

































































anything larger than very fine-grained quartz, enhances a foliation
of a form that has been defined by Marshak and Mitra (1988) as a
continuous schistosity Type 1 (Figures 3 and 4).

Surface outcrops of iron “~--ation in the Jardine region are
scarce, but exposures can be found in prospect pits and adits since
old time prospectors were aware that the lode gold in e region was
associated almost exclusively with iron formation. Deta :3d
subsurface maj ing of iron formation on Mineral Hill has been
accomplished through the use of both surface and underground
diamond drill holes and face mapping during undergroun mining
operations. Both silicate and oxide facies iron formation exist in the
area with silicate facies iron formation being the more common of
the two tv es.

Small pieces of magnetite-bearing banded iron formation in float
on Bald Mountain and along Palmer Creek (Figure 2) were the only
surface evidence of oxide facies iron formation in this study area.
Airborne magnetometer survey data collected by the Anaconda
Copper Mining Company (ACM) during the mi 1ile 1970's | ows a
regional magnetic high which has been interpreted by ACM to be a
layer of oxide facies iron formation stratigraphically near the base of
the metasedimentary rock package. This layer of iron formation has
not been intercepted in the underground mine workings on Mineral
Hill.

Silicate-facies iron formation is t1 ically 1-10 meters thick, dark
green to black in color, and displays 3-30 mm long radiating, bow-tie

shaped amphiboles (grunerite and cummingtonite wi  retrograde
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According to Spear and Peacock (1989), iron is partitioned between
garnet and biotite. The assumption made here is that the
composition of the garnets (Xaim = 0.893) coexisting with biotite in
sample BM-2 represent a maximum Xjajy composition of garnets in
an assemblage of quartz-muscovite-garnet-biotite-staurolite that is
isofacial with sample BM-3. This assumption can be substantiated
by comparing the mole fraction of iron in biotite for samples BM-2
(Xpe = 0.539) and BM-3 (Xge = 0.532) and noting that the difference
between the two samples is insignificant. |
Using the composition of the garnets in sample BM-2 (Xaim =
0.893), the 0.9 Xaim isopleth will be followed in figure 7. The
segment of the 0.9 Xa;m, isopleth that is pertinent to the BM-2 and
BM-3 metamorphic mineral assemblages lies in the field between e

reactions

garnet + chlorite < staurolite + biotite (6)
staurolite < garnet + biotite + Al-silicate ().

The 0.9 Xaim isopleth, in the field defined above, crosses reaction (5)
at approximately 2.9 kb and 560°C (see Figure 7). This agrees well
with the pressure and temperature calculated from sample BM-3. At

is pressure and temperature, the metamo: hic mineral assemblage
garnet + biotite + staurolite (sample BM-2) and biotite + staurolite +
andalusite + sillimanite (sample BM-3) are stable and may coexist

(Figures 7 and 8).
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Other 1 inar features include foliations that are crenulation
cleavages of S;, formed during, and in axial-planar attitudes to, the
second (F2) and third (F3) fold events. These crenulation cleavages
are designated S, and S5, respectively, and are both a zc al
crenulation cleavage (Marshak and ! tra, 1988, see Figure 3),
defined by the axial planar alignment of microfold hinges
(symmetric zonal crenulation cleavage; Figure 10A) and/or domains
of reoriented micas (asymmetric zonal crenulation cleavage; Figure
10B) and are not the result of recrystallization of micaceous minerals
in e microfold hinges during tectonometamorphic processes. Thin
section observations show that the micaceous minerals that define S;
are bent and/or kinked into microfolds with hinge lines 1at are in
alignment parallel to the axial planes (S2 and S3) of later fold
generations (Figure 10, A and B). When both sets of axial-planar
crenulation .cleavages were observed in a coexisting fold hinge (a
dome), the amplitude of the microfolds that define the S, crenulation
cleavage were typically larger than the amplitude of the microfolds
in the S3 crenulation cleavage. This has been interpreted to be the
result of varying relative intensities of the F, and F3 fc 1 events, in
agreement with mesoscopic observations of F; and F; folds.

The limbs of asymmetric microfolds are composed primarily of
micaceous miner: ;, while the hinges of asymmetric microfol ; show
an excess of quartz (Figure 10B). Nicholson (1966), Williams (1972),
Cosgrove (1976), Hobbs et al. (1976), Marlow and Etheridge (1977),
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across ‘a small (cm scale) domain. A small outcrop on Germania
displayed a 2 c¢cm wide kink band with a northeast-southwest strike
and a moderate dip to the northwest. Although this kink band has a
strike similar to that of S;, it has a fundamentally different geometry
than F2 folds (discussed below), and cross-cutting structural features
show ghat it was not developed during, but rather later than, the F,
phase of folding. A large (0.4 m wide), nearly horizontal kit band
was also seen at the confluence ¢ Bear Creek and e Yellowstone
River. The kink bands are a rare structural feature, and

observations of the two mentioned show that they deform earlier
structural features. The kink bands are therefore interpreted to be

art of a post-F3 deformational event.

Linear Structures

Three types of lineation are found in the metasedimentary rocks
of the Jardine region: minor fold axes, intersection neations, and a
mineral lineation.

Minor fold axes were observed in surface outcrops of all rock
types. The minor fold axes that were recorded from surface
exposures were most often associated with the second generation of
fc ling (F2). A few F3 fold axes were observed in outcrop but could
not be measured directly due to the weak nature of the third fold
event. Distinct F; minor fold axes were never found in surface
exposures, but they were observed underground. The amplitude of
F, minor folds that were observed on the surface ranges in size from

approximately 5.0 centimeters up to 10 meters. F» folds with large
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amplitudes were also observed in underground exposures in Mineral
Hill.

Intersection lineations are the most common of the three types of
lineation and were found most often in outcrops of intermediate-
bioitite schist and biotite schist. The intersection of well-developed
S» and/or S3 axial planar crenulation cleavages with the S; foliation
plane results in an intersection lineation on e S; surface (Figure
12). Depending on the intensity of the crenulation cleavage, an
intersection lineation usua y gives the S; surface a corrugated
appearance (Figure 12). The amplitude and wavelength of
microfolds that define the intersection lineation range from
millimeter-scale to centimeter-scale and are almost always
symmetric in shape. The intersection lineations were formed during

e F, and F3 fold events and are here designated L, and L3,
respectively. Ly lineations are more prevalent and more prominent
than L3 lineations, which are always less well-developed and occur
more infrequently than Lj lineations. OQOutcrops that display bo L
and. L3 lineations are rare. At such locations, L, and L3 are at a
moderate to high angle to one another.

A mineral lineation, defined by the preferential alignment of
biotite porphyroblasts, can be seen in the S; foliation | ine in a few
outcrops ¢ intermediate-biotite schist. Figure 13 is a stereoplot of
the orientation of observed mineral lineations along with L and L3
lineations for comparison. he stereoplot shows that e mineral

lineation is not colinear with either L, or L3 lineations.
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Figure 13. Stereoplot showing compilation of regional lineation
data (not including F3 fold axes). Filled circles are L3, open
circles are L3, and crosses are mineral lineations.
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Thin section evidence, in the form of bent and kinked biotite
orphyroblasts (Figure 14), shows that the bic;tite porphyroblasts
that define the mineral lineation are at least pre-F; and may
possit 7 be pre- or syn-F;. Since the biotite orphyroblasts are not
kely to have a detrital origin, they are probably e result of a
tectonometamorphic recrystallization process that occurred before,
during, or shortly after the ; fold event. @ he number of outcrops
displaying a mineral lineation is small, and nowhere in the study
area was an outcrop found in which the mineral lineation ad an
obvious association with a structure of any generation. It is
therefore concluded, that a structural significance of the mineral
lineation to any fold event cannot be confidently determined at this

time.

Geometry of Individual Folds

he three generations of folding recognized in the Jardine region
are herein labeled, from earliest to latest, F;, F, and F3. Each
generation of folding has characteristic minor structures (defined

above) that were used to determine their shape and orientation.

F,_Folds
Fc ;1 developed during the first generation of »>lding « ‘1) are
isoclinal (interlimb angle equals 0° to 10°) and kely were
recumbent at the time of their formation, but have been affected by
later refolding. F; fold hinges were not observed in surface outcrop,

but minor F; fold hinges were observed in underground exposures in
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the Mineral Hill Mine. As expected, the inge zones of large-scale
isoclinal folds are rarely seen because the majority of the fold

suw 1ice is fold limb rather than fc 1 inge. The F; minor folds seen
underground are typically tabular shaped, isoclinally folded quartz
bodies 2-40 cm thick, or isoclinally-folded bands of massive sulfide
(arsenopyrite) in iron-formation (Figure 15).

The large-scale isoclinal nature of F; fc ling is demonstrated well
in cross-section interpretations of iron formation locations in Mineral
1 1I. With surface and underground diamond drill holes, the iron
formation can be accurately located and mapped (Figure 16). By
using the iron formation as a marker horizon, it can be seen that the
iron formation as been isoclin: y fol :d during the first phase of
folding (F;) and subsequently refolded by a later phase of folding (in
this cross section, F; is refolded by F;) (Figure 16).

The coplanarity of bedding and S; foliation, seen in the surface
outcrops throughout the region, has been interpreted as evidence
that e first fold event was isoclinal. Minor F; folds underground
display an axi¢ -planar schistosity (S;) that corroborates this
interpretation and dispels any notion that the S; foliation is the
result of a relict primary sedimentary texture of preferentially
oriented micas.

Figure 17A is a stereoplot of poles to the S; foliation measured
from surface outcrops throughout the region. The apparent random
scatter of S; orientations, as displayed in the plot, is the result of the
S, surface being deformed by two later generations of folding (F;

and F3).
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Figure 15. F; fold obscrved in underground exposure in Mineral
Hill Mine.
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Figure 17. Stereoplots showing compilation of planar and linear
minor structures. A) Filled circles are poles to S;. B) Filled
circles are poles to Sp. C) Filled circles are Lz, open circles are L3.
D) Filled circles are Fo fold axes.
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Measurements of the orientation of minor F; fold hinges were not
collected because the underground exposures were always two-
dimensional and the structures discontinuous. Underground
mapping by the Mineral Hill Mine geologists shows that ;1 fol axes
show no preferential orientation, and in fact, can be found to occur in
almost any direction and with any degree of plunge (personal
communication with David Oliver). There are two reasons for the
omnidirectional nature of the F; fold axes. First, the : ape of F; folds
before deformation was noncylindrical with an undulatory hinge
line; that is, F1 fold morphology closely resembled the morphology of
sheath fol ;. Second, F; hinge lines were deformed and reoriented

by two successive fold generations.

F»_Folds

The second generation of folds (F) is cylindrical and close
(interlimb angle equals 30° to 70°), with s1 horizontal to moderately
plunging fold axes and nearly upright axial surfaces. The axial
surface of the second generation of folds, as evidenced by
measurements of S, crenulation cleavages and L, lineations on S,
foliation planes, strikes northeast-southwest (average strike = 055°)
and ps steeply (60°-90°) to the northwest and sometimes to the
southeast (Figures 17B and 17C). Measurements of fol axes show
that F, fold hinges plunge gently to the northeast (= 030°) or to the
southwest (= 210°) (Figure 17D).

The doubly-plunging nature of the F, fold axes is attributed to

subsequent deformation of the hinge lines by the third generation of
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folding. The fold axes of the second and third fold event are at a

igh ang > to each other and e axial surface of the second
generation of folding shows no evidence of deformation (buckling)
by the third generation of folding, as the direction of displacement of
the third generation of folding lies within the axial surface of the
second generation of folding. he subject of superposition of fold
generations is covered in more detail below, in the "fold interference

pattern” section.

F3;_Folds

The = ird generation of folding was the least intense and the most
difficult to recognize structurally. Because of the weak nature of the
third generation of folding, F3 fold axes and S3 crenulation cleavage
planes were not directly measurable from outcr¢ . L3 lineations,
defined by the intersection of S3 crenulation cleavage planes with S
foliation planes, were used to calculate the orientation of the axial
surface of the third generation of folding (Figure 17C). As deduced
from fold interference patterns and L3 lineations, F3 folds are
cylindrical and open (interlimb angle equals 70° to 120°), with
subhorizontal to moderately plunging fold axes and a nearly upright
axial surface that strikes northwest-southeast (average strike = |
323°). Lj3 lineations lunge in two directions, 180° from each other,
because they are the manifestation of an upright axi: surface
intersecting the S; foliation planes on the mbs of F, »>lds.

Brittle deformation features are observed in the study area,

mainly in underground exposures. The brittle features include major
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fault zones (e.g. the Bear Gulch Fault and the East Fault Zone), minor
shear zones, and jointing. These brittle features have been
interpreted to be the result of near-surface deformations that

formed during the uplift of the Beartooth Block (Laramide Orogeny).

~ammary

The Archean metasedimentary rocks in the study area have
experienced three Precambrian compressional deformations
evidenced by minor fold structures and one later semi-brittle
deformation that formed kink bands. Minor structures (F;, Fa, Si, So,
L,, L3, gp-mineral neation) were observed and measured in surface
and underground outcrops in order to define the styles and
orientations of the three generations of folding as well as
interference patterns (discussed below), which were created during
the three compressional deformations. rittle d¢ >rmational features
in the form of major fault zones, minor shear zones, and joints,
formed in conjunction with the Laramide uplift of the Beartooth

Block.

45



eTRIUCTURAL INTERPRETAT'™N

Fold aterference Pattern

The term superposed fc ling implies a structural history in which
an earlier set of folds is refolded by a later deformational event
resulting in complex fol structures, or two directions of folding
occur simultaneously, resulting in a complexly folded surface.
Complex fold structures are common in orogenic zones where rocks
typically experience multiple episodes of deformation. The

:formational events may take place as a series of individual
deformations separated by large intervals of time, for example, when
an earlier orogenic zone is deformed by a iter orogeny. Superposed
folding may also be the result of progressive deformation in one
orogenic cycle. In this scenario, deformation occurs in a series of
pulses of finite shortening while, simultaneously, the principal stress
directions change with respect to earlier-formed folds. The Late
Archean collisional orogeny, postulated for the western margin of the
Beartooth lock by Mogk et al. (1988), supports the latter scenario
for the deformation of the Jardine rocks.

The geometric fold form observed in hinge-perpendicular section,
found in the more micaceous lithologies in the Jardine region, is most
closely related to Class 2, similar folds (Ramsay, 1962b, 1967). This
fold type is common in zones of regional tectonism and
metamorphism where roc s ave undergone duc le deformation in a
high pressure and temperature environment (Ramsay, 1967). Again,

this conforms to the model of Mogk et al. (1988), which involves
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deep-seated, orogenic-related deformation of the-metasedimentary
rocks along the southwestern margin of the Beartooth Block.

The geometry of com lex structures produced by the
superposition of two successive fold generations is a three-
dimensional fol interference pattern that can be recognized in
outcrop (Ramsay, 1958; Tobisch, 1966). Four end-member types of
fold interference patterns have been defined (Ramsay, 1962a, 1967,
Ramsay and Huber, 1987). The final geometric form of the
interference pattern depends primarily on the relative orientations
of two structural features: first, the angle between the axial plane of
the earlier fold and the direction of displacement of e second phase
of folding (direction of displacement is referred to as a, in Figure
18); and second, the angle between the earliest fold hinge line (Fp)
and the later fold hinge line (Fn+1) direction (Fp4 is referre to as
b, in Figure 18) of the later fold (Ramsay, 1962a, 1967; Ramsay an
Huber, 1987).

A. First fold B.Second phas
geometry d/splacen'? 7rse

Figure 18. A diagrammatic representation of an initial fold
geometry and a second phase of folding, with their respective
geometric elements labeled (From Ramsay and Huber, 1987).
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In the study area, outcrops displaying a fc¢ 1 interference pattern

sveloped by the superposition of the three fold events are rare.
One small outcrop on Germania (location of Germania : own on
Figure 2) exhibits a model fold interference pattern that
demonstrates clearly the geometrical relationships of Precambrian

:formational events experienced by the metasedimentary rocks of
the Jardine region.

The outcrop on Germania : ows a Ramsay type 1 dome and basin
fold interference pattern developed on nearly continuous S, foliation
planes. This outcrop is illustrated well with pictures taken in two

rections, one arallel to the trend of L, intersection lineations
(Figure 19A), and the other parallel to the trend of L3 intersection
lineations (Figure 19B). The dome and basin fold interference
pattern is also illustrated by a three-dimensional contour map of the
S1 foliation, generated from elevation measurements of the S;
foliation plane below a horizontal reference plane (Figure 20). Minor
fold structures show that the domes and basins are formed on the S;
foliation plane by the superposition of F3 folds upon, and : a high
angle to, F» folds..

On the S; foliation plane, one can see northeast-southwest
tren ng L, intersection lineations running the full length of the
outcrop (Figure 19A). The ., intersection lineations maintain a
straight trace over the topography of the undi itory outcrop, thus
showing that F, axial surfaces (S;) is very steep, nearly vertical. The
same holds true for the L3 intersection lineations. Northwest-

southeast trending L3 intersection lineations maintain a straight
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trace over the topography of the domes and basins (Figure 19B),
demonstrating F3; axial surfaces (S3), like the F, axial surfaces, is
nearly vertically.

Figure 21A is a picture looking down on e same outcrop,
showing the near perpendicular relationship between L, and 3
intersection lineations. Figure 21B shows a stereoplot of Lj and L3
intersection lineations measured from the dome and basin outcrop.
A bestfit great circle rough plotted Ly and L3 intersection
lineations shows that both S; and S; are nearly vertical (both dipping
at approximately 85°) and are also nearly orthogonal to each other.

The shape of the domes and basins is ‘:pendent on the shapes
and orientations of the two superimposed fold sets. To generate
perfectly round domes and basins, one would have to superimpose
two fold phases with mutually perpendict ir axial surfaces and
equal fold amplitudes and wavelengths (Tobisch, 1966). This is very
unlikely to occur in nature. As an example, the dome in the middle
of the outcrop on Germania (see Figures 19A and 19B) is more
elongate than round. This is due to the unequal fold intensities,
amplitudes, and wavelengths of the two (Fj and.F3) superimposed
fold phases.

It is important to note that the dome and basin fold interference
pattern in this outcrop is being defined by the S; foliation lane, not
the Sp bedding plane. The fc¢ 1 interference pattern defined by the
So be ling plane is a more complex pattern that involves more than

just domes and basins. A fold history of the Sp bedding surface is
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discussed in detail in the "Precambrian structural history of the
Jardine region" section below. |

F; folds observed in underground exposure reach a few meters in
amplitude and/or wavelength, those inferred from drill core (e.g.
Figure 16) reach scales of several hundred meters. Both the
observed and inferred folds are obviously isoclinal in nature. The
ubiquitous nature and prominence of the S; schistosity in the region,
a schistosity demonstrably axial-planar to meso-scale F; folds,
suggests that larger, perhaps kilometer-scale F; fc ; are present.
Indeed, the paucity of F; fold hinges in the region sﬁggests that Fy
fc 1 limbs are quite large.

F, fold axial surfaces, where observed or inferred, are not now
always in a horizontal, or subhorizontal orientation. If 1iter Fp and
F3 folding is removed, however, F; fold axial surfaces are
subhorizontal. This is the case for the dome an basin outcrop
illustrated in Figures 19 and 20. In addition, the likelihood of the
existence of large-scale F; folds suggests that their axial surfaces
were initially of low dip, as upright, isoclinal folds of amplitude
greater than a few tens of meters are rare. Thus, the F; fold phase
likely involved development of isoclinal, recumbent folds, from

scales of meters to perhaps kilometers.

Age Relationships Between Fold Events
An -age rel:'cltionship between superimposed fold generations is
most often determ ed by observing the deformation of earlier

structur: or mineralogical features (e.g. buckling of fold axes and/or
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fold axial surfaces, bent or kinked micas) by later periods of
deformation (Ramsay, 1958; Tobisch, 1966). One must be cautious
when unravelling the structural history of a deformed terrane; what
may seem to be undisputed evidence for two periods of deformation
may in fact be the result of a single progressive deformational event
(Ramsay, 1967; Williams, 1985; Ramsay and Huber, 1987; Marshak
an Mitra, 1988).

Microstructural relationships observed in thin section were used
in an attempt to resolve the age relationship problem. The objective
was to find metamorphic minerals (porphyroblasts) unique to
individual generations of folding. If characteristic porphyroblasts
were found, their relationship with the fabric in the rock (i.e. pre-
syn- or post-kinematic mineral growth) should have given evidence
for an age relatioﬁship between fold phases. This approach was not
applicable to the rocks in the Jardine region because mineral growth
occurred only during, and pe: aps shortly after, the first generation
of folding. Thin section observations failed to show new
metamorphic mineral growth occurring during the last two
generations of folding.

The structures observed in the metasedimentary rocks of the
Jardine region can be resolved into three separate deformational
events, each evidenced by a fold generation and its associated minor
structures. Minor structures (i.e. pervasive schistosity, crenulation
cleavages, minor fold axes, intersection lineations) that formed

during each deformation were used in an attempt to define e
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relative temporal relationship between the three recognized fold
events.

It can be demon: -ated that the phase of folding herein labeled F;
is in fact e first generation of folding in the Jardine region. It is
obvious in microscopic and mesoscopic samples that structures
formed during the F; fc 1 event (the S; foliation plane and F; fold
axes) have been deformed by the two subsequent fold generations.
Early fold events (F;) involving isoclinal and recumbent folding are
common in deformed Precambrian terranes (e.g. Hobbs et al., 1976;
Hudleston et al., 1988; Holst, 1984; Bauer, 1985).

Determining an age relationship between the last two fold events
poses the most difficulty. The difficulty arises because the axial
surfaces of each of the last two fold events are perpendicular to each
other and the direction of displacement for each fold event lies close
to, or within, the axial surface of the other fold.

nagine a piece of paper being folded twice. The first folds have
horizontal axes and upright axial surfaces that trend north-south,
while e second folds, whose axes and axial surfaces are also
horizontal and upright, trend east-west. The resultant fold
interference pattern developed by the superposition of these folds is
a Ramsay type 1, dome and basin pattern. If a new piece of aper is
folded, but this time the east-west-trending folds are the first folds
to deve >p and the north-south-trending folds develop later, the
result is the same dome and basin fold interference pattern. The
final orientation of fold axes from each generation of folding is also

the same in either case. When two superimposed fc Is produce a
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upon Sp after F; folding is dependant on the orientation of the F; »old
axis relative to the fold axis of the second phase of folding. If the F
fold axis was colinear with the second phase of folding, a type 3 fold
interference pattern would have formed first, followe by a type 2
fold interference pattern in response to the third phase of folding. If
the Fy fold axis was at a high angle to the second phase of folding, a
type 2 fold interference pattern would have formed first, followed
by a type 3 fold interference pattern in response to the third phase
of folding. Because the attitude of the ; fold axis, previous to F, and
F3, is unknown, the order of fold interference patterns described
above is ¢ ;o unknown. It is likely that both scenarios would ertain
because as was described earlier, underground observations show

at F; folds are not cylindrical, but were quite lik¢ y sheath fol ;.
The important point is that independent of the orientation of the fold
axes of the second and third fold phases relative to F; fold axes, the
resultant final fold interference pattern displayed by Sp is
predominantly a type 1 dome and basin pattern with minor areas of
type 2 and type 3 patterns proximal to the F; fold hinges ' ‘igure 23).

Following the three recambrian phases of folding,' a final semi-
brittle deformational event formed kink bands. The occurrence of
kink bands in surface outcrop is rare, and no kink bands have been
reported from underground exposures. The scarcity of observable
kink bands makes a structural interpretation of this feature an its
associated deformational event, impossible.

The last major deformational event to occur in the Jardine region

was the Laramide Orogeny. Uplift of the Beartooth Block during the
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Both the second (F3) and third (F3) phases of folding were nearly
upright with gently plunging fold axes. S; an S3 are nearly
orthogonal to each other and their intersection is approximately'
normal to the inferred undeformed geometry of the axial surface (Si)
of F;.

ink bands were observed at two locations in the study area.
Their crosscutting relationship with earlier structural features
indicates th: they are part of a post-F3 deformational event.

The st erposition of e three phases of folding resulted in a
Ramsay type 1 dome and basin fold interference p: :ern that is
defined by S; and most of Sg (Figures 22 and 23). Sp also displays a
combination of type 2 and type 3 fold interference patterns near the
F; fold hinges (Figure 23). Evidence of type 2 and type 3
interference patterns can be seen in cross sections through Mineral
Hill as defined by the folded iron formation horizon.

A relative age relationship between the last two phases of folding
(F2 and F3) could not be unequivocally determined in this
investigation. he lack of metamorphic mineral growth d ‘ing ei er
one or both of the fold phases and the perpendicular orientation of
plan.. and linear structural elements relative to each other, made an
age determination unattainable. Thus, the labeling scheme used in
this r¢ ort is based .on the author's intuition, along wi reports by
other investigators ‘Weiss, 1959; Hobbs et al., 1976; Marshak an
Mitra, 1988) who have described situations in which fold intensity

decreased with each successive phase of folding.
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BM-3
Sio2
A203
*FeO

MnO
MgO

Total

BM-3
§i02
Al203
*FeO
MnO
MgO

Na20

Total

Staurolite

27.94
0.31

54.50
12.92
0.16
1.40
0.05
0.51

91.79

Biotite

33.76
1.43
20.71
18.78
0.17
9.77
0.00
0.11
8.80

93.53

26.18
0.38
53.89
13.20
0.41
1.39
0.00
0.43

95.88

33.87
1.14
24.06
17.58
0.09
8.67
0.00
0.34
8.76

94.51

27.54
0.50
53.89
13.73
0.40
1.71
0.02
0.39

98.18

34.11
1.20
20.50
18.64
0.20

0.00
0.15
9.00

93.05

26.74
0.26
53.00
13.07
0.40
1.50
0.02
0.51

95.50

33.22
1.51

20.15
18.82
0.13
9.13
0.00
0.08
8.96

92.00

26.26
0.59
52.23
12.87
0.55
1.39
0.14
0.64

94.67

33.43
1.67
21.07
19.19
0.18
9.66
0.00
0.17
8.71

94.08

26.17
0.71

52.84
12.95
0.41
1.46
0.00
0.37

94.91

31.89
1.66
20.53
19.51
0.04
9.39

0.35
8.63

92.00

SAMPLE BM-3
MINERAL COMPOSITIONS IN WEIGHT PERCENT OXIDES

25.70
0.60
54.21
13.64
0.36
1.48
0.06
0.40

96.45

30.95
1.51

20.05
19.57
0.24

9.10

0.00

0.35

8.99

90.76

24.61
0.54
55.23
13.39
0.28
1.18
0.03
0.43

95.69

32.73
1.87
20.68
17.99
0.13
9.63
0.00
0.30
9.41

92.74

26.56
0.64
54.14
13.34
0.47
1.45
0.05
0.46

97.11

33.40
1.60
21.45
17.44
0.19
9.63
0.00
0.30
9.20

93.21

26.45
0.66
53.05
14.06
0.50
1.55
0.01
0.48

96.76

32.58
1.52
20.17
19.13
0.11
8.96
0.00
0.19
9.03

91.69

27.21
0.45
53.66
13.30
0.45
1.73
0.06
0.68

97.54

31.98
1.60
20.66
19.19
0.00
9.63

0.35
7.95

91.36

24.75
0.58

53.36
13.30
0.31
1.51
0.01
0.54

94.36

31.07
1.63
20.09
19.87
0.12
10.01
0.00
0.28
8.80

91.87

26.41
0.77
54.49
14.21
0.41
1.33
0.00
0.50

98.12

25.11
0.50
53.71
13.80
0.38
1.21
0.02
0.52

95.25

24.14
0.65
52.46
13.94
0.43
1.50
0.00
0.39

93.51

24.57
0.68

54.11
13.60
0.43
1.41
0.21
0.58

95.59

AVERAGE
2602 sio2
0.55 TiO2
53.67 Al203
13.46 *FeO
0.40 MnO
145 MgO
0.04 QD
0.49 ZnO

96.08 Total ,




SAMPLE BM-2
NUMBERS OF IONS ON THE BASIS OF 24 OXYGENS
GARNET

Ti Mn Fe Si Ca Mg Al
0.000 0.250 4.729 5.951 0.183 0.634 4.201
0.014 0.251 4.922 5.915 0.184 0.571 4.123
0.000 0.231 4.879 5.959 0.202 0.578 4.127
0.000 0.271 4.748 6.034 0.186 0.581 4.089
0.014 0.269 5.031 5.904 0.220 0.575 4.024
0.019 0.255 4.954 5.870 0.188 0.540 4.183
0.000 0.302 4725 6.067 0.196 0.618 4.001
0.004 0.269 4.942 6.026 0.211 0.542 3.968
0.000 0.281 4.891 6.063 0.200 0.609 3.910
0.000 0.296 4.980 6.110 0.216 0.457 3.879
0.000 0.288 4.973 5.980 0.216 0.522 4.004
0.014 0.281 4.985 6.120 0.186 0.477 3.845
0.009 0.295 4.926 5.990 0.251 0.682 3.885
0.000 0.265 5.158 5.841 0.191 0.658 4.019
0.014 0.271 4.904 5.989 0.195 0.718 3.910
0.014 0.223 4.961 5.970 0.213 0.677 3.947

AVERAGE | 0.00 19]5.987]0.20" "~ “90) «.uu.,
STDEV ~ 0.00" v.veo v.:12 0.081 0.0lo v.w73 0.111

STAUROLITE

Ti _Mn ~ Zn - Ca Mg

0.042 0.017 10>/ J.000 4.wix 0.012 0.274 ».110
0.047 0.017 1.997 0.030 3.822 0.008 0.273 9.274
0.030 0.017 1.865 0.000 3.916 0.000 0.280 9.275
0.025 0.013 1.875 0.013 3.980 0.000 0.310 9.171
0.060 0.004 1.850 0.000 4.018 0.000 0.365 9.072
0.035 0.026 1.873 0.021 4.175 0.000 0.325 8.874
0.013 0.013 1.820 0.018 4.094 0.000 0.395 9.009
0.044 0.013 1.911 0.026 4.052 0.000 0.334 9.011
0.018 0.013 1.884 0.022 4.039 0.004 0.343 9.054
0.052 0.030 1.903 0.000 4.008 0.000 0.331 9.070
0.057 0.021 1.820 0.000 4.034 0.008 0.329 9.073
0.044 0.022 1.879 0.026 3.871 0.000 0.298 9.278

AVERAGE "~ 939! O.uisys.00:1.013]4.0020.00°"" "~1]9.106}
STDEV «.015 0.007 0.047 0.012 0.096 0.00~ ....7 0.124

BIOTITE
TIL,. Mn ~ Si K C Na Mg Al

0.143 0.015 L.4=e 5.948 1.696 0.Guv 9.119 2.190 4.153
0.221 0.000 2.822 5.753 1.902 0.000 0.000 2.370 3.912
0.195 0.000 2.742 5.894 1.841 0.000 0.065 2.346 3.837
0.196 0.015 2.881 5.792 1.725 0.000 0.000 2.463 3.846
0.172 0.000 2.564 5.820 1.911 0.000 0.078 2.460 3.979
0.084 0.000 2.659 5.957 1.807 0.000 0.099 2.426 3.896
0.117 0.000 2.839 5.820 1.882 0.000 0.045 2.366 3.958
0.147 0.000 2.818 5.780 1.859 0.000 0.191 2.523 3.832
0.162 0.010 2.757 5.819 1.962 0.000 0.108 2.424 3.866
0.160 0.010 3.085 5.792 1.872 0.000 0.025 2.446 3.734
0.163 0.000 2.740 5.868 1.765 0.000 0.119 2.267 3.974
0.193 0.000 2.929 5.796 2.039 0.000 0.102 2.445 3.711
0.170 0.000 2.775 5.844 1.980 0.000 0.083 2.346 3.858
0.173 0.000 3.058 5.780 1.918 0.000 0.106 2.442 3.709

AVERAGE E |2.794| 5.833] 1.807) v.uuy, u.uB1] 2.394[ 3.6, 0,

[TOTAL

fOTAL|
|15.382

I'T_ 1AL
17.014

STDEV Gwoo vewws 0.172 0.063 0.097 0.000 0.052 0.087 0.119






