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Abstract—The 27 km long, 0.5 km thick mylonite zone of the Pinaleno Mountains metamorphic core complex is
interpreted as a normal-displacement simple-shear zone on the basis of major, minor and microscopic-scale
structures. Shear strains calculated as a function of the angle between the foliation and the lower boundary of the
shear zone range from 2 to 19 and have a mean value of 3.5. corresponding to a mean angular shear of 74°. These
values are the same as those calculated independently from rotations of sheared lithologic contacts. Integration
of the calculated shear strains yields a minimum translation estimate of 2.9 km.

INTRODUCTION

THe PINALENO Mountains are a NW-trending range
within the Basin and Range Province of southeastern
Arizona. The Pinalefio shear zone is a planar zone of
mylonitic rocks, approximately 27 km long and 0.5 km
thick, which trends northwestward and dips moderately
northeastward along the northeast flank of the range
(Fig. 1). When projected up-dip to the southwest, the
zone projects over the peaks of the range.

The age and original orientation of the zone are
controversial. Davis (1980a) and Rehrig & Reynolds
(1980) interpret the zone as one of several low-angle,
normal-displacement, mylonitic tectonite zones of mid-
Tertiary age, and associated with metamorphic core

complexes. Davis (1980a), Rehrig & Reynolds (1980),
Davis & Hardy (1981) and Spencer (1984) interpret the
Pinalenio mylonites as the deep crustal continuation of
low-angle normal faults which truncate Oligocene dikes
and extrusives. In contrast, C. Thorman (personal com-
munication, 1984) maintains, on the basis of unpub-
lished data, that the zone was a SW-dipping thrust in
Mesozoic or early Tertiary time. He believes that the
present northeast dip of the zone is due to post-kinematic
rotation of the zone by unspecified structures.

Because the Pinaleno Mountains have been inter-
preted as a metamorphic core complex, the kinematics
of the Pinalefio zone are controversial as well. In the
sense originally used by Davis & Coney (1979), a
metamorphic core complex consists of a crystalline core,
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Fig. 1. Generalized geologic map of the Pinalefio Mountains, with inset showing location of Pinalefio Mountains relative to

other Arizona metamorphic core complexes. Shaded area represents the part of the zone shown in detail in Fig. 3. Open

symbols represent crystalloblastic foliation. Solid symbols represent mylonitic foliation and lineation. Heavy dashed line

represents shear zone boundary. (Compiled from Bergquist 1979, Blacet & Miller 1978, Davis 1980a, Davis & Hardy 1981,
Thorman 1982, plus original research. Inset after Coney 1980).
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Fig. 2. Schematic vertical cross-section of a metamorphic core complex
(after Davis 1980a).

a mylonitic carapace, a décollement, and a brittiely
extended cover or suprastructure (Fig. 2). In general,
the mylonites within such complexes have been inter-
preted as products of thrust-slip shear (e.g. Misch 1960,
Davis er al. 1980, Brown & Read 1983), as products of
megaboudinage-like extension and necking of the entire
crust (Davis & Coney 1979, Davis 1980a), as products of
pure-shear extension of the upper crust exclusively (Mil-
ler et al. 1983), and as products of normal-slip simple
shear (Davis 1980b, 1983).

In general, the orientation of §’ foliation in a domain
of shear can be described as some function of simple
shear, pure shear, and volume change (Ramsay 1980).
The present paper demonstrates that shear strains and
an estimate of minimum translation within the Pinalefio
mylonite zone can be calculated from the following
equations which assume that simple shear is the only
variable:

shear strain, y = 2 cotan 26’, (1)

X

y dx, 2

translation, § = J
4]

where 0’ equals the angle between the macroscopic
foliation and the shear zone boundary (Ramsay &
Graham 1970). Shear strain and the principal elonga-
tions (e, e,, e3) in turn are related by the following
equations (Ramsay 1980)

(I+e)=32+y+y»*+H", 3
e, =0, 4)
(I+e)=32+9 -y(y" '+ D" (5

The conclusion that simple shear analysis can be
successfully applied to a metamorphic core complex is
diametrically opposed to the conclusion drawn from the
only other quantitative strain study of such a complex
(Miller er al. 1983). It also differs significantly from the
conclusions of a number of other shear zone studies, and
thus has important implications for shear zone studies in
general. The Ramsay & Graham (1970) model has been
applied successfully to numerous outcrop-scale shear
zones (e.g. Ramsay & Graham 1970, Ramsay & Allison
1979, Mitra 1979, Ramsay 1980). Attempts to apply

the model quantitatively to km-scale zones are rare,
however, and generally unsuccessful. Escher er al.
'

(1975) note that the strain within a regional Precambrian

thrust-slip shear zone is not a plane strain, although they
assume plane-strain deformation in order to estimate
strain values. Kligfield et al. (1981) report that the strains
measured in a regional Apennine thrust-slip shear zone
can only be explained as the combined product of simple
shear, pure shear, and volume change.

Others have indicated that the Ramsay & Graham
(1970) model may not be quantitatively applicable on
any scale. Coward (1976) argues that the inevitable
termination of a shear zone requires that the deforma-
tion within the zone involve both pure shear and simple
shear components. Berthé er a/. (1979) and Lister &

' Snoke (1984) suggest that the presence of spaced, micro-

scopic zones of apparently high displacement within
some mylonites (‘C’ or cisaillement surfaces) indicates
that the macroscopic foliation within the shear zone does
not represent the plane of finite strain for the bulk rock.
Lister & Snoke (1984) particularly suggest that, in SC-
mylonites of the type described below, the dominant
foliation is related to shear surfaces and not to the finite
strain plane.

GEOLOGY OF THE PINALENO MOUNTAINS
MYLONITE ZONE

Description of the mylonites’ protoliths

The rocks structurally below the mylonite zone consist
of quartzofeldspathic gneiss, biotite schist, coarsely por-
phyritic orthogneiss, granodiorite and granite (Fig. 3).
Layers of amphibolite, quartzite and pelitic schist occur
locally within the quartzofeldspathic gneiss and biotite
schist, but do not represent map-scale units. The granite
and granodiorite are undeformed outside the mylonite
zone. The metamorphic rocks contain a crystalloblastic
foliation that strikes NE and dips moderately to shal-
lowly SE within a few kilometers of the mylonite zone
(Fig. 4a). Elsewhere in the range the strike is commonly
NE, but locally variable, and the dip is subvertical (Swan
1976, C. Thorman, personal communication 1984). No
crystalloblastic lineation is present. Contacts between
the metamorphic rock types are sharp rather than grada-
tional, and are parallel to the local crystalloblastic folia-
tion.

Description of the mylonites

All of the above rock types can be traced continuously
from southwest to northeast into the mylonite zone,
where they develop a pervasive mylonitic foliation and
lineation. Contacts, which trend NE in the unsheared
rocks, remain NE-trending in the mylonitic rocks, paral-
lel to the principal extension direction defined by the
mylonitic lineation.

The mylonitic foliation strikes 315-285° and typically
dips 10-25° NE throughout the shear zone (Fig. 4b); the
lineation uniformly trends 040° (Fig. 4c). Locally, the
foliation at the base of the zone may be horizontal or
SW-dipping. In the higher structural levels the foliation
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Fig. 3. Detailed geologic map of a part of the Pinalefio Mountains shear zone. Symbols as in Fig. 1. Approximate boundaries
of structural domains [-V are indicated by screened dashed lines.
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Fig. 4. Lower hemisphere. equal-area projections of (a) poles to
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1% area); (b) poles to mylonitic foliation (contours equal 1, 10, 20,

40% of data points per 1% area); (¢) mylonitic lineations (contours

equal 1, 10, 20, 40% of data points per 1% area); (d) 40% contours of

poles to mylonitic foliation, poles to fault planes, and poles to fold axial
planes; (e) poles to shear-zone lower boundary.

dips uniformly NE, and the trace of the foliation is
slightly arched to broadly undulatory in cross-section
(Fig. 5).

Minor structures within the zone consist of intrafolial
folds, ptygmatic folds, and boudins (Fig. 6). Intrafolial
folds occur in both the non-mylonitic and the mylonitic
gneiss, but are much more common in the latter. No
refolded folds were observed.

Various mylonitic microstructures occur throughout
the zone, including retort-shaped, fractured and rotated
porphyroclasts (Fig. 7a), and well-developed S- (schisto-
sité) and C- (cisaillement) surfaces (Fig. 7b). Macro-
scopically visible C-surfaces occur only near the base of
the shear zone. Here the foliation measured in the field
corresponds to an S-surface, and the spaced C-surfaces
produce slight normal offset of the S-surfaces. Structur-
ally higher in the zone, 8- and C-surfaces can be differen-
tiated only microscopically. At this structural level, the
macroscopic foliation does not correspond directly to an
S- or a C-surface, but rather approximates the acute
bisector of the microscopic surfaces. Throughout the
zone, however, the C-surfaces dip more steeply north-
east than the S-surfaces, consistently indicating a normal
sense of shear. Quartz ribbons with oblique subgrains
are ubiquitous, and consistently indicate a normal sense
of shear (Fig. 7c).

Chemical analyses show that the deformation is
isovolumetric, although some accessory minerals appear
to have been unstable.

Two lozenges of non-mylonitic rock are enclosed
within the mylonites, with mylonites both structurally
above and below. In one case, the lozenge is completely
surrounded by mylonitic gneiss (Figs. 3 and 5, section
CC’). In the second case, the lozenge is continuous with
the non-mylonitic rocks to the southwest, beyond the
projected shear-zone boundary (Figs. 3 and 5. section
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Fig. 5. Cross-sections parallel to mylonitic lineation. Solid lines represent observed and projected foliation traces. Light

dashed lines represent the inferred upper part of the shear zone. Heavy dashed lines represent shear zone boundaries.

Patterned area represents undifferentiated non-mylonitic rocks. Dotted pattern represents gravels. Inset in lower left
depicts foliation geometry of idealized normal-displacement simple-shear zone.

BB’). The mylonites here are thus divisible into two
sub-zones; an upper one which projects over the non-
mylonitic rocks, and a lower one which tapers and
pinches-out.

The upper boundary of the shear zone is not pre-
served. Typically the mylonites are depositionally over-
lain by unconsolidated gravels. Locally, they are struc-
turally overlain by propylitically altered cataclasites
derived from the mylonites.

Description of the mylonite zone boundary

The lower boundary to the mylonites is a 10-20 m
thick zone characterized by numerous minor shear
zones, faults, folds, and the absence of pervasive mylo-
nitic foliation. The minor faults and shear zones occur
primarily in the granite, granodiorite and quartzites.
They are spaced at meter-scale intervals, strike N'W
sub-parallel to the mylonitic foliation, and dip NE
slightly steeper than the foliation (Fig. 4d). The linea-
tions within these minor zones have a trend of 040°,
parallel to the main mylonitic lineation. Where the sense
of displacement can be determined, either through offset
markers or shear zone foliations, it is invariably normal
(Fig. 8).

In the gneisses and schists of the boundary zone, the
preexisting crystalloblastic foliation is crenulated,
kinked, and isoclinally folded. Centimeter-scale kink
folds are developed in the pelitic schist, and centimeter-
to meter-scale, gently inclined and gently plunging class

2 or 3 isoclines (Ramsay 1967) are developed in the
biotite schist (Fig. 9). The isoclines fold the crystallo-
blastic fabric, but lack a pervasive mylonitic fabric. The
axial surfaces of both the kinks and the isoclines parallel
the mylonitic foliation (Fig. 4d).

The fold axes cluster between 040 and 090° along a
300°, 20°NE great circle. The very similar orientations of
the fold axes and the mylonitic lineation is not attributa-
ble to rotation by high shear strains. The absence of
pervasive mylonitic foliation in the folded rocks indi-
cates that the high strains required to produce such
rotations (~vy = 20, Skjernaa, 1980) have not been
attained. Rather, the axial orientations appear to corre-
spond to the intersection of the surface being folded (i.e.
the pre-shear crystalloblastic fabric) with the ab kine-
matic plane defined by the fold axial planes, consistent
with interpretations of such folds as “slip’ or ‘shear’ folds
(Ramsay 1967), or ‘passive flow’ folds (Donath and
Parker 1964).

The attitude of the shear zone lower boundary, calcu-
lated from three-point geometric analyses, is remarkably
uniform over the entire length of the zone (Fig. 4e). The
lower boundary everywhere strikes sub-parallel to the
mylonitic foliation, and dips NE slightly more steeply
than the foliation (Fig. 5). Slight variations in attitude do
occur, but these variations are systematic ones which
define kilometer scale domains (Table 1). The narrow
range of calculated attitudes within each domain indi-
cates that the boundary within each is essentially planar.
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Fig. 6. Typical minor structures within the mylonites. (a) Intrafolially folded quartzite lamina. (b) Ptygmatically folded
aplite dike with axial planar mylonitic foliation. (¢) Boudins in a dike which has been rotated parallel to the mylonitic
foliation. Scale bars are: (a) 7cm; (b) 18 cm and (¢) 7 cm.
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Fig. 7. Microstructures within the mylonites. (a) Retort-shaped, and fractured and rotated porphyroclasts in mylonitic
orthogneiss. (b) S and C surfaces in mylonitic granite. (c) A muscovite porphyroclast and inclined quartz subgrains in a
quartz ribbon. Scale bars are: (a) 2 cm; (b) 1 cm and (c) 170 um.
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Fig. 8. Spaced shear-zones and faults offsetting an aplite dike in otherwise undeformed granite. Scale bar is 80 cm.

Fig. 9. Isocline in non-mylonitic biotite schist at the base of the shear zone. Scale bar is 40 cm.
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Table 1. Summary of shear zone geometry

Mean lower Mean

Domain Cross-section boundary attitude e’
I AA’ 299 + 3° 36 + 3° NE 21 £ 9°
II BB’ 307°, 53° NE 31 £5°
1 cC’ 292 + 2°,23 + 1° NE 7+ 4°
v DD’ 292 + 3°,30 £ 4°NE 14 + 5°
\" EE’ 281 £ 9°, 33 + 5°NE 19 + 6°

KINEMATIC ANALYSIS OF THE MYLONITE
ZONE

Evidence for normal-displacement simple shear

Abundant qualitative evidence indicates that the
mylonites represent a normal-displacement ductile sim-
ple-shear zone. Vertical cross-sections parallel to the
lineation show that the geometry of the zone is similar to
that predicted for normal-displacement simple-shear
zones. Even in the two domains where non-mylonitic
rocks divide the mylonites into upper and lower zones,
both zones have a normal sense of displacement.

The angular discordance between the foliation and
the shear zone boundary precludes the possibility of the
foliation being a slip plane, as discussed by Ramsay &
Graham (1970). The occurrence of intrafolial folds
within the mylonites, the occurrence of ptygmatic struc-
tures with axial planar mylonitic foliation, and the paral-
lelism of fold axial surfaces and mylonitic foliation all
strongly suggest that the mylonitic foliation represents
the principal flattening plane. The boudinage of dikes
which are parallel to the foliation is consistent with
extension parallel to the mylonitic lineation, although it
does not eliminate the possibility of extension in other
directions as well.

The consistently steeper dip of ‘slip-plane’ indicators
(fault planes, ultramylonite zones and shear zone bound-
aries) compared to ‘strain-plane’ indicators (fold axial
surfaces and mylonitic foliation) suggests a normal sense
of shear. Microstructures within the zone, including
porphyroclasts, oblique subgrains, and S- and C-sur-
faces, all consistently indicate normal-displacement,
non-coaxial shear (Simpson & Schmid 1983, Lister &
Snoke 1984).

Strain calculations for domains of simple shear

While the entire Pinalefio Mountains mylonite zone
generally appears to be a zone of normal-displacement
simple-shear, three of the domains can be shown to be
ones of plane-strain, simple shear in the most rigorous
sense. In domains IV and V, values of shear strain
calculated from the foliation geometry equal values
calculated from the angular rotations of sheared
lithologic contacts. The geometric similarity of domain I
to domains IV and V indicate that it, too, is a domain of
plane-strain simple shear.

In domain IV, a metasedimentary contact can be
traced continuously from non-mylonitic rocks, across

$G 8:1-C

the boundary zone and into the shear zone. The initial
orientation of the contact parallels the crystalloblastic
foliation (025°, 18°SE). The final orientation of the
contact (326°, 18°NE) can be calculated from its mapped
trace (17°, 037°) and the intersection of the original
contact with the shear zone boundary (295°, 31°NE).
Assuming that the mylonitic foliation (303°, 18°NE)
represents the XY plane of finite strain, with X parallel
to the mylonitic lineation (18°, 040°), the principal strain
ratios of the mylonitic deformation can be calculated
from the above data and the following equations (Ram-
say 1967, equations 4.21a—4.21c¢):

A _tanap [A ] _tanas [A | tan o
/\1 tan [ ’ Al tan az‘ A;_y tan as
where a, and aj equal the original and final angles

between the X axis and the contact in the XZ principal
plane; a, and a3 equal the angles between X and the

~contact in the XY plane; and «; and a3 equal the angles

between Y and the contact in the YZ plane. The
minimum and maximum X/Z ratios thus calculated from
the rotated contact are 15/1 and 26/1, corresponding to
shear strains of 3.6-4.9.

In the same domain, the angle (6') between the
mylonitic foliation and the shear-zone boundary ranges
between 4 and 23° and has a mean value of 14 + 5°. The
values of shear strain (y) calculated from the observed
8’ values using equation (1) range between 1.9 and 14.2
and have ameanof4.4 +2.8.

In domain V, as in the preceding domain, the mean
strain calculated from the foliation attitudes (y = 2.9;
X/Z = 10/1) is in close agreement with the strain calcu-
lated from the rotation of a marker horizon (X/Z =91).
Thus in two separate domains, the shear strains calcu-
lated from 6’ and equation (1) can be confirmed by
independent calculations.

The geometry of domain I is very similar to that of
domains IV and V (Table 1). The near-parallelism of
boundary attitudes indicates that the shear couples are
essentially parallel in each domain. The similarity of
shear plane orientations and of 8’ values suggests that 6’
can be described by the same function in all three
domains. Thus in domain I, as in the other two domains,
8’ also appears to be exclusively a function of simple
shear, and the shear strain consequently can be calcu-
lated from equation (1).

Shear strain distribution and translation estimates

To consider the shear strain distribution, rather than
simply averages, y can be calculated from the foliation
attitudes for specific structural levels within each
domain. Figures 10(a)-(c) are graphs of shear strain, as
determined from foliation attitudes, vs height above the
shear zone boundary as determined from cross-sections.
The shear strain increases abruptly within a relatively
small distance of the boundary, and is clearly
heterogeneous. With regard to the heterogeneity, it is
noteworthy that strains calculated from different points
at the same height above the shear zone boundary, are in
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Fig. 10. Graphs of shear strain (y) vs height above the shear zone lower
boundary (x) for (a) domain I, (b) domain IV and (c) domain V.
Translations are calculated from equation (2).

close agreement. In domain V, for example, two points
with x = 183 m have shear strains of 3.8 and 4.1. Similar
examples occur throughout the zone. It is also note-
worthy that in the contiguous domains IV and V, the first
four inflection points in the curves occur at the same
value of x. This suggests that the variations in shear
strain may be relatively large-scale features of the zone.

Translation estimates obtained by integrating the area

SOUTHWEST

R
=

D,

2 9

~ under the curves in Fig. 10 range from 0.8 to 2.9 km.

Because the upper boundary of the shear zone is not
preserved, the zone’s original width is unknown, and the
calculated translations represent only minimum esti-
mates. The variation among estimates is due primarily to
differences in the preserved width of the zone, rather
than to differences in shear strain.

The total displacement effected by the spaced faults
and shears below the zone is an order of magnitude less
than that effected by the shear zone itself. In the bound-
ary zone of domain I, 24 normal faults and shear zones
were measured in a 22 m long traverse. The average
spacing of the faults was found to be 0.6 m, and the
average displacement along them was found to be 0.3 m.
Estimating the maximum extent of the faults to be on the
order of 200 m, the total displacement effected by the
faults can be approximated as

1 fault
0.6 m

0.3 m displacement
fault

200 m X
= 100 m displacement.
Strain relations at zone terminations

Domain II actually consists of two shear zones: a
lower, 30°-dipping zone which tapers and terminates in
the up-dip direction, and an upper, 50°-dipping zone
whose termination is not apparent (Fig. 11). The folia-
tion geometries in this domain resemble those predicted
for shear zone terminations in general, and the merger
of the two zones accords particularly well with the model
described by Ramsay & Allison (1979) and Ramsay
(1980) for the propagation of plane-strain shear zones
(Fig. 12).

The crystalloblastic foliation below the termination of
the lower shear zone in domain II strikes WNW and dips
steeply S (Fig. 11). This is an anomalous orientation
compared to the crystalloblastic foliation elsewhere
within the range (see Fig. 4a). It does, however, coincide
with the predicted orientation of flattening planes at that
location within a shear zone termination. The ridge
above the lower shear zone contains both a typical
NE-striking, SE-dipping crystalloblastic foliation and
widely spaced zones of NW-striking, NE-dipping

NORTHEAST
BI

Fig. 11. Cross-section of domain II, showing observed foliation trajectories. Patterned areas denote areas of crystalloblastic

or widely spaced mylonitic foliations (see text). Unpatterned areas denote areas of pervasive mylonitic foliation. The

crystalloblastic foliation at the southwest end of the cross-section dips steeply southeast, but strikes subparallel to the section

and hence appears horizontal in the plane of the section. Elsewhere the foliation strikes approximately perpendicular to the
section.
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Fig. 12. Theoretical XY strain trajectories of two intersecting, right-
handed, plane-strain shear zones (after Ramsay & Allison 1979,
Ramsay 1980). Zone (a) offsets the lower zone at (b), which in turn is
shown terminating at (c). The theoretical trajectories in the shaded
area appear to correspond to the observed trajectories in Fig. 11.

mylonitic foliation. This latter foliation coincides with
the predicted orientation of flattening planes at that
relative location within a shear zone termination. Over-
all, this foliation geometry is consistent with the termina-

tion of either a plane-strain or a non-plane-strain shear -

zone. However, if the coalescing of similar-sense shear
zones is a peculiarity of plane-strain zones, as suggested
by Ramsay (1980), then the merger of the two zones
suggests that they are zones of plane-strain deformation,
consistent with the quantitative analysis described
above.

SUMMARY

The major, minor, and microscopic scale structures of
the Pinalefio Mountains mylonite zone uniformly indi-
cate that the zone represents one of normal-displace-
ment simple shear. Even where the zone bifurcates into
an upper zone and a lower, terminated zone, the folia-
tion geometries and the relative orientation of the zones
correspond to the plane-strain shear-zone propagation
model of Ramsay & Allison (1979).

The shear strains calculated assuming a simple-shear
model equal the shear strains calculated from indepen-
dent strain markers. The assumption that the deforma-
tion represents plane-strain simple shear thus appears
well justified. In particular, the assumption that the
macroscopic mylonitic foliation represents the XY plane
of finite strain appears valid, despite the occurrence of
S-C mylonites throughout the zone.

The actual values of shear strain (y = 3.5) are surpris-
ingly low, and thus appear to undermine the assumption
that mylonites necessarily represent ‘high’ shear strains.
The calculated displacement is similarly low (S = 2.9
km), but must be considered a minimum estimate
because the total width of the zone is unknown.
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