik batholith and the

Willison Bay pluton. Mississippian and older units that

may have offset equivalents include the Bighorn

orthogneiss and the quartz-rich strata in which it is en-

closed.

One possible location of the northern extension of

the Tally-Ho shear zone is near the foliated western mar-

gin of the Aishihik batholith (e.g. Tempelman-Kluit pers.

comm., 1992 in Johnston, 1993). This idea is intriguing

because possible offset portions of the Aishihik batholith

and enclosing strata exist in the Tagish Lake area where

they are bounded to the east by the LFZ zone. In particu-

lar, the Hale Mountain granodiorite is coeval with,

lithologically and chemically similar to, and displays

top-to-the southwest ductile fabrics like the Aishihik

batholith. Boundary Ranges schists, including the Mis-

sissippian Bighorn orthogneiss, envelope the Hale

Mountain body on its northern margin and, according to

Currie (1994) it is structurally overlain by quartz-rich

Nisling Assemblage rocks across the Wann River shear

zone to the southwest. Similar units are in contact with

the northern and western Aishihik batholith. If these

units were originally contiguous, a sinistral offset of ap-

proximately 280 kilometres is indicated. Sinistral offset

is consistent with early ductile fabrics within the THSZ -

LFZ system. The location of such a fault is, however,

problematic. Johnston (1993) interprets the strong fabric

developed on the western margin of the Aishihik bath-

olith to be a product of diapiric inflation, not a regional

shear zone. Thus, the actual trace of the Tally-Ho shear

zone may be farther to the west where it is obscured by

younger Coast Belt plutonism, or it may disappear as

strain is distributed across a broad zone. Concerted map-

ping efforts will be required to trace the Tally-Ho shear

zone northward.

The Willison Bay pluton (Chapter 12) and the coarse

pyroxene and hornblende gabbros that it crosscuts form a

distinctive magmatic pair east of the LFZ on the southern

margin of the map area. Remnants of these intrusives and

possible offset portions can be found within or adjacent

to the LFZ as far north as Tutshi Lake, where they occur

within and west of the fault zone and are denoted Mgd on

Figure GM97-1. However, some Mgd occurrences are

clearly unlike the Willison Bay body, age constraints are

poor, and cross-cutting relations with gabbros are lack-

ing. If these bodies are parts of a formerly more local

body or series of bodies, then dextral offset on the order

of 70 to 90km is indicated. Such motion is not necessarily

inconsistent with that which might be indicated by the
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Photo 13-12. (a) Sinwa Formation limestone in the hangingwall
of the King Salmon thrust at Sinwa Mountain Tulsequah map area
viewed towards the southeast. (b) A closer view of locality indi-
cated by the arrow in (a) of the structurally lowest southern expo-
sures (view to the north) shows that they are strongly imbricated.
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Aishihik body (280 km sinistral), but would require that

the Willison Bay pluton segment west of the LFZ be

translated 350 kilometres in a dextral sense (for which

structural textural evidence is lacking) followed by 280

kilometres in a sinistral sense. Furthermore, the likeli-

hood of significant young, brittle, dextral offset on the

LFZ necessitates that these offset are minimum esti-

mates. Detailed field studies across the British Columbia

- Yukon border will be required to validate the displace-

ment history. Kinematic linkage with the King Salmon

thrust, if it can be proven, will also provide constraints on

the amount of Middle Jurassic offset. Field based studies

in the rugged terrain between southern Atlin lake and the

Taku River will be required to test for kinematic linkage.

King Salmon Fault

Where well described in the Cry and Dease Lakes ar-

eas, the King Salmon fault is a moderately north to north-

east-dipping structural discontinuity (Thorstad and

Gabrielse, 1986) that carries relatively deep water Inklin

strata over conglomeratic Takwahoni strata along much

of its length. Its hangingwall is characterized by a zone of

pervasively cleaved to schistose volcanic and sedimen-

tary strata several kilometres wide in which strong

down-dip stretching lineations are developed near the

sole of the thrust. Nowhere within the Tagish map area is a

structure having characteristics like the KSF recorded

within Mesozoic strata, although high angle zones of duc-

tile deformation within the LFZ are similar. Nevertheless,

Bultman (1979) proposed that the King Salmon fault car-

ried the belt of “Sinwa” carbonates from the southern tip

of Atlin Lake to north of Tutshi Lake. Bultman cites sev-

eral lines of evidence in support of this interpretation, but

acknowledges possible alternative explanations, particu-

larly along the southern shore of Atlin Lake where a “tec-

tonic melange” may, in fact, be a conglomerate or debris

flow deposit.

Stratigraphic relationships recorded as part of this

study indicate that, although disrupted, the contact be-

tween Late Norian carbonate (“Sinwa” Formation in

Bultman, 1979) and overlying strata is at least locally

conformable, for example, near the Klondike Highway.

Carbonate content of underlying strata increases towards

the Sinwa Formation along both Willison Bay and north-

ern Tutshi Lake. The Sinwa Formation appears to be the

locus of deformation because strain has been partitioned

as a result of the competency contrast between underly-

ing, massive volcanic units and overlying shales of the

Laberge Group. Thus, shearing has definitely occurred,

but it is not like the strong foliation developed in

hangingwall strata several kilometres above the King

Salmon thrust near Dease, nor a severely imbricated zone

such as occurs at Sinwa Mountain (Photo 13-12). Cer-

tainly, no structure with the characteristics or magnitude

of the KSF, has affected this part of the stratigraphy in the

Tagish area.

It is possible, however, that the KSF extension into

the Tagish Lake area would bear little resemblance to its

Dease Lake counterpart. Just south of Willison Bay the

KSF may merge with the LFZ (Figure 13-5), as is implied

on various-scale compilation maps (e.g. Tipper et al.,

1981; Wheeler and McFeeley, 1991). Because of the

northward arcing geometry of the fault, the top to the

south-southwest motion vector recognized near Dease

Lake would become largely translational near Tagish

Lake. If KSF motion fed into the LFZ a large part of the

late dextral motion displayed by the LFZ in the Tagish

area could be kinematically linked to the KSF. In this sce-

nario, the LFZ would form the dextral strike-slip segment

of a classical transpressional fault system. However, ear-

liest dextral motion on the LFZ appears to predate the

early Toarcian to middle Bajocian age (Lower to Middle

Jurassic; Thorstad and Gabrielse, 1986) of the main

south-southeast directed KSF thrusting. Thus, lateral mo-

tion along the northern continuation of the KSF was prob-
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Photo 13-13. Light-weathering Sinwa Formation north of Tutshi
Lake is cut by numerous high angle, northeast-trending faults (out-
lined) that result in offset up to tens of metres. Such faults are too
small to show on Figure GM97-1. The clearing at the centre
right-hand edge of the photo is the Venus mill site.



ably accommodated by offset on a pre-existing LFZ.

Bultman (1979) reached the same conclusion with re-

spect to relative timing of motion on these faults. He

noted that motion on the LFZ appears in part to predate

motion on the KSF as a splay from the “SW Boundary

Fault” appears to terminate against the KSF on southwest

Copper Island.

If the KSF does merge with the LFZ, then displace-

ment on the Tulsequah component of the LFZ south of the

area of KSF-LFZ convergence, should be less than that

on the THSZ-LFZ to the north. The magnitude of this dif-

ference should correspond directly to the cumulative

amount of overthrusting on the KSF and related struc-

tures. Unfortunately, we have yet to recognize reliable in-

dicators of the absolute amount of thrust displacement on

the KSF.

Young, northeast-trending faults

Northeast-trending faults are abundant, although

most have offsets that are too small to be displayed on

Figure GM97-1. Typically, they are vertical or nearly so,

and display sinistral offsets of tens of metres or less. A

few of these high-angle faults with kilometre-scale offset

are shown on Figure GM97-1: the south end of Tutshi

Lake; south of Moon Lake, the western end of Racine

Lake, and at Golden Gate (the junction of Graham Inlet

and Taku Arm). Where the small faults cut distinctive

units, such as the Sinwa Formation north of Tutshi Lake

(Photo 13-13) and south of Torres Channel, they have a

spacing of 400 to 500 metres (cf. Mihalynuk et al., 1996)

and display mainly sinistral, but also dextral apparent

sense of motion.

The amount and sense of offset on these faults is not

easily determined within the map area. Distinctive

marker units are lacking, faults may be localized and ob-

scured at facies changes, and surface exposures are rare

so the mineral lineation information required to establish

sense of offset is lacking. In fact, only the Golden Gate

fault was seen at surface. It is a 3 metre wide zone of sil-

ica-cemented argillite breccia. Cockscomb silica en-

crusts angular, silicified and argillically-altered

fragments with several percent open space preserved.

Slickensides are generally subhorizontal, with no consis-

tent sense of motion. However, motion on both this and

Moon Lake fault may be determined from the facies dis-

tribution and available age data. These suggest domi-

nantly scissors-like motion with offset decreasing to the

northeast. Rocks immediately north of the west Graham

Inlet fault are cut by centimetre-scale dextral faults that

trend 150
o
, possibly antithetic to the Golden Gate fault. If

kinematic linkage can be demonstrated, then a sinistral

component on the main fault is indicated.

Motion on the northeast-trending Racine Lake fault

is interpreted to postdate that on the LFZ. Sense of mo-

tion can be determined from map patterns as south side

up. Similarly, just outside of the map area (104M/16SW;

Mihalynuk et al., 1996) the Racine pluton appears to

have been offset in an oblique dip-slip sense with the

south side moving up to the east.

North-northeast to east-trending faults also cut

Stuhini Group rocks north of The Cathedral, Windy Table

volcanics between Table and Taku Mountains, and Sloko

Group strata at Engineer Mountain. They may be reacti-

vated syndepositional faults. Coarse breccias and rapid

facies changes along these faults probably represent fault

scarp talus intermixed with locally derived volcano-

sedimentary rocks.

Deep Structure

Hypothetical crustal cross section

Speculations on crustal scale structural geometry are

humbling. Existing geological mapping can help to con-

strain crustal sections only to a depth of about 5km. Lack-

ing in the region are gravity, magnetic and teleseismic

studies which could provide direct clues about crustal

thickness and composition. However, speculations can

be guided by what is known about the geological history,

and by analogy with other well studied parts of the globe

which might approximate paleogeographic “snapshots”

in the history of the study area. Crustal cross sections are

useful tools for outlining deficiencies in the geological

knowledge base, as a platform for discussion, and as cap-

sules of geological fact and interpretation on which to

build. They are also useful for guiding mineral explora-

tion, especially with the trend to increasingly more so-

ph i s t i ca ted app l i ca t ion of p la t e t ec ton ics and

far-travelled endogenous indicator elements in the search

for mineralizing systems.

Figure 13-7 is a hypothetical crustal section extend-

ing from the plutonic margin of the Coast Plutonic com-

plex to the Teslin Fault at Teslin Lake. This extends far

beyond the limits of the Tagish map area, but provides a

much more complete picture of possible terrane relation-

ships. No specific cross section line has been followed,

instead, the areas providing the best control and display-

ing important structural relationships or characteristic

structural styles have been incorporated as shown by the

inset and discussed following.

West of the Llewellyn Fault zone

Data constraining the segment of Figure 13-7 be-

tween the Coast Plutonic complex and the LFZ are de-

rived from near the southern end of Tagish Lake.

Contacts between the Boundary Ranges suite (deformed

Stikine Assemblage) and Florence Ranges suite (Nisling

Assemblage) are shown as a low angle fault, but this fault
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is not necessarily a terrane contact. Indeed, geological re-

lationships to both the north (Aishihik Lake; Johnston,

1993) and south (Tulsequah; Mihalynuk et al., 1994a and

unpublished) favour an interpretation in which discon-

tinuous crustal fragments of Nisling Assemblage locally

form the basement to Stikine Assemblage (see also argu-

ments in Chapters 3 and 15). In the Tulsequah map area, a

strong case can be made that rocks of the Stikine Assem-

blage are protoliths for the Boundary Ranges metamor-

phic suite because the structural transition can be walked

out along strike (Mihalynuk et al., 1994b, 1995b) and

protolith ages are similar (Currie, 1994).

Top-to-the-southwest kinematic indicators in the

Early Jurassic metaplutonic rocks of the Aishihik suite,

and peak metamorphic ages of around 177.5 Ma (Currie,

1994) point to crustal thickening as a product of south-

west-vergent thrusting in the Early to Middle Jurassic.

However, a west to east change in fold vergences in the

Florence Ranges and Boundary Ranges metamorphic

suites may indicate the presence of a large-scale fold,

perhaps a nappe structure. Similarly, infolding of the

Wann River gneiss and Florence Range rocks on White

Moose Mountain might be parasitic folds within the core

region of such a nappe. Indeed, it is difficult to reconcile

varying contact relationships from north and south of

southern Tagish Lake without invoking some repetition

of the metamorphic section by thrusting, or by folding in

the core of a nappe. Thrusting would probably have pro-

duced more tectonic mixing than is observed and would

not explain the apparent change in fold vergences. The

nappe hypothesis is more consistent with the geology as

it is presently understood, but it is difficult to test because

younger intrusions of the Coast Belt obscure contact rela-

tionships where Florence Range rocks should be envel-

oped to the west by Boundary Ranges rocks. However,

the nappe hypothesis is strengthened by the existence of

Boundary Ranges suite rocks west of Florence Range

rocks (Currie, 1994; Mihalynuk et al., 1996) and the pos-

sibility that upper crustal portions of the “nappe” are rep-

resented by Stuhini Group strata at the same latitude in

nearby Alaska (Brew et al., 1994) . Arguments can be

made against direct comparisons with the Alaskan rocks

because of the possibility of intervening, large scale

faults, now obscured by late plutonism (e.g. Currie and

Parrish, 1994), but no such structures have been mapped

directly. As a result, this simple nappe hypothesis is in-

corporated in the crustal cross section which implies that

the Florence Range rocks originated as a crustal fragment

beneath the Stikinian arc complex prior to south-

west-directed thrust emplacement.

Unequivocal evidence that Stuhini Group arc strata

were deposited atop the Boundary Ranges suite is lack-

ing. Augite porphyry of unit uTS west of Tutshi Lake and

north of Paddy Pass is shown to be deposited unconform-

ably on chlorite-muscovite schist of the Boundary

Ranges (Figure GM97-1), but the unit is undated and

nearly identical augite porphyry occurs within the

Stikine Assemblage along the Tulsequah River

Mihalynuk et al., (1994a). However, both Logan et al.

(1994) and Brown et al. (1996) show that Early to Late

Triassic strata, including the Stuhini Group, rest with an-

gular discordance atop deformed Stikine Assemblage

rocks in the Galore Creek and Telegraph Creek areas to

the south, and, as argued in Chapter 3, Stikine Assem-

blage is the most likely protolith for the Boundary

Ranges metamorphic suite.

Llewellyn Fault zone to Nahlin Fault

To a large extent, the distribution of Laberge Group

strata outlines the Whitehorse Trough. In the Tagish area,

it is mainly located between the Llewellyn and Nahlin

fault zones. It is thickened by widespread, open to close,

west-verging folds and thrust faults that are more numer-

ous than could be shown in Figure GM97-1.

Considerable thickening within the Whitehorse

Trough is indicated by the regional development of

authigenic epidote and albite. Cretaceous and Tertiary in-

trusions that intrude and flank the trough could also have

contributed to an elevated geothermal gradient and the

development of epidote-albite facies metamorphism, al-

though fission track analyses from the Whitehorse

Trough do not support this interpretation. They indicate

that the rocks cooled through 200°C between 133±7 and

84.4±10.9 Ma (Donelick and Dickie, 1991), prior to most

plutonism within the trough. If the Whitehorse Trough

was shortened by more than 50 percent as suggested

above, then structural thicknesses would have been in ex-

cess of 6 kilometres, and perhaps as much as 12 kilo-

metres, equivalent to 2 to 3 kilobars. At 2 kilobars epidote

(clinozoisite) may form by the reactions: 2laumontite +

prehnite = 2clinozoisite + 5quartz + 8H2O or magnesian

pumpellyite + quartz = clinozoisite + chlorite + prehnite

+ H2O at 240°C and 250°C respectively (Mihalynuk and

Ghent, 1997). These P-T conditions may have been at-

tained with a geologically reasonable geotherm of 25°C

and thicknesses of 6 kilometres or more, consistent with

the structural thickness estimated here.

Nahlin Fault to Teslin Fault

Structural geometry between the Nahlin and Teslin

faults is constrained largely by projections of cross sec-

tion and surface data from Monger (1975), Ash (1994)

and Aitken (1959). Very little data from the Tagish map

area is used in this segment of the cross section, but this

part of the cross section is needed to constrain terrane in-

teractions and processes that helped to shape the geology

of the Tagish area.

The cross section relies on the fundamental interpre-

tation that the accretionary complex is restricted to the re-

gion of Atlin Lake, and that Cache Creek terrane

lithologies along the remainder of the section can be
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treated as relatively coherent, albeit disrupted, stratigra-

phy. Thicknesses of major units are probably much more

variable than shown, for example, Monger (1975) argues

that relict fault scarps on the flanks of ocean islands can

be identified.

Interleaving of Laberge Group strata with a dismem-

bered and condensed ophiolitic succession at Graham

Creek suggests that the Whitehorse Trough was depos-

ited on MORB-like crust, and that the entire thickness of

Laberge Trough strata was involved in thrusting. Fabrics

within the ophiolitic succession mainly dip eastward,

probably a reflection of the original fault geometry. This

relationship raises several questions. For example, is the

oceanic crustal package sandwiched between Laberge

Group strata west of Graham Creek a sliver of Cache

Creek MORB? Cache Creek basalts display signatures of

either MORB or ocean island parentage (C.H. Ash, per-

sonal communication, 1997). Thus, they are unlike the

basalts of most alpine ophiolitic successions, which dis-

play a supra-subduction zone signature. Although both

the Cache Creek and Graham Creek ophiolitic assem-

blages display the same relatively unusual MORB parent-

age, they are of different apparent ages. Graham Creek

pillow basalts are apparently conformably overlain by a

Middle Triassic interbedded chert and wacke succession,

lithologically similar to rocks elsewhere in the Cache

Creek terrane, but younger than the expected age of most

Cache Creek basalt. If Graham Creek basalts originated

in the Panthalassic ocean basin, relicts of which are pre-

served in the Cache Creek terrane, then they should be

Permian to Early Mississippian in age. If this oceanic

crust formed during rifting of the ancestral north Ameri-

can margin, and was later built upon by Stikine assem-

blage and Stuhini arc successions, then it could be

Eocambrian to Devonian in age. One explanation of the

Triassic age is that these rocks are a coherent landward

portion of an outer arc ridge (accretionary prism) as

shown in the cross section. Laberge strata east of the fron-

tal Nahlin thrust may have been deposited unconform-

ably atop exposed thrust sheets that comprised the outer

arc ridge or were offscraped in the inner trench. Reflected

turbidites (recording landward as opposed to basinward

paleoflow directions) reported by Johansson (1994) are

consistent with a paleotopographic high, such as an outer

arc ridge, east of the Whitehorse Trough axis. Future ef-

forts should be directed towards isotopic age dating of

ophiolitic basalt assemblages in order to test the associa-

tions suggested here.

What was the eruptive setting of the Peninsula

Mountain volcanics? Are they a forearc succession of

tholeiitic rhyolite to basalt like that seen in the French

Range Formation (e.g. Mihalynuk and Cordey, 1997)?

This is the interpretation presented in the cross section.

Peninsula Mountain rocks are carried in a thrust sheet be-

tween rocks of accretionary complex origin. Isotopic age

dating is required to more accurately delineate the limits

of Peninsula Mountain volcanics and distinguish them

from the overlying Windy-Table suite volcanics.

What are the subsurface extents of the Nahlin ultra-

mafic body? It is shown in the cross section to extend

down dip a distance equivalent to its map extent. Gravity

surveys and modeling will be required to test this assump-

tion.

Is the reversal of structural vergence across the

Cache Creek terrane real? If so, what causes it? Could it

be due to structural repetition of the Horsefeed limestone

at depth, or due to local backthrusting? Does it bear on the

interrelationship of the Cache Creek Terrane and the Big

Salmon Complex east of Teslin Lake? Treatment of this

problem is outside the scope of this report; however, lim-

ited data supports the hypothesis that both mechanisms

aided structural vergence reversal. Horsefeed carbonate

east of Windy arm in the Yukon is repeated in a stack of

west-verging thrust sheets (Monger, 1975), and this

deformational style may be typical of the unit. East-

verging thrusts (back thrusts?) along the western shore of

Teslin Lake may place Kedahda chert and argillite struc-

turally above west-dipping wackes that are identical to

Laberge Group wackes (Mihalynuk, unpublished map-

ping, 1996). It is clearly apparent that much more map-

ping needs to be done within most parts of the northern

Cache Creek terrane in order to advance the understand-

ing of this complexly deformed piece of crust.

East of Teslin Fault (Teslin Lake)

Paleomagnetic data from Northern British Columbia

and the Yukon Territory consistently indicate northward

displacements of rocks outboard of the Teslin Fault zone

by approximately 1200 to 1900 kilometres since

mid-Cretaceous times (Johnston, et al., 1996; Harris et

al., 1997 and references therein). Because of geological

constraints, the Teslin fault is the most likely structure to

have accommodated motion of this magnitude. The

paleomagnetic data are difficult to support geologically,

but if correct, there may be offset fragments the northern

Cache Creek terrane near the latitude of Kamloops (or

farther south).

Contacts between the Big Salmon Complex and the

Cache Creek terrane across the Teslin Fault have not been

observed. Paleomagnetically indicated offsets of 1000 to

2000 kilometres since the Cretaceous (e.g. Johnston et

al., 1996) imply that deformation within the Big Salmon

complex might have little in common with deformation

in the northern Cache Creek terrane. However, only a

moderate metamorphic and structural discontinuity is ap-

parent across the Teslin fault (beneath Teslin Lake).

Cache Creek terrane rocks west of the lake consist of

weakly foliated prehnite-pumpellyite grade chert, and

minor limestone and mafic volcanics. Big Salmon Com-

plex rocks east of the lake are foliated greenschist grade

basaltic tuff and tuffaceous sediment. Both metamorphic
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grade and degree of fabric development increase east-

ward in the Big Salmon Complex where amphibolite

grade is attained (Mihalynuk et al., 1998, deKeijzer, et

al., 1997, 1998). Fold vergence is also consistent from

one side of Teslin Lake to the other. Fold vergence in

n o r t h e r n C a c h e C r e e k t e r r a n e c h a n g e s f r o m

west-verging to east-verging near Teslin Lake. Folds in

western Big Salmon Complex are also east-verging.

Thus, field criteria show no strong basis for a significant

offset along the Teslin fault. The data could support a

model in which the eastern margin of the northern Cache

Creek terrane was thrust above Big Salmon Complex on a

precursor of the Teslin Fault, although such an interpreta-

tion is not favoured here. Thus far, no klippen of Cache

Creek terrane have been identified above the Big Salmon

Complex and further field observations are clearly re-

quired along the Teslin fault in order to validate its role as

a crustal-scale structure.

Although the cross section is largely a cartoon, it

forces speculation and illuminates some fundamental

questions about crustal architecture: What is the nature of

the basement west of the LFZ zone? Is it a great thickness

of the Boundary Ranges suite and, if so, does it at some

point rest stratigraphically on rocks equivalent to the

Florence Range suite as the section suggests? What

forms basement to the Stuhini arc? Is it built directly

upon, or flanking deformed Stikine Assemblage rocks

(Boundary Ranges suite)? No unequivocal contact be-

tween Stikine Assemblage and Stuhini Group strata has

been observed in the Tagish area (they are well docu-

mented to the south; Logan et al., 1994; Brown et al.,

1996), although deformed Stikine assemblage clasts

within Stuhini conglomerates are common. The section

shows the Stuhini arc as being built upon transitional

Stikine assemblage rocks and oceanic crust, although the

amount of oceanic crust shown in the section is exagger-

ated since only scraps are likely to remain with most re-

moved due tectonic erosion. What happens to the LFZ at

depth? Does it shallow to the east like the King Salmon

thrust with which it has merged near the latitude of the

section? A west-verging thrust configuration is shown

for the LFZ in order to accommodate crustal thickening

and top-to-the-southwest kinematics during early

mid-Jurassic peak metamorphism. Future field work will

help to further constrain the crustal cross section and ad-

dress many of the outstanding questions.
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