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The seisrnic properties of Alpine calcite and quartz mylonites
d€t€rmined from the orientation distribution function

by DAvrD MAINPRICE*' MARTIN CASEY** and STEFAN SCHMID**

r,l ,r,d\. - 5enmic propeflica. Fdbric. Dcrormarion.

Ar$ra.r. - A slraisht foruard int€gralion nerhod k pr€sented ro c.lculat€ rhe elasiic and seisnic properties of rocks frcm the €ven pan ol
lne orienr.rion distribution function (ODF). Tne even pad of rhe ODF has been detemined by pole figure inveBion using rhe spbdical hamonic
merhod for a series of calcite and quanz mylo.n€s fron major Alpi.c lincamonb. calciie spe.inens rioo the Glarus ovenhru* and Morcles nappc
&e fron rhe epi-neramo.pbi. zone, coresponding io, dppeFctustal enlnonnenl, The quanz specimens frcm the Simplon and lnsubnc I'ne\ m fom
the neso netanoryhic zone. cotesponding to a nid crustal environment. AU specimens sboB extensive si8ns of plr$ic deromatio. an.l €xhibit slrong

The calculated snnic vp sleEograns corelare well vnh the najor iealu.€s seen i. the crystoltocrQhic pole ngurcs. In calcne myloniles th€
Vp velo.nt ninimn is associated wnh the c axes p.inr mr\imum The a\ial narure ol rhe low kmpera(uE (300-,rO0"C) calcite fabrics rcsulrs i.
large nomal incidenc€ rcfleclion coefficienls (0.02), hence such m]lonnes .E Bood reflecroB. The vp valdes arc almost constant within th€ foliation
plane. The qurnz hbrics are nore complex wnh , moie varied thrce dinensional character, Vp nay vary considerably eitbin tbe foliarion pla.e
whcrcas thc vffirtion bcrween thc foliarion planc md ns nomal is less naiked. Nomal incidence rcflection coefricients ale lypicolly 0.01, howcvcr
these values may be increased by conpositional chan8es (es nica srcwlh).

L€s propri€t6s sismiques des mylonites alpines Ar calcite et qua.tz:
calcul par la lbnction de distribution d€s ori€naations cristallines

Mair .lrr. - Propri€t€s sisniques, Fabriques, Ddfolmarion.

llrzzl. Une n{rhode simple d inrdgraiion est prdsenrCe pour calculer les propn€Gs glaliqles el sismiques d€s roches, i partn des parties
panes de la foncrion des distribltions des orientations crntallines (FDOC). Celleci est dCtemin€e par inlerion des figurcs de p6le, urilisant lo
merhod€ des iamoniqu€s splt.iques, pour une sdie nylonilique de calcile el de quanz des lineaments najeuB dcs Alpes. Les spdcin.hs dc calcitc
du chevauchenent de Glatus et de la nappe de Moicles proliennent des looes epi frCtadorphiques, de croote superieure. Les ecnanlillons de quortz
de la lisne du Simplon et de la lisne insubri€nne p.oviennent de rcnes meso mdtanorphiques, ce qui corespond i un environnement dc cro0tc
noyenne. Tous lcs spd.imens monrEnr les siBn€s d une ddformation phstique er rdvalenr dc fonca fabriques

Les stircogrammes de vitesses sismiques Vp calculees s corebnl bien avec les obseRalions maFurcs que I on peut fane sur les figu.es dc
p6les c.istallogr4hiques. Dans les 4ylonnes de calcne. h vnesse nininum d€s ondca P coftspond a! marinrn des des c. La .atue axiale de la
fobrique basse tenperatuF (300 400"C) de la caicne cree. si I incidence est nomale un cefficient de refleiion de 0-02, ces nyloniles peuveot €tre
ainsi de bons dflecteurs. Les valeu^ de vp, dans te pla. de roliatio. sont qudi consta.tes. L! fabrique de quanz est plus conplexe et a des variations
tidine.sionnelles. Vp peut va er considerablenent I l inr€rieur du plan de foliarion, neanmoins La variation d€ Vp entr€ le plan de foliarion et sr
.omale esi moins ma.quic. Pour unc incidcncc nomale, lc! roefficicnrs de r{flcrion soru de fa9on.an.rarisrique 0.01. nais ces valels peweot
€r€ auBnentdes par des chansenents de composnion (par exemple la croissance de nic.).

L INTRoDUCTToN

Over the last 2 years the national Alpine deep continental
reflection seismic programs (CROP, ECORS, NFP-20) have
revealed a comDlete lwo-dimensional Dicture of several
cr i r ical  secr ions down to the Moho. In c i r ra in seismic sec
tions th€ lower crust is strongly .eflective and relatively
homogeneous on a 10 km scale, whereas in other areas
strong local reflectors are present. possibly indicative of
ductil€ shear zones or faults. Studi€s from other continental
areas have encountered simi lar  features t for  re\ iew see
Moody and Brocher, 19871. However the interprelation of
such features is not straight forward without a quanlitative
knowledge of the seismic properties of rocks in the mid to
lower c.ust. ln this study we present a means of calculating

the complete seismic properties from the orientation dis-
tribution fonction (ODF) of nonophased rnylonites of mid
to lower crustal Alpine rocks. The sarnples studied come
from classical Alpine lineaments that may have an expres-
sion at depth in the crust (Glarus overthrust, Simplon line.
Insubric line).

The origin of the reflective nature of the lower crust has
invoked many possible causes. Indeed it is not certain that
there is one universal cause of.he phenomenon. Arnong
the propos€d explanations for ahe regional horizontal
seismic layering are : variation of pore fluid pressure te.g.
Jones and Nur, 19841, fabric varia.ions due to plastic defor-
marion [e.g. Klempere., 1987], compositional bandins te.g.
Hurich and Snithson, 19871, intrusion of igneous sills te.g.
Finlayson 

"r 
al., 19841. The localised dipping reflectors are

usually attributed to brittle fault or ducrile mylonire zones;
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occasionally the refleclor can be corelated with a surlace
expression of the feature [e.9. Fountain .r d/., 198:11. In
this study we wi l l  address the quest ions:  what are tbe
seisrnic properties of strongly deformed mylonires and are
the fabrics of such rocks responsible for the regional re
flectivity o. localised dipping reflectors. In the discussion,
we will indicale what may be ihe relalive impornnce of
other deformation related factors, such as pore fluids or syn
metamorphic reactions.

Studies of the type described below also allow us to ca-
talogue the 2l elastic constants of a general triclinic body
fbr each mylonirc specimen. Such informaiion is exrremely
difficult to acquire by tradilional techniques such as labora-
ror)  mea\uremenrs under hldrosrar ic p 'esiure.  such a data
ba. is of  e lasr ic consLdnr\  of  

'edl  
rocl .  pror ides ideal  ddra

fo. 3 D seismic modelling. As the national deep seismic
programs move to the second phase of operalion where the
3 D Dature of crust will be a major obj€ctive, such 3-D
elastic data will be of considerable imporlance [e.9. Fuchs
et at . ,  t987; Gajewski  and Psencik.  19881.

Il. X-RAY TEXTURE coNroMETRy

The pole figures were measured at ETH Zurich in the
combined reflection and transmission scan nethod using
CoKo radiation. For each specimen eight refleclions were
measured, for  calc i te (01.2),  (10.4),  (11.0).  (11.3).  (20.2).
(01 8),  (11.6) and (30.3) and for quar iz (10.2),  (10. t ) ,
(20.1),  (10.0),  (21.1),  (11.0),  ( l l . l )  and (11.2).  The ippro
pdate corections were made for defocussing in rhe reflec,

The data were processed using a set of FoRTRAN com
puler programs developed and described by Casey 09811.
The orientation distribution functions (ODF) were calcu
lated from the pole figures using the spherical harrnonic
method described by Bunge and Wenk t19771 and Bunge
tl982l. The convention used for the Eulerian angles (Vr.
O, Vr) of the ODR which describe the orientation of a crys-
ral with respect 1() the specimen coordinate frame (e.g.
l ineat ion-fol iat ion).  are those given by Casey Ll98l l .  The
cryslal onho no.mal refe.ence frame is chosen such that
there is a two-fold axis at Yc with Xc = r (10.0) and Zc
= a (00.1) for both calcite and qua z. The specimen ortho-
norlnal reference frame bas Xs parallel to (he foliation nor
mal and Ys parallel to the linealion. All poles figures are
presented with the foliatioo aligned E-W (verticval) and the
lineation horizon.al-

III. METHoD oF cALcuLATloN oF sErsMrc pRopERTIEs

To calculate the seismic properties fron a polycrystal
one needs io evaluate the elastic properties of the aggregate.
In the case of an aggregale with a fabric the anisotropy of
the elastic prope.ties of the single cryslal musr be raken
inio account for the calculation of the lensorial properties.
For each volume fraction meas red at an orientation g de-
lined by the three Euler angles (\fr, O, Vr). the single crys-

tal elaslic stiffness matrix C(g,,) has 1o be rotated into the
specimen coordinale frame using a rotation marrix (gij)i viz

C(g) = si. sr" gko crp c(so)

C(g) - elastic property in specimen coordinates
Cij = g [Vr, O. \/r] = crystal to specimen coordinates rota-

C = tvr, O, Vt = measured crystal orientation in sarnple

g" = [vr = 0. o = 0, \'] = 0l = crystal reference orientation
in sample coo.dinates.

U, ing rhe conr inuous ODF rhe elasr ic propedre,  are aveF
dged o\e '  a l l  po\ \ ib le or jentdt ions s i thrn lhe d\ymelr ic uni l
delined by the crystal and specimen synrneiries. The elasric
constants may be calculated by inlegralion over all orien,
tations of the ODF, or calculated frorn the ODF coefficienrs
of the harmonic merhod lt enk el al., 19881. In rhe general
case of triclinic crystal and specimen symmetry the inte
grat ion is given by Bunse Ll985l  as :

C= _.  I  C(e) i ra)srnOdp
8nJ

C is the elastic property of the aggregare and
f(g) is the even part of rhe ODF (where the L index is
alvays even in the seri€s expansion meihod, Isee Bunge.
1982 for detai ls l ) .

As the elastic p.operties are 4th order cenkosymmerric
tensorial properties we have verified by nunerical calcula-
lion that one nceds only expand the even part ot the ODF
lo rhe lbunh orde'  of  rhe L inde\.  Ihe pre! iou\  \ tatemenl
has four imporrant impl icar ion\ :  f i rsr ly numencal  cdlcula
r ion\  can be l imi ted ro rhe L '4 ot  rhe ser ies erpansion
with considerable saving of calculation time. secondly ihe
number of pole figures needed to determine the ODF (wilh
L > 4) is greatly reduced (only 2 pole figures for lrigonal
cry\ la l  \ymmetry dnd r ic l in iL {pecimen symmer} r .  Lhi 'd l )
rhe I imirar ion ro L :4 mcan'  rhar only the smoorh or ' long
range' part of the ODF contribures to the elastic properries,
and fourthly only the even part of the ODF is required.
The even part of the ODF is directly oblained by pole figure
inversion in the harmonic method whereas the odd parr of
the ODF can only be obtained by such techniques using
var ious assumpt;ons [Bunse. 1982].

A Fortran program has been developed by one of us
lD.M.l 1() complement the routines developed by Casey
[1981] 10 undertake the above integralion procedu.e on the
expanded ODF. ln the case of trigonal minerals the elasric
conslants a.e measured in an orthonormal reference frame
with Xc = a-axis, Zc = c axis whereas the ODF 

'rses 
Xc

= m axis, Zc = c-axis. The difference in reference frame
requires a rotation of 90 degrees aboor the c,axis. An in-
tegration step of l0 degrees on each Euler angle provided
an acceptable compromise betw€en compurarion time and
accuracy taking into account the "long range" narure of the
even ODF with L > 4. The angular half width resolulion
of such an ODF (L..- = 4) can be defined as
r360 /L",)  q0".  which r .  much larger than our inregra-
tion step. The elastic constants are considered to be accurare
to lwo dec;mal places (in Mb). similar ro ihat of Brillouin
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scattering for single crystal elastic constants or equivalent
to 1 0.05 km/s for minerals considered herc.

The final step in the calculation is to evaluate the seisnic
velocities from the aggregat€ elastic constants for each
direction of interest (XJ over a geographic hemisphere. It
is traditional to present this as the solution ofthe Christoffel
equat ion [e.g.  Crosson and Lin,  1971; Peselnick e,  a l . ,
19?41 defined as

det lTik 6ik pv'z l  = O

where 6r is the Kronecker's delta, p is the density, V is
one of the three seismic velociiies and Tik the Christoffel

The procedures developed here are capable of calculating
the Voigt. Reuss or Voigt Reuss Hill (V-R-H) elaslic ave-
rages. The Voigt average assumes a homogeneous elastic
deformation throughout the polycrystal, whereas the Reuss
average assumes a homogeneous slress throughout. Neither
is physically realistic and Hill tl952l suggested tatinS the
m€an of the two values (V R H) which has no physical
iustification but often Droduces values close to the
ineasured ones. Measurenients on the Twin Sislers dunite
by Crosson and Lin [1971] have shown that seismic P-wave
velocilies calculated using the Voigt average give the
closesr agrcement between petrofabric derived and labora-
tory measured seismic velocities. A similar study on an
anorthosit€ by Seront e, al. [1989] also showed the VoiSt
average to be in closest agreement. hence we have elected
to use Voigt average in all calculations.

SEISMIC PROPERTIES OF ALPINE CALCITE AND OUARTZ MYLONITES

MEoLocIcAL SETTINGMIcRosrRUcruREs
FABRICS OF SPECIMENS
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AND

The specimens come from two distincts Alpine metamor
phic terrains (fig. l) defined by Frey ?r al. Il980l. The cal-
cite mylonites come from the middle and southern part of
the Helvetic nappes and Iie w;thin the epi metamorphic
zone of Tertiary Alpine age. Typical metamorphic tempera
tores and pressures in this zone are 300-400'C and 200-
300 MPa, corresponding to 8-10 km depth or an upper
crustal continenial tectonic environment.

The quartz mylonite samples from the Simplon and In-
subric lines formed under lower sreenschist to lower am-
phibolite facies conditions with typical temperatures and
pressures of 400-600'C and 400-600 MPa. correspondins
to 12-20 km depth. These quartz mylonites occur in a mid
to uppercrustal environmenl and along two Alpine fault
zones with a strong vertical component of movement, post
dating Lepontine Tertiary amphibolite grade metamorphism
in the Pennine nappes. The same two lineamenls, observed
at the surface, ex.ended to greater depth wh€re their traces
are expected to cross the NFP 20 West (Simplon) and NFP
20 Sourh (Insubric line) seismic rransects at mid to lower
crustal levels (other contributions, this volume).

1) Calcite nylonites

Three calcite mylonites from the study of Schnid er d/.
ll98ll have been studied here. Samples 7816 atrd 71 are
from the inverted limb of the Morcles nappes, SW Switz-
erland (fig. l). Sample 7816 has a particularly strong fabric

Fc L srmplified Eeoloaical map of rhe S,i$ Alps. The calcite nylonile l@alnies in $e Morcles nappe (71. ?816) and Glarus ovenhrusr (63).
The Simplon l ine (sP 173, sP 103, sP 37) rnd Lnsubr ic l inc (?N 56,822?,8198) quanzirc nyloni t€ local i l ies.
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SIMPLON QUARTZ MYONITES Pole FisuresCALCITE MYLONITES Pole Figures

a

7816 N
71

63

Frc.  2.  -  Cah ne mylonr.  c , \e\  and a ares pole n8ur\  78lo and 7l
lon rhe Morcles nappe. oJ lrom rhe I ochseiren njlonik, Foo(rcl, near
Glarus. Lineation in €asr-wcs. ioliarion veirical. Conrour intenals for c
dF 0.  r ime\ Lni fom and Ior o ore 0.2 Ine!  uni fom

for a calcite mylonite with a maximum of 4.6 times a uni
fom distribution in the c-axis pole figure. In both speci-
mens the c-axis maxima displaced from the foliation normal
by 40o, in a sense opposite from the shear sense obseNed
in the field (fig. 2). The microsrructure shows, elongared
porphyroclasts embedded in a matrix of elongated recrys-
tallized grains of 5-30 ltm dianeter.

The orher calci te mylonite (sample 6l /  comes from
Clarus overthrusr area. eastem Swirzer land rf ig.  l r .  The
fabric is particularly strong with a nax;mum of 5.6 times
a uniform distribution in the c-axes pole fisure, but in con-
trast the maximum is parallel to the foliation normal and
the a-axes maximum is close to the lineation (fig.2). The
hand specimen has no visible lineation. Large twinned in-
tensively strained porphyroclasts occur in a very much finer
equiaxed recrysrallized matrix of 1,3 pm diameter. U,stage
measurem€nts by schmid 

"r 
al. u98ll indicate thar the

strong fabric is essentially due to the strongly aligned pro-
phyroclasts in a nearly random matrix.

SP 178 @W
SP I08 @ffi

SP 37

Fr6. L Sihplon hne quarrz mylonre pole lisure\ lor ! and a at.. Con
rour rnknal  is  1.0 r imes uni fom for !  ares.  exceDr ro '  SP l7 $here n
is 2.0, a.d 0,5 times unifom foi a axes,

These specimens i l luslrate rhar srrong calcr te fabr ics can
develop in upper crustal shear zones ar a deprh where twin-
ning, capable of rapidly producing very strong textures, be-
comes a major deformation mechanism. In the case of rhe
Glarus overthrust. many ofrhe fine-grained mylonites found
along the thrust plane deformed by grain boundary sliding
processes have a weak or random fabdc (Lochs€iren my-
lonite, specimens ll5 of Schmid er al. [1981]). Howevea
coarser grained domains are interlayered and exhibit rhe
strong fabrics studies here.

2) Quarrz mylonit€s

a) Sinplol fautt zone

The samples from the Simplon fault zone (SFZ) have
be€n previously described by Mancktelow tl987a, 1987b1.
Th€ samples wer€ collected ftom strongly deformed quartz
veins between the Simplon pass and San Lorenzo (fig. 1).

tttth. So.. Biot F., 1990, n" t56i Min. Sa.. slol. yisse, 1990, no ri vot. spe.. Soc Ceol. It., t990, a' r.
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Deformation occurred in greenschist ro lower amphibolite
facies conditions wilh a relative downthrow of 12 km of
the SW block [Mancktelow, 1985] in a normal fault
geomelry. Fabrics found along .he SFZ show single c-axes
girdles (e.g. SP 178) inclined with respect to foliation
(fig.3). Often the girdles are dominated by a strong single
concentration (e.9. SP 178) or several isolated concentra-
tions (e.9. SP 37). Some sarnples have "atypical textures"
lMancktelow. 1987b1 with a strong c-axis maximum at the
center of pole figure and a tendency for orientation of the
a-axes to be weakly constrained in a plane normal to ihe
c-axis maximum (e.s. SP 108). The microstructure is elon-
gated .ibbon grains with recrystallised grains ol about
80 pm diamete.. SP 108 has grain growth producing an ob
lique shape fabric.

h) Insubric line

The three specimens come from the Insub.ic nylonite
belt accompanying the Insubric line (fig. l). This nylonit€
belt accommodates vertical (steep backthrust) and horizon-

INSUBRTC QUARTZ MYLONITES Pole Figures

PN 56

822',7

8198

Fr6. 4. Insubric line quanz mylonite pole liSures fo. c and a axes. Con-
tour inleflal is 0.5 tines u.iform for all pole figurcs.

tal componenls (dextral) of Inovenent lschmid €r a/.,
19871.

Specimen PN56 is a quartzo-feldspathic nylonite derived
from a pegmatitic dyke within meta-dioriles of the lvrea
zone. These lvrea lithologies have been mylonitized under
sreenschist facies condilions and now form the south€rn
part of the Insubric mylonite belt 1.5 km sw of Arcegno.
The microstructure is composed of extremely elongated
quanz porphyroclasts (20 : I axial ratio) wilh recrystallized
grains of aboul 10 ttm diameter. The c-axis fabric has a
poorly developed cross girdle which is almost peryendicu
lar to the lineation with a strong concentration in one hemi,
sphere ( f ig.  4) .

Specimen 8227 is a mylonitic quartz vein collected
within granitic mylonites I km SE of Arcegno. These my-
lonites are derived from lhe Sesia tectonic unit and thev
lom lhe nodf icrn pa of  lhe lnsubr iL mylonire bel t .  Th;
microstructure is dominated bv rhe develoDmenr of rhe ob-
lique shape preferred orientation of the quartz grains, su
tured grain boundar;es and very fine recrystallized grains.
The c-axes pole figure shows a well developed asymmetric
girdle with two strong maximas (fig. 4). Specirnen 8198 is
again a quartz vein within granitic mylonites, I krn N of
Scaredi in Val Loana, near the northern boundary of rhe
Insubric line myloniles. The microstructure exhibils elon
gate (2 : I axial ralio) recrystallized quartz g.ains of abou.
50 pm diameter. slightly oblique to rhe foliation. The c-axis
pole figure has a up-right cross girdle with a strong asym,
melric maxirnum (fig. 4). Bolh specimens from the granitic
Insubric mylonites (8221, 8198) indicaie a dextral shear
sense, whereas the fabric asymmetry of specirnen (PN 56)
is much less pronounced in the case of the c axis pole fi-
gure, but marked in the case of ihe a-axis pole figure.

V SErsMrc pRopERTrEs

Before considering the seismic properties calculated
froln the ODF of the polycrystals it is useful to recall thos€
of the single c:ystals. The P-wave velocities of calciG and
quartz single crystals in fi8ure 5 were calculaled using the
elastic constants given by Dandekar Il968l and McSkimin
et al. 119651, respectively. Both minerals are trigonal and
hence there is a three fold symmetry of the property with
respect to the c-axis. However the velocity distributions are
quite different, the maximum Vp being close to m axis in
calcite. whereas it is near the normal to the rhonbohedral
plane in quartz. Both minerals have significant P-wave ani-
sotropy coefficients JA = (Vmax - V.i") / V.*l; calcite
A = 27-'7 Vo 

^nd 
c\n^rrz A = 24.3 E.

The calcite mylonite P-wave velocities vary between 7.1
and 6.2 km/s (fis.6). The fast direclions ar€ essentially
conlained in the foliation with a minimum normal ro rhe
foliation; the symmetry is axial. The anisotropy coefficients
vary between 5.1 qo and 12.0 7,. The velocity only varies
by 0.1 km/s in the foliation (horizontal) plane in specimens
7l and 63 illustrating that the velocity is isolropic in this

The quarlzile rnylonite P,wave velocities fron the Sin
plon l ine vary beiween 5.7 and 6.6 km/s ( f ig.7).  The mj-
nimum velocity is parallel to the linealion in all three
sDecimens. The maximum velocitv is contained in an in

M,tn s.L |i.l Fr, 1990. no 156: Man Soc. eial suise, 1990, n' l: V't ve. Soc. Ceol. h., 1990, na L
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SINGLE CRYSTAL Vp

I QUARTZ vP I
LI

Frc. 5. - P-wave vel@iry diagmms for calcne rd quanz single clystals.
Calcllated using rhe elaiic oonstanN siveo by Dandekar n9681 for cal
circ and Mcskinin €r zl U9651 ror qlanz. Contour inrenal 0.2 kmh.

clined girdle, roughly normal to the lineation in all cases.
The velocity distribotions are somewhat more complicated
than those of the calcite mylonites, in particular there is a
greater variation in velocity in the foliation plane
(0.6 km/s) than between the foliation plane and its normal
(- 0.5 km/t. The property is truly triclinic in symmetry,
A is around 11 Eo for 

^ll 
thr€e specimens.

The ouartzite mvlonites from the lnsubric line have P-
wave veiocities th;t vary between 5.8 krn/s and 6.7 km/s
(fis. 8). Specimen PN 56 shows a particulary strikins P-
wave variation with A = 14.2 %. Both the maximum and
the minimum are close to the foliation plane with a
0.6 km/s variation in the foliation. ln contrast. specimens
8227 and 8198 have a weaker anisotropy (A = 7.8 qo and
6.9 %) with the minimum parallel to the lineation. the max-
inum in ,n inclined girdle about the minimum.

In all these Vp diagrans a clear relationship can be seen
between the crystallographic and velocity fabric. In calcite
the maximum VD coresDonds to the maximum in the a axes
pol€ figure and-the miiimum Vp con€sponds to the ma-
ximum in the c-axes pole figure. Sinilffly in quartz th€

CALCITE MYLONITES Vp

7816

7l

63

Frc. 6. - P-wave vclocity diagrrms torcalcite nylonn€s.7316 andTl fion
lhc Morcles nappe, 63 fiom the Clarus ovenhru$ ar Foostock, Contour
inlenal is 0.1 km/s in all diagrans.

maxirnum Vp conesponds to the maximum in the a-axes
pole figure. The lopology of the Vp stereograrns is much
smoother, or "long-range' in nature than the crystal
lographic pole figures, this is because the elastic properties
are fourth-order tensoral properties. whereas crysral-
losraphic fabric requires an eight order (or hieher) descrip,

Shear wave splitling lcrampin, 1984i Crampin er a/.,
19841, the difference in velocily of the two polarised shear
waves, has been used as a seismic diagnostic of anisotropy.
The variation of the velocity differenc; (AVs) in geograpii
cal coordinates may be useful in defining a local anisotropy
and its orientation. The calcite mylonires (fig.9) have a
maximun AVs of 0.3 km/s which is in an inrermediate posi-
tion between the foliation plane and the normal ro lhe folia-
tion plane. There is no systematic orientation of the
mininum AVs. The SimDlon quartzites and PN56 from the
Insubric line have a rnaximm AVs of between 0.6 and
0.8 km/s, which are extremely high values. The 

'naxi'numand minimum AVs values have a complex distribution and
no systematic pattern is observed (figs. 10. l1).
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SIMPLON QUARTZ MYONITES Vp

sP 178

SP 108

ofri!;l:r?0,

SP 37

INSUBRIC QUARTZ MYLONITES Vp

PN 56

8227

8198

ftc. 7. - P vave lelociry di,errms for lhe Simplon line quartz nylonites.
co.rour interval is 0.1 kn/s in all dirgrans.

Vl. - DrscusstoN

The calculated Vp values indicale there is a direct rela-
lionship between the seismic velocity stereograms and the
crystallographic pole figures. In calcite ihe Vp minimum
corresponds to the maximum in the c-axes pole figure and
in quartz there is a strong similarity between the Vp mi
nimum and the a-axis (o. m'axis) pole figure. If we assume
the foliation is horizontal, the epi-metamorphic (LT) calcite
fabrics give rise to a strong vertical Vp anisotropy, whereas
lhe meso-metrmorphic quartz fabri€s give rise to a strong
horizontal Vp aniso.ropy. Hence seismic reflections may be
produced by the LT calcite fabrics. A strong three dinen-
sional anisotropy is produced by quanz fabrics which is
characledzed by a strong c axis poinl maximum (e.9.
SP 108; figs. 3 and 7). Such fabrics will result in vertical
and hodzontal Vp misotropy producing reflections and
azimuth va.iations.

Th€ Vp anisotropies calculated for these samples are
quite strong, 5.'7 to 14.2 Eo when cornpared to mantle pe-
.idotites with typical values of 8-9 7,. The continental

Frc. 3. P wave velocity diagrans for rhc Insnbric line quanz mylonites.
Contour inleNal is 0.1 kn/s,

crustal environment is mineraloeically more heterogeneous
lhan rhe manrle and rhe arrlude of rhe toliarion more varia-
ble (as shown by lars€ scale foldins), h€nce the seismic
reflectivity or azimuth variation will depend to some extent
on the properties of the rocks surrounding these crustal my-
lonites. The Voigt average V0 values for a randomly orien
tated calcite and quartz polycrystalline aggregates are 6.83
and 6.19 km/s, respectively. Hence, for nornal incidence,
the reflection coefficient (RJ. (i.e. the ratio of the ampli
tude of the reflected wave to that of the incident wave) is
grven by

R. = (p.Vp. prvpr)/(pnvp'n + p,Vp,)

where p is the density, super scripts m and r signify rny
lonite and random fabric rocks. respectively. As a first
nodel we can assume lhat the rnonophased rnylonites
develop within in a calcite or quartz layer, hence po = p'
and the reflection coefficient is uniquely defined by the
change in velocity between the non-deformed random fabric
rocfts and the mylonite rocks. tn some cases, for example
at Clarus lschmid et al., 1981], we may have a random

Man Sot Eiol. F., 1990.."
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CALCITE MYLONITES AVs

7816

7l

SIMPLON QUARTZ MYONITES AVs

sP 178

SP 108

SP 37

Frc. 9. Shear wave splittins (Avs) diaBrans roi the calcite nylonites.

fabric mylonite in the most intensely deformed zone sur,
rounded by mylonites with strong fabrics. In such situarions
a randorn/non-random sequence may be repeared several
l imes. For nomal incidence the calc i te m)loni tes produce
renect ions coeff ic ienrs of  0.02 whereas lhe quarrz mylonire.
have coeff ic ienrs of  0.01 or le(s.  indicaIng the stronger re
l lecl iv i ty of  the calc i re m)loni les.  Strong seismic ref lec-
tions can be expected for Rc values sreater than 0.01. [see
examples in McDonough and Founrain, 19881. Hence in the
dominantly limestone composition Helveric nappes, the pre-
sence of Inylonite zones should give relatively strong
seismic reflections, whereas the quartzite mylonite zones
give weaker reflections.

The lower crust is mineralogically complex and the
development of shear zones (myloniteo often engenders the
development of mineralogical as well as textural changes.
The mineralogical changes have two effects on the seismic
p.operties : firstly the bulk density of the aggregate changes
and, secondly the new mineral may have a strong fabric
(fbr example rnica). The most extr€me case is certainly the
growlh of mica in retrograde shear zones; mica has a den-

Frc. 10. Shearwave splining (dvs) diasrams for tbc simplon line quartz

siry of  2 9l f  g/cm' (ct  calc i re 2.717 gtcmr.  qua t
2.o5 g/cmrr and has a srrong Vp anisorropy: A = a4.t  %.
Hence the addir ion of  20 @, mica ro a rock.  for  e\ .mDle
wi l l  s l rongly ef fecr rh€ seismic propef l ies.  lhe P-wrve
veloci ly contr jbur ion ot  mrca fabr ics ro sei \mrc proDerr ie\
can be easi ly evaluared usrng c-axi \  pote t iguret  as vp is
essenr ia l ty axiat  abour rhis direcr ion i r ig.  rzJ v ica c-dxes
pole l igures r lprcal ly have srrong poinr maxima normat lo
fol iat ion [e.g.  L ipshie c/  aI . .  IoTbl  which produce a vp
minimum normal Io the fo l iar ion ( f ie.  l2) .  Io i l lustrale lhe
eftecr of mica $e have added 20 d; m'ca to 80 oa qu tz
(SP 108, figs.3 and 7). The result is in fact a loweri;s of
the Vp anisolropy from 12.0 9. to 10.5 7.. however rhe ani-
sotropy normal to the foliarion has increased. The increase
of the foliation nornal anisotropy with increasing mica con-
tent will produce an increase in the nornal incidence re
fleclion coefficient. hence the quartz mylonite will become
a sronger seismic reflector. The mica effect will be par
r jcular ly imporranl  in ret 'ograde quan./- le ldspar mytonires
where le ldspar breaks do$n to gjve mica [Kern and Wenk,
19891.
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INSUBRIC QUARTZ MYLONITES AVs

PN 56

8221

8198

ftc. ll, Shea. vave spliui.e (Avs) dirgiams ror rhc Insubric linc

Pore fluid pressure is another effect often cited in con
nection with the reflectivity of mylonite zones [e.g. Jones
and Nur, 19841 or the reduction of seismic velocities [Hynd-
man and Klemperer, 19891. Fluid pressure has three effects,
reduction of densily (p) as the fluid is essenrially water
with p = 1.0 g/cni, a change in the bulk elastic prope ies
and crack or fluid distribution anisotropy. Th€ density effect
can be important as most silicares that occur in the lower
crust have a density of between 2.0 and 3.0 ks/cmr, (€.s.
q]uattz p = 2.65 s/cmJ, plagioclase p = 2.68 g/cm'). The
reduction of density will rcsuh in an increase of seismic
velocity as Vs - l/1p, however this is overshadowed by
the change in the elastic stifinesses (Cr). The bulk elastic
propert ies decrease In value qirh increasing f lu id pressure,
rhe eracr manner in shich they vary si l l  depend on lbe
fluid distribution or microstructure. For example, fluid pres
sure may be distributed homogeneously on 120" triple boun-
daries resulting in a homogeneous change in elastic
Drooefies. In another case fluid mav be localised in a frac
iuri array resulting in anisotropic rilasric and seismic pro-

perties [Carbin and Knopoff, 1975: Hudson, 1982]. In my-
lonite zones the grains are ofren elongated parallel to rhe
lineation and flattened in the foliation plane. Fractures can
open up either parallel to the foliation plane, a general
Dlane of weakness. or normal to the linealion in tensional
pull-apan fractures. The effect of fluid pressure will be to
lower seismic velocities and may alter the anisotropy in my-

D€pending on the magnitude of deviatoric stresses the
local pore pressure ifl mylonites will result in fracturing
either parallel .o 61 (low o1 - o, values) or at some angle
(typically 30o) to or up to a maximum value of 45'(high
dl o, values). civen that the nylonites fabrics exhibit
asynnetries indicaling non coaxial defomation it is rea-
sonable to suggest that or will be inclined at approximately
45' to the foliation. Assuming such stress orienaation. the
fractures resulting from local pore pressure will be within
30' or less of the foliation o.ientation. Hence Dore Dressure
wi l l  incredse rhe dni(orropy a<sociared sirh Ihe io l iarron

80% SP108 (qulrtzile) + 20% Mica

ftc. 12. - P-wave relGily diasrons lor lhe muscovilc single crysral, mica
polycrystal and quaazib SP 108 wirh 20 % nica. Tne sinele crysrol dia-
Bram ws calculalcd usinB lhe elaeic con{a.h given by Valghan and Gug
genhein 11986l. fie nica polycrystal diagnm uas calculared usinB the
c axis polefigure nersried rrod an Ivrea zone gneiss neasured by C, Bar

Men Soc seaL suisre, 1990, no l-. val. spec. Soc. GeoL. It., t990, n" t.Mem. Soc. seaL Fr., 1990, no 156l



Vl l .  -  CoNcLUsloNs

Mylonite zones wilh srong fabrics can produce strong
seismic reflectors when the fabric lype is sinple, as in the
case of low lemperature calcite mylonites. Other topotogi
cally simple fabrics are present in some quartz mylonites
(e.s. SP 108 fig. 3) where a point maximum may lie pa-
rallel to the lineaaion or nomrl to the lineat;on within the
fol iat ion plane tsee examples in Schmid er a/- ,  1981;
Schmid and Casey, 1986i  Mainpr ice ?r al . ,  19861. Such fa
brics are characteristic of the highest temperalure deforma
tion regime, often just above or below the C[-P quartz
transilion [Mainprice er dr., 1986]. PT conditions of the d-P
quartz transition correspond approximaaely 10 the amphi
bolile granulite facies boundary, and .he variation of
seismic properlies across the transition has been studied by
Kem tl9?91. So we suggest that except for conditions al
or below the lower amphibolile facies, the quartz myloniles
wi l l  produce seismic propel t ies Iypical  of  Ihese specimens
presented here. These fabrics are expected to be widespread
within quartz myloniles in middle to lower crustal extension
zones of major tectonic lines such as the lnsubric line.

The fabric of mid-amphibolite to sreen schist facies
quartz mylonites are characterised by an inclined sirdle of
c axes with respect to the foliation. the Insubric line speci-

me.s are lypical  examples ( f ig.4).  Such fabr ics resul l  in
relatively complex Vp diagrams (fig.8), but are charac-
terized by a broad maximun, approximately normal to the
linealion io the foliation plane- The Vp velociry difference
in the foliation is often 0.5 knvs with a minimum at the
lineation and a maximurn nomal to the lineation. The
simple girdle fabrics produce relatively s'nall normal inci-
dence reflection coefficients (Rc = 0.01 or less). For such
quartz mylonites to be seismic reflectors the Rc value musr
be increased, eirher by being enclosed by orher rock types
with different seisnic properties, a change in local pore
pressure or nineralogical change. Vr'e suggesr thar the break
down of feldspars to give mica minerals in such mylonires
belts will greally increase Rc.
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