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Abstract-The deformation mechanisms and controls that operate in the mylonite/ultramylonite transition are 
interpreted from microstructural observation. The investigated mylonites and ultramylonites were derived 
from a granitic protolith which was deformed under greenschist facies conditions, and in the presence of fluid. 
in a regional-scale shear zone from northwest Argentina. Several deformation mechanisms were recognized to 
operate simultaneously in different domains of the microstructure at each particular stage of the microstruc- 
tural evolution. This continuously mobile deformation partitioning, present throughout the microstructural 
evolution, ceases abruptly in the ultramylonite stage, where a stable-state microstructure is achieved. Domainal 
quartz c-axis fabrics indtcate that quartz deforms by crystal-plastic processes at the initial and Intermediate 
stages of deformation. but solution-transfer processes become predominant in the ultramylonite stage. Plagio- 
clase is progressively transformed into muscovite through retrograde softening reactions. K-feldspar is pro- 
gressively transformed into fine-grade aggregates via cataclastic tlow and incipient recrystallization. MUI 
deforms by kinking and basal slip, with progressive development of fine-grained. morphologically oriented 
aggregates. Plagioclase disappearance as well as the development of intrafolial microfolds characterize the 
transition between the mylonitic and ultramylonitic domains. Disruption of these microfolds is mterpreted to 
represent the ultimate control on the localization of the ultramylonite bands. ~(‘8 1998 Elsevier Science Ltd. All 
rights reserved 

INTRODUCTION 

Ultramylonites (Quensel, 1916) are tectonites formed 
in high strain domains of some shear zones which 
have developed under low and medium metamorphic 
grade conditions. In ultramylonites, the grain size of 
the recrystallized matrix is typically smaller than IO- 
20 Llrn. and the porphyroclasts are generally rounded 
due to rotation and development of recrystallized tails. 
Currently, the use of the term ‘ultramylonite’ is com- 
monly restricted to tectonites where the volume of relic 
porphyroclasts is smaller than 10%. Ultramylonites 
are also commonly enriched in phyllosilicates, so some 
authors refer to them as phyllonites. Ultramylonites 
occur most commonly as well-defined millimeter to 

centimeter-scale bands that pass laterally into mylo- 
nites, the transition zone between the two domains 
being generally quite abrupt. The factors that control 
the localization of the ultramylonite bands, however, 
are still poorly understood. Current hypotheses gener- 
ally invoke heterogeneities in the protolith and/or the 
presence of pre-existing fractures (e.g. Goodwin and 
Wenk, 1995) as the main controls on the localization 
of ultramylonite bands. 

This paper investigates the deformation mechanisms 
and controls that operate in the mylonite/ultramylonite 

transition, using as an example a granitic mylonite 
formed in the regional-scale, low metamorphic grade 
(greenschist facies) Agua Rosada shear zone of north- 
west Argentina. This shear zone was chosen because it 
contains, both at hand-specimen and thin section 

scales, well-defined mylonite and ultramylonite 
domains separated by a narrow transition zone where 
the deformation mechanisms responsible for this 
microstructural transformation could be investigated. 
This paper principally addresses the deformation pro- 
cesses and controls that operate in the transition zone. 
XRF whole-rock analyses of major elements in repre- 
sentative samples of mylonite. ultramylonite and pre- 
cursor granite are also provided. The composition of 
the different feldspar varieties was determined through 
EDS microprobe analyses. X-ray diffractometry was 
used to identify the phyllosilicate minerals as well as to 
determine the structural state of K-feldspar. 

GEOLOGICAL SETTING 

The mylonite zone described in this paper crops out 
in the Agua Rosada gulch near the town of Angastaco 
in northwest Argentina (Fig. 1). This region consists of 
NeoproterozoicLower Cambrian, low-medium grade 
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metamorphic rocks in~rudcd by Lower Paleoroic gran- 
ites (Lot-k (J/ r/l.. 19X9). The Agua Rosada shear mne 
is pal-1 of ;I regional system of niylonile zones devel- 
opcd in the granitic basement of northwest Argentina 
( LcCorre and Rosello. 1994: Mon and Hong, 19%). 
These mylonitc zones show difTerent kinemutics and 
are tentatively intcrprcted as conjugate shears rclatcd 
to ;t transpressional tectonic regime associated with the 
Calcdonian orogenesis in South America (Hong11 (11 
r/l.. 1996). The Agun Rosadu shear mne strikes 
N45 W and dips approximately 75 SW. A dip-slip 
niovcnient is indicated by ;I stretching niincrul linea- 

tion plunging aro~tnd 65 75 SW. 
The Agua Rosada shear zone extends for about 35 

km with an average width of 500 m. being truncated in 
several places by recent Ncogcne 1;tuIts (Fig. I). This 
shear zone alli-cts both the metamorphic rocks and 

granitic rocks oE the region, the more strongly dcvel- 
aped deformational fabrics occurring in the franitic 
rocks. Within the sheared gt-anitic rocks. it is possible 
to scparatc three lateral domains according to their 
kinematics and the distribution of tcctonitc types. The 
central domain (350 in-wide on average) consists of 
I Omm 100 m-wide zones of protomylonites or undeformed 
granite separated by well-defined. I-5 m-wide tnyloni- 
tics ultratnylonitic belts. All kinematic indicators 
(rotated porphyroclasts. So C’ structures. oblique shape 

I’abrics in rccrystallimd quartz a ggreqates. etc.) consisl- c 
ently indicate ;t nornial sense of shear I.ot- the high 

strain bands of this central domain. The external 

domains are between 30 and 5Om b\idc and consist 

principally 01‘ honiogenco~is niylonite with minor pro- 

portions of millii,etric,ccntiiiic~ric ultramylonite bands 

whose microstructurcs indicate a revcrsc scnsc 01‘ 

n~ovement (thrusting). This paper deals only with the 

tectonites produced in the central pat-t. The kinematic 

\ ariations across this shear Lone are not addressed 

here. but may bc related to ~hc bulk strain partitioning 

in ;I local transllressional regime. 

The high strain del’ot-mation hones cotGst of typical 

mylonites and ultramylonites. Within these dcl’or- 

mation /ot1es. iiiylonitcs are widely predominant 
( > 90”?;, \ olumc) and are chatxtcrizcd bq the prescncc 
of pinkish feldspar-rich bonds (0.2. I cm wide) devel- 

oped via fracturing and stretching of the original K- 

fkldspar nqacrysts, altcrnnting with quart7-rich and 
niica-rich bands. Ultran~ylonites appear- in outcrop 

and hand spccimcns (Fig. 2) as sharp. hotnogcneous 
bands of fine-grairtcd material (width varying from a 

few tnillimetcrs to sonic decimeters) being easily ident- 

itied by their color (light gray or green) which con- 

trasts with the coarser grain siLe and pinkish color of 
the adjacent niylonitic domains. 



W ithin the central part of the Agua Rosada shear is generally observed in a zone a few decimetl ers- 
zone , deformation is very heterogeneous and shows a wide. The undeformed rock is a coarse-grained, pir lk-- 
rema .rkable strain partitioning at all scales. Mylonites red granite with up to 4 cm-long misoriented K- 
and ultramylonites occur in well-defined, high strain feldspar megacrysts (microcline; bulk composit ion 
defol rtnation zones contiguous to domains of proto- OrY(j-Y8Ab t o-An c 0.3 ). and mica contents around I 5 % 
mylc lnites and undeformed granite. A complete tran- (biotite and muscovite in equal proportions). GI 2in 
sitiol I between undeformed protolith and mylonite size of the original micas varies from 1 to 4 n 1m. 

Deformation mechanisms in the mylonite/ultramylonite transition 1437 

FIB. 2. Mylomtic and ultramylonitlc handa ohserved at dilt‘erent scales. (a) Altern;\ting mylonitic (My) and ultram~lonitic 
(111) hands 111 a polished hand specimen. Note the disruption and spreading of the K-feldspar fragments forming pure 
K-feldspar hands (arro~~s). Width of view 8 cm. (h) Photomicrograph showing the abrupt contact between a mylonitic 
hand (Ml) and an ultramylonitic hand (Ut). K-feldspar fragments occur as porphyroclasts in the mylonitic band. Width 
of vie\\ 2.X mm. Crossed polarizers. (c) Detail of a mica-rich ultramylonitic band containing Internal K-feldspar rich 
lakers (K,) and thin quark rihhons (QL). Note the curved contact close to a K-kIdspar pnrphyroclast of an adjacent 

mylonitic hand in the bottom of the photqraph. Width of view 0.45 mm. Crossed polarizers. 
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Plagioclase (Ab8i_-isAn,5_250r < 2) occurs in equidimen- 
sional grains (0.2ZO.6 mm). Plagioclase content is 
about 30%. 

The Agua Rosada shear zone was developed in a 
strain path close to ideal simple shear, as indicated by 
the asymmetry of single girdle c-axis fabrics in quartz 
(cf. Lister and Hobbs, 1980; Law. 1990; Law rt al., 
1990) and monoclinic symmetry in porphyroclast sys- 
tems (Passchier and Simpson, 1986). Metamorphic 
conditions were within the greenschist facies 
(T < 450 C) as indicated by the presence of syn-defor- 
mational muscovite, predominant brittle and reaction- 
assisted deformation of feldspars (FitzGerald and 
Stiinitz. 1993) and crystal-plastic deformation of 
quartz via single slip on basal (a) glide (cf. Lister and 
Williams. 1979). Evidence for fluid activity during 
shearing includes the production of muscovite via reac- 
tion-softening in feldspar (White and Knipe, 1978; 
Dixon and Williams, 1983), and chloritization-mus- 
covitization of the original biotite. The presence of 
very fine chlorite aggregates along grain boundaries of 
the weakly deformed protomylonite indicates that Auid 
circulation occurred since the earliest stages of defor- 
mation. 

DESCRIPTION OF THE MICROSTRUCTURE 

On the microscale, both mylonite and ultramylonite 
display a well-defined planar fabric (C-foliation) and a 

mineral stretching lineation marked by the alignment 
of mica crystals and ribbon quartz. Both mylonite and 
ultramylonite present a tectonic banding consisting of 
bands of different composition, hence with different 
rheologic properties. The transition between the mylo- 
nitic and ultramylonitic domains occurs in narrow 
zones ( < 0.5 mm thick) which present a banding with 
intermediate characteristics between mylonite and 
ultramylonite. The microstructure of these three 
domains (Fig. 3) is described in detail below. 

The mylonite microstructure consists of poorly 
defined bands of disrupted K-feldspar megacrysts 
forming typical domino-like microstructures wrapped 
by dynamically recrystallized pure quartz layers lack- 
ing porphyroclasts. The K-feldspar fragments (0.2 
2 cm) are angular. their shape being generally con- 
trolled by cleavage planes. Incipient tails of fine- 

grained K-feldspar (Or,,i_c1,gAb5_,An (,.I) can be found 
in the strain shadows adjacent to some fragments. 
Flame and vein perthites (Ab~1~_7XAn5_170r i) OCCIII 
along grain margins and fractures. The large original 
mica crystals (biotite and muscovite) are kinked and 
disrupted to form fine-grained. mica-rich bands. X-ray 
dilTractometry of a representative mylonite sample 
detected the presence of muscovite. paragonitc and 

minor amounts of biotite and chlorite as the main 
phyllosilicates present. All original quartz is segregated 
in finely recrystallized (grain size IO-30 k(m). pure 
quartz bands. The recrystallized quartz aggregates 
show strong crystallographic preferred orientation 
(CPO) with a c-axis maximum oriented at a low angle 
to the foliation pole (Fig. 4). Plagioclase occurs as 
non-fractured crystals which are generally surrounded 
by a mantle of iine-grained white mica (Muscovite 

paragonite) (Fig. 5b). Typical mantled porphyroclast 
systems are sometimes formed. The mica aggregates of 
the porphyroclast mantles are progressively stretched 
to form incipient pure mica bands. The global myloni- 
tic microstructure can be visualized as an alternating 
sequence of three types of bands: (I) K-feldspar + 
quartz, (2) pure quartz, and (3) plagioclase + mica 
bands. Apart from the partial transformation of both 
plagioclase and original mica into very fine mica. no 
other modal changes in relation to the undeformed 
protolith were observed. The mylonite is significantly 
enriched in Mn, P and Hz0 and depleted in Fe, Mg 
and Ti relative to the protolith rock. a tendency that is 
strengthened towards the ultramylonite stage (Fig. 6). 

The most noticeable characteristic of the ultramylo- 
nite microstructure is its low content of quartz and 
plagioclase. The well-defined quartz layers of the mylo- 
nite nearly disappear in the ultramylonite bands. Close 
to the margins, however, the ultramylonites contain 
fine relics of quartz aggregates with the same CPO as 
the mylonitic domains. In the interior of the ultramy- 
lonite bands. however, only very tint monocrystalline 
quartr grains occur. These grains show a c,-axis prefer- 
ential orientation with a maximum at ;I low angle to 
the lineation (Fig. 4), which contrasts radically with 
the CPO of the mylonites (maximum close to the foli- 
ation pole). Plagioclase also is nearly absent in most 
bands. In contrast, the white mica content (product ol 
plagioclase breakdown) increases dramatically in the 
ultramylonites in the form of fine-grained aggregates. 
K-feldspar occurs as stretched layers of finely crushed 
microbreccia (microcline. 0ri,7_o~~Ab~.,An o.2) where ;I 
few. rounded porphyroclasts can be seen. Muscovite 
and paragonitc at-e the only phyllosilicates present. 
The global ultramylonitic microstructure consists 
essentially of three types of alternating bands: (I) pure 
mica bands. (2) pure K-feldspar bands (lint-graincd 
aggregates plus poi-phyroclnsts) :ind. (3) quai-tL + mica 
bands. Profound dill‘erences in the modal composition 
exist in relation to the protolith rock. suggesting that 
significant mass transfer processes accompanied the 
ultramylonitc formation. which is also corroborated b) 
the diagram of normalized concentration shown in 
Fig. 6. 

Although the relative abundance of elements in the 
diKerent tectonite types, in itself. does not clarify the 
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exact degree of mass transfer involved during allo- 
chemical deformation~mctamorphism (see Ague. 1994), 
it reflects generally well the main mineralogical trans- 
formations that accompanied deformation. Thus, [he 
depletion of Fe, Mg. and Ti shown by mylonites and 
ultrnmylonites is consistent with the observed biotite 
and chlorite breakdown, with subsequent migration of 
these elements out the mylonite-ultramylonite zones. 
This situation has also been previously documented in 
otlm low-grade shear zones (e.g. Winchester and Max. 
19X4). On the other hand, the enrichment of Mn and 
P most probably resulted from ;I residual concen- 
tration due to mass -volume loss, as these elements 
(principally P) may be left behind during mass transfer 
of more soluble compounds out of the deformation 
zone (e.g. O’Hara. 19X8; Selverstone cut t/l.. 1991). The 
increasing HZ0 content towards the ultramylonites is 
also consistent with the progressive mica enrichment 
and plagioclase breakdown that accompanied defor- 
mation. In contrast. the normalized abundances of Si. 
Al and alkalis, which arc very close to I. suggest that 
significant migration of these elements. in or out of the 

mylonite ~ultramylonite zones, probably did not occur. 

The transition zone between mylonites and ultramy- 
lonitcs is typically narrower than 0.5 mm. There is ;I 
smaller proportion of K-feldspar porphyroclasts (20 
30%). which are smaller (0.1 0.5 mm) and tend to be 
more rounded than in the mylonites. Another dilTer- 
cnce is the presence of better developed tailx of fine- 
grnined K-feldspar in strain shadows of porphyro- 
clasts. Plagioclase is nearly absent. Muscovite -pnrapo- 
nitc occurs in tine layers where rare plagioclase relics 
arc found. Quartz occurs as fine-gained, dqnamicall) 
recrystallized aggregates in pure quartz bands. The 
global microstructure of the transition 7onc can bc 
visualized as an alternating sequence of pure K-fcld- 
spar bands (consistin g of porphvroclasts plus crushed 
material), pure quartL bands and muscovite (plagio- 
clasc) bands. 

The most characteristic feature of the transition 
ronc. however. is the noticeable development of iso- 
clinal microfolds whose asymmetry is consistent with 
the ovcrall shear sense (Fig. 3). These microfolds ha\:e 
an intrafolial character and are usually detined by in- 
flection of the quartzose bands (and, occasionally. 01‘ 
the K-feldspar bands) between two consecutive mica 

bands. The line-gained mica bands arc not folded. but 
disrupt the thinned limbs of some microfolds in 
domains immediately adjacent to the ultramylonitc 
bands. These microfolds arc interpreted to exert a cru- 
cial role on the localization of the ultramylonite bands, 
as discus& below. 

DEFORMATION MECHANISMS 

The banding of the mylonitic. ultramylonitic and 
transitional domains reflects rock flow partitioning 
during shearing. with strain in each individual band 
being acconmodnted by one or more specific dcfor- 
mation mechanisms. In this section, based on our 
microstructural observations. we interpret the different 
deformation mechanisms for the principal minerals. 
and discuss the contribution of these mechanisms fog 
the overall rock deformation. 

In the mylonitcs, all the quartz is concentrated in 
pure quart7 hands that extend parallel to the sheat 
plant and are not laterally connected to each other. 
These bands consist of tine-grained recryst;illircd 

aggregates with 21 noticeable oblique grain shape fabric 
consistent with the overall shear sense and strong crys- 
tallographic preferred orientation (CPO) of c-axes 
around the foliation pole. This CPO is commonly 
attributed to activation of basal ((I) slip. the glide sys- 
tem of quartz with lower actllation energy at low 

metamorphic grade conditions (Hobbs. 19X5). whose 
operation rotated the basal plancs to progressiveI\ 
lower angles to the overall shear plane. Lack of c’-axes 
close to I’-axis of finite strain. or between the Y- and 
%-axes of strain also indicates that prism and rhomb 
(r/) glide (also possible glide systems at IOLI grade toll- 
ditions) l\ere not operative (Schmicl and Casey. 19X6) 
and that quartL was deformcd and segregated in bands 
\ia sin@ slip on the basal ((I) glide svstcm. Even in _ 

sites of flow perturbation such as those occurring 
around porphyroclasts or microfolds. the ductile t‘low 
of the qui~rt~ose layers wx5 ~tcc~)rnmodated via basal 
((I) slip. as the basal planes of quartz are systematicull!; 
oriented parallel to the folded surface of the yuartzose 
band (Fig. 4b). The small dimensions of the rccr) stal- 
lized grains. the strong CPO and the oblique grain 
shape fabric at angles lower than 40 suggest that 
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Fig. 3. Representable domninal quartz (.-axis fabric5 in mylonites and ~lltr~umylonites. (a) Val-intion of c-;ixib prcfet-ential 
orientation in a quart/ band deflec~~i over a i‘rac~ured feldspar grain shou iny a ‘domino microsuxcture. Orientation 01 
the band boundaries (wlid lines) and internal grain shape fabric (dashed lines) are indicated in all stereoplots. Note how 
the basal planes are sy\tcmatically oriented parallel to the band houndarw. (h) (.-AxiS preferential oricntatlon along a 

quart/ microl’old. Thcw IS a complete carialion of c.-axis orientation uhlch rrllcc& the parallelism between basal planes 
of quart/ and the band houndaria all obcr the microfold. (c) Variation of quart7 microstructul-e? and correspondin: c’- 
axis lilhricr in the Iransition to an ultriumqlonite .vne. In the transition /one (Iv). folded quartz bands and relic microlold 
hin~~cs show a (.-axis prct’erentlal orientatwn at Hugh angles with the HOM plane (horirontal lines). In the ultramylonlte 
done. the thin quart/ ribbons show a totally contrasting pattern. \bhcre the c,-axis IS prefercntlally oriented at lw. angles 
to the htretching Ilncation (hen\,y dots). All sketches wre drawn, from X%-thin sections. Density contour\ are I. 4 and 8?6 
per I “;, area in all dinqam\. !I’ = 75 in all diagrams of (a) and (b). iv = 200 in the three diagrams of(c). All stel-wplots 

are equal angle. loher hemisphere projections. 
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recrystallization was syn-kinematic (i.e. dynamic: cf. 
Urai rt (I/., 1986), and that a relatively high shear 
strain (cf. Ramsay and Graham. 1970) was accommo- 
dated in the quartzose layers. Such features are not 
consistent with static recrystallization because this pro- 
cess. apart from promoting grain growth and weaken- 
ing deformational crystallographic fabrics, generally 
destroys pre-existing oblique grain shape fabrics. Lack 

of quartz porphyroclasts and the extreme stretching ol 
the individual. non-connected quartzose bands (aspect 
ratio > 30) also suggest that these bands. as well as the 
mica-rich bands (see below). acted as preferential flow 
planes in the evolving mylonitic microstrLlctul-e. Even 
in the K-feldspar-bearing bands, stretching of the orig- 
inal K-feldspar megacrysts via fracturing and spread- 
ing of fragments was ultimately accommodated by 



Deformation mechanisms in the mylonite/ultramylonite transition I443 

Mn (0.05) 

P (0.31) 

I-I,0 (0.79) 

Ca (0.73) 
.A] !!-&?I 

Si 
K F&g 

Fe (1.83) 
Mg (0.46) 

-,r,- _ i;,iij 

I 

(iranite 
(I’rotol~th) 

1 I 

Mylonite Ultramylonite 

Fig. 6. Diagrxm showin the major element content of mylomtes and ultramylonites from the Agun Rosnda shear zone 
normali7ed by the composition of the protolith granite. Numbers between parcnthcses indicate the oxide content (111 %) 

of e;lch major element in the protolith. 

plastic deformation of the quartz films (finely recrystal- 
lized and with strong CPO) that anastomose around 
the individual K-feldspar fragments (Figs 421 & 521). 

In contrast, the quartz content decreases abruptly in 
the ultramylonites. Domainal quartz c-axis fabrics in 
the thin ribbons of the ultramylonite bands revealed 
the presence of maxima at low angles to the stretching 
lineation (X-maximum) (Fig. 4~). Similar CPOs were 
found in quartz aggregates deformed by solution- 
reprecipitation creep at low metamorphic grade con- 
ditions (e.g. Hippertt, 1994; Takeshita and Hara, 
199X), and have been interpreted as being indicative of 
solution-transfer processes. During solution-reprecipi- 
tation creep in quartz aggregates. the development of 
CPO is attributed to anisotropic growth/dissolution 
rates on diRerent crystallographic directions of quartz, 
the faster rates occurring along the (c) direction 
(Tullis, 1989). Thus, grains oriented with c-axis at low 
angles to the maximum extension direction of finite 
strain are expected to grow faster (or dissolve more 
slowly) than those at high angles, leading to the devel- 
opment of ~-axis maxima at low angles to the stretch- 
ing lineatiou. Alternatively. this CPO could be 
interpreted as a result of crystal-plasticity through acti- 
vation of prism (c) slip (e.g. Bouchez et ul., 1984). 
However, activation of prism (c) glide has been docu- 
mented only in rocks deformed at temperatures higher 
than 65&700’C (Mainprice cr trl.. f 986; Garbutt and 
Teyssier. 199 I), making this hypothesis unlikely in this 
shear zone. Evidence for activity of an aqueous fluid 

and consequent quartz solution-transfer is also given 
by the noticeable mica enrichment in the ultramylonite 
bands. In turn, the mica enrichment may also enhance 
fluid circulation in the ultramylonite bands as the rock 
permeability generally increases in the presence of 
morphologically oriented mica crystals (see Bell and 
Cuff, 1989). Another possible control on the increasing 
contribution of solution transfer in the ultramylonite 
bands is exerted by the finer grain size of quartz in 
these domains, as the efficiency of solution-transfer has 
been inferred to be inversely proportional to (i’, where 
iI is grain size (Shimizu, 1995). 

The transition zone shows a different character of 
quartz deformation marked by intrafolial folding of 
the quartz bands. The quartz grains are always 
oriented with basal planes parallel to the folded sur- 
face. indicating that basal (CI) slip also operated during 
fold development. The presence of these intrafolial 
folds in the transition zone may reflect a sharp gradi- 
ent in the local strain rate between the rheologically 
different bands of the transition zone, and suggests 
that ductile stretching of the quartzose bands was not 
sufficient to accommodate progressive strain in the 
transition zone, leading to the observed microfolding. 

Mica 

The role of micas is very important in both the in- 
itial and advanced stages of progressive deformation. 
The proportions of biotite and muscovite are roughly 
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the same in the undeformed or weakly deformed grin- 
ites. In these domains. the original mica crystals show 
dili‘erent behaviors according to their orientation rela- 
tive to the shear plane. Mica grains oriented at right 
angles to the foliation (C-planes) 211-t’ strongly kinked 
while those at low angles to the foliation show curved 
or disrupted (001 ) basal surfaces. Fine-graincd chlorite 
aggregates are observed along the incipient foliation 
planus defined by mica. suggesting that these foliation 
surfaces were a locus of lluid activity. This tluid ac- 
tivity probably favored the softening reactions that 
produced very tine white mica from the original plagio- 
clase in the Iiiylonitic:ulti-~iiilylonitic domains. 

Muscovite was more resistant to deformation than 
biotitc. In the initial stages of deformation. retrograde 
reactions in the presence of an aqueous fluid promoted 
the complete translhl-mation of biotite into chlorite 
and line-grained muscovitc. Some ot-iginal muscovitc is 
prcsei-ved in the form of porphyroclasts and mica fish 
(Listcr and Snokc. I YX4). The ne\vly formed chlorite, 
hocve\er, disappears in the high strain mylonitic ‘ultra- 
mylonitic domains, probably in rcsponsc to the In- 
gration of Mg, Fc and Ti out these deformation zones 
(Fig. 6). 

The mica-ploducing softening reactions in plagio- 
cluse wet-c more intense on grain boundaries that arc 

in contact with mica-rich bands. confirming that fluid 
circulation probably took place along the micaccous 
bands. This mechanism (Fig. Sb) allowed \‘ery tine 
white mica to bc aggregated to the mica bands. In 
these mica bands. the mica grains are prcfercntiall> 
oriented with basal planes parallel to the mylonitic fo- 
liation and. thcreforc. in ;I position of easy slip fol 
mica. Therefore, all thcsc sequential processes appeal 

to constitute a feed-back mechanism that progressively 
incrcascd strain accolnmodation in the mica bands. 
With progressive deformation. the mica bands became 
pervasive due to plagioclasc disappcarancc and con- 
nection between adjacent mica bands. 

In the mylonitic domains. K-feldspar deformed prin- 
cipall) via fracturing along crystallographic cleavage 

planes forming large. angular porphyroclasts. The inci- 
pient recrystallization adjacenl to some fractures and 

along grain margins indicates that deformation COP 
ditions were close to the brittle- ductile transition fol 
K-fcldapar (Simpson. IYX5). With progressive strain, 
mantlcs and tails of fine-grained feldspar (5 I5 /ml) 
arc formed. These aggregates arc composed of equi- 
dimensional polygonal grains. but do not show any 

optically visible crystallographic orientation. These fea- 
turcs suggest that these aggregates may correspond to 
gouge ones that were subsequently recrystallired 
(Tullis V/ t/l.. IYYO), although this is difficult to assess 
by optical means. 

Another important feature is the development of 
llame and vein perthites in the K-feldspar porphyro- 
clnsts. These perthites arc restricted to the deformed 
granitoids and their development has a direct rclation- 
ship with disappearance of the matrix plagioclase due 

to the mica-producing softenin g reactions. The pcrthi- 
tic plagioclasc occurs principally in l~ames iind veinlcts 
along grain margins occupying sometimes SO 60% of 
the column of the original K-feldspar grain. ;I pro- 
portion what does not correspond to the Ab content 
(3 10%) of the original K-feldspar. In addition. there 
is no apparent crystalloSral~liic control on the distri- 
bution of the pcrthitic plagioclasc a\ typicall\; OCCLII-s 

in cxsolution pcrthites. All these fcaturc’s are consistent 
with an origin via cxtcrnal replaccmcnt (replacement 
pcrthitcs. cl‘. Prycr and Robin. IYY6). 

Replacement pcrthites are COI~II~OI~ in granitoids 
deformed under low grade conditions in the prcsencc 
of aqueous fluid. where plagioclnse is transformed into 
muscoGte through softening reactions. In thcsc rcac- 
tions, C’a and Na are released from the reacting plagio- 
claae and may either migrate out of the system (e.g. 
Selverstonc (‘I trl.. IYY I ) or. in some shr;ir zones, be 

used to form cpidotc (c.g. O’Hara. IYXX). Anothc~ 
possibility is that sonic of the C‘n ’ and Na ’ ions, 
isostructurally replace K ’ in the K-feldspar forming 
replaccmcnt perthites. In turn, the K ’ ions rclcnscd 
from the K-feldspar arc used to form muscovitc 
(Hippertt. IYYX), as the K-feldspar is the main SOLITce 

for potassium in these rocks. This process should be 
more elyectivc after biotite disappearance. ;IS ;I new 
source for K is necessary to continue the plagioclase 
breakdown through mica-producing softening reac- 
tions. So the overall process is interpreted ;I\ ;I combi- 
nation of two I-actions operatiny simi~lta~icv~~sl~. i.c. 
1iiLiscc,\:itization of plagioclasc. and development ol 
replaccmcnt perthites by isostructural ionic exchange 
of alkali5 (Hippertt. IYYX). These reactions account for 
all the observed tl-allsfol-lll;ltions without any external 
access of clementa. Subsequent mLlscovili7atiolI~ii of the 
pcrthitic plngiocluse also contributes to continued dis- 
ruption and grain aizc reduction of the K-feldspar 
megacrysts (Fig, 5,). The process should advance until 
all of the plngioclase in the rock is consumed. 

Figure 6 shows that there is no apparent alkali de- 
pletion with progressive strain. suggestins that parago- 

nite (a Na-bearing phyllosilicate) should havc acted as 
the main sink for Nn after plagioclasc disapl7cnrancc. 
However. ;I \ink for the relatively low c‘a content in 
these rocks ( c I”/;,) is not obvious. as epidote. the 
most common C’n-bearing mineral produced by retro- 
grade reactions in granitic rocks. is not present in the 
studied mylonitcs and ultr~um!~lonites. Apart from that. 
the K-feldspar (both from porph>roclasts and line- 
gained aggregates) is also nearly (‘a-free. T~LIS, solid 
solution of Ca replacing K and Na in thu structure 01 
musco\itc paragonite appears as the moht likely sink 
for C‘;I in lheac teclonites. 
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Breakdown of plagiocfase generally begins along 
grain margins and cleavage planes where access of 
fluid enables the mica-forming reactions to proceed. 
Fracture was not an important deformation mechan- 
ism in plagioclase. and evidence for crystal-plasticity 
was not observed. With the progressive reaction and 
the consequent disappearance of plagioclase. pure mica 
hands are Ibrmed, with preferentially oriented mica 
flakes acquiring 2111 orientation of easy slip on basal 
planes of mica, consequently decreasing the bulk 
strength of the rock (Shea and Kronenberg. 1993). 
Disappearance of plagioclase. therefore, should rep- 
resent ;I nx!jor change in the rheology and resulting de- 
formation pnrtitioning. In the presence of decreasing 
amounts of quartz. these pure mica layers appear to 

have become the main strain accommodator, conse- 
quently controlling the localization of the ultramyloni- 
tic bands. 

DISCUSSlON 

Based on the observed microstructures we suggest 
that the progressive deformation of a protolith grnni- 
toid into ultramylonite (Fig. 7) is marked by three 
major kinks in the strain-time path (Fig. 8). These 
kinks are interpreted to correspond to significant 
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changes in the microstructur~~l evolution due to abrupt 

alterations in the contributions of the different defor- 
mation mechanisms. The tirst kink OCCLII-s when inter- 

connection of the weakest phase (quartz) leads to 
formation of ribbons. enhancing strain ;1cc01i11i70- 

dation (and strain localization) \i:i inti-~lci-ystalline slip 
in the quartz bands. This kink characterizes the tran- 
sition from ii protomylonitc to ii mylonitc with ;I well- 
dctined planar fabric. The development of these ~vell- 
defined flow planes favors the de\elopnient of a tec- 
tonic banding in the mylonite microstructure. which 

should represent the energetically most economic con- 
liguration regal-din, (7 the rheology of the diftirent min- 
crals and the operative deformation mechanisms in 

each stage of the microstructural evolution. Thus, 
band:, of crLlslicd~recr~stal]lizc~t K-feldspar and bands 
of plagioclasc -mica arc also formed in parallel with 

quartt ribboning. All these bands are continuously 
stretched viii crystal-plastic processes in the quartr 
bands. grain size reduction and cataclastic ROW in the 
K-feldspar bands. and progressive breakdown of plagi- 
oclase in the plagioclase mica bands. 

The second m;ljor kink occurs when the breakdown 
of plagioclase through the mica-,rodLlcii7~ softening 
reactions is complete and plagioclasc disappears. Thus, 
the obstacles that might block the tectonic How in the 
mica layers are eliminated. allowing interconnection 01 
the morphologically oriented mica crystals and greater 

strain accommodation via basal slip of mica. ln fact, 
after disappearance of the plagioclase, the pure mica 
bands seem to become the weakest domain of the 
mylonitic microstructure. where the strong rheological 
contrasts with the quartz bands and K-feldspar bands 
C;ILIS(: the observed microfolding. Development of these 
microfolds characterizes the transition zone that occurs 
between the mylonitic and ultramylonitic domains. 

In the transition zone. deformation leads to pro- 
gressive closure of the microfolds in parallel with pro- 
gressive stretching of the fold limbs towards the 
ultramylonitc domains. The third kink in the strain 
path corresponds to the disruption of the fold limbs, 
causing ;I per\,asiveness of the mica folia and consc- 
qucnt increase in strain accommodation. This kink 
marks the first appearance of typical ultramylonitic 
microstructures and is interpreted to represent the ulti- 
mate control on the localization of the Liltraiiiylonitic 
bands. 

Intrafolial microfoldin g is also an cH‘ecti\,e way to 
imbricate the micaceous hands leading to ;I progress- 
i\cly liner banding and consequent hornotreni/.~~tioll 01 
the microstructure, ;I main characteristic of ultramylo- 
nltcs. In the ultt-~ltnylonites, the remnant Ibld hinges ol 
the quartL and feldspar laqcrs arc further strctchcd to 
form thin lensrs oT quart7 and fcldspnr SWrot~nded by 
;i niicaceous matrix. It is suggcstcd that the tint band- 
inr increases the rclutibc surfxe~volume ratio of the 
quart7 bunds enhancing continued quart;/ dissolution 
\vith resultant mien-enrichment in the ultraniylonite 
domains. 

CONCLUSIONS 

Under lo\\ mctumorphic g-ade conditions and in 
the prescncc of an aqueous Iluid. progressive def‘or- 
mation of granitoids occurs through many diffcrcnt 
de I.0 i-m ;I t i 0 n mechanisms operating in dift‘ercnt 
microstrLictiIr;11 domains at each particular stag0 01 
the fabric evolution. 
The deformation partitioning continuously chungcs 
during the pl-ogressivc evolution from ;I grunitic 
protolith to an ultramylonitc. In the protomylonitc 
and mylonitc stagcs. dcl‘ormation 01‘ qu;~r17 is 
accommodnteci by crystal-plastic j~roc”sscs. 
However. thcsc procoascs decrease in importance in 
the ultramylonite stages Mhcre solution-tranxfer is 
predominant, Plagioclase is del‘ornicd \,ia mica-pro- 
ducing softening reactions. After plagioclaxc disap- 
ptxrancc. pure mica bands arc formed and slip on 
basal planes of mica appears to become the most 

important deformation mechanism. K-feldspar 
deforms prcdominantlq bl fracturing. cataclastic 
flow and incipient crystal-plasticity. No chunge~ in 
the deformation mechanisms of K-feldspar LII-c 
observed with progressive strain. 
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3. Major changes in the deformation partitioning cor- 
respond to drastic changes in the microstructural 

evolution. These changes are interpreted to rep- 
resent three major kinks in the strain-time path of a 
deforming granitic rock. The first kink occurs when 
interconnection of the weakest phase (quartz) is 
attained. forming ribbons and starting the develop- 
ment of a tectonic banding. This kink marks the 
transition from protomylonitic to mylonitic micro- 
structures. The second kink occurs when plagioclase 
breakdown is complete and pure mica layers are 
formed. In this stage, strong local strain-rate con- 
trasts between the pure mica bands and quartz/feld- 
spar bands may explain the formation of intrafolial 
microfolds. The third kink corresponds to a disrup- 
tion of the microfold limbs causing a pervasiveness 
of the mica bands. This kink characterizes the 
beginning of the ultramylonitic stage. 
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