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ABSTRACT

Ji, S., Salisbury, M.H. and Hanmer, S., 1993. Petrofabric, P-wave anisotropy and seismic reflectivity of high-grade tectonites.
Tectonophysics, 222: 195-226.

In order to understand seismic anisotropy and its influence on the reflectivity of lower crustal fault zones, we have
undertaken experimental measurements of P-wave velocities up to 600 MPa for 20 granulite and upper amphibolite facies
mylonites from the Snowbird tectonic zone (Canada). The rocks, whose composition ranges from ultramafic to felsic, have
experienced extremely large ductile strain. It is found that the amphibolitic mylonites exhibit significant ¥, anisotropy
(6-13% at 600 MPa), whereas the pyroxene-bearing granulite-facies mylonites and the quartz or feldspathic (tonalitic,
granitic and diatexitic) mylonites are quasi-isotropic. In order to constrain interpretation of the measured V, properties,
microstructural analyses have been systematically performed in the samples studied. It is shown that the interaction between
feldspar and quartz or pyroxene and the absence of amphibole cause anisotropy in the granulite facies mylonites to be low.
The amphibolitic mylonites are strongly anisotropic because of a large volume fraction of hornblende with strong LPO
({0011 |lineation, and (100)|{foliation). The anisotropy pattern in the amphibolitic mylonites is consistently orthorhombic:
V(X)) >V, (Y)> V,(Z), where X is parallel to stretching lineation, Y is normal to the lineation in the foliation plane and Z
is normal to the foliation plane. But the anisotropy pattern in the mica-rich mylonites is transversely isotropic: V,(X) =
V(Y) > V(Z). If sufficiently large volumes of the crust display such patterns, this difference may be an important indicator
for kinematic analysis in the middle to lower crust using modern seismic techniques. The study demonstrates that while
seismic reflectivity is strongly lithology-controlled, fabric-induced anisotropy can both enhance and decrease seismic
reflectivity. Hence, the discontinuity of seismic reflections along ductile shear zones in the lower crust is not necessarily
indicative of the discontinuity of the shear zones, but may indicate changes in composition or metamorphic grade.
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1. Introduction

Seismic reflectivity in the deep continental
crust is generally attributed to impedance con-
trasts associated with compositional layering and
lithological heterogeneity (e.g., Meissner, 1973;
McDonough and Fountain, 1988), to impedance
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contrasts caused by fluids trapped in microcracks
and pores (Jones and Nur, 1984) and to interfer-
ence effects. It has also been proposed that crustal
reflections can be caused by fabric-related veloc-
ity anisotropy in ductile shear zones (e.g., Ethe-
ridge and Vernon, 1983; Fountain et al., 1984).
Many greenschist and lower amphibolite facies
shear zones in the middle crust, for example, the
Lewisian mylonite zone in Scotland (Fountain et
al., 1984), the Brevard mylonite zone (Christen-
sen and Szymanski, 1988), the Santa Rosa my-
lonite zone in California (Kern and Wenk, 1990),
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and the Whipple Mountain detachment fault
(Wang et al., 1989), have been shown to be good
reflectors due to seismic anisotropy induced by
extensive lattice preferred orientation (LPO) of
phyllosilicate minerals such as biotite and mus-
covite in the plane of foliation. Although many
investigators have interpreted mid-crustal reflec-
tors in term of fault zones (e.g., Barazangi and
Brown, 1986; Leven et al., 1990; Meissner et al.,
1991), conditions in the lower crust are quite
different and the association is less clear: (a)
upper amphibolite and granulite facies metamor-
phic rocks predominate (T > 700°C) and phyllosil-
icate minerals are volumetrically insignificant; and
(b) the confining pressure (600-1000 MPa) is
high enough to close all microcracks. In order to
interpret deep continental seismic reflection data,
it is necessary to evaluate the reflectivity of high-
grade ductile shear zones. To this end, we have
experimentally investigated the compressional
wave velocity and anisotropy of very strongly de-
formed rocks (mylonites and ultramylonites) from
the upper amphibolite and granulite facies ter-
rane of the Snowbird tectonic zone in northern
Saskatchewan, Canada. Particular attention has
been paid to determining the origin and possible
kinematic implications of lower crustal anisotropy.

2. Samples and their geological setting

The rock samples studied were collected from
the Tantato high-grade metamorphic domain in
northern Saskatchewan (Fig. 1). This domain con-
sists of a large (75 X 120 km), highly strained
triangular fault block in the Snowbird tectonic
zone containing two structural decks (Hanmer et
al., 1991). The fan-shaped lower deck is charac-
terised by granulite and upper amphibolite facies
mylonites with steep foliations and a shallow to
moderate SW-plunging extension lineation. The
arcuate upper deck is characterised by mafic
granulite and diatexite with shallow, southwest-
dipping foliations parallel to its NW-SE-trending
margin. All stretching lineations in the upper
deck display a shallow plunge toward the south-
west. Dextral and sinistral shear occurred 2.6-3.2
Ga along the western and eastern parts, respec-
tively, of the lower deck (R. Parrish, pers. com-
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mun., 1991). The upper deck seems to have been
initially emplaced by thrusting, although abun-
dant structural evidence shows subsequent low-
angle, ductile normal faulting (post-granulite fa-
cies) in the hornblende granite (Mary batholith)
boundary mylonite between the hanging wall and
footwall (Fig. 1a). More than 400 oriented sam-
ples were collected from the Tantato high-grade
mylonite terrane, of which 20 representative sam-
ples ranging from ultramafic through acidic in
composition were selected for the present study
(Fig. 1b). Foliation and lineation can be clearly
identified in all samples, allowing the specimens
to be oriented with respect to an orthogonal
reference system in which X lies parallel to the
stretching lineation, Y is normal to the lineation
in the foliation plane, and Z is normal to the
foliation plane.

Modal analyses of the samples are given in
Table 1. The modal content of each sample was
determined by point counting, with 1500 points
being counted for each sample. The geological
context and microstructural features of each sam-
ple are summarized below:

2.1 Ultramafic mylonites

J152 is a mylonitic pyroxenite with a medium
grain size (0.05-0.10 mm). Orthopyroxene (ferro-
silite) forms prismatic plates with aspect ratios
ranging from 4:1 to 12: 1, and contains numerous
homogeneous kink-bands whose kink-band
boundaries (KBB) are subperpendicular to the
foliation and lineation. Intracrystalline strain in
the clinopyroxene (diopside) is characterized by
undulose to patchy extinction and the develop-
ment of subgrains (Fig. 2a). The opx-cpx geother-
mometer (Wells, 1977) gives a temperature of
around 860°C, corresponding to the last equili-
bration of the two pyroxenes. Xenomorphic am-
phibole (magnesio-hornblende) grains formed
during retrograde metamorphism from the gran-
ulite to the amphibolite facies are isolated in a
matrix of ortho- and clino-pyroxene grains (Fig.
2a).

J311 is a mylonitic magnesio-hornblendite col-
lected from a large inclusion in diatexitic my-
lonite. The latter deformed at about 650°C and
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Fig. 1. (a) Geology map of the Tantato high-grade metamorphic domain in the Snowbird tectonic zone, northern Saskatchewan,
Canada (insert). (b) Locations of samples used in present study. The Chipman batholith consists of annealed tonalitic straight
gneisses, clinopyroxene-bearing tonalite ribbon myionites, deformed or undeformed mafic dykes and dispersed pyroxenite
inclusions. The Mary batholith is characterized by compositionally monotonous, garnet-hornblende granitic to granodioritic
mylonites. The Grease-River complex consists of granitic and diatexitic mylonites and ultramylonites with dispersed inclusions of
pyroxenite and hornblendite. The Bohica complex consists of strongly deformed anorthosite, norite, gabbro and diorite. The Fehr

granite and McGillivray granite are generally isotropic and extremely coarse grained. AL = Axis lake; BK = Black lake; BLK =
Bompas lake; CHL = Chipman lake; CL = Clut lake; COL = Cora lake; LI = Lytie lake; and RL = Reeve lake.
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650 MPa, based on estimates using the garnet/
hornblende geothermometer of Graham and
Powell (1984) and the hornblende geobarometer
of Hollister et al. (1987). The sample displays a
recrystallization-induced bimodal grain size dis-
tribution (Fig. 2b). Serpentinization took place
along late brittle microfractures and produced
Fe-oxides.

2.2 Mafic mylonites
Samples C21 and J1A are fine grained (50-150
wm), amphibolitic ultramylonites formed under

amphibolite facies conditions from a mafic dyke
in the Chipman batholith. Well-developed com-

TABLE 1
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positional banding is defined by alternating layers
consisting predominantly of magnesio-hornblende
and plagioclase (An35-50). Lath-shaped horn-
blende and equant plagioclase microstructures
suggest that the rock has been completely recrys-
tallized (Fig. 2¢). Most of the subhedral horn-
blende grains show no evidence of internal defor-
mation although some grains display undulose
extinction and subgrains. The geobarometer of
Hammarstrom and Zen (1986) gives a pressure of
about 430 MPa.

R86B, J313C, J341 and J143 are amphibolitic
mylonites in which magnesio-hornblende appears
as both porphyroclasts and recrystallized fine
grained matrix, whereas plagioclase is completely

Modal analyses (vol.%) of samples from the Snowbird Tectonic Zone

Sample no. Rock type Modal analysis
bi cpx gt hb kf op opx pl qtz  ser chl others
Ultramafic
J152 mylonitic pyroxenite - 390 - 289 - 1.2 286 -~ - - - 2.3 tal
J311 hornblenditic mylonite - - - 602* - 54 - - - - - 2.5 ol, 23.3 serp,
5.3 sp, 3.3 tal
Mafic )
C21 amphibolitic ultramylonite - - - 692 - 32 - 253 - 1.5 - 0.8 acc
J1A amphibolitic ultramylonite - - - 650 - 02 - 289 02 42 04 1.1 acc
R86B amphibolitic mylonite - 05 1.5 650 - .1 - 201 61 04 53
J313C amphibolitic mylonite 06 06 - 612 - - - 370 - - 0.6 -
J341 amphibolitic mylonite 14 - - 580 - 21 - 241 56 12 75 0.1ca
J143 cpx-gt mylonitic amphibolite -~ 11.7 4.1 61.8 - 1.2 - 192 - 0.8 0.7 0.4 clz, 0.1 mus
1324 mafic ultramylonite 1.1 126 - 04 - 1.0 103 662 - 74 1.0 -
J324A mafic ultramylonite 1.6 182 - 120 - 08 108 552 - 14 -
$254 mafic ultramylonite - 114 - 8.5 - 40 51 697 - 04 04 04nd 0.1 zir
Intermediate
S145 protomylonitic anorthosite - - - - - 1.0 - 832 51 100 0.1 0.6 nd
S124 gt-hb tonalitic ultramylonite 1.0 - 43 7.2 - 04 - 597 260 - - 1.4 ca
C133 annealed tonalitic mylonite 46 - 0.1 86 - - - 540 325 - 0.1 0.1 zir
Acidic
J372 hb-gt granitic mylonite 81 - 54 168 251 08 - 128 300 06 - 0.4 zir
J226 hb-granitic “s-c” mylonite 86 - 05 235 291 1.2 - 137 229 01 - 0.4 ca
M201 diatexitic ultramylonite - - 20 - 515 04 - - 46.1 - - -
RS88 diatexitic ultramylonite 29 - 23 - 455 05 - - 488 - - -
M248B granitic mylonite 34 - 12 - 65.0 - - 1.4 290 - - -
M248A gt-bi granitic ultramylonite 342 - 6.8 - 144 08 - 126 299 09 - 0.4 zir

Abbreviations: acc = accessories, bi = biotite, ca = calcite, chl = chlorite, clz = clinozoisite, cpx = clinopyroxene, gt = garnet, hb =
hornblende, hb * = tremolite, kf = K-feldspar, mus = muscovite, nd = undetermined minerals, ol = olivine, op = opaque minerals,
opx = orthopyroxene, pl = plagioclase, qtz = quartz, ser = sericite, serp = serpentine, sp = spinel, tal = talc, zir = zircon.
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recrystallized (Fig. 2d). The hornblende-garnet Samples J324, J324A and S254 are the typical
geobarometer (Hollister et al., 1987) and clinopy- mafic granulite (pyriclasite) mylonites in the
roxene-garnet geothermometer (Ellis and Green, hanging wall (Fig. 1). They consist of plagioclase
1979) show that deformation took place at ap- (An50-65), clinopyroxene (diopside-augite), or-
proximately 700 MPa and 700°C. thopyroxene (hypersthene), and opaque minerals.

PRt ST

Protied

Fig. 2. Microstructural features of samples from the Tantato domain. (a) Deformed pyroxenite (J152). Hornbende nucleated and

grew at the expense of orthopyroxene and clinopyroxene. (b) Recrystallization-induced bimodal grain-size distribution in horn-

blendite (3311). (¢) Ultramylonitic microstructure in amphibolite (J1A). (d) Amphibolitic mylonite (J313C) showing hornblende

porphyroclasts in a matrix of plagioclase and recrystallized hornblende. (e) and (f) Mafic granulite (pyriclasite) ultramylonite (J324).

The microstructure is characterized by elongate polycrystalline ribbons of recrystallized pyroxene in a completely recrystallized
matrix of plagioclase.
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Fig. 2. (g) Foliated and lineated protomylonitic anorthosite (S145). Intracrystalline deformation features such as tapered or bent
mechanical twins, undulatory extinction, and recrystallization are abundant. (h) Ultramylonitic microstructure in sample S124.
Porphyroclasts /porphyroblasts of garnet are dispersed in a fine-grained, recrystallized quartz-plagioclase matrix. (i) Hornblende
and garnet-bearing granitic mylonite (J372). Note garnet porpyroclasts with attenuated polycrystalline tails of hornblende which
nucleated and grew at the expense of garnet during synkinematic retrograde metamorphism. (j) Extensional shear bands in
hornblende-granitic mylonite (J226). (k) Recrystallized K-feldspar porphyroclast in strongly deformed quartzofeldspathic matrix in
diatexitic ultramylonite (M201). () Diatexitic ultramylonite and mylonite. M248A is cored from the biotite-rich layer {dark) and
M248B from the quartzofeldspathic layer (light). Quartz forms hair-like ribbons and K-feldspar is recrystallized to form
polycrystalline streaks.

J324A and S254 contain about 10% hornblende, banding defined by alternating plagioclase- and
indicating some degree of retrograde metamor- pyroxene-rich layers (0.02-1.00 cm thick). The
phism. The foliation is parallel to metamorphic lineation is well defined by elongate polycrys-
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talline ribbons of recrystallized orthopyroxene and
clinopyroxene (Fig. 2¢ and f). The deformation
temperature is estimated from the two pyroxene
thermometer of Wells (1977} to have been 830°C,
which agrees with the results (870°C, 860 MPa)
determined from associated rocks containing gar-
net-orthopyroxene / clinopyroxene-plagioclase-
quartz (temperature from Moecher et al., 1988;
pressure from Perkins and Newton, 1981).

2.3 Intermediate mylonites

S145 is a foliated and lineated protomylonitic
anorthosite. The plagioclase (An50-70) with an
average grain-size of 0.4 mm displays optical evi-
dence of plastic deformation (Fig. 2g), such as
undulatory extinction, curved tapering deforma-
tion twins, kink bands, subgrains and very small
recrystallized new grains (30-50 pm). The
anorthosite does not permit estimation of the
temperature and pressure conditions of deforma-
tion or metamorphism. However, the Hodges and
Spear (1982) geothermometer and the Newton
and Haselton (1981) geobarometer give a temper-
ature of 720-740°C and a pressure of about 500
MPa for the surrounding country rocks (diatexite
containing gt-pl-bi-sil-qtz).

C133 is a typical medium-grained (0.3-1.0 mm),
annealed tonalitic mylonite from the Chipman
batholith. The sample displays plagioclase- and
quartz-rich straight layers with a sugary texture
and strong lineation defined by elongate horn-
blende. The Hodges and Spear (1982) geother-
mometer gives a temperature of about 700°C.
S124 is a splendid, very fine-grained ultramy-
lonite (<25 um) with a tonalitic composition
(Fig. 2h).

2.4 Acidic mylonites

J372 and J226 are fine to medium-grained
hornblende-bearing granitic mylonites. Quartz
occurs as polycrystalline or monocrystalline rib-
bons and feldspar as recrystallized grains. In J372,
garnet porphyroclasts have attenuated polycrys-
talline tails of hornblende (ferro-edenite), which
nucleated and grew at the expense of garnet
during retrogression from granulite to amphibo-

lite facies (Fig. 2i). The temperature and pressure
of synkinematic metamorphism are estimated
from the garnet-hornblende thermometer (Gra-
ham and Powell, 1984) to be 650°C and 650 MPa.
J226 displays typical extensional shear bands (Fig.
2j) with hornblende and biotite aligned parallel to
both the foliation and shear planes.

Samples M201, R88 and M248B are fine-
grained (30-60 pm), granulite facies diatexitic
ultramylonites and mylonites. Quartz displays an
elongate hair-like ribbon structure, whereas K-
feldspar is almost completely recrystallized into
fine grained neoblasts, forming polycrystalline
streaks (Fig. 2k, 1). Isolated coarse porphyroclasts
of K-feldspar (1-5 cm) are occasionally observed
in outcrop, indicating that strong deformation
and grain size reduction have taken place. The
gt-pl-bi-sil-qtz geothermobarometer (Newton and
Haselton, 1981) gives a temperature of 700°C and
a pressure of around 700 MPa. M248A was cut
from a narrow, very fine-grained ultramylonite
layer in sample M248B (Fig. 21). Compared with
its surrounding rock (M248B), M248A is obvi-
ously rich in biotite and garnet, implying that it
experienced significant retrograde metamorphism
during ultramylonitization.

3. Velocity measurements
3.1 Experimental method

Three cores (2.54 ¢m in diameter and 5-7 cm
in length) were cut from each sample in the X, Y
and Z directions, respectively. These cores were
then jacketed in thin copper foil and gum rubber
tubing to prevent the pressure medium from pen-
etrating the sample at high pressure. The samples
were then placed in a large-volume (3.3 1) pres-
sure vessel and compressional wave velocity mea-
surements carried out at various hydrostatic con-
fining pressures up to 600 MPa using the pulse
transmission technique (Birch, 1960). The pres-
sure was controlled by an air-driven fluid pump
and a hydraulic intensifier, and determined to
within 0.1 MPa by direct digital readout from a
calibrated strain guage. The ultrasonic waves were
generated and received by 1-MHz lead zirconate
piezoelectric transducers mounted on each end of
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TABLE 2

Compressional wave velocities at various confining pressures for high-grade mylonites in the Snowbird Tectonic Zone

Average Propagation Pressure (MPa) Pressure derivatives

density direction 15" "30 40 60 80 100 150 200 300 400 500 600 (), (dV,/dP) R?

(g/cm?) x 104

J152 mylonitic pyroxenite

3.29 X 770 775 782 786 7.89 791 793 795 797 799 800 802 7918 170 0.99
Y 736 740 746 750 752 753 756 758 7.60 7.61 7.63 765 7546 1.70 0.99
VA 738 743 752 757 759 761 7.63 764 765 7.67 768 770 7.608 1.50 0.99
mean V), 748 753 7.60 764 7.67 768 171 172 774 7176 777 179 7.688 1.70 0.99
A% 46 47 47 47 48 50 48 48 48 49 48 48

J311 hornblenditic mylonite

3.08 X 707 7.10 716 719 721 723 726 728 731 734 736 739 7.233 2.60 0.99
Y 684 689 696 698 7.00 7.02 7.03 705 706 7.08 7.10 7.12 7.000 2.00 1.00
VA 638 643 649 652 6.54 656 658 6.60 662 6.64 6.66 668 6560 2.00 1.00
mean V, 6.76 6.81 687 690 692 694 696 698 7.00 7.02 7.04 7.06 6940 2.00 1.00
A% 102 98 98 97 97 97 98 97 99 100 99 101

C21 amphibolitic ultramylonite

3.02 X 728 731 734 735 736 737 739 741 742 743 745 746 7377 140 0.98
Y 675 6.79 682 684 6.86 687 689 690 692 693 694 695 6890 1.00 1.00
zZ 6.44 650 657 660 6.62 6.63 6.66 6.67 6.68 6.69 670 671 6.650 1.00 1.00
mean V,, 682 6.87 691 693 695 696 698 699 7.01 7.02 7.03 7.04 6980 1.00 1.00
A% 123 118 . 11.1 108 107 106 105 106 106 10.5 107 10.7

J1A amphibolitic ultramylonite

3.00 X 710 722 728 732 733 734 736 737 738 739 739 740 7363 0.60 0.90
Y 6.67 6.77 685 690 692 695 698 7.01 7.03 705 7.06 7.07 6994 1.30 0.97
VA 6.18 6.27 635 640 643 647 652 6.55 658 660 6.62 6.63 6531 1.70 0.98
mean V), 6.65 6.75 683 687 6.89 692 695 698 7.00 7.01 7.02 7.03 6970 1.00 1.00
A% 138 141 136 134 131 126 121 11.8 114 113 11.0 11.0

R86B amphibolitic mylonite

3.01 X 68 697 708 715 7.9 722 726 7.28 730 731 732 733 7270 1.00 1.00
Y 638 650 674 685 692 698 7.04 7.08 710 7.1 7.12 7.13 7070 1.00 1.00
VA - - - - - 6.46 654 657 6.61 662 664 6.66 6556 1.70 0.98
mean V, - - - - - 6.89 695 698 7.00 7.01 7.03 7.04 6957 1.40 0.98
A% - - - - - 11.0 104 102 99 98 9.7 95

J313C amphibolitic mylonite

297 X 691 716 732 739 743 745 748 750 752 754 755 757 7473 1.60 0.99
Y 6.54 675 689 695 698 7.00 7.02 7.04 706 7.08 7.00 7.12 7.000 2.00 1.00
VA 578 6.00 632 640 646 6.49 653 656 6.59 6.61 6.64 6.66 6517 2.40 0.99
mean ¥, 641 6.64 684 691 696 698 7.01 7.03 7.06 7.08 7.06 7.12 7.000 2.00 1.00
A% 176 175 146 143 139 138 13.6 134 132 131 129 128

J341 amphibolitic mylonite

2.97 X 716 720 725 727 729 730 732 733 734 735 736 737 7310 1.00 1.00
Y 6.77 690 696 7.00 7.02 7.04 7.06 7.08 7.10 7.11 7.13 7.14 7.057 1.40 0.98
VA 6.01 614 625 631 634 636 640 642 645 647 649 651 6390 2.00 1.00
mean V, 6.65 675 682 686 688 690 693 694 696 698 699 701 6913 1.60 0.99

A% 173 157 147 140 138 136 133 13.1 128 126 125 123
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TABLE 2 (continued)

Average Propagation Pressure (MPa) Pressure derivatives

denmsity direction 300 40 60 80 100 150 200 300 400 500 600 (V,), (dV,/dP) R

(e/cm®) x10*

J143 mylonitic amphibolite

3.20 X 703 724 732 735 737 738 739 740 741 742 743 744 7380 1.00 1.00
Y 6.58 6.67 678 6.83 687 6.89 693 697 7.00 7.02 7.04 7.06 6940 2.00 1.00
VA 653 664 674 679 683 687 691 693 696 698 700 702 6900 200 1.00
mean V, 671 685 695 699 7.02 705 708 710 712 714 716 717 7071 L.70 0.98
A% 75 88 84 80 7.7 72 68 66 63 62 60 359

J324 mafic mylonite

2,92 X 687 690 693 695 697 698 7.01 703 705 7.06 707 7.08 7.020 100 1.00
Y 674 678 685 6.89 692 693 695 696 697 698 698 699 6953 0.60 0.90
VA 683 692 695 697 698 699 701 7.02 703 7.04 706 707 6987 140 0.98
mean V,, 681 687 691 694 696 697 699 7.00 702 7.03 704 7.05 6990 1.00 1.00
A% 19 20 15 12 09 09 09 10 11 11 13 13

J3244 mafic mylonite

2.95 X 669 689 694 697 699 700 7.03 704 705 706 707 707 7031 070 0.89
Y 660 670 678 683 686 689 693 696 699 700 7.01 702 6960 1.00 1.00
V4 679 6.83 687 690 692 694 696 698 699 7.00 7.00 7.01 6973 0.60 0.90
mean ¥, 6.69 6.81 686 690 692 694 697 699 701 7.02 703 7.03 6991 0.70 0.89
A% 28 28 23 20 19 16 14 11 0% 09 10 09

8254 mafic mylonite

2.87 X 641 655 668 675 679 682 686 688 691 692 694 695 6867 1.40 0.98
Y 631 645 655 662 665 670 675 678 6.82 6.84 6.85 6.86 6.784 1.30 0.97
VA 6.24 632 650 6.60 6.65 6.67 671 6.73 676 677 678 6.79 6.730 1.00 1.00
mean V, 632 644 658 6.66 670 673 6.77 677 6.83 684 686 687 6.787 1.40 0.98
A% 27 36 27 23 21 22 22 22 22 22 23 23

S$145 protomylonitic anorthosite

2.74 X 605 6.12 628 638 645 650 657 6.60 6.63 6.65 668 6.70 6.557 2.40 0.99
Y 6.00 6.08 626 636 643 649 655 658 661 6.64 6.66 6.68 6.544 230 0.99
V4 6.09 6.17 630 641 647 652 6.60 6.63 668 672 673 675 6.621 220 0.93
mean V, 605 612 628 638 645 650 657 660 664 667 669 671 6574 230 0.99
A% 15 15 06 08 06 05 08 08 1.1 12 11 10

$124 tonalitic mylonite

2.74 b ¢ 6.68 6.69 672 674 675 677 6.79 680 682 6.83 684 6.85 6790 1.00 1.00
Y 675 678 681 683 685 686 688 689 691 692 693 695 6869 1.30 0.97
Z 6.77 680 683 685 687 688 690 691 692 694 695 696 6884 1.30 0.97
mean V), 673 676 679 681 682 684 686 687 688 690 691 692 6844 130 0.97
A% 13 16 16 16 18 16 16 16 15 16 16 16

C133 annealed tonalitic myionite

2.68 X 6.10 617 632 638 642 645 649 6.51 653 655 656 658 6483 1.60 0.99
Y 593 605 611 613 615 616 619 620 623 626 629 632 6.140 3.00 1.00
zZ 594 606 6.12 614 617 618 621 624 626 629 632 635 6.170 3.00 1.00
mean V,, 599 609 6.18 622 625 626 630 632 634 637 639 642 6263 2.60 0.99

A% 28 20 34 40 43 46 48 49 47 46 42 41
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TABLE 2 {(continued)

Average Propagation Pressure (MPa) Pressure derivatives

demsity direction  joT 59 40 60 80 100 150 200 300 400 500 600 (¥,), (dV,/dP) R

{g/cm®) x 10%

J372 hb-gt granitic mylonite

2.84 X 574 588 605 617 623 627 633 638 643 645 648 651 6346 270 0.99
Y 562 5.8 602 613 620 625 632 636 641 644 646 649 6333 2.60 0.99
Z 465 490 527 552 567 578 593 601 610 616 621 625 5955 500 0.99
mean ¥, 534 554 578 594 603 610 619 625 631 635 638 642 6.203 3.60 1.00
A% 204 177 135 109 93 80 65 59 52 46 42 41

J226 hb granitic mylonite

2.76 X 592 600 608 6.13 617 620 624 627 629 631 633 635 6230 2.00 1.00
Y 571 585 594 599 602 605 609 611 614 616 6.18 621 6.069 230 (.99
VA 546 559 572 5.80 584 588 593 596 599 602 604 607 5913 260 0.99
mean V, 570 581 591 597 601 6.04 609 611 6.14 616 618 6.21 6.069 230 0.99
A% 8.1 7.1 6.1 55 55 53 51 51 49 47 47 45

M?201 diatexitic ultramylonite

2.63 X 530 545 568 579 585 550 595 598 602 604 606 607 5971 170 0.98
Y 553 579 595 606 611 6.15 621 625 629 631 633 635 6.230 2.00 1.00
VA 544 555 570 5.85 592 598 605 610 6.14 6.16 6.17 618 6.104 130 097
mean ¥, 542 557 578 590 596 601 607 611 615 617 619 620 6.101 170 098
A% 4.2 45 4.7 46 44 42 43 44 44 44 44 45

R88 diatexitic ultramylonite

2.65 X 581 590 600 605 608 609 6.13 6.14 616 618 620 621 6111 1.70 0.98
Y 593 607 615 6.18 621 622 625 627 630 632 633 635 6253 1.60 0.9
Z 585 593 600 6.05 6.09 6.10 6.14 617 619 621 622 623 6.154 130 0.97
mean V), 586 597 605 609 613 614 617 619 622 624 625 626 6184 130 0.97
A% 2.1 29 2.5 21 21 21 1% 21 23 22 21 22

M248B granitic mylonite

2.65 X 586 598 606 611 613 615 617 619 620 621 623 624 6157 140 0.98
Y 606 616 623 626 627 629 631 632 634 635 636 638 6299 130 097
VA 583 597 605 608 611 613 615 6.16 618 619 620 621 6.150 1.00 1.00
mean ¥, 592 604 611 615 617 619 621 622 624 625 626 628 6199 130 0.97
A% 39 32 30 29 26 26 26 26 26 26 26 27

M248A gt-bi ultramylonite

2.79 X 6.10 625 636 639 641 643 645 647 649 651 652 654 6443 1.60 0.99
Y 608 620 632 636 638 640 642 644 646 648 649 651 6413 1.60 0.99
VA 573 580 592 599 603 605 608 609 610 6.11 612 6.14 6.059 130 0.97
mean V,, 597 608 620 625 627 629 632 633 635 637 638 640 6303 1.60 0.99
A% 6.2 74 7.1 64 61 60 59 60 61 63 63 63

Seismic velocities are in km/s. X = lineation; Z = normal to foliation; Y = perpendicular to lineation and parallel to foliation. A%:
percent anisotropy (Vyae = Vininl/Vinean): Vo = V)g + PLAV, /d P), where (V) is the projected ¥, in km/s for the sample at 0
MP3, and dV,/d P is in km/s/MPa. R: correlation coefficient.

the core. Scattering is minimal because the wave- +0.5%, and the precision of the measurements is
length is much greater than the average grain size better than 0.3% (Christensen and Shaw, 1970).
of the samples. The velocities are accurate to Measurements of velocities as a function of tem-
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Fig. 3. P-wave velocity versus pressure in X, Y and Z direc-

tions through (a) J1A: amphibolitic ultramylonite, and (b)
J313C: amphibolitic mylonite.

perature were not attempted since elastic
anisotropy is not strongly temperature-dependent
(Kern and Schenk, 1985 and 1988).

3.2V, results

V, results for 20 high-grade mylonites are pre-
sented for various confining pressures in Table 2.
All reported velocities were measured during de-
pressurization. Velocities measured as the pres-
sure is increased tend to be lower than those
measured during depressurization below 300
MPa. This phenomenon has been attributed to
the closure of microcracks at high pressure that
do not completely reopen during depressurization
(Birch, 1960; Gardner et al., 1965).

3.2.1 V,,~pressure relationships
The V,-pressure curves for all samples display
an initial non-linear increase in velocity at low

pressures followed by a more gradual linear in-
crease at high pressures (Fig. 3). This characteris-
tic curve has been attributed to closure of microc-
racks in the samples with increasing pressure to
200-300 MPa, above which the rocks can be
considered as compacted aggregates (Birch, 1960;
Christensen, 1965). A comparison between sam-
ple J313C, which is medium- to fine-grained (0.1-
0.8 mm), and sample J1A, which is very fine-
grained (50-150 wm), suggests that the amount
of rise is related to the rock microstructure, with
the medium- to fine-grained mylonites exhibiting
a more pronounced velocity rise than the very
fine-grained ultramylonites.

The velocity-pressure relationship can be de-
scribed by the linear equation:

Vo= (1), +P(dV,/dP) (1)

where (1), is the projected zero pressure veloc-
ity and dV,/d P is the high-pressure slope. (V),
and de/dP for each sample are given in Table
2, with dV,/dP varying from 0.6 X 10™* to 5 X
107* kms™! MPa~ L.

3.2.2 Mean v,

The mean V, for each sample, which is equal
to [V(X) + W(Y) + V(Z)}/3, is shown as a func-
tion of pressure in Figure 4. Arranged in order of
decreasing average V, at 600 MPa, the rocks can
be placed in the following groups: mylonitic py-
roxenite (7.79 km/s), amphibole-dominated my-
lonites (7.17-7.01 km/s), plagioclase-dominated
mylonites (7.05-6.71 km/s) and acidic mylonites
(6.42-6.20 km/s). This indicates that the lower
crust has a strong lateral and vertical seismic
heterogeneity (e.g., Fountain et al., 1990). The
pyroxenite and amphibolitic mylonites occupy
narrow, distinct high-velocity fields consistent with
their narrow compositional ranges. The granitic
and diatexitic mylonites have lower average v,
values, reflecting the fact that the average com-
pressional wave velocities of quartz, K-feldspar
and sodic plagioclase are similar (Babuska and
Cara, 1991). The plagioclase-dominated my-
lonites, on the other hand, occupy a large velocity
field and range from mafic to intermediate in
composition.
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3.2.3 Velocity—density relationship

Figure 5 illustrates the variation of P-wave
velocity among the samples due to density (p)
and anisotropy. The dots represent the average
velocities and the vertical lines, the ranges of
velocity due to anisotropy at 600 MPa. The densi-
ties are those determined at room pressure since
the effect of pressure on density is negligible in
rocks with very low porosity (< 1%). As shown in
Figure 5:

(V) meuy = 0937 + 2.031p

(correlation coefficient R = (.89).

Although the average V, increases roughly with
increasing density, the strong anisotropy of many
samples gives rise to considerable scatter in the
velocity—density relationship. For example, sam-
ple J313C (an amphibolite) ranges in velocity
from 6.7-7.6 km/s. Using the Nafe~Drake curve,
this would correspond to a density range of 2.84—
3.28 g/cm®, which spans a range in compostion
from anorthosite to peridotite. Thus considerable
caution must be used in interpreting seismic data
in terms of petrology because mean velocity-den-
sity relationships are non-unique (Barton, 1986;
Fountain et al., 1990).
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Fig. 5. Mean V) -density relationship at 600 MPa and room

temperature. Dots represent the average velocities and verti-

cal bars show the range of V, due to fabric-induced anisotropy

in the samples. Straight line represents least-squares fit to the
density and average velocity data.

3.2.4 V,, anisotropy
The coefficient of anisotropy was defined by
Birch (1961) as:

A=100% (Vmax - Vmin)/Vmean (2)

In many samples, 4 varies with pressure. Three
patterns have been observed: Pattern 1: the
anisotropy values for 11 samples (C21, R86B,
J143, 1341, J313C, J1A, J311, J372, J226, M248B
and J324A) decrease progressively with increas-
ing pressure. For example, in sample J372 the
anisotropy decreases from 20.41% at 10 MPa to
4.05% at 600 MPa (Fig. 6a). This pattern is
common in the amphibole-rich mylonites. The
relationship between V,, anisotropy and confining
pressure can be attributed to the closure of the
oriented microcracks which reinforce the
anisotropy due to the lattice preferred orienta-
tion (LPO) of rock-forming minerals (Ji and Salis-
bury, 1993). Pattern 2: the anisotropy for 3 sam-
ples (C133, S124 and J152) increases rapidly with
increasing pressure in the low-pressure domain
(<150 MPa), and then decreases in the high-
pressure domain (Fig. 6b). We attribute this vari-
ation to the rapid closure at low pressure of
oriented cracks which oppose the anisotropy due
to LPO. Pattern 3: the anisotropy for 6 samples
(J324, S254, S145, R88, M201 and M248A) de-
creases with increasing pressure in the low-pres-
sure domain (< 100 MPa), and then increases
slightly in the high-pressure domain (100-600

MPa) (Fig. 6¢). This pattern occurs in the quasi-
isotropic ultramylonites. While the relationship
between V, anisotropy and confining pressure in
the low-pressure domain may have the same ori-
gin as pattern 1, the slight increase of V),
anisotropy with increasing pressure probably re-
sults from differences in the pressure sensitivity
of V, in the X, Y and Z directions.

At high pressures (600 MPa), the amphibolitic
mylonites show a prominent anisotropy (A4 > 6%,
mostly > 10%) with an orthorhombic symmetry:
V(X)) >V, (Y)>V,(Z). As can be seen in Figure
7, this pattern of anisotropy is different from that
in mica-rich mylonites (e.g., M248A) which are

24
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Fig. 6. V, anisotropy versus pressure for samples J372 (a),
J324 (b) and C133 (c).
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transversely isotropic: V,(X) = V(Y) > V,(Z)
(Christensen, 1965; Burke and Fountain, 1990;
Kern and Wenk, 1990; Barruol et al., 1992).
Anorthositic mylonites tend to be transversely
isotropic, but with V,(Z)> V,(X) > V(Y), and
pyroxenites tend to be fast parallel to X.

Pyroxene-bearing granulite mylonites and
quartzofeldspathic (tonalitic, granitic and dia-
texitic) mylonites display very low values of
anisotropy at high pressures (commonly < 4%).
These results are in good agreement with those
reported by Kern and Schenk (1985, 1988), Foun-
tain et al. (1990), Burke and Fountain (1990),
Siegesmund and Kern (1990) and Braun et al.
(1591).

4. Petrofabric and seismic anisotropy

The principal rock-forming minerals except
garnet are strongly anisotropic (McScimin et al,,
1965; Belikov et al., 1970). As shown above, how-
ever, anisotropy is not necessarily strong in poly-
crystalline aggregates composed of these miner-
als. In order to understand the origin of V)
anisotropy in the mylonites studied, we per-
formed a systematic microstructural investigation
including modal analysis (Table 1), density mea-
surements (Table 2), petrofabic analysis and the-
oretical calculation of V,, contours.

4.1 Petrofabrics

Composite fabric diagrams for amphibole, pla-
gioclase, orthopyroxene, clinopyroxene, quartz
and biotite are presented for representative sam-
ples in Figures 8—-12. All data are presented on
equal-area, lower hemisphere projections in which
the plane of projection contains the stretching
lineation (X) and the pole to the foliation (Z).
The fabric characteristics for each mineral are
described below:

(1) Amphibole. ~ As can be seen in Figure 8, the
amphibole fabric for 5 samples (J152, J311, J1A,
J143 and J372) tends to be consistent, strong and
simple: the (100) planes are parallel or nearly

S.JNET AL.

Mafic Acidic

ultramafic
intermediate

600MPa

vp, km/s

b. p 1: disz
—~— &b a 2: 4311
il plekf 3. ¢21
4: JIA
891 s: Rasd
6: Ja13¢
2 7: J341
@ 604 8: J143
£ 9: 4324
2 10: J324A
S 11: §254
404 12: 51458
13: 8124
4 14: €133

i d3T2
14228

T M207
: 88

T 2488
; M24BA

Volume £

1 3 5 7 9 11 13 15 17 19
Sampie No.
Fig. 7. Correlation between P-wave velocities in X, Y and Z
directions at 600 MPa (a) and modal composition (b and c).

parallel to the XY plane, the [001] crystallo-
graphic directions have a strong concentration
parallel to X and the [010] directions are parallel
to Y. (110) poles define a partial girdie perpen-
dicular to X, but the fabric is quite diffuse. The
density maximum for (110) poles is always lower
than that for (100) poles. For example, in sample
J1A, the density maximum for amphibole (100)
poles is 14.2%, whereas that for (110) poles is
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only 7.5%. Further, new grains produced by re-
crystallization are oriented similarly to their par-
ent porphyroclasts (not shown here). These fabric
features are consistent with those reported previ-
ously by Schwerdtner (1964), Christensen (1965),
Kern (1982), Ji and Mainprice (1989), and Sieges-
mund et al. (1989) in middle to high-grade meta-
morphic rocks.

The origin of amphibole LPO deserves to be
discussed. Optical and TEM observations (not
shown here) suggest that the hornblende fabric in
the hornblende-dominated mylonites (J311, J143,
J313C) was probably produced by (100)[001] slip
accommodated by recrystallization (Dollinger and
Blacic, 1975; Biermann and Van Roermund, 1983;
Cumbest et al., 1989; Reynard et al., 1989

Plagioclase

a.
CONTQURS (%)
J3z24 %
3
4
Z
b.
CONTOURS (%)
S145 i
3
4
c.
CONTOURS (X}
J1A '155
25
d. {1001
CONTOURS (X)
J143

AR

CONTOURS (%}

Fig. 9. Preferred orientations of plagioclase [100], (010) and [001] directions in samples J324 (a), S145 (b), J1A (c) and J143 (d). 100
measurements for J324, $145 and J143; 106 measurements for J1A. Symbols as in Fig. 8.
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Skrotzki, 1990). [001] dislocations in hornblende
are extensively dissociated, making recovery diffi-
cult, Eventually, dislocations pile up more easily
so that recrystallization begins. It is also noted
that the strong anisotropic growth capacity of
amphibole leads to the development of elongate
crystals under differential stress (Schwerdtner,
1964), which seems to be an important mecha-
nism for orienting recrystallized neograins (C21,
J1A and R86B). The hornblende fabric in horn-
blende-bearing granitic mylonites, such as J372,
may be caused by simple mechanical rotation of
such crystals in a ductile quartzofeldspathic ma-
trix (Jeffery, 1922). In sample J152, hornblende
nucleated and grew at the expense of orthopyrox-
ene and clinopyroxene during retrogression from
the granulite to the amphibolite facies (Fig. 2a).
The orientation of the hornblende is inherited
from and controlled by that of pyroxene:
(100),,,, H(IOO)py, [010],, [[010],, and [001]y, i
[001],, (Fig. 8 and Figs. 9-10). However, what-
ever the orientation mechanism, the hornblende
has a similar fabric pattern.

(2) Plagioclase. The plagioclase fabric seems to
be sensitive to the volume fraction of plagioclase
in the rock and the deformation conditions (T /P).
Samples J324 and S145, in which plagioclase is
volumetrically predominant (Table 1), show es-
sentially similar LPO patterns (Fig. 9) in which
(010) is subparallel to the foliation and [001] and
[100] are oriented in the XY plane with [001]
forming a concentration at small angles to X.
This pattern of plagioclase LPO corresponds well
to the fabrics reported by previous authors (Kruhi,
1987; Ji and Mainprice, 1988). The plagioclase
volume fractions in samples JIA and J143 are
lower, 30% and 12% respectively. The plagioclase
exhibits nearly random LPO in sample J1A (Fig.
9¢) which deformed under amphibolite facies
conditions and only a weak concentration of (010)
poles in sample J143. The above facts indicate
that the development of plagioclase LPO is
favoured by a high volume fraction of plagioclase
in the rock and high-temperature deformation.
The effect of high temperature on the develop-
ment of plagioclase LPO is easy to be understood
because under such conditions glide of disloca-

S.HETAL.

tions and dynamic recrystallization can be effec-
tively facilitated (e.g., Tullis and Yund, 1985). But
why does a high content of plagioclase in the rock
favour the development of plagioclase? The rea-
sons are as follows: the matrix around the plagio-
clase is hornblende in the amphibolitic mylonites
(J1A and J143) and pyroxene in the mafic gran-
ulite mylonite (J324). These minerals are rheolog-
ically stronger than plagioclase. A low content of
these strong minerals in the rocks can increase
the magnitude of stress (Handy, 1990; Ji and
Zhao, in press) and enhance grain-boundary mi-
gration (dynamic recrystallization) (Prior et al.,
1990) in the soft minerals and decrease grain-
boundary sliding between the strong and weak
grains (Starkey and Cutforth, 1978; Kronenberg,
1981).

(3) Orthopyroxene. The orthopyroxene fabrics
in samples J152 and J324 are obviously different
(Fig. 10). In J152, the (100) planes of orthopyrox-
ene are subparallel to the XY plane and the [001]
directions are parallel or subparallel to X. The
[010] directions are oriented preferentially at a
large angle to both the X and Z directions (Fig.
10). This LPO pattern for orthopyroxene is com-
monly observed in ultramafic complexes of upper
mantle origin (e.g., Nicolas and Poirier, 1976;
Christensen and Lundquist, 1982; Mercier, 1985).
However, in J324, the [100] direction of orthopy-
roxene has a strong concentration parallel to Y
and both the [010] and [001] directions are lo-
cated in the XZ plane, with minor {010] and [001]
concentrations parallel or subparallel to the Z
and X directions, respectively (Fig. 10). This LPO
pattern may be interpreted as a fabric formed
firstly by (010)001] slip (Etheridge, 1975; Nazé et
al., 1987) and then diffused by recrystallization by
subgrain-rotation ([100] is the axis of rotation).

(4) Clinopyroxene. Clinopyroxenes in samples
J152 and J143 define a strong LPO (Fig. 11), in
which [001] displays a strong preferred orienta-
tion parallel to X, the poles to (100) are concen-
trated perpendicular to the XY plane and the
[010] directions are preferentially oriented near
the Y direction. However, the clinopyroxene in
J324 exhibits a different fabric pattern in which
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the [010] axes form a girdle in the YZ plane with
a maximum parallel to Z, the [001] axes are
concentrated parallel to Y and the (100) poles are
rather dispersed, but with some concentrations at
small angles to the lineation. The latter clinopy-
roxene LPO is similar to that reported by Sieges-
mund et al. (1989).

(5) Quartz.  As shown in Figure 12a for samples
M201 and J372, quartz in the high-grade granitic,
tonalitic and diatexitic mylonites displays a strong
LPO with a c-axis maximum parallel to Y. This
fabric pattern, which is commonly explained in
terms of dislocation slip along the < a > direction

in the prismatic plane in quartz, is typical of
high-temperature deformation (e.g., Schmid and
Casey, 1986).

(6) Biotite. Biotite appears in the retrograde
mylonites (e.g., M248A and J372). The (001)
planes of biotite are preferentially aligned paral-
lel to foliation (Fig. 12b).

4.2 Microstructural interpretation of V), surfaces

In addition to measuring velocities along the
X,Y and Z directions, we calculated complete V,,

Quartz <c>
a.
X
J372 M201
CONTOURS (X) CONTOURS (X)
1 1
2 2
H 2
8
Y4 Z
B Mox. density: 7.08 B Max. density: 24.6%
b.
- J372
CONTOURS (%)
1.0
2.0
3.0
4.0

Biotite (001)

Fig. 12. C-axis fabrics of quartz in samples J372 and M201 (a), and (001) fabric of biotite in J372. 100 measurements for quartz in
each sample and 150 measurements for biotite. Symbols as in Fig. 8.
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surfaces for selected samples based on the LPO,
density, volume fraction and elastic stiffness coef-
ficients of each mineral in the rocks (Crosson and
Lin, 1971). The computations were performed
using an interactive program (Mainprice, 1990).
The Voigt average was used for seismic velocity
calculation because it gives the closest agreement
between LPO-derived and laboratory-measured
seismic velocities (Seront et al., 1989). The calcu-
lated velocities pertain to conditions of one atmo-
sphere pressure, room temperature and zero
porosity, and must be compared with velocities
measured at a pressure high enough to close
microcracks (Christensen, 1965).

4.2.1 Amphibole-dominated mylonites

As shown in Figure 13, the calculated results
are very comparable to those determined experi-
mentally at 500 MPa in the amphibolitic ultramy-
lonite (J1A), clinopyroxene and garnet-bearing
amphibolite (J143) and mylonitic hornblendite
(J311). The fastest, intermediate and slowest P-
wave velocities are in the X, Y and Z directions,
respectively. The V;, anisotropy coefficients deter-
mined for J1A, J143 and J311 are high, 14.5%,
8.3% and 10.0%, respectively, for the calculated
velocities at room pressure, and 11.0%, 6.0% and
9.9% for the measured velocities at 500 MPa
(Table 2). The differences between the calculated
and measured anisotropies. may be attributed to
the presence of minor constituents such as sericite
and opaques. The highest V, is parallel to the
lineation (X} because the {001] direction of horn-
blende, which is close to the fastest ¥, direction
in single crystal hornblende (Belikov et al., 1970),
is oriented parallel to the lineation in all three
samples. The velocities are intermediate and
slowest in the Y- and Z-directions, because the
intermediate and slowest P-wave directions in
hornblende single crystals ({010], (100)) are ori-
ented parallel to the Y- and Z-directions, respec-
tively (Fig. 8). It is noteworthy that the presence
of plagioclase and particularly, pyroxene and gar-
net, always diminish the fabric-induced anisotropy
caused by hornblende.

4.2.2 Pyroxene-dominated rocks
The calculated P-wave velocities in the X, Y
and Z directions in the mylonitic pyroxenite

(J152) are 8.00, 7.50 and 7.72 km/s, respectively
(Fig. 13). These values are in very good agree-
ment with the measured values at 500 MPa:
V(X)=800 km/s, V(Y)=763 km/s and
V(Z)=17.68 km/s (Table 2). It is important to
note that the calculated V, surfaces are asymmet-
ric with repect to the structural elements (i.e., the
foliation and lineation). Thus the highest V, is
not parallel to the lineation, but lies about 20° to
it. Accordingly, the anisotropy calculated from
the experimentally measured velocities (5.0%)
does not represent the maximum anisotropy
(10.3%) in the specimen.

4.2.3 Plagioclase-dominated rocks

(1) Anorthosite.  Figure 13 shows the calculated
V, surface for a hypothetical pure plagioclase
aggregate with the LPO of sample S145 (Fig. 9).
The anisotropy coefficient is 5.8% with the fastest
(7.00 km/s), intermediate (6.75 km/s) and slow-
est (6.60 km/s) P-wave velocities near the Z, X
and Y directions, respectively. The measured P-
wave velocities along the Z, X and Y directions
at 500 MPa are 6.73, 6.68 and 6.66 km /s, respec-
tively. Both the calculated and measured results
show a similar ¥, pattern with V(Z) > V,(X) >
V(Y). This pattern reflects the concentration of
high-velocity (010) poles perpendicular to folia-
tion and the tendency for the low-velocity [101]
and [100] axes to lie in the foliation plane. How-
ever, the measured bulk anisotropy is much lower
than the calculated one. This is attributed to the
presence of sericite (10%) and quartz (5%) in the
mylonitic anorthosite. Optical observation shows
that the quartz grains have their c-axes preferen-
tially parallel to the Y direction, causing V, to
increase in this direction as the fast V, direction
in quartz is parallel to the c-axis (McScimin et al.,
1965). The influence of the sericite on velocites is
difficult to assess quantitatively because its elastic
constants have not yet been determined and the
LPO of sericite cannot be measured optically due
to its small grain size. Assuming that the sericite
grains have similar elastic properties and LPO
patterns to muscovite, we would expect that alter-
ation of plagioclase to sericite might decrease v,
in the direction normal to the foliation. As a
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result, the presence of sericite and quartz in the
anorthosite would result in attenuation of the
seismic anisotropy caused by the LPO of plagio-
clase. Thus, the calculated P-wave velocities may
be more representative of the properties of my-
lonitic anorthosite under lower crustal conditions
than measured velocities since sericite is of course
absent in the lower crust.

(2) Mafic ultramylonites. 1t is surprising that the
V, anisotropy coefficient in the strongly de-
formed mafic ultramylonite sample (J324) is very
low, 2.8% and 1.3% for the calculated and mea-
sured values, respectively (Fig. 13 and Table 2).
Experimental measurements show, however, that
other mafic mylonites (J324A and S254) consist-
ing of plagioclase, clinopyroxene and orthopyrox-
ene are also quasi-isotropic (A4 < 2.5%). The con-
tributions of plagioclase, clinopyroxene and or-
thopyroxene evidently cancel one another to pro-
duce low values of V, anisotropy. It should be
noted that V,(X)=V,(Z)>V,(Y) for sample
J324, whereas Vp(X )> Vp(Y) > V(Z) for J324A
and S254 (Fig. 7 and Table 2). To explain this
discrepancy, we suggest that the presence of
hornblende is a contributing factor to the
anisotropy in samples J324A (12% hb) and S254
(8.5% hb).

4.2.4 Quartzofeldspathic mylonites

The V, properties (Table 2) in the diatexitic
(M201, R88 and M248B) and tonalitic (S124)
ultramylonites are dominated by the LPO of
quartz (Fig. 12), and strongly attenuated by the
LPO of K-feldspar, resulting in low anisotropy.
However, the V,, properties in the hornblende-
and biotite-bearing granitic mylonites (e.g., J372
and J226) are dominated by hornblende and bi-
otite, both of which are strongly anisotropic as
single crystals and strongly aligned in the my-
lonites (Figs. 8 and 12). The summed contribution
of feldspar and quartz to the V, anisotropy is
negligible because they oppose each other. We
can explain the V,, distribution in samples M248A
and C133 in a similar way. M248A, which con-
tains 34% biotite, is fast parallel to foliation and
slow perpendicular to it (Table 2), because the
biotite (001) planes are preferentially aligned par-
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allel to the foliation (Fig. 11b). In sample C133,
which contains only 9% hornblende and 5% bi-
otite, the contribution of hornblende and biotite
does not appear to be large enough to offset that
of plagioclase (54%).

In summary, the measurements and mi-
crostructural analyses discussed above show that
amphibolitic mylonites exhibit significant V,
anisotropy, whereas mafic granulite mylonites and
quartzofeldspathic (tonalitic, granitic and ana-
texitic) mylonites and ultramylonites are quasi-
isotropic (A < 4%), despite their intensive plastic
deformation under granulite facies conditions.
The opposing contributions of different oriented
minerals is thought to be the most important
factor in the attenuation of V| anisotropy in
mafic granulite mylonites and quartzofeldspathic
mylonites. It has been shown that intracrystalline
slip is the most important mechanism for the
formation of LPO (Wenk and Christie, 1991).
Unlike face-centered-cubic metals, pyroxene, am-
phibole, feldspar and quartz do not have five
independent slip systems to accommodate an ar-
bitrarily imposed deformation by slip alone
(Mainprice and Nicolas, 1989). These minerals
deform by slip on only one or two easiest slip
planes and directions, with dynamic recrystalliza-
tion serving as a possible accommodation mecha-
nism (Drury and Urai, 1990; Ji and Mainprice,
1990). In plagioclase, (010)[001] is the dominant
dislocation slip system under high-grade meta-
morphic conditions (Olsen and Kohlstedt, 1984;
Montardi and Mainprice, 1987; Ji and Mainprice,
1988). Prism <a > slip is considered the main
deformation mechanism in natural quartz under
upper amphibolite and granulite facies condi-
tions, although prism < c > slip has been found
in special cases (Mainprice et al., 1986). (100){001]
is the dominant slip system in both ortho- and
clinopyroxene (Mercier, 1985; Doukhan et al,
1986) in granulites and pyroxenites. (100)[001]
also appears to be the dominant slip system in
amphibole. In polycrystalline aggregates (rocks),
where grains deform under the influence of a
single dominant slip system, the fabric is the
result of the alignment of the slip planes and
directions, respectively, with the shear plane and
direction during progressive rotational deforma-
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TABLE 3

Reflection coefficients at the interfaces between undeformed rocks
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Lithology pyroxenite amphibolite mafic anorthosite tonalite granite diatexite
(J152) (J313C) granulite (S145) (C133) (J226) (M248B)
J324)
Mean ¥, (km/s) 7.79 7.12 7.05 6.71 6.42 6.21 6.28
Density (g/cm?) 329 2.97 2.92 2.74 2.68 2.76 2.65
Impedance (10~
kgm~2s™1) 25.63 21.15 20.59 18.39 17.21 17.14 16.64
pyroxenite 0.000 0.096 0.109 0.164 0.197 0.199 0.213
amphibolite 0.000 0.013 0.070 0.103 0.105 0.119
mafic granulite 0.000 0.056 0.089 0.091 0.106
anorthosite 0.000 0.033 0.035 0.050
tonalite 0.000 0.002 0.017
granite 0.000 0.015
diatexite 0.000

Reflection coefficients derived from densities and mean velocities at 600 MPa. Bold-type values: R_ > 0.100; italicised values;
0.050 < R, < 0.100; normal-type values: R < 0.050. Values + or — depending on juxtaposition of lithologies.

tion (Ribe, 1989; Ribe and Yu, 1991). In the case
of large deformation, the shear plane and direc-
tion are nearly parallel, respectively, to the folia-

TABLE 4

tion and lineation in the mylonites. Therefore,
ductile deformation is expected to cause the (010)
planes of plagioclase (high V), the (100) planes

Reflection coefficients at the interfaces between mylonites in the Snowbird Tectonic Zone

Lithology mylonitic amphibolitic = mafic anorthositic  tonalitic granitic diatexitic
pyroxenite  mylonite mylonite  mylonite mylonite  mylonite  mylonite
Jis2) {J313C) (J324) (§145) (C133) (J226) (M248B)

V(Z) (km/s) 7.70 6.66 7.07 6.75 6.35 6.07 6.21
Density (g/cm?) 3.29 2.97 2.92 2.74 2.68 2.76 2.65
Impedance (10™% kgm~2s~1) 2533 19.78 20.64 18.50 17.02 16.75 16.46
mylonitic

pyroxenite 0.00 0.123 0.100 0.149 0.196 0.204 0.212
amphibolitic

mylonite 0.000 0.021 0.033 0.075 0.083 0.100
mafic

mylonite 0.000 0.055 0.096 0.104 0.113
anorthositic

mylonite 0.000 0.042 0.050 0.058
tonalitic

mylonite 0.000 0.008 0.017
granitic

mylonite 0.000 0.009
diatexitic

mylonite 0.000

Absolute reflection coefficients derived from densities and velocities measured normal to foliation.
Bold-type values: R, > 0.100; italicised values: 0.050 < R, < 0.100; normal-type values: R_ < 0.050.
Values + or — depending on juxtaposition of lithologies.
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of clinopyroxene (low-moderate V), the (100)
planes of amphibole (low V), {m} of quartz (low
Vp) all to become aligned parallel or subparallel
to foliation. Accordingly, their summed contribu-
tions tend to attenuate V,, anisotropy.

5. Reflectivity of high-grade tectonites

5.1 Influence of fabric-induced anisotropy on the
reflectivity of lithological interfaces

In order to investigate the effect of fabric-in-
duced anisotropy on the reflectivity of lithologic
interfaces, we calculated the reflection coefficient
(Rc) at the contact between two mylonites and
between their isotropic protoliths, respectively,
from the relation:

R.=(pV1—pV2)/(piVi+0,V2) (3)
where p; and p, are the densities of rocks 1 and
2, and V; and V, are the velocities of rocks 1 and
2, respectively. The velocities measured normal to
foliation [V (Z)] in the mylonites were used to
simulate near-vertical ray propagation, assuming
for the moment that the foliation is approxi-
mately horizontal. The velocities in the protoliths

TABLE 5
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were represented by the mean velocity of the
respective mylonite samples. Assuming that the
rock density of the rocks did not change during
mylonitization (e.g., Kern and Wenk, 1990), the
absolute values of the calculated reflection coeffi-
cients in the above two cases are given in Tables
3 and 4, respectively.

Not surprisingly, lithologic contrast is the most
important factor affecting reflectivity. An exami-
nation of Table 3 shows that:

(1) In the Snowbird tectonic zone, the largest
reflection coefficients (Rc = 0.096-0.213) would
be associated with interfaces between pyroxenite
and its wall rocks, implying that sufficiently large
lenticular inclusions of pyroxenite in ductile lay-
ers of the lower crust can cause strong reflec-
tions.

(2) Tonalite-granite, granite-diatexite, and
tonalite-diatexite contacts have very low reflec-
tion coefficients (R_ < 0.02).

(3) Mafic dykes (isotropic amphibolites) are
very good reflectors (R, > 0.100) against acidic
and intermediate rocks such as tonalite, granite
and diatexite, but are almost transparent against
mafic granulites (R = 0.013).

Reflection coefficients at the interfaces between undeformed rocks and mylonites

Lithology pyroxenite  amphibolite mafic granulite  anorthosite tonalite granite diatexite
J152) (J3130) (J324) (8145) (C133)  (J226) (M248B)
Impedance (10 ¢
kgm~2s~1) 25.63 21.15 20.59 18.39 17.21 17.14 16.64
mylonitic
pyroxenite  25.33 0.006 0.090 0.103 0.159 0.191 0.193 0.207
amphibolitic
mylonite 19.78 0.033 0.020 0.036 0.069 0.072 0.086
mafic
mylonite 20.64 0.001 0.058 0.091 0.093 0.107
anorthositic
mylonite 18.50 0.003 0.036 0.038 0.053
tonalitic
mylonite 17.02 0.006 0.004 0.011
granitic
mylonite 16.75 0.012 0.003
diatexitic
mylonite 16.46 0.005

Reflection coefficients derived from densities and velocities measured normal to foliation at 600 MPa, assuming underformed rock

overlies mylonite.
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(4) The interfaces between mafic granulites
(pyriclasites) and intermediate or acidic rocks also
have high reflection coefficients (R, > 0.089),
whereas coefficients at the contacts between
anorthosite and the other lithologies examined
are moderate.

While seismic reflectivity is largely controlled
by lithologic contrasts, it is clear from a compari-
son of Tables 3, 4 and 5 that fabric-induced
anisotropy can either enhance or decrease reflec-
tivity. For example, anisotropy increases the re-
flection coefficient by 62% at the interface be-
tween amphibolitic mylonite and mafic mylonite,
whereas it decreases by 27% at the interface
between amphibolitic mylonite and tonalitic my-
lonite. In both cases, the changes in reflectivity
are caused by the introduction of oriented horn-
blende. Although the mean velocity of the amphi-
bolite is comparable to that of the mafic gran-
ulite, and higher than that of the tonalite and
granite, the P-wave velocity normal to the folia-
tion in the amphibolitic mylonite is significantly
Jower than that in the mafic mylonite and almost
equivalent to the fast velocites in the tonalitic and
granitic mylonites (Fig. 7).
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Therefore, lithological variation, modified by
fabric-induced anisotropy, should be an impor-
tant source of reflections in the lower crust. Strong
reflections correspond to interfaces between any
combination of mafic or ultramafic rocks on the
one hand and acidic or intermediate rocks on the
other. These reflections can be enhanced or
muted, however, by the effects of lattice pre-
ferred orientation (Christensen, 1989).

5.2 Reflectivity of mylonite zones without lithologi-
cal contrast

Assuming that a given mylonite has the same
density and mineral composition as its protolith
(Kern and Wenk, 1990), the reflection coefficient
due to mylonitization alone for propagation nor-
mal to foliation can be calculated from the rela-
tion:

R.=[V(2)o =V, 0|/ [V Z)p +V, ]
=[V(2D) -V, D+, @

and the maximum and minimum coefficients can
be calculated, respectively, by substituting V.

Mafic

Ultramafic

Intermediate

Acidic

Rc x 100

-4 T T T T

: J152 11: S254
: J311 12: S145
: C21 13: S124
tJ1A 14: C133
: R86B 15: J372
: J313C 16: J226
: J341 17: M201
:J143 18: R88
1 J324 19: M248B
0: J324A 20: M24BA

L L
1 3 3 7 92 11 13 15

Sample No.

T

—
17 19

-—

Fig. 14. Range of reflection coefficients at the boundary between a mylonite and its undeformed protolith. Values calculated from
densities and velocities at 600 MPa.
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and V,;, for V,(Z) in eq. 4. As can be seen in
Table 5 and Figure 14, the absolute value of R,
induced by velocity anisotropy alone is larger
than 0.02 only for amphibolitic mylonites. Syn-
thetic seismogram modelling requires reflection
coefficients of around 0.10 to produce strong
reflectors (Warner, 1990), but fair reflections can
be produced by interfaces with coefficients of
0.04 (Sheriff, 1975). As pointed out by Fountain

S.JIET AL.

et al. (1984), constructive interference in layered
mylonitized /unmylonitized zones can double and
sometimes triple the peak-to-trough amplitude of
a complex reflection so that appreciable reflec-
tions can arise even if acoustic contrasts are small.
Thus, anisotropic effects can enhance or mute
reflections, but in general, are not strong enough
to cause them, except possibly in the case of
amphibolites and micaceous rocks.

a) EXTENSIONAL BASINS AND COMPRESSIONAL OROGENS
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Fig. 15. Structural settings conducive to V,, anisotropy due to lattice preferred orientation. If sufficiently large volumes of the crust
are involved, regional anisotropy may be present.
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6. Discussion: possible kinematic implications of
seismic anisotropy

While most of the common rock-forming min-
erals are anisotropic, it is clear from the preceed-
ing discussion that micas and amphiboles are the
most likely to cause seismic anisotropy. As can be
seen in Figure 15, seismic anisotropy and thus
exhanced or muted reflectivity caused by LPO of
such minerals, might be anticipated at several
levels of the crust along major strike-slip faults
and crust-cutting shear zones underlying exten-
sional terranes and compressional orogens, pro-
vided appropriate lithologies are intercepted by
these shear zones, that these lithologies are at the
right metamorphic grade and that sufficiently
large volumes of rock are involved to be seismi-
cally detectable.

Although the same rules will dictate whether
anisotropy exists at a given level of a crustal shear
zone, regardless of tectonic setting, the setting
determines its orientation. For example, large-
scale strike-slip fault zones (e.g., the Red River
fault in China and the Great Slave Lake fault in
Canada) in which intensive ductile deformation
produced 5-25-km-wide mylonites with steeply
dipping foliation and horizontal extension lin-
eation, will be transversely anisotropic at mid-
crustal levels, with V fast parallel to the fault
and slow perpendicular, if the fault zones inter-
sect phyllosilicate-rich greenschist facies rocks in
the middle crust, and amphibole-rich amphibolite
facies rocks in the upper part of the lower crust.
At deeper levels, however, where the fault lies in
the pyroxene granulite facies, the fault zone
lithologies may be quasi-isotropic in V.

In the subhorizontal shear zones underlying
extensional basins and compressional orogens, the
anisotropy, if present, will be similar in origin,
but ¥, is expected to be transversely isotropic in
greenschist facies levels of the crust and trans-
versely anisotropic in amphibole-facies levels, with
V,, slow in the vertical direction for both levels.
As before, fault zones in the granulite facies
lower crust should be quasi-isotropic. As the fault
zone approaches the surface and steepens, the
anisotropy pattern will be rotated about an axis
perpendicular to the extension lineation, causing

V, to be slow perpendicular to foliation when the
dip becomes steep.

Continuous fault zones in the continental crust
are likely to appear discontinuous in seismic re-
flection profiles due to lateral and vertical changes
in lithological composition, metamorphic grade
and seismic anisotropy. Where large volumes of
the crust are deformed, however, as in collision
orogenic zones and as has been suggested for
reflective lower crust (e.g., Barazangi and Brown,
1986), the anisotropy patterns discussed above
should be generally applicable and detectable
even by refraction. Although ¥V, anisotropy re-
lated to LPO has been observed in the continen-
tal crust (e.g., Brocher and Christensen, 1990),
such observations are still uncommon. As in the
ocean basins, where upper mantle anisotropy was
documented from azimuthal refraction experi-
ments (e.g., Raitt et al., 1969; Keen and Barrett,
1971), anisotropy is only likely to be documented
in the continental crust from refraction experi-
ments and shear wave splitting measurements
which have been carefully designed to look for it.
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