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Abstract--A regional system of S-dipping faults is exposed in the Florence and Fall Creeks area of the south- 
central Brooks Range. This fault system has previously been mapped as the 'root zone' of a N-vergent fold-and- 
thrust belt of Jurassic-Cretaceous age, although individual faults juxtapose lower grade on higher grade 
metamorphic rocks suggesting apparent extensional geometries. The structurally highest of these faults places 
rocks of the oceanic Paleozoic-Mesozoic Angayucham terrane, together with unconformably overlying Creta- 
ceous clastic rocks, on Devonian metagreywacke and phyllite. This metagreywacke-phyllite (MP) unit in turn 
structurally overlies Devonian (?) and older basement rocks of the Brooks Range Schist Belt along a S-dipping 
structural contact previously mapped as the Florence Creek fault. The Schist Belt and MP units are both 
characterized by a regionally developed, S-dipping greenschist facies foliation that displays a pronounced N-S- 
trending, down-dip elongation lineation which earlier workers regarded as being associated with N-vergent 
thrusting. While only one foliation (Sd) is recognized in the MP unit, in the underlying Schist Belt this foliation 
($2) overprints an earlier blueschist facies mineral assemblage and associated foliation ($1). 

Mylonites with strong asymmetric crystal fabrics are well developed in quartz stringers in the MP unit and in 
Schist Belt rocks located at less than 250 m beneath the Florence Creek fault. These asymmetric single- and cross- 
girdle c-axis fabrics indicate a top down-to-the-south shear sense. This shear sense is confirmed in XZ sections by 
the presence of elongate, dynamically recrystallized quartz grains oblique to the Sd-S2 mylonitic foliation. 
Quartzose and quartzo-feldspathic lithologies become coarser grained in the deeper levels of the Schist Belt, and 
a greater proportion of the quartz grains are equant in outline suggesting the increasing importance of 
temperature-sensitive recovery processes. These deeper level quartz tectonites display less strongly asymmetric 
cross-girdle c-axis fabrics and oblique grain shape alignments for at least a further 7.5 km beneath the fault, the 
asymmetry still indicating a top-down-to-the-south shear sense. Of the 35 quartz-rich samples selected for 
detailed microstructural and crystal fabric analysis, only two contain c-axis fabrics and oblique grain shape 
alignments indicating a top-up-to-the-north shear sense. 

This pervasive top-down-to-the-south shear sense is inconsistent with tectonite fabrics in the Schist Belt being 
related to N-vergent thrust faulting, but accords well with an extensional model for exhumation of high-P rocks of 
the Schist Belt. Extension-related high strain fabrics persist for a structural thickness of at least 7.7 km beneath 
the Florence Creek Fault, indicating that the Florence and Fall Creeks area may be situated over a large-scale (at 
least 8.0 km thick) zone of extensional shear dipping towards the south. How far this zone of penetrative 
deformation can be traced along strike remains unclear. 

I N T R O D U C T I O N  

OVER the last decade cons iderable  a t t en t ion  has been  
focused on the role of extens ional  deformat ion  in the 

evolu t ion  of orogenic  belts (e.g. Plat t  1986, Dewey  1988, 
Molna r  & Lyon-Caen  1988, Ra tschbacher  et al. 1989, 
Hodges  & Walke r  1992, Malavieil le 1993, Whee le r  & 
But ler  1993). In  par t icular  the degree to which extens ion 
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is responsible  for the exhuma t ion  of high-pressure meta-  
morphic  belts  still remains  a controvers ia l  subject  (e.g. 
Platt  1987, 1992, Whee le r  1991, Hsu  1992), and  dis- 

ag reement  exists concern ing  the t iming and structural  
sett ing of such extension.  In  the in terna l  zones of oro- 
genic belts this deba te  is fuelled by the difficulties of 
dis t inguishing shor ten ing  from extens ion- re la ted  fab- 
rics. Kinemat ic  indicators  have,  with some success, been  
used to dist inguish be tween  deformat ion  zones  associ- 
a ted with thrust ing or ex tens ion ,  bu t  the possibility of 

shear  sense reversals due to back- thrus t ing  (retrochar-  
riage or ruckfal ten)  mus t  always be bo rn  in mind  unless 
i n d e p e n d e n t  evidence  for extens ional  tectonics,  such as 
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the juxtaposition of low-grade metamorphic rocks on 
higher grade rocks, or juxtaposition of stratigraphically 
younger rocks on older rocks, can also be found. Even 
then, however, caution must be exercised because there 
are, at least in principal, many ways to produce younger- 
over-older relationships that do not involve normal 
faulting. 

For example, Michard et al. (1993) have argued that 
shear sense-dip relationships cannot be used to dis- 
tinguish normal vs reverse shearing if the shear planes 
were tilted after the kinematic indicators formed. Simi- 
larly, the use of normal-sense metamorphic breaks as 
evidence for extension relies on the assumption of an 
earlier undisturbed 'metamorphic stratigraphy' (see re- 
views by Wheeler 1991 and Michard et al. 1993). Like- 
wise, Butler (1984) has demonstrated in the case of the 
Moine thrust zone of NW Scotland that some of the 
major thrusts, which display extensional geometries 
with respect to stratigraphy, since they cut down-section 
towards the foreland, could be explained by datum- 
parallel (i.e. horizontal) thrusting of previously 
hinterland-dipping stratigraphic units (see also Wheeler 
& Butler 1993, fig. 2). 

Clearly, however, the opposite case can also be 
argued. For example, while accepting that there are 
many ways to produce younger-over-older relationships 
that do not involve normal faulting, Hedges & Walker 
(1992) have argued that regional-scale normal fault 
relationships are most readily interpreted in terms of 
extensional tectonics and that alternative tectonic in- 
terpretations should carry the burden of proof in such 
situations. Burchfiel et al. (1992) have made a similar 
case for the development of structures and fabrics 
exhibiting regional-scale normal-sense geometries in 
collisional orogens; they have argued that the movement 
of material in a direction opposite to the principal 
vergence within an orogenic belt cannot be taken as a 
prior i  evidence for backthrusting but could also indicate 
extensional deformation. Wheeler & Butler (1993) have 
recently argued that hinterland-directed structures 
throughout the western Alps might be, at least in part, 
extensional in origin and possibly linked to exhumation 
of metamorphic complexes. 

Debate concerning the role of extension in the evo- 
lution of orogenic belts has now begun in Alaska (e.g. 
Miller & Hudson 1991, 1993, Pavlis et al. 1993, Till et al. 

1993) and much of the attention has focused on the 
Brooks Range of Arctic Alaska. The Brooks Range 
(Fig. la) represents the northwesternmost continuation 
of the Mesozoic-Early Cenozoic foreland fold and 
thrust belt of the North American Cordillera. North- 
directed thrust faulting in the Brooks Range, which 
began in Middle Jurassic time (Wilber et al. 1987, 
Mayfield et al. 1988) is interpreted to have resulted in 
500-800 km shortening of a Paleozoic to Early Jurassic 
continental shelf sequence (Oldow et al. 1987, Mayfield 
et al. 1988, Grantz et al. 1991). The interior and deeper- 
seated portions of this orogen underwent deformation 
under blueschist-facies conditions during this event. 
These high-pressure rocks, which are widely exposed in 

Imbricated Paleozoic - ~ Cretaceous 
Mesozoic shelf sedm. rocks sedimentary rocks 

Schist Belt ~ Cretaceous 
and Central Belt volcanic rocks 

eetagreywacke - Phyllite ~ - ~  Cretaceous 
Belt intrusive rocks 

Paleozoic - Mesozoic 
m oceanic rocks 

(Angayucham Terrane) 

Fig. 1. Location maps. (a) Major geologic and topographic provinces 
in northern Alaska. NS = North Slope, SP = Seward Peninsula, YKB 
= Yukon-Koyukuk basin, RG = Ruby Geanticline. (b) Generalized 
geology of the central Brooks Range and adjacent areas. Location of 

the Florence and Fall Creeks study area is indicated by box. 

the Schist Belt along the southern flank of the Brooks 
Range, have been pervasively retrogressed and strongly 
overprinted by a younger deformational fabric (Little et 

al. 1994) developed parallel to a regional system of S- 
dipping faults. This system of S-dipping faults has tra- 
ditionally been interpreted as an Alpine-style root zone 
(e.g. Mull et al. 1987, Dillon 1989). 

However, problems associated with thrust-related 
models for the evolution of the internal zone of the 
Brooks Range include (Little et al. 1994): (1) contacts 
previously mapped as N-vergent thrusts place very low- 
grade metamorphic rocks on top of higher grade schists, 
including blueschists; (2) the dominant metamorphic 
fabric in the Schist Belt is a greenschist-facies schistosity 
($2) that overprints rare crenulated relicts of blueschist- 
facies minerals; (3) kinematic indicators in D2-deformed 
tectonites of the Schist Belt are not N-vergent, but are 
predominantly top-down-to-the-south; and (4) mid- 
Cretaceous K-Ar and 4°Ar/39Ar cooling ages of white 
mica from the Schist Belt rocks overlap with the depo- 
sition age of the Yukon-Koyukuk basin located immedi- 
ately to the south of, and derived in part from erosion of, 
the Schist Belt (Fig. lb). The Yukon-Koyukuk basin 
was developed on attenuated crust of the Brooks Range 
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orogen's metamorphic hinterland (e.g. Miller & Hudson 
1991). These geologic relationships seem most easily 
explained by crustal extension, rather than thrust- 
related deformational processes. 

This companion paper to Little et al. (1994) reports on 
microstructural and petrofabric data from a suite of 
more than 150 oriented samples collected in a 165 km 2 
region along the southern flank of the Brooks Range, 
and provides key data for the interpretation of mapped 
fabrics being related to top-down-to-the-south shear. 
These two studies build on previous work by the Alaska 
Division of Geological and Geophysical Surveys (e.g. 
Dillon et al. 1981, 1986, 1987, Mull et al. 1987) and are 
the first studies to systematically investigate the possi- 
bility that widespread metamorphic fabrics in the 
Brooks Range might be related to top-down-to-the- 
south extension, rather than top-up-to-the-north thrust- 
ing. This is the most detailed quartz fabric study 
reported to date from the Brooks Range, and brings into 
question the current interpretation (e.g. Gottschalk 
1990) of the widespread penetrative metamorphic fab- 
rics exposed along the southern flank of the range being 
chiefly thrust related. These new data suggest that 
extensional overprinting of earlier formed blueschist- 
facies fabrics is more pervasive than previously thought, 
and that most of the measurable ductile strain in these 
rocks is a consequence of N-S stretching in association 
with top-down-to-the-south extensional shear. 

GEOLOGICAL AND STRUCTURAL 
F R A M E W O R K  

The southern Brooks Range of Arctic Alaska (Fig. 
la) consists of a series of S-dipping tectonic units that are 
progressively less metamorphosed to the south. The 
southernmost of these units, the Angayucham Terrane 
(Fig. lb), is composed of oceanic rocks of Devonian to 
Jurassic age (e.g. Bird 1977, Dillon et al. 1981, Jones et 

al. 1988) which have been regionally metamorphosed in 
the prehnite-pumpellyite facies (e.g. Dusel-Bacon et al. 

1989). These oceanic rocks are unconformably overlain 
to the south by a thick section of Cretaceous (Aptian- 
Albian) conglomerate and sandstone (Dillon 1989). To 
the north, the Angayucham terrane lies in fault contact 
above a thin panel of low-grade (greenschist) meta- 
greywackes and phyllite that, in one locality, has yielded 
Devonian palynomorphs (Gottschalk 1987, Murphy & 
Patton 1988). This metagreywacke-phyllite (MP) unit 
is, in turn, underlain to the north by the Brooks Range 
Schist Belt (Fig. lb). 

The Schist Belt consists of multiply deformed and 
metamorphosed pelitic and quartzose schists, with lesser 
mafic to silicic metavolcanic rocks and calcareous schists 
(e.g. Brosge & Reiser 1971, Nelson & Gryback 1980, 
Dillon et al. 1986, Little et al. 1994) and is thought to 
range from late Proterozoic to Late Devonian in age 
(e.g. Dillon et al. 1980, Hitzman et al. 1986, Armstrong 
et al. 1986). In the south-central Brooks Range, the 
contact between the MP unit and the underlying Schist 

Belt has been interpreted as a structural contact (e.g. 
Gottschalk 1987, Till et al. 1988, Dusel-Bacon et al. 

1989) referred to as the Florence Creek Fault, although 
the increase in penetrative deformation of both the MP 
unit and the underlying Schist Belt rocks towards the 
contact suggests (Little et al. 1994) that, at least in some 
areas, the contact may be a shear zone rather than a 
discrete fault surface. 

The southernmost part of the Schist Belt together with 
the immediately overlying MP unit are characterized by 
a well developed E-W-striking foliation and S-plunging 
stretching lineation that has been assumed to be associ- 
ated with crustal thickening during northward directed 
overthrusting during the Jurassic-Cretaceous part of the 
Brookian Orogeny (e.g. Dillon et al. 1987). Similarly the 
system of S-dipping faults that overlie the Schist Belt and 
bound the Angayucham terrane along the southern 
flank of the Brooks Range has traditionally been inter- 
preted as an Alpine-style root zone for the thrust faults 
(e.g. Mull et al. 1987, Dillon 1989). 

Several recent studies have questioned this earlier 
interpretation, suggesting that the S-dipping fault sys- 
tem may have extensional (i.e. top down-to-the-south) 
rather than thrust displacement (e.g. Box 1987, Miller 
1987, Gottschalk & Oldow 1988, Christiansen 1989, Ave 
Lallement et al. 1989, Gottschalk et al. 1990, Miller & 
Hudson 1991, Miller et al. 1990a,b, Oldow et al. 1991). 
However, while agreeing that the faults may be exten- 
sional, many workers (e.g. Gottschalk 1987, 1990 and 
Till & Moore 1991 in the Coldfoot area of the south- 
central Brooks Range) (Fig. 1) have argued that the 
regional S-dipping dominant foliation and lineation 
within the Schist Belt are associated with earlier thrust- 
related deformation. 

In contrast, in the Florence and Fall Creeks area (Fig. 
lb) of the south-central Brooks Range, detailed struc- 
tural evidence for widespread penetrative deformation 
and metamorphism associated with an extensional event 
has been reported by Little et al. (1994). In this com- 
panion paper, we present supporting microstructural 
and quartz c-axis fabric data from quartz-rich lithologies 
in both the Schist Belt and overlying MP unit for crystal- 
plastic deformation associated with top-down-to-the- 
south extensional shear in the Florence and Fall Creeks 
area. 

ANALYTICAL TECHNIQUES AND DATA 
PRESENTATION 

Two shear-sense indicators were particularly useful in 
distinguishing between crystal-plastic deformation 
associated with reverse (top-up-to-the-north) and nor- 
mal (top-down-to-the-south) motion in quartz-rich lith- 
ologies of both the Schist Belt and the overlying MP 
unit. These shear-sense indicators (Fig. 2) are: (1) obli- 
quity between foliation and preferred shape alignment 
(SB) of elongate dynamically recrystallized quartz 
grains; and (2) asymmetry of quartz c-axis fabrics with 
respect to foliation and lineation. 
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Fig. 2. Microstructural and crystal fabric shear-sense indicators used 
to distinguish between normal (top-down-to-the-south) and reverse 
(top-up-to-the-north) displacement. Microstructure: obliquity be- 
tween penetrative foliation (S) and preferred alignment (Sa) of 
elongate dynamically recrystallized quartz grains. Crystal fabric: sense 
of asymmetry of quartz c-axis fabrics. Both microstructures and crystal 
fabrics viewed towards the west on planes oriented parallel to lineation 

and perpendicular to foliation. 

In this paper all microstructural and crystal fabric data 
are presented on section planes oriented perpendicular 
to the foliation (XY) and parallel to the stretching 
lineation (X). In all figures, these X Z  section planes are, 
in a geographic sense, viewed towards the W. Thirty-five 
of the most quartz-rich samples from the Schist Belt and 
overlying MP unit were selected for detailed microstruc- 
tural and petrofabric analysis. Sample locations are 
shown in Fig. 3. 

The estimated distance (d) of individual samples from 
the projected position of the Florence Creek fault are 
given in Table 1. These distances were estimated using 
the dip-parallel cross-section drawn through the study 
area by Little et al. (1994, fig. 4) and were measured 
perpendicular to the projected fault surface. 

Petrofabric analyses of quartz c-axis preferred orien- 
tation were carried out on one X Z  thin section from each 
sample using an optical microscope and universal stage; 
a general minimum of ca 700 c-axis were measured in 
each section. The c-axis data are presented on equal- 
area, lower-hemisphere, spherical projections whose 

plane of projection contains the grain shape lineation 
(X) and pole (Z) to foliation; in all these projections the 
foliation is vertical and lineation within the foliation is 
horizontal. The c-axis plots were contoured using the 
computer program developed by Starkey (1989). Details 
of the contouring procedure used are given by Starkey 
(1977). 

MICROSTRUCTURAL SHEAR-SENSE 
INDICATORS IN THE SCHIST BELT 

The Schist Belt lies beneath the Florence Creek fault 
and is composed of a series of pelites and metaquartzites 
intercalated with metamorphosed andesite and green- 
stone (Fig. 3). No original detrital features have been 
observed within these plastically deformed and recrys- 
tallized schistose rocks. Little et al. (1994) have demon- 
strated that the schists are polydeformed, locally 
retaining evidence for at least one earlier schistosity (S1) 
that pre-dates the dominant S-dipping foliation ($2). 
Where De strain is lower, compositional layering in the 
schists is subparallel to St, a domainal foliation defined 
by thin quartzose laminae, micaceous folia and quartz 
veinlets. This foliation is everywhere plicated by tight to 
isoclinal crenulations and transposed into parallelism 
with $2. In the most highly strained and/or most recrys- 
tallized rocks, only the younger foliation, Sz, is evident. 
Little et al. (1994) have demonstrated that this D 2 
deformation was accompanied by a greenschist-facies 
metamorphic overprint. 

Thirty-two samples from the Schist Belt were selected 
for combined microstructural and crystal fabric analysis. 
All selected samples were taken from quartz-rich hori- 
zons, displaying a strongly developed E-W-striking 
foliation and S-plunging grain shape lineation lying 
within the foliation. Each selected sample displays, in 
thin section, a single foliation defined by elongate 
quartzose or phyllosilicate-rich domains. We emphasize 
that all analyzed samples were collected from outcrops 
displaying a single, homogeneously developed, pene- 
trative foliation equivalent to $2 of Little et al. (1994). 
No reported samples were collected from discrete shear 
zones such as the late stage shear bands described by 
Little et al. (1994, fig. 5c) or from rocks where St is 
locally preserved. The kinematic interpretation of an 
individual sample is therefore regarded as being valid up 
to at least the scale of the outcrop from which it was 
taken. 

Oblique grain-shape alignments in quartz-rich domains  

Quartz-rich domains are characterized by preferred 
alignment of the long axes of elongate, dynamically 
recrystallized quartz grains in 22 of the 32 samples 
selected for detailed analysis. In XY thin sections, the 
preferred grain shape alignment is oblique to the foli- 
ation (Fig. 4). This grain shape alignment will be 
referred to as SB following the nomenclature of Law et 
al. (1984). For the samples analyzed, the obliquity be- 
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Fig. 3. Geologic map of the Florence and Fall Creeks area showing sample locations. Angayucham Terrane (Devonian- 
Jurassic): MzPzv = altered amygdaloidal pillow basalt. Metagreywacke-phyllite unit (? Devonian): Dqp = quartzose 
metasandstone with lesser slate and phyllite; Dpq = phyllite with lesser quartz-rich metasandstone. Southern Brooks 
Range Schist Belt (? Precambrian-Devonian): Pzsq = graphitic quartz mica schist; Pzgs = black graphitic quartz-mica 
schist; Pzca = schistose meta-andesite; Pzgm = massive mafic greenstone; Pzg = schistose greenstone: Pzcb = micaceous 
albite calc-schist, locally graphitic; Pzcs = micaceous albite calc-schist; Pzmcs = micaceous albite calc*schist interlayered 

with white marble. X-X' indicates line of cross-section shown in Fig. 11. 

tween foliation and SB ranges between 5 ° and approxi- 
mately 45 ° , but appears  to be fairly constant within 
individual samples. Tectonites containing such micro- 
structures have been classified by Lister & Snoke (1984) 
as Type II  S -C  mylonites. 

Adopting the model originally proposed by Means 
(1981), the sense of obliquity between foliation and 
preferred shape alignment (SB) of dynamically recrystal- 
lized grains may be used as a shear-sense indicator (see 
also reviews by Bouchez et al. 1983, Simpson & Schmid 
1983, Lister & Snoke 1984, Simpson 1986, Knipe & Law 
1987, Jessell & Lister 1990, Hanm er  & Passchier 1991). 

16:7-C 

In X Z  thin sections viewed towards the west, a top- 
down-to-the-south (or sinistral) shear-sense is indicated 
by 20 of the 22 quartz-rich Schist Belt samples displaying 
an obliquity between foliation and SB. Characteristic 
microstructural relationships indicating a top-down-to- 
the-south shear-sense are shown in Figs. 4(a) & (b). 
Data  on both the sense and degree of obliquity between 
foliation and SB within individual samples, together with 
sample localities, are schematically summarized in Fig. 
5. Only within two samples (6 and 7) collected from the 
Schist Belt does the sense of obliquity between foliation 
and SB indicate a top-up-to-the-north (or dextral) shear- 



924 R . D .  LAW, E. L. MILLER, T. A. LITTLE and J. LEE 

Table 1. Estimated distance (d) of individual samples from projected 
position of the Florence Creek Fault, estimated using dip-parallel 
cross-section drawn through the study area (Little et al. 1994) and 

measured perpendicular to the projected fault surface 

Sample No. Distance 

Schist Belt 

1 7.7 km 
2 6.9 km 
3 6.5 km 
4 6.7 km 
5 4.6 km 

6 4.6 km 
7 4.2 km 

8 3.0 km 
9 2.5 km 

10 1.8 km 
11 1.8 km 
12 1.1 km 

13 1000 m 
14 900 m 
15 900 m 
16 900 m 
17 900 m 
18 1000 m 
19 500 m 

20 250 m 
21 250 m 
22 200 m 
23 250 m 
24 250 m 

25 200 m 
26 <100 m 
27 200 m 
28 200 m 
29 200 m 
30 100 m 
31 200 m 

M-P unit 

33 <+50 m 
34 + 200 m 
35 +400 m 

sense (Fig. 5). A micrograph of the preferred grain 
shape alignment within a quartz-rich domain from 
sample 6 is presented as Fig. 4(d). 

Albite porphyroblasts 

albite porphyroblast with curving inclusion trails from 
the Schist Belt is presented in the companion paper by 
Little et al. (1994, fig. 6c). 

QUARTZ CRYSTALLOGRAPHIC FABRICS IN 
THE SCHIST BELT 

Although some 150 oriented samples were collected 
from the Schist Belt, only 32 (samples 1-32) contain 
sufficiently quartz-rich domains for meaningful c-axis 
fabric analysis. The remaining samples contain too high 
a proportion of phyllosilicates (and/or other mineral 
phases) for fabric analysis. As previously demonstrated 
by Starkey & Cutforth (1978), quartz crystallographic 
fabrics associated with intracrystalline plasticity are gen- 
erally much weaker in rocks containing a high pro- 
portion of phyllosilicate grains, because, grain boundary 
sliding between the quartz grains and the phyllosilicate- 
rich matrix disperses the developing crystallographic 
fabrics. In the mylonitic monomineralic quartz units 
located close (<250 m) to the overlying Florence Creek 
fault, meaningful and reproducible fabrics were detec- 
ted in individual samples with a minimum of 200-300 c- 
axis measurements. At deeper  structural levels in the 
Schist Belt, where quartz shows more evidence of recov- 
ery and is commonly only present in polymineralic 
aggregates, a minimum of 400-500 c-axis measurements 
were typically required for fabric analysis. 

Quartz c-axis fabrics from the 32 Schist Belt samples 
are presented in Fig. 6. Location details and estimated 
sampling distances measured perpendicular to the pro- 
jected position of the Florence Creek fault are given in 
Fig. 3 and Table 1, respectively. With the exception of 
the single girdle c-axis fabric displayed by sample 24, all 
Schist Belt samples selected for detailed petrofabric 
analysis are characterized by cross-girdle c-axis fabrics 
(Fig. 6). Adopting the cross-girdle fabric classification 
introduced by Lister (1977), the majority of these fabrics 
may be described as Type I cross-girdle fabrics, although 
fabrics closer to Type II cross-girdles are displayed by 
samples 5, 14, 15, 20 and 31. Some variation in both 
intensity distribution and skeletal outline is detected in 
these cross-girdle quartz fabrics. 

Albite porphyroblasts with curving inclusion trails are 
present in samples 8, 10, 13, 14 and 16. Viewed towards 
the west, these inclusion trails define S-shaped patterns 
which could be interpreted as indicating a top-down-to- 
the-south shear sense. This interpretation assumes: (1) 
that the internal and external foliations associated with 
these porphyroblasts are contemporaneous and that 
either; (2) the porphyroblasts have rotated with respect 
to the external foliation or, (3) the porphyroblasts are 
overgrowing earlier S-vergent crenulations of the exter- 
nal foliation. However,  Little et al. (1994) have argued 
that the internal and external foliations are not contem- 
poraneous,  but formed at different times and at a high 
angle to one another,  and hence cannot be used as D2 
sense of shear indicators. A micrograph of a typical 

Asymmetry in c-axis fabric intensity distribution 

Asymmetry of fabric intensity distribution has been 
suggested by Lister & Williams (1979, p. 288) as a 
potential shear-sense indicator. In terms of intensity 
distribution, sample 24, collected at an estimated dis- 
tance of 250 m beneath the Florence Creek Fault, yields 
the most clearly asymmetric fabric measured in the 
Schist Belt tectonites. This sample is characterized by an 
asymmetric single-girdle c-axis fabric" containing the 
sample Y direction (Fig. 6). The observed fabric asym- 
metry indicates a top-down-to-the-south shear sense. 
This shear sense is also independently indicated within 
sample 24 by the observed sense of obliquity between 
foliation and SB (Figs. 4a & b). 
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Fig. 5. Summary of observed angular relationships between penetrative foliation ($2 in the Schist Belt, Sd in the MP unit) 
and preferred alignment (SB) of elongate, dynamically recrystallized quartz grains within quartz-rich domains. Projection 
planes viewed towards the west and oriented perpendicular to foliation and parallel to lineation. Twenty-three of the 25 
samples display an obliquity between foliation and SB indicating a top-down-to-the-south shear sense. Stippled pattern = 

MP unit; unornamented area to the north of the Florence Creek Fault = Schist Belt rocks. 

Less spectacular examples of asymmetry in intensity 
distribution consistent with a top-down-to-the-south 
shear sense were detected in samples 1,8, 10, 13, 14, 15, 
16, 19, 20, 22, 23, 26, 27, 28, 29, 30 and 31 (Fig. 6). In all 
of these samples, the obliquity between foliation and SB 
(where observed) supports this inferred shear sense 
(Fig. 5). 

A top-up-to-the-north shear sense is indicated by 
asymmetry of fabric intensity distribution in samples 6 
and 7 (Fig. 6). This inferred shear sense is supported by 
the observed obliquity between foliation and SB in both 
samples (Figs. 4a & b and 5). 

Asymmetry in c-axis fabric skeletal outline 

The essential topological features of a quartz c-axis 
fabric may be defined (Lister & Williams 1979) by 
linking up peaks and crests on the contoured diagram by 
a series of straight-line segments. Fabric skeletons for 
the Schist Belt (samples 1-32) and the overlying MP unit 
(samples 32-35) are shown in Fig. 7. These fabric skel- 
etons frequently display both external and internal 
asymmetries; parameters used to define external and 
internal fabric asymmetry are illustrated in Fig. 8. De- 
tails of the external and internal fabric asymmetry ele- 
ments displayed within the Schist Belt and MP unit 

samples are summarized in Table 2. By analogy with 
both experimental studies (e.g. Dell'Angelo & Tullis 
1989) and simulation studies (e.g. Lister & Hobbs 1980, 
Etchecopar & Vasseur 1987, Jessell 1988, Jessell & 
Lister 1990) of quartz c-axis fabric development associ- 
ated with non-coaxial deformation, these detected fab- 
ric asymmetries may be used as potential shear-sense 
indicators (e.g. Behrmann & Platt 1982, Platt & Behr- 
mann 1986, Law 1987, 1990). 

From general inspection of the skeletal outlines in Fig. 
7, a top-down-to-the-south shear sense is clearly indi- 
cated in samples 1, 2, 8, 13, 16, 19, 23, 24, 25, 26, 27 and 
28 from the Schist Belt. Internal fabric asymmetry may 
be expressed by the relative magnitudes of (91 and (,02 
within individual samples (Fig. 8). In each of these 12 
samples, (92 is consistently greater than (9~ (Table 2) 
indicating a top-down-to-the-south shear sense. This 
inferred shear sense is supported by the external fabric 
asymmetry parameter q~, which varies between 60 ° and 
75 ° in these samples (Table 2). External fabric asym- 
metry may also be expressed by the relative magnitudes 
of the parameters Cl and c2 in each sample (Fig. 8). 
Within 10 of 13 samples, c] is less than c2 (Table 2) 
indicating a top-down-to-the-south shear sense. In the 
remaining three samples Cl and c2 are either equal 
(sample 25) or cl is slightly larger than c2 (samples 2 and 



928 R . D .  LAW, E. L. MILLER, T. A. LITTLE and J. LEE 

2 3 

0 ° * o  3<:, 

;;:"~.'-; J / ~.~Z • .'v: 4: ~,~.., ~, 
, ~.'.;~'..D, "1 -.::.~ :~':",. . ~?~ 
........%.,,,..,..~.:.;..?. 

8 9 

W~:.:.".7 ~ ~-~:-~)~ ~ 

~ ~ o o  

10 

• . , . .  .. :. - '-..~'! '" . 
: :,..,. . . . .  < . , ,  

~ , 0 o  ~ ,00 

11 12 

13 14 15 

Fig. 6. Quartz c-axis fabrics from the Schist Belt. All lower-hemisphere, equal-area projections viewed towards the west. 
Contour intervals: 1,2, 3, 4, 5, 7, 9 and 10 times uniform distribution. Orientation of foliation ($2) and preferred alignment 
(SB) of elongate dynamically recrystallized quartz grains indicated. Number of grains measured in each sample also 
indicated. Samples (8, 10, 13, 14 and 16) containing albite porphyroblasts with curving inclusion trails are indicated by a 

circled S. For sample localities see Fig. 3. 

8). The top-down-to-the-south shear sense inferred 
from the above fabric parameters  is independently con- 
firmed in samples 1, 2, 8, 16, 19, 23, 24, 25, 27 and 28 by 
the observed sense of obliquity between foliation and SB 
(Figs• 5, 6 and 7). No unequivocal microstructural shear 
sense indicators were observed in samples 13 and 26. 

Less clearly defined skeletal fabric asymmetries con- 
sistent with a top-down-to-the-south shear sense were 
found in samples 3, 4, 15, 17, 18, 21,29, 30, 31, 32 and 35 

(Fig. 7). In each sample,  this shear sense is supported by 
both internal fabric asymmetry (~o2 always greater  than 
~ l )  and the external fabric asymmetry parameter  ~p 
which varies between 60 ° and 75 ° in these samples (Table 
2). Within seven of these 11 samples, cl is less than c2 
(Table 2) indicating a top-down-to-the-south shear 
sense. In the remaining four samples Cl and c2 are either 
equal (samples 18 and 29) or ct is slightly larger then c2 
(samples 17 and 35). The top-down-to-the-south shear 
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1 2 3 4 5 6 7 8 

9 10 11 12 13 14 15 16 

17 18 19 20 21 22 23 24 

25 26 27 28 29 30 31 32 

33 34 35 

S N 

down 

Fig. 7. Quartz c-axis fabric skeletons for individual samples from the Schist Belt (1-32) and the MP unit (33-35). All lower- 
hemisphere, equal-area projections viewed towards the west. Orientation of foliation ($2 in the Schist Belt, Sj in the MP 

unit) and preferred alignment (SB) of elongate dynamically recrystallized quartz grains indicated. 

sense inferred from these less clearly defined skeletal 
fabrics is independently confirmed in samples 17, 21, 29, 
30, 31 and 32 by the observed sense of obliquity between 
foliation and SB (Figs. 5, 6 and 7). No unequivocal 
microstructural shear sense indicators were observed in 
samples 3, 4 and 18. 

Skeletal fabric asymmetry indicative of top-up-to-the- 
north shear sense is clearly displayed in sample 7 and is 
confirmed by the observed sense of obliquity between 
foliation and SB (Fig. 7). Less clearly defined skeletal 
fabric asymmetries consistent with the top-up-to-the- 
north shear sense were found in samples 10, 11 and 22 
(Fig. 7). In all three of these samples, however, a top- 
down-to-the-south shear sense is indicated by the ob- 
served sense of obliquity between foliation and SB 
(Fig. 7). 

Symmetrical quartz c-axis fabrics 

Quartz c-axis fabrics whose skeletal outlines are 
essentially symmetrical with respect to foliation and 
lineation were detected in samples 5, 6, 14 and 20 (Figs. 
6 and 7). By analogy with both experimental studies 
(e.g. Tullis etal. 1973) and simulation studies (e.g. Lister 
& Hobbs 1980, Jessell 1988, Wenk et al. 1989, Wenk & 
Christie 1991) of quartz c-axis fabric development,  these 
symmetrical fabrics could indicate a significant com- 
ponent of coaxial deformation. No microstructural 
shear-sense indicators were observed in samples 5, 14 
and 20, thus supporting the proposed component  of 
coaxial deformation in these samples. However,  clear 
microstructural evidence for non-coaxial deformation is 
provided by the observed angle between foliation and SB 
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Z 

C2 CI 

X 

F i g .  8. P a r a m e t e r s  u s e d  t o  c h a r a c t e r i z e  e x t e r n a l  a n d  i n t e r n a l  f a b r i c  

a s y m m e t r y  in  q u a r t z  c - a x i s  f a b r i c s .  E x t e r n a l  f a b r i c  a s y m m e t r y  c h a r a c -  

t e r i z e d  b y  ~p, c i  a n d  c2. I n t e r n a l  f a b r i c  a s y m m e t r y  c h a r a c t e r i z e d  by  0Ji 

a n d  w 2. L e a d i n g  a n d  t r a i l i n g  e d g e s  o f  t h e  c - a x i s  f a b r i c  s k e l e t o n  

d e n o t e d  b y  l . e .  a n d  t . e . ,  r e s p e c t i v e l y .  X = s t r e t c h i n g  l i n e a t i o n ;  

Z = p o l e  to  f o l i a t i o n  ($2 in  t h e  S c h i s t  B e l t ,  Sd in  t h e  M P  u n i t ) .  F a b r i c  

s k e l e t o n  is b a s e d  o n  t h e  s i m u l a t i o n s  o f  L i s t e r  & H o b b s  (1980)  f o r  

sinistral shear. In t e r m s  o f  B r o o k s  Range geographic c o - o r d i n a t e s  th i s  
d i a g r a m  is v i e w e d  t o w a r d s  t h e  w e s t .  F a b r i c  a s y m m e t r y  p a r a m e t e r s  a r e  

a d a p t e d  f r o m  L a w  (1987) .  

in sample 6. The sense of obliquity between foliation and 
SB in sample 6 indicates a top-up-to-the-north shear 
sense (Figs. 6 and 7). 

Strain symmetry and quartz c-axis fabrics 

Numerical modelling of quartz crystallographic fabric 
development (e.g. Lister & Hobbs 1980) has demon- 
strated a clear set of relationships between strain sym- 
metry, fabric pattern and finite strain axes. In tectonites 
where no strain markers have been preserved, these 
fabric patterns may be used as qualitative strain sym- 
metry indicators. For coaxially developing plane strain 
(k = 1) deformation, a symmetric cross-girdle pattern of 
c-axes is predicted. When dynamic recrystallization is 
operative during simple shear (k = 1) deformation, 
similar symmetric cross-girdle fabrics may develop at 
low shear strains and progressively change through 
asymmetric cross-girdle fabrics to single-girdle fabrics 
with increasing shear strain (e.g. Etchecopar & Vasseur 
1987, Jessell & Lister 1990). In contrast, while coaxially 
developing flattening strains (k = 0) are characterized 

T a b l e  2. D e t a i l s  o f  q u a r t z  c - a x i s  e x t e r n a l  a n d  i n t e r n a l  f a b r i c  a s y m m e t r y  w i t h i n  s a m p l e s  1 -35 .  F o r  e x p l a n a t i o n  

o f  a s y m m e t r y  p a r a m e t e r s  u s e d  s e e  F i g .  8. A l l  m e a s u r e m e n t s  f o r  i n d i v i d u a l  s a m p l e s  m a d e  o n  p r o j e c t i o n  p l a n e s  

v i e w e d  t o w a r d s  t h e  w e s t .  T h u s ,  f o r  e x a m p l e ,  a ~p v a l u e  o f  l e s s  t h a n  90  ° w o u l d  i n d i c a t e  a t o p - d o w n - t o - t h e - s o u t h  

( s i n i s t r a l )  s h e a r  s e n s e ,  w h i l e  a ~ v a l u e  g r e a t e r  t h a n  90  ° w o u l d  i n d i c a t e  a t o p - u p - t o - t h e - n o r t h  s h e a r  sense 

S a m p l e  N o .  ~0 C1 C2 ¢91 it)2 d N o .  o f  c - a x e s  

Q u a r t z - r i c h  l a y e r s  in t h e  S c h i s t  B e l t  

1 71 ° 26  ° 31 ° 12 ° 52 ° 7 .7  k m  1000 

2 73 ° 34 ° 32 ° 37 ° 87 ° 6 .9  k m  502 

3 71 ° 23 ° 29 ° 13 ° 63 ° 6 .5  k m  800  

4 62 ° 23 ° 32 ° - -  - -  6 .7  k m  500  
5 65 ° 32 ° 31 ° 8 ° 78 ° 4 .6  k m  800  

6 90 ° 30 ° 26 ° 50 ° 50 ° 4 . 6  k m  757  

7 115 ° 20 ° 38 ° 68 ° 32 ° 4 .2  k m  705 

8 62 ° 30 ° 27 ° 10 ° 45 ° 3 .0  k m  702 

9 - -  34 ° 45 ° - -  - -  2 .5  k m  700 

10 95 ° 30 ° 18 ° - -  - -  1 .8  k m  700  
11 102 ° 23 ° 24 ° 50 ° 15 ° 1 .8  k m  700  

12 - -  28  ° 38 ° - -  - -  1.1 k m  702  

13 64 ° 26 ° 34 ° - 12 ° 78 ° 1000 m 760  

14 62 ° 28 ° 34 ° 0 ° 60 ° 900  m 900  

15 64  ° 28 ° 33 ° 20 ° 75 ° 900  m 604  

16 71 ° 30 ° 36 ° 180 68 ° 900  m 1000 

17 70 ° 34 ° 30 ° 12 ° 60  ° 900  m 1000 

18 75 ° 26 ° 26  ° 20 ° 55 ° 1000 m 1000 

19 68 ° 33 ° 36  ° 0 ° 120 ° 500  m 1000 

20  65 ° 30 ° 36 ° 0 ° 90 ° 250  m 750  

21 70  ° 32 ° 37 ° 0 ° 90  ° 250  m 1000 

22 73 ° 28  ° 30 ° - -  - -  200  m 801 
23 72  ° 30 ° 25 ° 30 ° 85 ° 250  m 700  

24 70 ° 30 ° - -  15 ° - -  250  m 702 

25 65 ° 30 ° 30 ° 0 ° 85 ° 200  m 700  

26 70 ° 35 ° 36 ° 31 ° 90 ° < 100 m 750  

27 75 ° 28 ° 42 ° 22 ° 68  ° 200  m 857 
28 65 ° 30 ° 42 ° 19 ° 90 ° 200  m 1002 

29 58 ° 34 ° 34 ° 0 ° 90 ° 200  m 852  
30 67 ° 36 ° 37 ° 28  ° 76  ° 100 m 865 
31 60 ° 32 ° 34 ° 0 ° 75 ° 200  m 760  
32 73 ° 3 ° 36 ° 28 ° 64 ° < I 0 0  m 1000 

Q u a r t z  veins in t h e  m e t a g r e y w a c k e - p h y l l i t e  unit 

33 60 ° 32 ° 36 ° - -  - -  < + 50 m 850  
34 - -  300 30  ° - -  - -  + 2 0 0  m 910  

35 60 ° 38 ° 32 ° 33 ° 75 ° + 4 0 0  m 750 
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by small-circle girdle distribution of c-axes centered 
about the pole (Z) to foliation, coaxial extensional 
strains (k = oo) should be characterized by a small-circle 
distribution centered about the stretching lineation (X). 
These relationships are supported by both experimental 
studies (e.g. Green et al. 1970, Tullis et al. 1973, Tullis 
1977, Dell'Angelo & Tullis 1989) and analysis of natur- 
ally deformed quartzites (see reviews by Price 1985, 
Schmid & Casey 1986, Law 1990). 

With only three exceptions, all the samples selected 
for detailed fabric analysis within the Schist Belt are 
characterized by cross-girdle quartz c-axis fabrics. By 
analogy with the above numerical and experimental 
studies, these cross-girdle fabrics (together with the 
single girdle fabric displayed by sample 24) are inferred 
to indicate approximately plane strain (k = 1) defor- 
mation conditions. Also by analogy with the above 
studies, these crystal fabrics confirm that the down-dip 
mineral elongation (X) observed in outcrop (Fig. 3) 
indicates the local maximum principal finite extension 
direction. 

Samples 9 and 12 from the Schist Belt are character- 
ized by quartz c-axis fabrics which appear to be transi- 
tional between a cross-girdle fabric and a small-circle 
girdle fabric of large opening angle centered about a 
pole oriented close to the lineation (Figs. 6 and 7). By 
analogy with the above studies, these fabrics may indi- 
cate deformation within the constrictional (k > 1) field. 

SHEAR-SENSE INDICATORS IN THE 
METAGREYWACKE-PHYLLITE BELT 

Microstructures 

Rocks in the MP unit are cut by a single well- 
developed foliation that is axial planar to mesoscopic 
folds of bedding and dips moderately towards the south 
(Fig. 3). This foliation is referred to as Sd by Little et al. 
(1994). 

In pelitic rocks, Sd is a domainal cleavage defined by 
alignment of micaceous films and trails of graphitic dust 
concentrated along pressure solution seams. In meta- 
greywacke, Sd is a rough cleavage defined by flattened 
detrital quartz grains, anastomosing films of white mica 
and chlorite, and fibrous beards of white mica and 
quartz. The importance of diffusive mass transfer in 
these tectonites is indicated by the truncation of spindle- 
shaped quartz grains against discrete cleavage seams of 
micaceous and graphitic residue. Crystal-plastic defor- 
mation of quartz, as indicated by undulatory extinction 
and subgrain development in detrital grains, was a 
subsidiary deformation mechanism in the pelites and 
metagreywackes, but the dominant mechanism in the 
foliation-parallel monomineralic quartz veins which cut 
these lithologies. The most strongly deformed meta- 
greywacke occurs adjacent to the Florence Creek Fault 
(Fig. 3). These flaggy mylonitic schists contain a down- 
dip mineral elongation lineation defined by ribbon 
shaped, original detrital quartz grains. 

Of the 50 oriented samples collected from the MP 
unit, only three (samples 33-35) contain sufficiently 
quartz-rich domains for meaningful c-axis fabric analy- 
sis; the remaining samples contain too high a proportion 
of phyllosilicates (cf. Starkey & Cutforth 1978). All 
three samples selected for detailed fabric analysis were 
taken from metagreywacke exposures located close to 
the Florence Creek Fault (Figs. 3 and 8). 

The quartz-rich domains in the selected samples have 
been derived from original quartz vein material. In X Z  
thin sections, the veins define 1-2 mm wide ribbons 
oriented parallel to foliation in the surrounding matrix. 
The veins are composed of elongate, dynamically recrys- 
tallized quartz grains displaying a preferred shape align- 
ment (SB) which is oblique to foliation (Fig. 4c). In all 
three samples (33-35) the sense of obliquity between 
foliation and SB indicates a top-down-to-the-south shear 
sense (Figs. 5 and 9). No unequivocal microstructural 
shear sense indicators were observed in the surrounding 
phyllosilicate-rich matrix. 

Quartz crystallographic fabrics 

Optically measured c-axis fabrics from dynamically 
recrystallized quartz veins within the three metagrey- 
wacke samples are presented in Fig. 9. All three samples 
yield diffuse cross-girdle fabrics which are weakly asym- 
metric with respect to foliation and lineation in terms of 
skeletal outline and density distribution (Figs. 5, 7 and 
8). The fabric asymmetry is consistent with the top- 
down-to-the-south shear sense indicated by the ob- 
liquity between foliation and SB in these quartz veins 
(Figs. 4c and 5). The cross-girdle fabric pattern indicates 
that all three samples are approximate plane strain 

33 34 35 

..... "v "'t"i ~'v850 ~ 1 0  "" ":':~" .... ~ 5 0  

Z 
Fig. 9. Quartz c-axis fabrics from the MP unit• All lower-hemisphere, 
equal-area projections viewed towards the west. Contour intervals: 1, 
2, 3, 4, 5, 7, 9 and 10 times uniform distribution. Z = pole to foliation 
(Sd), SB = preferred alignment of elongate dynamically recrystallized 
quartz grains. Number of grains measured in each sample also indi- 

cated. For sample localities see Fig. 3. 
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Fig. 10. Summary diagram of quartz c-axis fabric skeletons within the study area. Schist Belt: samples 1-32, MP unit: 
samples 33-35. All lower-hemisphere, equal-area projections viewed towards the west. Orientation of foliation ($2 in the 
Schist Belt, Sd in the MP unit) and preferred alignment (SB) of elongate dynamically recrystallized quartz grains indicated. 

Stippled pattern = MP unit; unornamented area to the north of the Florence Creek Fault = Schist Belt rocks. 

tectonites, and that the down-dip mineral lineation is a 
true stretching lineation. 

DISCUSSION 

Kinemat ic  indicators 

Tectonites of the Florence and Fall Creeks study area 
display a strongly developed S-dipping greenschist facies 
foliation and associated down-dip mineral stretching 
lineation. Two shear-sense indicators were particularly 
useful in distinguishing between crystal-plastic defor- 
mation associated with top-down-to-the-south and top- 
up-to-the-north shear senses in quartz-rich lithologies 
from both the Schist Belt and the overlying MP unit. 
These shear-sense indicators are: (1) sense of obliquity 
between foliation and preferred shape alignment ($8) of 
elongate dynamically recrystallized quartz grains; and 
(2) asymmetry of quartz c-axis fabric with respect to 
foliation and lineation. 

The geographic distribution of sampling localities in 
which an obliquity between foliation and $8 is detected 

is summarized in Fig. 5. A dominant top-down-to-the- 
south shear sense is indicated by the observed sense of 
obliquity between foliation and SB. This inferred shear 
sense is strongly supported by the generally observed 
sense of asymmetry of the quartz c-axis fabrics. The 
skeletal outlines of these fabrics, together with sample 
localities, are schematically summarized in Fig. 10. 
These microstructures and crystal fabrics are clearly 
related to formation of both the single foliation (Sd) in 
the MP unit and the dominant foliation ($2) recognized 
by Little et al. (1994) in the southern part of the Schist 
Belt. 

We emphasize that all analyzed samples were col- 
lected from outcrops displaying a single, homogene- 
ously developed, penetrative foliation equivalent to Sd- 
$2 of Little et al. (1994). No reported samples were 
collected from discrete shear zones, such as the late 
stage shear bands described by Little et al. (1994, fig. 5c) 
or from rocks where $1 is locally preserved. The kine- 
matic interpretation of an individual sample is therefore 
regarded as being valid up to at least the scale of the 
outcrop from which it was taken. A simplified down-dip 
cross-section through the area, together with quartz c- 
axis fabrics considered to be representative of different 
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Fig. 11. N-S cross-section through the study area, line of section shown as X-X' in Fig. 3. A.F = Angayucham Fault; 
F.C.F. = Florence Creek Fault. Representative quartz c-axis fabrics from six samples are shown. All lower-hemisphere, 
equal-area projections viewed towards the west. Orientation of foliation (solid line) and preferred alignment (SB) of 
elongate dynamically recrystallized quartz grains indicated. In these samples, a top-up-to-the-north shear sense is only 
indicated by fabric asymmetry and obliquity between foliation and SB in sample 7. For explanation of lithology symbols and 

fabric contour intervals, see Figs. 3 and 6, respectively. 

depths beneath the Florence Creek Fault, is shown in 
Fig. 11. 

Within the Florence and Fall Creeks study area, only 
extremely limited microstructural and crystal fabric evi- 
dence has been found for penetrative deformation 
associated with a top-up-to-the-north shear sense. At 
least in the quartz-rich samples selected for detailed 
fabric analysis, a top-up-to-the-north shear sense is only 
indicated by sense of c-axis fabric asymmetry and ob- 
liquity between foliation and Ss in samples 6 and 7 (Figs. 
6 and 7). These Schist Belt samples were collected at 
approximately 4.6 km (sample 6) and 4.2 km (sample 7) 
beneath the projected position of the Florence Creek 
Fault (Figs. 5 and 10). 

Microstructural and crystal fabric evidence for a sig- 
nificant component of coaxial deformation within 
quartz-rich units from the Schist Belt has only been 
recorded in samples 5, 14 and 20 (Fig. 7). In contrast, 
microstructural evidence for coaxial deformation is 
more common in the pelitic L - S  tectonites and many of 
the additional 165 quartz-poor samples from the Schist 
Belt and MP unit lack convincing shear-sense indicators 
(Little et al. 1994). Symmetric pressure shadows in some 
of these samples indicate approximate coaxial defor- 
mation histories involving bulk shortening perpendicu- 
lar to foliation and extension parallel to iineation. These 
observations suggest that lithology-controlled strain 
path partitioning may have operated in the Schist Belt 
rocks. 

In many well-documented mylonite zones, both strain 
magnitude and degree of crystal fabric asymmetry in- 
crease towards associated fault contacts. Examples in- 
clude the Moine thrust of NW Scotland (Law et al. 1986, 
Law 1987), the Betic Cordilleras of SE Spain (Platt & 

Behrmann 1986) and the Snake Range detachment of 
Nevada, U.S.A. (Lee et al. 1987). For the quartz-rich 
units of the Brooks Range Schist Belt, although it is true 
that mylonitic textures are only found at less than 250 m 
from the Florence Creek Fault, and that the most 
asymmetric fabrics are generally recorded close to the 
fault, no convincing progressive increase in degree of 
fabric asymmetry, traced towards the fault, has been 
detected (Figs. 8 and 10). The possible importance of 
progressive strain path partitioning with distance be- 
neath the Florence Creek fault therefore remains 
unclear. 

Tectonic interpretation o f  kinematic indicators 

In the companion paper to this microstructural and 
crystal fabric analysis, Little et al. (1994) have argued 
that the S-dipping penetrative foliation ($2 in the Schist 
Belt, So in the overlying MP unit) and down-dip stretch- 
ing lineation recognized in the Florence and Fall Creeks 
area, developed during a period of mid-Cretaceous 
crustal extension associated with top-down-to-the-south 
shearing. This extensional interpretation is compatible 
with the fact that along the S-dipping, foliation-parallel 
Florence Creek Fault, very low grade rocks (MP unit) in 
the hangingwall rest on completely recrystallized poly- 
deformed rocks of the Schist Belt that retain evidence 
for an early (D1) high-P-low-T event. Most of the MP 
unit contains a rough or slaty cleavage formed chiefly by 
pressure solution and represents a higher structural level 
of exposure than the underlying Schist Belt. Little et al. 
(1994) infer that these two packages of rocks, metamor- 
phosed at different crustal levels during the M1 event, 
were juxtaposed prior to (or during) development of the 
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Sd-S2 foliation. Within both the MP unit and the Schist 
Belt, the most intensely deformed rocks, showing the 
least evidence for recovery processes, occur within 300 
m of the Florence Creek Fault. 

Both the oblique quartz grain shape alignments and 
the asymmetric quartz c-axis fabrics which indicate a 
top-down-to-the-south shear sense in the MP unit and 
Schist Belt tectonites (Figs. 5 and 10) are compatible 
with this extensional model. It should be emphasized 
that the microstructural and crystal fabric evidence for 
extension in the Florence and Fall Creeks area is not 
limited to a relatively narrow zone of penetrative defor- 
mation. Within the Schist Belt rocks, evidence for top- 
down-to-the-south shear has been found in samples 
collected at estimated distances ranging from less than 
100 m beneath the projected position of the Florence 
Creek Fault, to approximately 7.7 km beneath the fault 
(Figs. 8 and 11). In the overlying MP unit, evidence for 
extensional deformation has been found in quartz veins 
located at distances of between 50 and 400 m above the 
fault. 

These observations indicate that the Florence and Fall 
Creeks study area is situated over a large scale (at least 
8.1 km thick) zone of extensional shear dipping towards 
the south. Within this zone (Fig. 11), only two of the 35 
samples analyzed contained microstructures and crystal 
fabrics indicating a top-up-to-the-north shear sense 
(samples 6 and 7 in Figs. 5 and 10). The two Schist Belt 
samples exhibiting the opposite shear sense may rep- 
resent zones of conjugate shear or flow within the 
broader zone of extensional (top-down-to-the-south) 
deformation (Little et al. 1994). Alternatively, they 
could represent regions of low D2 strain within which 
earlier D1 thrust-related fabrics have locally been pre- 
served. 

The concept of a regionally important phase of mid- 
Cretaceous extension-related penetrative deformation 
in the Brooks Range is highly controversial (see recent 
discussion by Miller & Hudson 1993 and Till et al. 1993). 
Models for extensional deformation in other mountain 
belts have been similarly controversial, and numerous 
examples have been documented where locally import- 
ant apparent extensional geometries may, in fact, be 
related to thrusting. For example, Wheeler (1991) has 
demonstrated that in the European Alps normal-sense 
metamorphic breaks, such as that between the 
greenschist-facies Combin zone, and the structurally 
underlying Zermatt-Saas eclogite-facies zone (Platt 
1986) could, in principal, be accounted for by either out- 
of-sequence thrusting or backthrusting within an oro- 
genic wedge. In the case of the south-central Brooks 
Range, the dominant top-down-to-the-south shear 
sense associated with foliation development is incom- 
patible with out-of-sequence N-directed overthrusting 
but could, theoretically, be related to S-directed back- 
thrusting. However, in order to be compatible with the 
structural relationships mapped by previous workers 
(e.g. Dillon et al. 1981, 1986, 1987, Little et al. 1994) 
such an originally S-directed, N-dipping backthrust 
would subsequently either have to be: (1) tilted through 

the vertical (assuming no previous structural inversion 
of lithotectonic units) in order to place the MP unit on 
top of the Schist Belt; or (2) tilted through the horizontal 
(assuming previous structural inversion). We regard 
these backthrust interpretations as. being unlikely be- 
cause low-grade rocks structurally overlie high-grade 
rocks along the entire length (>500 km) of the southern 
Brooks Range. Furthermore, the Cretaceous clastic 
strata overlying these tectonites are not overturned. 

Strain estimates 

Movement on the zone of extensional shear in the 
Florence and Fall Creeks area has been correlated by 
Little et al. (1994) with development of the Yukon- 
Koyukuk basin to the south (Fig. 1). The basin contains 
a 5-8 km thick section of early Cretaceous (Berriasian- 
Aptian) volcanics overlain by terrigenous sedimentary 
rocks (Albian-Cenomanian) (Nilsen 1989, Patton & 
Box 1989). A very crude estimate of displacement across 
the zone may also be made by considering the strain 
required to produce the observed top-down-to-the- 
south quartz c-axis fabrics. Little et al. (1994) have 
argued that these extension-related fabrics have been 
produced by overprinting of earlier thrust-related fab- 
rics. Fabric simulation studies by Lister and co-workers 
indicate that in quartzites 40% shortening is sufficient to 
result in gross changes to a previously existing fabric 
(Hobbs 1985, p. 477). Assuming simple shear defor- 
mation, this 40% shortening corresponds (Ramsay 
1967, p. 85) to a shear strain, 7, of 1.07. A displacement 
of 8.6 km is indicated by assuming a homogeneous strain 
across an 8.0 km thick zone of simple shear. 

Although the fabric analyses indicate that: (1) defor- 
mation within the inferred shear zone approximates 
plane strain; and (2) the component of non-coaxial 
(simple shear) deformation is dominant over any coaxial 
(pure shear) component (at least in the quartz-rich 
samples analyzed), the absolute magnitudes of these 
components remain unknown. The observed parallelism 
between foliation and the projected tectonic boundary 
between the Schist Belt and the overlying MP unit may, 
for example, indicate a significant component of pure 
shear deformation. Such a pure shear component would 
necessitate reducing the above displacement estimate 
which was made by assuming simple shear alone. 

Crude shear strain estimates may also be obtained by 
considering the pattern of quartz c-axis preferred orien- 
tation. For computer-simulated simple shear defor- 
mation, Jessell & Lister (1990) have demonstrated a 
progressive transition, with increasing shear strain, from 
cross-girdle to single-girdle quartz c-axis fabrics under 
conditions where both crystal slip and dynamic recrystal- 
lization are important. The transition from cross-girdle 
to single-girdle fabrics in these simulations occurs in a 
shear strain, y, range of between 0.7 and 1.5. The Schist 
Belt and MP unit are characterized by cross-girdle 
fabrics; a single-girdle fabric has only been recorded in 
sample 24 located at 250 m beneath the Florence Creek 
fault (Fig. 11). By correlation with the simulation work 
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of Jessell & Lister (1990) these cross-girdle fabrics also 
indicate low shear strains associated with fabric and 
foliation development. 

The presence of N-vergent folds in the southern part 
of the Florence and Fall Creek area may also be used to 
obtain crude shear estimates assuming that they formed 
during top-down-to-the-south movement. Little et al. 
(1994) have demonstrated that these apparently anom- 
alous N-verging D2 folds could either be explained by: 
(1) a strong component of pure shear deformation being 
obliquely imprinted on dipping layering; or (2) fold 
development within a S-dipping, top-down-to-the- 
south, shear zone when the initial layering dipped more 
steeply to the south than the shear zone boundaries. A 
geometrically similar situation to the second possibility 
has been modelled numerically by Ramsay et al. (1983) 
assuming homogenous simple shear. By analogy with 
the results presented by Ramsay et al. (1983, fig. 4) a 
minimum shear strain, 7, of between 6.0 and 8.0 is 
required to produce a series of N-vergent folds in a top- 
down-to-the-south shear zone. This minimum shear 
strain could be reduced considerably if there was a 
significant component of pure shear deformation, which 
we believe is likely. 

Larger shear strains may locally be indicated in the 
Schist Belt by sheath folds whose axial planes are paral- 
lel to $2 (Little et al. 1994); experimental studies under 
homogeneous simple shear conditions (e.g. Cobbold & 
Quinquis 1980) indicate that shear strains, y, of greater 
than 10 are required for sheath fold development when 
the shearing plane is oriented parallel to the sheet dip of 
the layering. Large-magnitude strains are also indicated 
by the apparent ca 70 ° rotation of LI× 2 intersection 
lineations which, traced from north to south in the 
Florence and Fall Creeks area, change in orientation 
from gentle west or east plunges to nearly down-dip 
trends (Little et al. 1994, figs. 3 and 7). 

Correlation with previously  publ i shed  along-strike 
studies 

How far this large-scale zone of extensional (or top- 
down-to-the-south) shear can be traced along strike 
remains unclear. In the Cosmos Hills, located 200 km 
along strike to the west of the Florence and Fall Creek 
study area (Fig. lb), Box (1987) and Christiansen (1989) 
described extensional faults of post-Early Cretaceous 
age where a strong foliation overprints inferred fault 
contacts between Schist Belt rocks, the MP unit and the 
Angayucham terrane. The foliation is also present as a 
weak fabric in overlying fault-bounded Cretaceous sedi- 
ments of the Yukon-Koyukuk basin. Thus, if contacts 
between units along the southern flank of the range are 
normal faults, ductile deformation of inferred exten- 
sional origin may be synchronous with and/or post-date 
motion on these faults (Little et al. 1994). Christiansen 
(1989) described asymmetrical quartz c-axis fabrics indi- 
cating a top-down-to-the-south shear sense within the 
Schist Belt rocks of the Cosmos Hills. This inferred 
shear sense is also independently indicated by asymmet- 

ric pressure shadows on pre-tectonic porphyroblasts 
within these tectonites. 

In contrast, quartz fabrics indicating a top-up-to-the- 
north shear sense have been documented by Gottschalk 
(1987, 1990) in Schist Belt rocks immediately east of the 
Trans-Alaska pipeline and to the north of Coldfoot (Fig. 
lb). Gottschalk (1990) recognizes three deformation 
events in these tectonites, which are located some 30 km 
along strike to the east of the Florence and Fall Creeks 
study area. The dominant foliation, which is referred to 
as Slb by Gottschalk (1990), is flexed into a broad 
asymmetric antiform known as the Wiseman arch. This 
foliation has been correlated by Little et al. (1994) with 
the $2 foliation recognized in the Schist Belt rocks of the 
Florence and Fall Creeks study area. Although Dlb 
strains in the Wiseman area are locally heterogeneous, 
they do appear to increase to the south in the higher 
levels of the section (R. Gottschalk personal communi- 
cation 1992) in a similar manner to that recorded for D2 
in the Florence and Fall Creeks area. In contrast to our 
study area, no macroscopically obvious stretching linea- 
tion is observed on the Slb foliation surfaces in the 
Wiseman area. However, a N-S-trending, down-dip 
stretching direction may be inferred from the pole-free 
areas of the c-axis fabrics in these tectonites (R. Gott- 
schalk personal communication 1992). 

Twelve quartz c-axis fabrics have been reported by 
Gottschalk (1990, fig. 2) from the Wiseman arch. 
Although of a generally diffuse nature, nine of these 
fabrics display a fairly convincing asymmetry with re- 
spect to foliation (Slb) and lineation (L~b). In only one of 
these fabrics is a top-down-to-the-south shear sense 
indicated by fabric asymmetry, the remaining eight 
fabrics indicating a top-up-to-the-north shear sense. A 
further two more weakly defined, unpublished fabrics 
also indicate a top-down-to-the-south shear sense (R. 
Gottschalk personal communication 1992). All three 
top-down-to-the-south fabrics are from the higher levels 
of the section to the south where Dlb strains are higher. 

Clearly, if $2 in the Florence and Fall Creeks study 
area and Slb of Gottschalk (1990) in the Wiseman arch 
are coeval then there is a major conflict in the kinematic 
interpretation of deformation associated with the forma- 
tion of these structures in the two areas. One possible 
solution to this apparent conflict is that Slb in the 
Wiseman area is related to the earlier D1 thrusting event 
recognized in the Florence and Fall Creeks area, and has 
been overprinted by a weaker extensional deformation 
(characterized by extensional shear bands). Gottschaik 
(1990, p. 463) noted that within the Wiseman area, folds 
with 'S-vergent asymmetry' indicate that the Schist Belt 
was affected by a relatively late-stage event involving 
top-down-to-the-south shear. This interpretation could 
be supported by the 'geometry and orientation of ductile 
extensional shear bands' in the Wiseman area of the 
Schist Belt (Gottschalk 1990, p. 465). 

An alternative solution is that Slb in the Wiseman area 
is extensional in origin, and extension-related strain may 
be greater in the Florence and Fall Creeks area than in 
the Wiseman area. This would produce: (1) a predomi- 
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nance of top-down-to-the-south shear senses in the Flor- 
ence and Fall Creeks area; (2) a zone of mixed shear 
senses in the southern part of the Wiseman area; and (3) 
a predominance of relict top-up-to-the-north shear 
senses elsewhere in the Schist Belt where extensional 
shear strains are relatively low (R. Gottschalk personal 
communication 1992). Resolution of this problem of 
along-strike shear-sense correlation can only be 
achieved by new studies in the intervening ground. 

Kinematic indicators and shortening vs extension- 
related fabrics: comparison with examples from Europe 
and the Himalayas 

Evidence for extensional deformation on the southern 
flank of the Brooks Range has been documented using 
microstructural and petrofabric data (reported in this 
paper) in combination with petrologic, structural and 
radiometric age analyses (see companion paper by Little 
et al. 1994). As outlined in the Introduction to this 
paper, single pieces of evidence for extensional defor- 
mation in contractional orogens are rarely unequivocal, 
but when several complementary lines of evidence come 
together (as we have attempted to demonstrate for the 
Brooks Range) then the case becomes more compelling. 
If we are correct in our extensional interpretation of 
deformation features preserved in the Brooks Range, 
then it is clearly of interest to know how common such 
features are in other compressional orogens. Below we 
briefly review the results of several previously published 
studies in Europe and the Himalayas which have used 
similar analytical techniques to those employed in our 
study. 

Particularly spectacular examples of the use of kine- 
matic indicators in distinguishing between shortening 
and extension-related fabrics have been described from 
the Sognefjord-Nordfjord and Roragen areas of western 
Norway where regional extension is thought to have 
been generated due to the collapse of overthickened 
crust at the end of the Caledonian continent--continent 
collision (Norton 1986). Northwest-dipping mylonite 
zones in these areas have traditionally been related to 
Caledonian SE-directed thrusting. However, kinematic 
analyses of these zones using shear bands (S6ranne & 
SEguret 1987), asymmetric quartz crystal fabrics and 
oblique quartz grain shape alignments (Norton 1987, 
Norton et al. 1987, Chauvet & Brunel 1988, Brunel & 
Chauvet 1993) indicate a top-down-to-the-northwest 
movement sense. These thick (>100 m) mylonite zones 
cross-cut the underlying Caledonian (pre-Devonian) 
basement structures, and define the margins of overlying 
Devonian age half-graben sedimentary basins. The 
myionites have been interpreted by Norton (1987) as 
marking a regionally important extensional detachment 
which displaced a weakly metamorphosed upper plate 
carrying syn-extensional clastic sediments. The detach- 
ment structure consists of a ca 10 m thick shear zone 
(partly cataclastic) passing down into a thick sequence of 
mylonites derived from cover sedimentary rocks in the 
upper part, and basement tectonites in the lower part, 

and varying from greenschist- to mid-amphibolite-facies 
from top to bottom (Norton 1987). This Norwegian 
example clearly bears some geometric similarities to the 
model proposed by Miller & Hudson (1991) for exten- 
sional deformation in the Brooks Range and develop- 
ment of the Yukon-Koyukuk basin to the south (see also 
Little et al. 1993, fig. 9c). 

Shear-sense indicators such as asymmetric crystal fab- 
rics have also been used to distinguish between mylonite 
zones associated with normal and reverse senses of 
motion in the Austrian Alps. Motion on the normal- 
sense mylonite zones has been related to both formation 
of sedimentary basins (e.g. Krohe 1987) and the exhu- 
mation of high pressure metamorphic mineral assem- 
blages (e.g. Behrmann & Ratschbacher 1989) during 
late Cretaceous crustal extension. Similarly in the west- 
ern Alps, Wheeler & Butler (1993) have used kinematic 
indicators such as shear bands to distinguish between 
foreland and hinterland directed fault zones and have 
argued that movement on the hinterland directed faults 
may be, at least in part, of extensional origin. Other 
examples of the application of shear-sense indicators for 
distinguishing between shortening and extension- 
related fabrics have been described by Powell & Glen- 
dinning (1990) from the Caledonides of northern Scot- 
land, and by Malavieille et al. (1990) from the Variscan 
of the French Massif Central. 

In southern Tibet, Burchfiel el al. (1992) have shown 
that N-vergent S-C mylonite fabrics indicate that the 
low-angle N-dipping contact between the Greater 
Himalayan and Tibetan sedimentary sequences is a 
major normal fault--the South Tibetan Detachment 
System. This extensional interpretation is supported by 
such observations as: (1) the fault places Paleozoic or 
Mesozoic rocks onto Cambrian or Precambrian (?) 
footwall lithologies; (2) the hangingwall lithologies con- 
tain greenschist-facies mineral assemblages while the 
footwall assemblages are indicative of middle-upper 
amphibolite-facies; and (3) the footwall shows evidence 
for the progressive development of N-vergent ductile- 
brittle extensional structures. Burchfiel et al. (1992) 
have argued that since the presence of gently dipping 
normal faults that parallel thrust faults in the same 
mountain range can be documented in the Himalayas, it 
is possible that similar structures, which have previously 
been mapped as thrust faults, may also be present in 
other mountain ranges. We believe that the southern 
flank of the Brooks Range may be one such example. 

CONCLUSIONS 

Within the Florence and Fall Creeks area of the south- 
central Brooks Range, a series of weakly metamor- 
phosed greywackes and phyllites (the MP unit) structur- 
ally overlie higher grade basement rocks of the Brooks 
Range Schist Belt. The contact between these two S- 
dipping tectonic units is referred to as the Florence 
Creek Fault. Microstructural and petrofabric analysis of 
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quartz-rich horizons within both tectonic units leads to 
the following conclusions. 

(1) A dominant top-down-to-the-south shear sense is 
indicated by the observed obliquity between foliation 
and alignment (SB) of elongate dynamically recrystal- 
lized quartz grains. This inferred shear sense is indepen- 
dently supported by the observed quartz c-axis fabric 
asymmetry in the same samples and is in direct conflict 
with previous workers who have attributed foliation 
development on the southern flank of the Brooks Range 
to N-directed thrusting. 

(2) The tectonic juxtaposition of low-grade metamor- 
phic rocks of the MP unit above higher grade rocks of the 
underlying Schist Belt suggests that this penetrative top- 
down-to-the-south deformation is of extensional origin. 
A backthrust interpretation of these relationships seems 
unlikely as low-grade rocks structurally overlie higher 
grade rocks along the entire length (>500 km) of the 
southern Brooks Range. 

(3) Within the Schist Belt rocks, a top-down-to-the- 
south shear sense has been found in samples collected at 
estimated distances ranging from less than 100 m be- 
neath the projected position of the Florence Creek 
Fault, to approximately 7.7 km beneath the fault. In the 
overlying MP unit, a top-down-to-the-south shear sense 
has been found in quartz veins located at distances of 
between 50 and 400 m above the fault. 

(4) These observations indicate that the Florence and 
Fall Creeks area may be situated over a large scale (at 
least 8.0 km thick) zone of extensional shear dipping 
towards the south. How far this zone of penetrative 
deformation can be traced along strike remains unclear. 
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