





































































































































































































Plate 2.4I

Plate 2.4II

Well developed orthogonal jointing in the
Livingstone Formation near outcrop 3-6.
Bedding dips into the page at approximately
45°, Note that the jointing is more strongly
developed in the argillaceous horizon.

"Strong set" corresponds to the set in shad-
ows. thrust is about 200 m below.

Intense, somewhat random jointing as viewed
on a bedding plane within the Livingstone
Formation at outcrop 3-10. thrust is
approximately 30 m away and has only a minor
amount of displacement. Tape measure is 20
centimeters long.






Plate 2.41IIT

Plan view of bedding plane of Livingstone
Formation within the Heart Mountain syncline
at outcrop 4-1. Bedding is essentially

vertical.

W =

Three major joint sets are seen:

weak set subparallel to the fold
axis (arrow)

strong set parallel to transport
direction

late, widely spaced set; apparently
not related to the stress field
which determines W and S

W and S are normal to bedding; L is oblique
to bedding. Mount McGillvary is seen in the
background.






Plate 2.41IV

Plate 2.4V

Well developed "strong joints" perpendicular
to bedding and parallel to regional trans-
port direction in Upper Rocky Mountain Group
at outcrop 3-4 approximately 200 m from the

thrust. Note that jointing is pervasive
throughout the varying lithologies. Plane
of view corresponds to the "weak set".

Fracture patterns in Mount Head Formation
at outcrop 1-4D. Jointing is regular, but
not orthogonal.






MICROSCOPIC STRUCTURAL GEOLOGY

3.1 Laboratory Procedures

Seven oriented samples of a total 26 collected in the
field were considered coarse enough for optical dynamic ana-
lysis. These were re-oriented in the laboratory in a large
container of small lead pellets for maximum accuracy and
stability during this process. Thin sections were then cut
perpendicular to the local structural trend at an orientation
of 055° and vertical. These sections were then examined
using a Leitz 4-axis universal stage to determine the orien-
tation of c-axis and twin lamellae (after the technique of
Groshong, 1976; and Turner and Weiss, 1963, p. 197 - 203) for
use in the dynamic analysis. Glass hemispheres and mineral
0il of refractive index approximately equal to that of calcite
were chosen so as to minimize any optically induced tilts.
Equant grains (i.e. crinoid ossicles) with two well-developed
"thick twin" sets were preferentially measured. The tedious
reduction of data was greatly simplified by the computer
program TWIN of Groshong (1972, 1974). This computer program
calculates strain magnitudes and orientations as well as the
numeric dynamic analysis axes of Spang (1971, 1972) from
oriented twin data. All slides were point counted (300 counts)

to determine the percentage of grains untwinned, "thin twinned"
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and with one, two, or three twin sets.

3.2 Pressure Solution and Microfracturing

Evidence of pressure solution in the form of stylolit-
ization is pervasive, but is of minor importance throughout
the thesis area. Stylolites seen can be grouped into two
broad families:

(1) parallel to bedding

(2) normal to bedding
those parallel to bedding being the most abundant. No change
in the amount of stylolitization was seen with distance from
the fault. Stylolites persist through varying grain sizes,
although they are best developed in the micritic zones,
perhaps as an alternate method of intragranular deformation
due to the increased surface area per unit volume. As plate
3.2I suggests, stylolites commonly cut twinned calcite grains.

Microfracturing within the thesis area varies dras-
tically with distance from the fault, and increases rapidly
over a very short distance normal to the fault. The few
samples obtained from the fault zone indicate that microfrac-
turing is the dominant microscopic deformational feature. At

all locations the orientations of microfractures appeared ran-

dom, varying primarily with lithological contrasts. Boundaries
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between calcite grains and micrite were preferentially exploited.



Plate 3.2I (A) Stylolite cutting through twinned carbon-
ate grains suggesting formation after
twinning. Outcrop 2-3, magnification 160x,
crossed polars.

(B) As above, stylolite is sharp through the
grain, but "beads"” in the micrite. Out-

crop 1-4E-2, magnification 25x, crossed
polars.






3.3 Carbonate Twinning

Twinning along the e{0112} plane is pervasive in the
thesis area, but only those sections containing a suitable
(>25) number of twinned grains with diameters greater than
about 50 microns were observed intensely. The mechanics of
carbonate twinning is discussed in Appendix Al. All samples
for which Numeric Dynamic Analysis (NDA) was performed were
point counted (300 points per section) to determine the per-
centages of twinned carbonate material. The results are pre-

sented in Table 3.3A. Twinning in calcite was primarily of

the "thick" variety; that is, a measurable thickness of twinned

material was observable between adjacent portions of host.
Twinned material is identified under crossed polars as a band
of dark material within a light host. Optical continuity
between the twin and host is lost due to gliding. The host
and the twin alternate in extinction.

The majority of the Upper Livingstone Formation
(from which most samples were taken) is composed of micritic
calcite and dolomite. Grains coarse enough for NDA were
primarily from fossils, fractures, of the occasional coarse
grain dispersed in a fine matrix. Observations indicate that
there is no consistent trend in the degree of twinning. Plots
of percentage grains twinned versus both longitudinal distance
along the fault and distance perpendicular to the fault

showed negligible correlation. Throughout the entire thesis
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TABLE 3.3A

POINT COUNT RESULTS
(CARBONATE MATERIAL ONLY)

Section Micrite Untwin Number of Twin Sets Thin Twin
One Two Three
5-4 132 93 43 17 0 15
(M1v) 44.0% 31.0% 14.3% 5.7% 0 5.0%
4-5 124 90 4] 26 2 17
(M1v) 41.3% 30.0% 13.7% 8.7% 0.7% 5.7%
4-4 38 68 122 41 0 31
(M1lv) 12.7% 22.7% 40.7% 13.7% 0 10. 3%
4-2 74 124 49 26 0 27
(M1v) 24.7% 41.3% 16.3% 8.7% 0 9.0%
3-5 65 132 44 35 0 24
(PPrm) 21.7% 44.0% 14.7% 11.7% 0 8.0%
3-7 174 62 36 14 0 14
(M1v) 58.0% 20.7% 12.0% 4,7% Q 4,7%
6-10 155 80 37 12 0 16
(Mmh) 51.7% 26.7% 12.3% 4,0% 0 5.3%

A4



area, it is therefore concluded that the shear stress assoc-

iated with the Laramide Orogeny exceeds the critical value
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required for the initiation of crystal gliding (see Appendix Al).

Untwinned grains therefore result from late (post orogenic)
recrystallization of calcite in cavities and/or highly un-
favourable angular relationships between the c-axis and o;
(see Appendix Al). Variations in the amount of twinned mat-
erial observed can be accounted for by lithological variations.
Finer grained samples characteristically contain fewer twinned
grains.

Numerous grains contained more than one twin set.
Often the chronological order of the twin sets can be det-
ermined through observation of kinking and distortion.
Plates 3.3IC and 3.3IIA show examples of this. The later twin
set kinks the earlier one due to the glide mechanism. Plate
3.3IIA also shows good evidence of grain boundary effects
on e-twinning. Groshong (1972) makes the assumption that
each grain may be treated as having been independently twinned
(see Appendix I, Absolute Strain Calculation). Evidence from
this study indicates that this is not strictly true in all
cases, but in general it is. Moffat (1980) found similar

grain boundary effects.



Plate 3.3I

(A) Typical microscopic appearance of the Upper Liv-
ingstone Formation. Note abundant very fine mic-
rite, dolomite with "thin twins" and 3 well dev-
eloped thick twin sets in a crinoid ossicle.
Outcrop 4-2, magnification 63x, crossed polars.

(B) Heavily twinned and slightly kinked thick twins
in calcite. Numerous truncations of one twin set
bv another are evident. Outcrop 4-2, magnification
63x, crossed polars.

(C) Kinked twins in one calcite grain in sutured con-
tact with another untwinned grain. Second grain
is not twinned due to unfavourable crystallographic
orientation, suggesting that the differential stress
was not greatly past the critical shear stress re-
quired for e-twinning in calcite. Outcrop 4-5,
magnification 63x, crossed polars.

(D) Enlargement of plate C; note the small amount of
twinning occurring in the "untwinned grain" ad-
jacent to the contact. This suggests that grain
boundary effects exist (see also Plate 3.3I1I).
Outcrop 4-5, magnification 250x, crossed polars.






Plate 3.31II

(A) Grain boundary effects inducing e-twins in calcite.
Twins from grain A induce twinning in grain B (see
arrows) which distort a weaker and thinner earlier
set. Note also the microfracturing (bottom left)
preferentially exploiting the boundary between
grains and micrite. Outcrop 4-2, magnification 63x,
crossed polars.

(B) Close up of thick twins in a crinoid ossicle.
Note how the twins are relatively constant in thick-
ness; this is a practical assumption of the NDA
theory. Orientation and measurement of twins is
based on how sharp the boundary is. The twin set
marked by the arrow is being viewed somewhat ob-'
liquely; the universal stage would be rotated to
achieve a sharp boundary before measurement. Out-
crop 4-4, magnification 63x, crossed polars.

(C) Dolomite thin twins adjacent to calcite twins.
Outcrop 4-4, magnification 63x, crossed polars.

(D) Sparry twinned calcite filling void within a brach-
iopod surrounded by micrite. Outcrop 4-4, mag-
nification 63x, crossed polars.






Figure 3.31

Calcite lattice with twinning along the
e{0112} crystallographic plane. Section
viewed is normal to zone axis a,. Calcium
ions are represented by solid l%rge cir-
cles; CO., groups are shown as grouped
circles {much reduced  in size). Note the
change in orientation of c-axis between
twinned and untwinned calcite.
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NUMERIC DYNAMIC ANALYSIS

4.1 Introduction

Under the (P,T) regime that is thought to have existed
throughout the thesis area at the time of deformation (approx-
imately 1.5 kb and 200°C) intragranular deformation of calcite
occurs as a glide (twinning) along the e crystallographic plane.
Since the orientation of gliding with respect to crystallography
is fixed, and the critical shear stress required for glide
initiation is know, a randomly oriented sample of twinned grains
should be able to give a statistically reliable indication of
orientations of strain axes. Groshong (1974) gives the upper
limit of accurate strain determination as 8.5 per cent.

Spang (1974) interprets the results of the NDA as stress,
assuming that the aggregate strain is irrotational and that the
magnitude of differential stress is not so great that other
(less favourable) crystallographic glide planes are exploited.
The assumption of irrotational strain has a profound influence
on the theoretical interpretation of twinning events and their
dynamic meaning. Brown (1976) concisely summarizes the possible
interpretations of both rotational and irrotational strain mod-
els in terms of twinning. This is given in Table 4.1A.

The values of the NDA axes determined are minimal if

the stress field responsible for the twinning is continually




Table 4.1A

SUMMARY OF STRAIN MODELS

Irrotational Strain

Twinning occurs in response to
one or more stress systems which
maintain an orthogonal relation-
ship to the strain axes. Both
stress and strain ellipsoids may
be stationary, or rotating with
respect to an external coordin-
ate system. ‘Twinning may be
continuous or discontinuous. A
unique solution exists.

Twinning occurs at one discrete
moment in a continuously rotat-
ing stress field relative to the
strain ellipsoid. A unique
solution exists.

Rotational Strain

Twinning occurs at several dis-
crete moments in a continuously
rotating stress field relative
to the strain ellipsoid. No
unique solution exists.

Twinning occurs continuously in
a rotational environment with
respect to the stress field. No
unique solution exists.

after Brown (1976)
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rotating or is variable and discontinuous. In both situations
an overprinting effect of strains is seen on the grains.
Jamison (1974) states that the NDA tensor can be viewed as the
sum of the NDA-C tensor and the NDA-T tensor, these tensors
being derived from the compressional and tensional axes res-
pectively. Irrotational singular stress fields produce a bi-
modal distribution of compression axes, whereas an equatorial
distribution may indicate superimposed stress fields.

Since both NDA and least squares strain gauge techniques
are based on twinning, they represent intragranular strains
only and do not provide an estimate of strain accounted for by
other mechanisms (for example, faults, pressure solution, etc.)

(Stockmal, 1979).

4.2 Error and External Biases

The value of information obtained by numeric dynamic
analysis is subject to scrutiny due to errors associated with
sample collecting, microscope measurement, external biases of
mechanical and human origin, and theoretical assumptions.
Samples obtained in the field were marked by horizontal lines
and an arrow of know azimuth. During thin section preparation,
the samples were re-oriented in the lab. Jamison (1974) very
roughly estimates the maximum reasonable error that may be in-

trcduced during each step of this process as 5°, giving a maximum
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possible error due to orientation of 10°. Hopefully the error
is substantially less than this due to careful measurement and
the chance of cancellation of orientation errors.

During the course of measurements of twin lamellae and
c-axes on the universal stage, the chance for numerous errors
exists. A reasonable estimate of precision is approximately
+2° based on an intuitive feel for the process. As data were
collected, they were also plotted on a stereonet to observe
the angular relationship between the ¢ and e poles. These two
poles should ideally be 26° apart (see Figure A2, Appendix I).
If the measured orientations deviated by more than *4° from this
value, the grain was re-measured. Grains with two or more twin
sets were preferentially measured to provide a second internal
method of measurement consistency. With two twin sets, both
must be oriented 26°+4° to the c-axis. The relatively large
range of accepted values is due to the problems inherent in
determining the orientation of the c-axis through extinction.
The computer program also gives the calculated angle between
¢ and e to further screen out error measurements.

Measurement of twinned grains on the universal stage is
limited to the extent of rotation about the horizontal axis
(about 50°). This is an absolute maximum. Figure 4.21 indi-
cates that twin lamellae could only be measured effectively if
they are oriented at an angle greater than 65° to the plane of
the thin section. Grains with horizontal (within 35°) c-axes
were the only grains incorporated in this study. Calcite c-axes

may also be deduced when they are in a vertical position, but



Figure 4.21 Lower hemisphere, equal area plots of poles

to crystallographic c-axes and e~twin planes
for calcite. Note angular zonation of ob-

served measurements and random orientation
of c-axes.
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due to the difficulty the author found in consistently identi-
fying these, they were not used. Therefore out of a possible
180° orientation of c-axes, only those within a specific 70°
arc were used. This bias of measuring only those grains inclined
within a specific angular range to the plane of the thin sec-
tion may be remedied by cutting two orthogonal thin sections.
Jamison (1974) used three mutually perpendicular thin sections
to provide complete statistical analyses of the biasing result-
ing from the limitations of universal stage rotation.
Calculation of strain magnitudes through this technique
requires various initial assumptions (see Appendix I, Section A-4).
Figure 4.21 illustrates that c¢-axes within the samples inves-
tigated are randomly oriented. It is assumed that each grain
acts as an individual independent strain gauge. This may not
be strictly correct; plate 3.32A suggests that twinning within
one grain may induce twinning in the adjacent grain in some
instances. Experimental evidence by Twombly (1980) and field

work by Moffat (1980) also indicate this.

4.3 NDA Results

Twin measurements were obtained according to the pro-
cedure outlined in Section 3.1l. For a more complete summary of
this technigque, see Groshong (1976). The data were then run
through the computer program TWIN (see Appendix II). Data was

edited by:




Figure 4.31 Poles to computer determined compression
axes. Ideal distributions for non-rot-
ational strain should be bimodal along a
great circle.






TABLE 4.3A

COMPRESSION AXES DISTRIBUTIONS

Sample Formation Results
5-4 * Livingstone - indefinite, tending

toward equatorial

4-5 * Livingstone - bimodal
4-4 * Livingstone - bimodal
4-2 * Livingstone - slightly bimodal
3-5 # Rocky Mountain - strongly bimodal
6-10@ Mount Head ' - random

Structural subdomains:
* Exshaw Thrust Plate
# McConnell Thrust Plate

@ Heart Mountain Syncline



TABLE 4.3B

NDA RESULTS

Numeric Dynamic Analysis (Stress)

SAMP. Mﬂﬁ Mﬂﬁ Mﬂ%

magn. orient _ magn. orient magn. orient
5-4 .219 - 199/41 - .025 351/45 ~.243 096/15
4-5 .435 228/79 .003 007/08 -.437 098/07
4-4 .250 246/67 -.037 350/06 -.213 082/23
4-2 .277 208/80 .009 355/09 -.286 086/06
3-5 .579 244/81 .021 090/08 -.600 359/04

6-10 .108 204/54 .050 041/35 -.158 306/08

Least Squares Strain

SAMP. E E

magn. ' orient magn. 2 orient magn. ’ orient
5-4 911 177/02 -.433 018/88 -.47 267/01
4-5 .182 267/63 -.007 144/15 -.175 048/21
4-4 116 163/08 .014 258/27 -.130 058/60
4-2 .078 035/46 -.037 151/23 -.041 258/35
3-5 .166 ~ 164/01 .027 048/87 -.193 254/03
6-10 .151 053/08 -.064 286/78 -.088 144/10

Average NDAl, NDAZ, NDA3 with beds rotated to horizontal:

NDA, = 246/03 NDA, = 340/02 NDA3’= 159/84
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STRUCTURAL INTERPRETATIONS

5.1 Mega- and Mesoscopic Fabrics

Regional strike of bedding, fold axes and faults with-
in the Front Ranges indicates an orogenic transport direction
of approximately 067°. Local variations in this trend sug-
gest that in the Heart Mountain region, transport was approx-
imately 055°.

Within the thesis area, the principal megascopic struc-
tures of note are:

(1) the lateral termination of the (B) thrust to
the NW

(2) the development of a gently northward plung-
ing conical fold adjacent, and parallel, to
the Exshaw Thrust

(3) very steep (essentially vertical) C) and ()
imbricates of the Exshaw Thrust

Evidence gathered suggests that (1) and (2) above
may be related to displacement transfer between deforma-
tional features. Many accounts of thrust faults coring into
anticlinal structures have been published, but few studies
have incorporated field observations and modelling predic-
tions. Gardner and Spang (1973) propose three modes of dis-

placement transfer based on experimental evidence and provide
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geologic analogues from the Front Ranges. These are:
(1) simple thrust to fold transfers
(2) doubly terminated thrust transfers, and
(3) multiple thrust to fold transfers

The termination of the thrust and the synclinal
peak at Heart Mountain seem to fit into the first case giv-
en above with a few minor modifications. Figure C of plate
1 in Gardner and Spang (1973) seems to simulate the geolog-
ical conditions at Heart Mountain quite well. The deform-
ational model as it applies to Heart Mountain will be ela-
borated on in Section 5.4 during the discussion of structural
development, but Table 5.1A summarizes the deformational
characteristics of the experimentél model and those observed
at Heart Mountain.

Deformation at Heart Mountain differs significantly
from that outlined in the Multiple Thrust transfer model in
fault geometry. Whether this is a function of lithologic
variations producing significant changes in the expression
of deformation, or theoretical inadequacies of the model,
cannot be ascertained from this study. For this reason,
the simplest model is chose, and the effect of the previous
faults (C) and ()) are added separately as complicating
features.

The lack of arcuate trace of the thrust fault at the
terminus is interpreted to result from a much smaller grad-

ient of displacement transfer from the thrust to the



TABLE 5.1A

EXPERIMENTAL MODEL-THESIS AREA COMPARISON

EXPERIMENTAL MODEL
(Gardner and Spang, 1973)

syncline develops on strike with thrust
undergoing displacement transfer, anti-
cline offset but en echelon

folding has conical geometry (atypical
for thrust zones), becaming broader
away fram the thrust termination

local transport direction diverges
fram regional direction in the displ-
acement transfer region

fanning effect of thrust plate pro-
duces o; normal to the advancing edge,
and o4 parallel to the advancing edge

tension gashes at fault terminus

folding begins at termination tip

fault block is a homogeneous single
layer

fold axes and thrust traces are
arcuate in temination region

HEART MOUNTAIN
(this study)

syncline on strike with thrust traces,
anticline faulted and/or eroded off

syncline is conical and broadens away
fram the termination of the thrust

transport direction at Heart Mountain is
locally divergent from regional trend

twin data indicates that o¢; is normal to
the fault strike, and o3 parallel to the
fault strike (see Figures 5.25 and 5.26)

tension gashes(?) (plate 2.3IV) at fault
terminus

folding begins before fault termination

stratigraphy is non-homogeneous, the
structure is probably determined by the
thick, competent Palliser and Livingstone
Formations

thrust traces show no deviation, fold axis
is slightly arcuate

6S
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syncline since some displacement transfer also occurs to
the © and @ thrusts, over a distance of a least 1
kilometer. Thus the simple shear generated at the terminus
is spread over a distance therefore decreasing the grad-

ient of displacement transfer, and the fault is not as arcuate.

The "overlap" of the thrust and the syncline can also be

accounted for in this manner.

Gardner and Spang (1973) observe all these features -
within their experimental model at strains of about 10 per
cent. This is comparable to the 8.5 per cent strain that
Groshong estimates for the limit of valid NDA results.

Part of the uncertainty involved in producing a
model for the deformation is tha£ the wedge of Mount Head
and Livingstone Formations comprising the syncline are
totally fault bounded and observable along strike only for
a distance of about 2 km. No correlation across the Bow River
Valley is seen.

Folding within the Front Ranges generally is cylin-
drical and of a flexural slip nature (Brown, 1976). These
conditions indicate that the kinematic b-axis corresponds
to the fold hinge (145°), the a-axis is normal to the
b-axis and in the plane of bedding, and the c-axis is
vertical. These correspond to o,, o0;, and o3 respectively
(see Section 2.2).

Fracture patterns within the thesis area are plot-

ted in Figure 2.41. This illustrates that the strong joints



are oriented approximately perpendicular to bedding and
parallel to the transport direction suggested by fold axes
(i.e. the ac structural plane). Moffat (1980) finds very
similar results in the Rundle Thrust sheet. Figure 4.21
also demonstrates that these fractures are normal to the
regional strike not the local strike, suggesting that their
orientation is determined early due to a regional stress
field. The "strong joints" observed in this study cor-
respond to the SI joints of Babcock (1973) which trend 065°
and are found in all stratigraphic units throughout vir-
tually all of Alberta. Babcock did not document these
joint sets in the Front Ranges, but later studies (as well
as this one) substantiate that sﬁch a regional set exists
throughout the Front Ranges. Regional joint patterns
seem to dictate the orientation of transverse faults, etc.
and apparently their orientations are determined well be-
fore the visible deformation of the Front Ranges took place.
Shear fractures with o; bisecting the planes were generally
not observed in the thesis area. Fractures are assumed to
be extensional in nature and normal to the plane of com-
pression.

Thrust planes within the thesis area steepen toward
the west, suggesting that successive (more easterly) thrusts

rotated the previous thrust to a steeper angle.
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5.2 NDA Interpretations

62

Numerical results obtained and presented in Table 4.3B

are graphically depicted in stereographic plots in Figures
5.21 to 5.23. These graphical representations are much
more relevant for interpretive purposes.

Stockmal (1979) describes the typical cases of
deformation expected within the Foreland Fold and Thrust
Belt and the associated twinning response, this is briefly
summarized in Table 5.2A. Figure 5.24 illustrates the geo-
metry of these cases.

Analysis of the data shown in Figure 5.22 suggests
that in all cases, except samples 3-5 and 6-10, deformation
is of Stockmal type 1 with compression parallel to bedding
in the transport plane and extension normal to bedding.
Twinning of calcite grains is therefore interpreted to have
occurred early in the deformation history (while the beds
were still horizontal) and subsequently carried along with
the thrust to their present location. These results are
consistent with the results of Jamison (1974) for other

areas within the Exshaw plate. Figure 5.25 illustrates the

NDA determined stress axes with bedding rotated to horizontal.

Results from stylolite orientations seem to sub-
stantiate the belief that twinning occurred early. Stylo-
lites form normal to compression as a pressure solution

feature. Most stylolites within the thesis area are in the
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Pigure 5.22

Lower hemisphere, equal area plots of com-
puter generated NDA and Least Squares strain
axes. Bedding is indicated by a great cir-
cle. Numbers represent strain values,
assuming an original (pre-strain) unit
sphere; tension is negative.






Figure 5.23 Geological distribution of NDA results from
Figure 5.22.






Figure 5.24 Stress fields associated with folded and
thrust faulted terrain.

after Stockmal (1979)
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TABLE 5.2A

Case
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STRESS DISTRIBUTIONS ASSOCIATED WITH

FOLD AND THRUST BELTS

Stress Distribution

o1 parallel to bedding
in the transport plane
o3 normal to bedding

o1 parallel to bedding

in the transport plane

o3 parallel to bedding

and normal to transport
plane

9, normal to bedding
o3 parallel to bedding
in the transport plane

g1 normal to the trans-
port plane and parallel
to bedding

o3 parallel to transport
plane, within the plane
of bedding

o1 horizontal and para-
1lel to the transport
plane

Comments

early stage deformation
plane strain in the
transport plane

twinning occurs after
the initiation of thrusts
thrust sheets fan out

twins form on the exten-
sional side of a neutral
surface in a buckled layer

similar to case 3
typical of the core of
a fold or adjacent to a
step thrust ramp

late strain overprint
after the structure is
set



Figure 5.25 NDA results, bedding rotated to horizontal.
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plane of bedding; a few are oriented normal to bedding.
Neither twin results nor megascopic structures suggest vert-
ical compression, so the stylolites might not be of tectonic
origin (Brown, 1976). Since they are bedding plane paral-
lel, they could form in response to the lithostatic load.
They are also seen to cut twinned calcite grains in many
instances, suggesting that they formed after the twinning
event. Twinning appears to have taken place with bedding
horizontal therefore, before the overburden was sufficiently
thick to cause stylolitization.

Alternately) stylolitization may result from a
local, temporary vertical o¢; in response to tectonic loading.
P.M. Clifford (pers. comm., 1982).suggests that the trans-
formation of o¢; from horizontal to vertical (so as to induce
bedding plane parallel stylolites) may take place in the foot-
wall of the thrust. Loading due to the overthrust material
in a "piggy back" fashion may locally, temporarily be greater
than that which previously formed the twins. In this case,
stylolitization advances eastward, synchronously with thrust-
ing, and the timing of carbonate twinning may be later in
the deformational history than that described previously.

Sample 6-10 gives poor results; compression still
appears in the plane of transport and parallel with bedding,
but the orientation of NDA3 does not fit well into any spec-
ified case. Some variability in the orientation of NDA

axes and Least Squares strain axes, for sample 6-10, and, to
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some degree, sample 5-4, suggest that deformation was not
irrotational. Figure 4.31 and Table 4.3A substantiate this.
Sample 6-10 was the only sample of Mount Head Formation
obtained that was coarse enough for NDA techniques. These
anomalous results are accounted for in folding mechanisms
described in Section 6.2,

Stockmal (1979) in work on the Lewis Thrust at Mount
Kidd determines a type 2 stress field in unfolded samples.
Sample 3-5 from the McConnell Thrust plate also indicates
a type 2 stress field. Jamison (1974) found similar results
from a more intensive study of the McConnell Thrust plate.
Prevailing theories of Front Range structure suggest that
the McConnell and Rundle Thrusts are major "basement" thrusts
and that the Lac des Arcs and Exshaw Thrusts join the McCon-
nell at depth above the Precambrian basement (Price, 1970).
Microstructural evidence suggests that these "basement
thrusts" have an inherently different stress regime (one
producing a fanning of the thrust and a tensional axis in
the plane of bedding normal to the transport direction) from
"minor" thrusts such as the Exshaw.

Based upon the observations from Figure 5.22 and
the work of Jamison (1974), the thesis area has been divided
into three primary fault bounded structural domains. These
are:

(1) the McConnell Thrust Plate
(2) the Heart Mountain Syncline Wedge

(3) the Exshaw Thrust Plate



Figure 5.26 illustrates these regions, with the det-~-
ermined stress distribution for each given. Results for the
Exshaw and McConnell Thrust plates compare favourably with
those of previous workers. The orientation of the NDAl axis
from sample 6-10 in the Heart Mountain syncline, is in gen-
eral agreement with that of Jamison (1974); in both studies
NDA2 and NDA3 orientations did not £it any pattern of Stock-
mal's cases (see Table 5.2A). Figure 5.27 is a comparison
of the results from the Heart Mountain syncline obtained in
this study to those of Jamison (1974). Data are very limited
and ambiguous and may be indicative of a more complex deform-
ation history of the syncline (see Section 6.2).

Sample 4-2 is somewhat anomalous in that it falls
into the structural regime of the Exshaw Thrust plate quite
well, but it was mapped in the field just inside the Heart
Mountain syncline wedge. This most likely can be attributed
to an error in the placement of the trace of the thrust.

Work along the Moine Thrust in Scotland by Wéathers
et al (1979) prompted the plotting of Figure 5.28. A rough
indication of a logarithmic increase in maximum principal
compressive stress (NDAl) with distance to the () thrust
is seen, which might be expected intuitively. Similar attempt
at relating NDA1 to distance from the other thrusts did not
prove useful. This reaffirms the assumption (see Section 2.3)
that the (@ thrust is the major thrust of the four incor-

porated in this study. The (:) thrust is therefore considered
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Figure 5.26 Stress field (as determined from micro-
structural evidence) variations amongst
structural domains within the thesis area.
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Figure 5.27 Comparison of NDA results for the Heart
Mountain syncline from this study and from
that of Jamison (1974).
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Figure 5.28 Principal compressive stress (NDA,) versus
stratigraphic distance to (@) thriist. Stress
scale is logarithmic.
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to be the boundary between the McConnell and Exshaw plates.

Following the format outlined by Jamison and Spang
(1976), the stress magnitude along the Exshaw thrust has
been calculated. This method is outlined in Appendix I, The
Mechanics of Carbonate Twinning. Ghent and Miller (1974)
in a study of authigenic mineral formation in the Cretaceous
beneath the McConnell Thrust, and structural reconstructions
suggest that the overburden pressure was approximately 1500
bars (based primarily on the lack of authigenic lawsonite).
Authigenic minerals also suggest a temperature between 150°
and 280°C. Experimental values for the critical shear stress
for e twinning in calcite are quite rare in the literature.
Higgs and Handin (1959) experimentélly determine the critical
shear stress of dolomite as approximately 1160 bars. Crit-
ical shear values for dolomite are typically about 5 times
those for calcite, therefore suggesting a critical shear
stress of about 250 bars.

From equation (1) in Appendix I, the conditions for

twinning occur when:

T, 2 T, = ( Ao ) So

For a complete description the reader should see Appendix I.
So can be calculated from the point count data presented in
Table 3.3A (average percentage of grains containing one or
more twin sets is 32.81); this gives So value of 0.356

(utilizing Figure A4). Therefore the differential stress is
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simply:

250 bars

bo = 1./S, = =5 35¢

= 702 bars

More realistically, this should be stated as
(0.356) "1 T, OF 2.809 T, owing to the uncertainty of the
value of critical shear stress.

Jamison (1974) calculates a value of 2500 bars for
the differential stress on the McConnell Thrust approximately
4 km east of the present thesis area. This value he consid-
ered to be somewhat high. Our much lower value of approx-
imately 700 bars seems in accordance with the notion put
forward that the Exshaw Thrust is minor.in comparison to the
McConnell Thrust. |

NDA results do not show a consistent pattern of var-
iation in principal compressive stress throughout the area.
Values of NDAl appear relatively constant along the length
of the fault even though the deformation expression changes
(folding to the northwest and termination along strike of the
(®) thrust). This would seem to indicate that either:

(1) Variations in stress magnitude take place at
a level greater than the resolution of the
technique

(2) Stress maintains relative consistency and a
transfer of displacement mechanism occurs bet-
ween the various fault splays and/or between

the fault and the fold
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5.3 Comparison of Results

Analyses on micro-, meso- and megascopic scales all
confirm that both the regional and local compressive stresses
were to the southwest and in the plane of bedding, and extension
is normal to bedding and in the plane of transport.

Regionally, fold axes and strikes indicate that the
flexural slip folding and thrust faulting occurred with- o
oriented 067/00. Locally, the trend is 055/00. Fracture
orientations correspond with those of type SI of Babcock (1973)
and trend parallel to the inferred compression 065/00, cor-
responding to the regional not the local stress distribution.
Numeric dynamic analyses of calciﬁe twin lamellae produce a
mean o; at 066/03 and o3 at 159/84 (nearly vertical) for the
Exshaw Thrust plate. Results for the Heart Mountain syncline
and the McConnell Thrust plate suggest that ¢, and o3 have
exchanged positions; o3 now lies in the regional strike.

Both microscopic deformational features (computed
NDAl) and mesoscopic features (fracture intensity) indicate
that deformaﬁion increases toward the fault plane. The log-
arithmic increase seen agrees with that of previous workers

on the Moine Thrust.

5.4 Inferred Structural Development

Inferred chronological structural development of the
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thesis area is based on deformational features at all scales.
Relative timings of the bulk effect of particular deformation
mechanisms are emphasized, keeping in mind that local var-
iations, complications, and overlapping of events certainly
occurred.

Twinning of calcite is inferred to have developed
very early in the history in response to a regional Laramide
stress field with o; horizontal and normal to the present
structural trend; o, horizontal and paralel to the present
structural trend, and o; essentially vertical. Brown (1976)
contends that twinning may have occurred after the initiation
of thrusting in his thesis area, but still in response to this
same regional stress field.

Synchronously with twin formation is the development
of microfractures. Coalescence of these microfractures into
joints and the opening of these joints, was inhibited by the
lithostatic load. Fracture orientations (Figure 2.41) are
dependent upon these early formed microfractures.

Stylolites are seen to cut twinned calcite grains,
and are parallel to bedding. Brown (1976) observed similar
relationships, but determined that the stylolites were not of
tectonic origin. As postulated in Section 5.2, these may be
a thrust loading phenomenon, thus indicating synchronous
development of thrusts and stylolites. The alternrnate inter-
pretation is that twinning may have been initiated during the
period of sediment accumulation well before thrusting occurred.

A few stylolites are seen normal to bedding. These are most
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likely of tectonic origin, and related to the previously des-
cribed stress field.

Megascopic deformation is initiated when the dif-
ferential stress becomes such that the (D) thrust begins to
propagate in a listric, concave up fashion from the under-
lying McConnell "basement" thrust. In a similar fashion, the
C) and (B) thrusts develop when the increased loading result-
ing from the previous thrust plate triggers a new thrust,
rotating previous thrusts to a steeper angle. Each imbric-
ation of the thrust occurs at a relatively high stratigraphic
level and propagates primarily along the base of the thick,
competent Livingstone or Palliser Formations before stepping
through the Livingstcne Formation as it cuts upwards.

Within the thesis area, displacement along the (B
thrust gradually dies out laterally. Transfer of displace-
ment to re-activate the (D) and @ thrusts and to a set of
conical folds takes place. Folding is of a "buckle" nature
containing a neutral surface and more complex, variable stress
fields. Flexural slip folding, typical of cylindrical folds
within the Front Ranges does not take place.

With continued increase in differential stress, the
C) thrust migrates upwards from the McConnell Thrust with
an arcuate strike. Folding and the thrust are truncated
leaving an exposure of the Heart Mountain syncline for a
distance of about 2 km. Locally late stage twinning may also

occur during this period.
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Much later erosion and release of tectonic stresses
allows for the opening of the regional fracture set.

Megascopic deformational sequences are summarized
in the form of block diagrams in Figure 5.41. A structural

section, complete with lithologies is given in Figure 5.42.



Figure 5.41 Cartoon block sketches of inferred mega-
scopic structural development of the Exshaw
Thrust in the vicinity of Heart Mountain.
Thrusts advance from the southwest, with
the additional lithostatic pressure caused
by loading triggering a new thrust (a).
Subsequent thrusts rotate previous thrusts
to steeper angles (b). Lateral termination (c)
of the thrust involves a transfer of
displacement to a conical syncline (d) and
eventual separation of this syncline from
adjacent rocks by later thrusting (e).
Fracture orientations are developed well
before stage 1, and are rotated with the
megascopic deformation and opened at a
late stage (after stage 4) after removal of
a substantial amount of overburden. Sty-
lolitization is thought to occur in each
footwall as the result of tectonically
implaced overburden.






Figure 5.42

Structural section perpendicular to strike
of the eastern margin of the Front Ranges,
including the thesis area. Note imbrica-
tions at high structural levels and coring
of thrusts into anticlines to solve room
problems. '
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COMPARISON TO PREVIOUS CONCEPTS OF

FRONT RANGE STRUCTURE

6.1 Previous Geologic Mapping

The government survey map (1265A, Canmore, east half)
containing the present thesis area was compiled by Price (1970)
and generally represents an assimilation of graduate work by
Price and Bielenstein as well as the extensive work of Clark
(1949). Of these, only Clark (l949f appears to have made
actual ground traverses within the .thesis area. The present
geologic map (Figure 2.12) differs from the survey map in
several‘respects:

(1) A thin slice of Spray River Formation that Price
has concluded to exist in the footwall of the
C) thrust was not found on ground traverse.

(2) A few minor changes in the placement of the
location of stratigraphic contacts were made.

(3) The thrust is proposed (albeit somewhat
questionably) not to terminate laterally to
the southeast before the C) thrust. Evidence
suggests that it may merge with the (:) thrust
just southeast and outside of the present thesis
area.

(4) Following (3), the thin slice of Livingstone
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Formation paralleling the steep slope of the
arrete to the immediate southwest of Heart
Mountain, is proposed not to exist. The syn-
clinal wedge of Mount Head Formation is there-
fore extended approximately 50 more meters to
the southeast and is assumed to be truncated
by the (® thrust.

(5) The C) thrust in reality is comprised of three
closely spaced bedding plane parallel thrusts
exploiting more argillaceous units within the
carbonate sequence. Of these three, the lower-
most one has the greatest apparent displacement,
and is the one mapped on the survey map (1265A).

The geologic map of the thesis area is illustrated

in Figure 2.12.

6.2 Folding

Folding within the thesis area is conical in nature,
not concentric as Dahlstrom (1970) has suggested as norm. In
light of this, and the repeated confirmation of the mech-
anical relationship between concentric folds and thrust
faults (Price and Mountjoy, 1970), the mechanism of formation
of the Heart Mountain syncline appears inherently different

from the majority of folds within the Front Ranges and Foothills.
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Concentric folding does not completely dominate
Front Range structure though; Norris (1971) and Brown (1976)
document the existence of chevron folds. Brown continues to
contend that chevron folding is dominant over concentric
folding, with concentric folding existing only at high struc-
tural levels above a coring thrust. Mechanically these also
differ from the Heart Mountain syncline.

The Heart Mountain syncline approximates a parallel
fold, with a minor amount of thickening in the nose (espec-
ially in the thinly bedded Mount Head Formation). Evidence
of flexural slip (as proposed by Brown, 1976) was not observed
consistently. Only one slickenstriation has been observed,
and that on a piece of float. Gardner and Spang (1973) des-
dribe the formation of folding resulting from displacement
transfer (the interpretation presented here) as "buckling" of
the material. Folding theories incorporating tangential and
longitudinal strain, and the formation of a neutral surface
are those gencrally used to explain "buckiing" (Hobbs et al,
1976). Neutral surface theories require a transfer of the
extension direction from normal to the fold hinge at the base
of the syncline, to parallel to the fold hinge at the top of
the syncline, as illustrated in Figure 6.21. Discrepancies

seen in the orientation of NDA., (extension axes) of Jamison

3
(1974), and those between his and the results obtained in
this study may be accounted for in this manner. Samples may

have been chosen at different structural levels within the



Figure 6.21 Strain distributions within a neutral sur-
face fold. The folded medium is homogeneous.
Within the layer, o; remains at a constant
orientation normal to the fold axis, and o
and o3 change orientation depending on the
location (above or below the neutral surface) .
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syncline. This is consistent with the random orientation of
compression axes seen for sample 6-10 from within the Heart

Mountain syncline (see Table 4.33).

6.3 Thrusting

Thrusting within the thesis area appears relatively
simple and correlates well with the style of thrusting des-
cribed in Sectiocn 1l.4. For all cases except the thrust,
the thrusts are interpreted to be simple imbricates, at a
relatively high stratigraphic level. Thrusting generally
occurs along the bottom of the very competent Livingstone
Formation and migrates eastward, with each successive thrust
rotating previous thrusts to a steeper angle. Evidence
(Figure 5.28) suggests that the last thrust, the C) thrust,
has the greatest amount of displacement. This is consistent
with Dahlstrom (1970). Folded thrusts, although common in
the Front Ranges, are not seen in the thesis area. Spang
et al (1981) interpret what is here called the C) thrust
as a steeply dipping axial surface of an isoclinal fold above
the decollement surface of the @ thrust.

Brown contends that faulting occurred after the form-
ation of the isoclinal fold (S. Brown, pers. comm., 1981).
Evidence gathered suggests that this is not a reasonable

interpretation for the following reasons:
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(1) Lithological thicknesses of the Livingstone
Formation would be required to vary substan-
tially across this isoclinal fold-cum-fault.
Compare stratigraphic thicknesses of the Liv-
ingstone Formation to the east and west of the
C) thrust as shown in plate 2.3I.

(2) NDA results indicate that the Exshaw plate
(which contains the C) thrust) has a distinctly
different stress field from the Heart Mountain
syncline. Spang et al (1981) suggest that
this isoclinal fold/fault and the Heart Mount-
ain syncline are formed by the same deforma-
tional event. An enigma in stress distribution
would therefore be present.

(3) This mechanism of folding and later faulting
provides no explanation for the termination
of the (B) thrust.

(4) Evidence gathered suggests that the (&) thrust
(rather than the @ thrust as Spang et al (1981)
would propose) is the major thrust.

Termination of the (B) thrust within the thesis area
appears consistent with the model proposed by Gardner & Spang
(1973). In this manner, the existence of both the thrust
termination and the syncline can be accounted for in a

single model.




6.4 Fracturing

Fracturing on the mesoscopic scale within the
thesis area consisted of two sets mutually orthogonal with
bedding, and a random set. Numerous other workers have
noted similar orthogonal fracture distributions. The det-
ermination of the dominant set oriented 065/00 agrees with
that of Brown (1976) and Norris (1956).

Numerous theories for the origin of these joints
have been postulated, including:

(1) basement movements
(2) extensional stresses associated with arcing
b fabric axes
(3) residual elastic strain, and
(4) convex sides of cumulative neutral surfzaces.
(Brown, 1976)

All are plausible and could yield the observed or-
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ientation, parallel and perpendicular to the Rocky Mountains.

The interpretation here is that they formed as a result of
the release of residual elastic strain, with their orien-

tation being defined well before thrusting and folding

associated with the Laramide Orogeny, but by this same stress

field. The initiation of the microscopic fracture orientations

is assumed to be carried passively during the faulting and
folding phase, generally insensitive to local stress field

changes, only to be opened up after erosional unloading.
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Brown (1976) comes to a similar conclusion, based primarily
on the close correlation of Front Range joint sets to region-
al sets extending through all of Alberta and into Saskat-

chewan noted by Babcock (1973).



91

CONCLUSIONS

Detailed field mapping and laboratory analysis of

rocks adjacent to the Exshaw Thrust and contained within

the Heart Mountain syncline has indicated that:

(1)

(2)

(3)

(4)

Heart Mountain straddles the boundary between
the Exshaw and McConnell plates. Each plate
contains a characteristic stress field dis-
tribution.

Megascopic deformation consists of four steep,
concave up, subparallel imbricate thrusts
(believed to join in the subsurface) and a
conical syncline, totally allochthonous,
wedged between two of these thrusts.
Folding/faulting mechanisms proposed by

Spang et al (1981) for Heart Mountain do not
appear consistent with data obtained and a
new deformation model is developed for Heart
Mountain.

Folding is inferred to have developed synchron-
ously with the thrust, and deviates in de-
formational style from cylindrical folds
typically associated with the Front Ranges.
Displacement transfer from the laterally

terminating thrust to the syncline and other



(5)

(6)

(7)
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faults, is the proposed mechanism for the
formation of the syncline.

Folding is of a "buckle" nature (no evidence
for flexural slip is seen) involving tangen-
tial and longitudinal strain which requires
the existence of a neutral deformational sur-
face. Anomalous results in the orientation of
principal stresses obtained from the Heart
Mountain syncline are accounted for by sample
collecting both above and below this neutral
surface.

Megascopic deformation proceeded from west to
east, with the last thrust, the (@) thrust,
being the most shallowly dipping and contain-
ing the greatest amount of displacement.
Fracture analysis suggests that an orthogonal
fracture set exists, parallel and perpendicular
to the regional structural trend of the Rocky
Mountains; both are normal to bedding. The
set perpendicular to the structural trend
(therefore in the plane of transport) is the
strongest set. Orientations are believed to
have formed early (before macroscopic deform-
ation) in the Laramide Orogeny, and are con-
sistent with a regional set observed throughout

all of Alberta. Late, local fracture sets are



(8)

(9)

(10)

(11)
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imposed over these sets in response to fault-
ing and folding. All fracture sets open late,
after a substantial amount of overburden has
been removed.

Numeric dynamic analyses indicate that twin-
ning occurred early in the deformation history,
with beds still horizontal. Stylolite/twin
relationships suggest that twinning occurred
at least pre-thrusting, and perhaps even during
sediment accumulation.

Deformation within the Exshaw plate is prim-
arily non-rotational, while that within the
Heart Mountain syncline appears to contain a
substantial rotational component.

The regional stress field was singular and in
most locations non-rotational. Overprinting
of strains are not observed.

The differential stress responsible for the
development of calcite twinning reached a mag-

nitude of approximately 700 bars. This wvalue

is taken to be a minimum since the technigque
does not take into account intergranular ex-

pressions of stress.
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APPENDIX I

MICROSTRUCTURAL STRAIN ANALYSIS OF CALCITE
AND DOLOMITE TWIN LAMELLAE

A-1 Mechanics of Carbonate Twinning

Petrofabric studiesl(Turner et al, 1954) have indi-
cated that twinning in calcite and dolomite crystals occurs
preferentially along specific crystallographic planes in
response to a differential applied stress. Both translation
and twin gliding occur, but at the temperatures involved in
the deformation of the thesis area, the dominant mechanism
for twinning is glide along the e{0112} and £{0221} planes
for calcite and dolomite respectively.

Twin gliding in calcite is initiated when a critical
resolved shear stress, rc,along the glide line in the e-plane
is exceeded. Gliding along the appropriate crystallographic

plane takes place when:

T, = (01=03)8, 2 To (1)

where T, resolved shear stress

01-03 = differential stress

T = critical shear stress

SO = resolved shear stress coefficient



Figure Al Calcite crystallography.

after Turner & Weiss (1963)
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S can be calculated:

o)
SO = (cos X) (cos L) (2)
where X = angle between ¢; and twin plane

L = angle between o; and glide line

The glide line in calcite is the intersection of the
el{01T2} and rz{lofl} planes. Gliding is most easily achieved
when the maximum compressive and extensive stresses are or-
iented at 45° to the twin plane or 26° and 63° to the c-axis
in calcite and dolomite respectively.

For every point on an equal area projection 3 possible
values for So exist, one for each twin plane. Figure A3
shows the distribution of the largest value of So' By using
the other values of So’ the number of grains containing 2 or
3 twin sets for a particular value of Ao can be predicted.
Figure A4 shows such a plot. Similarly, the logic works in
reverse: if the per cent of grains with a particular num-
ber of twin sets is noted, then SO can be read from Figure A4;

if To is known, then Ao can be determined utilizing equation (1).

A-2 Dynamic Analysis

Irrotational stress fields responsible for twinning in
randomly oriented calcite grains may be determined by the

method of dynamic analysis. The technique involves:



Figure A2

Angular relationships between principal stress
axes and geometry of calcite and dolomite twins.

Shear along the glide plane is a maximum when
o; is oriented 45° away.

after Spang (1972)
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Figure A3 Contoured maximum values of SO (rc/Ao) for
calcite and dolomite.

after Spang (1972)
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Figure A4 Twin set development versus S, (stress mag-
nitude determination curves) %or calcite and
dolomite.

after Spang (1972)
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(1) determination of e, and c-axes orientations by
means of a universal stage (Turner and Weiss,
1963; Groshong, 1976)

(2) plotting compression (o;) and tension (o3) axes
in their most favourable position (45° to the
twin plane) on an equal area stereonet

(3) contouring the data at 1 per cent unit area in-
crements and determining estimates of o; and oj

(4) graphically adjusting these axes to mutual orth-
ogonality (Turner and Weiss, 1963). Published
accounts of dynamic analyses techniques and

results include those of Carter and Raleigh (1969),

Friedman (1963) and Friedman and Sowers (1970)

A-3 Numeric Dynamic Analysis

A\

The process of numeric dynamic analysis (NDA) allows
for substantial decrease in errors inherent in contouring
and rotating of axes to an orthogonal position by manipul-
ating the data mathematically on a computer. Not only are
the results more reliable, but the analysis of data is ach-
ieved much more quickly. In dynamic analysis it is assumed
that the observed twin sets are the result of shear strains
of equal magnitude, thus Spang (1972) arbitrarily assigns a

tensor shear strain of 1.0. The strain can therefore be rep-



resented by a two-dimensional Mohr circle of infinitesimal
strain with radius equal to 1.0, hence o; equals o3 which
equals 1.0 and twinning occurs with no volume change.

The strain in any twin set e can therefore be rep-

aB
resented by the second order tensor:

1.0 0
= 0 =-1.0
0 0

(3)

€aB

OO0

where 1.0 is the principal compressive axis

-1.0 is the principal tension axis

(Spang, 1972)

Due to the random orientation of crystals and the
crystallographic control on twin orientation, shear tensors
must be rotated to a common plane of reference using the

second order tensor transformation equation:

£ i = 8a81ui18j

(4)

where lai and lBj are direction cosines

The direction cosines rotate the tensor into the thin section
coordinate system. A bulk strain tensor is obtained by find-
ing the average rotated strain tensor for the twin sets. The
strain ellipsoid is represented by this bulk‘strain tensor.
The orientation and magnitude of the principal axes of the
Strain ellipsoid are obtained by solving the eigenvectors

and eigenvalues respectively. In this fashion, principal

109
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strain axes are required to be orthogonal due to the math-
ematics of eigen-analysis. These strain fields are then used

to infer the strain field in nature at the time of twinning.

A-4 Absolute Strain Calculation

Conel (1962) made the first attempt to quantify the re-
lationship between amount of twinning and magnitude of intra-
granular strain. For a partially twinned carbonate grain,
Conel deduced that the engineering shear strain is:

N

* I [ti x» tan (a/2)] (5)
i=1 '

<
il
o

where N = number of twins

t = width of the host grain perpendicular to
twin plane

t. = thickness of twins

a = change in angle of the {1011} face in
response to twinning

See Figure A5

By substituting the value of o for calcite, the tensor
shear strain perpendicular to the twin plane (&) and the glide

direction (g) is given by:

N
r = 0‘347 * It (6)
ed i=1

For comparison with other twin set strains they are ro-



Figure AS

Shear strain in a partially twinned calcite
grain. The values tj and tp are the widths

of the twins; t is the width of the host grain
perpendicular to the twin plane; o is the
angle of rotation of the grain edge from the
untwinned to the twinned position and is equal
to 38°17'; ¢y is the change of an original
right angle. The engineering shear strain, v,
is tany or y=g/t. The length pj is equal to
2tj tan{(a/2). The length of g is the sum of
pi for each twin. The shear strain in a par-
tially twinned grain is thus:

Yy = Ipj/t

after Conel (1962); Moffat (1980)
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tated into a common plane using the tensor transformation equa-
tiontion (2) given above. The matrix defining the principal

axes of infiritesimal strain for each twin set becomes:

1/2 tany 0 0
e'i. = 0 -1/2 tany 0 (7)
J 0 0 0

Conel (1962) redefines the strain tensor in terms of
a Cartesian coordinate system used in thin section orientation

as:

e = 3 (L2 - 1 %) tany

Eyy = % (mT2 - mcz) * tanvy

T T % (nTZ - nc2) + tany (8)
Exy = % (leT - lcmc) x tany

ey = 3 (Ighg = 1m) , tany

Syz = % (anT - mcnc) x tany

where 1, m, n are the direction cosines

The direction cosines apply to the compression and extension
axes represented by the subscripts ¢ and T respectively. By
multiplying the ratio of the area of the grain to the area of
all grains measured and by summing all of these area weighted
components, Conel arrived at a new measure of "bulk strain".
Spang and Chapple (1972) modified this "bulk strain” by taking
the unweighted average; results proved to be superior and micro-

scopic observation time was decreased.
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Inadeguacies in Conel's technique were reviewed by
Grosﬁong (1972), these being:

(1) A complete set of strain components are attain-
able from a single twin set, this being more in-
formation than should be obtained from a single
measurement

(2) Bulk strain tensor components were functions of
the twin set measured, therefore results could be
inconsistent

(3) Statistical treatment of the variability in de-
termined strains from a sample was not attempted

Groshong (1972) contends that each calcite twin set is
an internal strain gauge measuring positive shear only. Assum-
ing that e twinning occurs at the lowest resolved shear stress,
then the rigidity of the e plane is lower than, or equal to the
rigidity of the total aggregate of grains. At higher strain
levels though, grain boundary effects increase the "effective"
twin rigidity; an underestimate of bulk strain results.
Groshong (1972) makes the assumptions that:

(1) Least squares solution to the strain gauge equa-

tion produces an unbiased estimate of total strain

(2) Strain is considered homogeneous over a small region

larger than the grain in question

(3) Twinning is in response to externally applied stress

and not as a result of crystal growth

(4) Less than half of the grain may be twinned otherwise

determination of which portions are host and which
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are twin cannot be made conclusively
(5) Each twin set within a single crystal can be
treated independently
Usiné the tensor transformation equation as previously
described, Groshong (1972) determines the measured strain in

a twin set:

Feg = (lelg - neng)sX + (memg - nen ) e
+ (lcmg + melg)l‘xy + (meng + melg)l“yZ (9)
+ (nl1l 4+ 1n)T '
e g e g’ zx

where 1, m, n are the direction cosines rotating the
tensor into Cartesian coordinates for the e~ and g-axes;

where € and sy are the appropriate normal strains;

r r . .
and xy’ Tyz and sz are shear strains associated

with the appropriate planes
Assuming zero volume change, the €, term was eliminated

from equation (9) by noting:

e, = f(ex + sy) (10)

As opposed to Conel's technique, Groshong's determin-
ation of twin strain requires measurements from at least five
grains in order to simultaneously solve equation (9) for its
five unknowns. Statistical measures of the precision of the
determined deviatoric strains can be made if a suitable pop-
ulation exists, which is usually 50 grains.

The least squares estimate of strain within the aggregate
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is determined by Groshong (1972) as

3. = (x'x)t

3 X'y (11)

where X is the date matrix with components Xij

Y is the column vector with components Fj
X' is X transpose

-1 indicates the inverse operator

The errors associated with five of the six strain com-

~

ponents of the aggregate Bj are:

A = '. - " - 1/2
sj [cjj(Y Y) ij Y)/n 5] (12)

1

where €45 is the diagonal -component of the (X'X) ~ matrix

n is the number of measurements
The error associated with the sixth strain component is:

e, * (error2 of €y + error2 of ey)l/2 (13)

These calculated standard errors reflect how well the
least squares analysis fits the data. Deviations of the meas-
ured shear strain values from the calculated values can be de-
termined using the calculated principal strains. A negative
expected value in calcite implies a negative sense of shear
for that twin set, which is an impossibility according to our
previous assumptions. Obviously then we have either substan-
tial measurement errors, inhomogeneous strain, or a series of

superimposed homogeneous strains. If substantial numbers of
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grains produce negative expected values, then the possibility
of multiple deformations and overprinted strains exists. By
removing these values and running them separately, it is pos-
sible to see if a new orientation and magnitude of strain axes
can be determined with low statistical variation.
Statistically, the quality of results can be greatly
improved by removing those grains which exhibit the largest
negative and positive expected values: generally the largest

20 per cent (Groshong, 1974).



APPENDIX IT

FORTRAN77 TWIN PROGRAM

(after Groshong, pers.
comm., 1982)
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COMPUTE EIGENVALUES AND EIGENVECTORS OF A REAL SYMMETRIC

ROUTINE
SUBROUTINE
PURPOSE
MATRIX
USAGE
CaLL
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COMPYTATION.
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CALLING

ED NOT BE

ENVECTORS
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LL APPEAR IN
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I

COSX2ySINCSe FANGE

T WHICH FOLLOWS.
OOUBLE PRECISION AyR,ANORMy ANPMXoyTHR Xy Y9 SINX,SINX2,C0SX,

3LE PRECISION V

UMN 1 SHOULD BE

NONE

LR N R N R RN N N N N N N R R N RN RN R NYENE]

SUBRQUTINES ANG FUNCTION SUBPROGRAMS R
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SUBROUTINEZ MINV(A4NsDsL M)

4 28 0828008528 0B ES LTINS EEDENEINS B0 0EPETEESeEINAStIItIORIOIEOINL S
SUBROUTINE MINV

PURPOSE
INVERT A MATRIX

USAGE
CALL MINV{A4NsO,L M}

0z SCRIPTICN OF PARAMETER

s
INPUT MATRIX, DESTROYED IN COMPUTATION ANO REPLACED 3Y
XZSULTANT INVZIRSE.
N - ORDER OF MATRIX A
0 - 2CSULTANT JETERMINANT
L - WORK VECTOR QF LENGTH N
M - WORK VECTOR OF LENGTH N
RIMARKS
MATRIX A MUST BE A GENERAL MATRIX
SUBRQUTINES ANC FUNCTION SUBPROGRAMS REQUIRED
MZTHOD
THE STANDARL GAUSS-JORDEN METHOD IS USED. THE QETERMINANT
IS ALSO CALCULATED, A DETEPMINANT OF ZERO INDICATES THAT
THE MATRIX IS SINGULAR.
DIMENSION A(1),L(1) 4M(1)
IF A DOUSLE PRECISION VERSION CF_THIS FOUTINZ IS DESIRED, TuT
C IN COLUMN 1 SHCULD 3E REMOVED FROM THE DOUGLE PREGISION
STATZMENT NHICH FOLLOWS.
DOUBLE PRECISION Ay0,B3IGA,HOLD
THE C_ MIST ALSC BE REMOVED FROM OOQUBLE PPECISION STATEMENTS
APPEARING IN OTHEP ROUTINES USED IN CONJUNGTION WITH THIS
ROUTINE.
THE JOUBLE PRECISION VERSICN OF THIS SUSROUTINE “UST ALSO
CONTAIN JCUBLE PRECISION FGRTRAN FUNCTIONS. ABS IN STATEMENT
10 MUST 3¢ CHANGZD TO O0ARS.
SEARCH FUR LARGEST ELEMENT
0=1.0
NK==N
D0 A0 K=1,N
NK=NK+N
L(K) =X
(K} =K
KX=NK+K
3IGA=A(KK)
90 29 J=X 4N
Tr=N(J-1]
30 23 I=KoN
LJ=1Z7+1
IF{ ABS(AIGAY - ABS(A{(IJ)})) 15,204,200
31GA=ATIJ)
LK) =1
AUKY=d
CUNTINUZ
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