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Abstract-The syntectonic 1.70 Ga Crazy Basin Monzogranite provides an example of the complex spatial and 
temporal interactions between metamorphism, deformation, and plutonism. Synchronous plutonism and 
deformation is indicated by syn-shortening dikes, sills, and veins; parallel magmatic and solid state fabrics; 
fabrics in xenoliths; and a foliation triple point. Synchronous plutonism and metamorphism is indicated by a 
systematic increase from 400°C to 630°C towards the pluton at a constant pressure of 300 MPa (3 kb). 
Temperatures are consistent with a conductive cooling model in which a 700°C pluton was emplaced into country 
rocks undergoing greenschist facies regional metamorphism. Synchronous deformation and metamorphism is 
indicated by porphyroblast inclusion geometries that document the synmetamorphic development of the $ 
cleavage. The pluton was emplaced adjacent to the Shylock shear zone during progressive shortening. 
Emplacement of granite as NE-trending sheets was facilitated by temporal partitioning of transpressional 
convergence into strike-slip and dip-slip components. At the scale of the pluton’s aureole and on the relatively 
rapid time scale of Id-10h y, regional deformation and metamorphism were punctuated by thermal softening and 
increased diffusion rates. Data suggests that accretion of Proterozoic arcs in Arizona involved diachronous 
pluton-enhanced deformation and associated high temperature-low pressure regional metamorphism. 

INTRODUCTION 

Orogenic belts are the cumulative product of defor- 
mation, metamorphism and plutonism, and syntectonic 
plutons offer insights into the nature and timing of 
interactions between these processes. In spite of recent 
advances in directly dating deformational and metamor- 
phic events (Page & Bell 1985, Grambling &Ward 1987, 
Gromet 1991), and dating metamorphic minerals with 
known closure temperatures (McDougal & Harrison 
1988, Zeitler 1989, Mezger et al. 1991), geologic studies 
around plutons still provide important relative and ab- 
solute timing data (Paterson & Tobisch 1988). Further, 
plutons have proved useful for constraining rates and 
durations of deformational and metamorphic processes 
(Karlstrom et al. 1993). However, in view of the many 
ambiguities in interpreting relative timing relationships, 
there is continued need for detailed documentation of 
timing relationships around individual plutons, and 
especially for studies that constrain thermal and mech- 
anical models for emplacement of syntectonic plutons. 

This paper is a case study of the interaction between 
deformation, metamorphism and plutonism in the Pro- 
terozoic Yavapai orogen in central Arizona. Our data 
indicate that the 1.70 Ga Crazy Basin Monzogranite 
(formally named the Crazy Basin Quartz Monzonite by 
Blacet (1966)) and renamed here following Streickeissen 

SG 17:1-E 59 

(1976)) was emplaced during regional deformation and 
metamorphism, and the deformation, metamorphism 
and plutonism were intimately interrelated in time and 
space. Plutonism strongly influenced deformation by 
helping to partition strain both during and after crystal- 
lization, and metamorphism by providing heat for 
pluton-enhanced regional metamorphism. Thus, syntec- 
tonic plutonism focused and enhanced the deform- 
ational and metamorphic events. However, pluton em- 
placement itself is interpreted to have been controlled 
by the decoupling of dip-slip and strike-slip components 
of oblique convergence across a major deformation 
zone, the Shylock shear zone. Thus, our data emphasize 
the mutual interaction of syntectonic pluton emplace- 
ment and deformation partitioning. 

Because regional deformation both facilitated and 
was itself modified by pluton enhancement, separate 
lines of evidence appear to support different interpre- 
tations of relative timing relationships. Numerous 
workers have stressed the importance of multidisciplin- 
ary approaches that use multiple criteria (Paterson & 
Tobisch 1988, Vernon & Flood 1988). In this study, 
relative timing and data are presented in terms of the 
three binary relationships: deformation-plutonism, 
plutonism-metamorphism, and metamorphism- 
deformation. Each binary system independently 
suggests synchroneity of events, but the combined tern- 
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ary relationships provide the strongest evidence that all 
three processes operated simultaneously. 

Deformation-plutonism 

The temporal relationship between deformation and 
plutonism is typically investigated by comparing defor- 
mational fabrics and structures in plutons and in adja- 
cent country rocks to distinguish deformational fabrics 
that record regional strains from those that record 
emplacement-related strains. Interpretations of relative 
timing of granite emplacement and regional tectonism 
are complicated because of the changing rheology of 
granites as they crystallize (Wickham 1987, Miller et al. 
1990), strain partitioning during deformation (Bell 1981, 
Page & Bell 1985, Gapais 1989), and incomplete under- 
standing of mechanisms of pluton emplacement (Bate- 
man 1984, Hutton 1988a, Paterson et al. 1991). 

36”. 

Plutonism-metamorphism 32”. 

If plutons can be tied to some segment of the regional 
metamorphic P-T path, then constraints can also be 
placed on the timing or duration of metamorphism. Such 
temporal relationships may be critical for understanding 
the controls on regional metamorphism. For example, in 
areas such as Arizona where the distribution of meta- 
morphic isograds is influenced by the proximity to plu- 
tons (Williams 1991), several hypotheses about the 
nature of regional metamorphism might be postulated: 
(1) plutons may cumulatively add important increments 
of heat to the crust (Lux et al. 1986, Yardley et al. 1987, 
Collins & Vernon 1991), (2) plutons may be emplaced 
preferentially into regional warm spots (see discussion in 
Brady 1988, Chamberlain & Rumble 1989), or (3) pre- 
tectonic pluton margins may affect the geometry of 
syntectonic isograds either by channelling metamorphic 
fluids and thus localizing heat, or simply by becoming 
hotter in the regional heat flux than the surrounding 
rocks (basement effect) (Ayerton 1980, Allen & Cham- 
berlain 1989). The evaluation of these hypotheses is 
critically dependent on the relative timing of plutonism 
and metamorphism. 

Fig. 1. Distribution of Proterozoic rocks (stipple) and tectonic pro- 
vinces in the southwestern United States. The Arizona transect is 
divided into tectonic blocks by N- and NE-trending shear zones. 
Blocks are: MO = Mojave, H = Hualapai, G = Green Gulch, B = Big 
Bug, A = Ash Creek, M = Mazatzal, S = Sunflower, P = Pinal. The 
Crazy Basin Monzogranite is located in the Big Bug block (at B), in the 
southeast portion of the Yavapai province. This province is character- 
ized by juvenile arc terranes and penetrative shortening deformation 

at cu 1.7 Ga (Yavapai orogen). 

structures in the context of a progressive P-T-t history 
(Spear & Peacock 1989, Vernon 1989). 

GEOLOGIC BACKGROUND 

Metamorphism-deformation 

Metamorphism and deformation each strongly influ- 
ences rates and styles of the other. Deformation 
enhances diffusion and facilitates chemical reactions 
(Bell & Cuff 1989, Bell & Hayward 1991); deformation 
partitioning affects and is affected by porphyroblast 
nucleation and growth (Bell et al. 1986, Vernon 1989), 
and metamorphism may facilitate deformation through 
release of fluids in dehydration reactions and/or by 
reaction softening (Wintsch 1985, Williams 1994). In- 
terpretations of microfabrics suggest that peak meta- 
morphism coincides with and outlasts deformation in 
many erogenic belts (Bell et al. 1986, Vernon 1989), but 
a continuing challenge is to evaluate the development of 
metamorphic assemblages and deformational micro- 

Proterozoic rocks in the Transition Zone of central 
Arizona constitute a 500 km long cross-strike transect 
that is divided into a number of tectonic blocks bounded 
by major shear zones (Fig. 1) (Karlstrom et al. 1987, 
Karlstrom & Bowring 1988). Individual blocks with 
different tectonic histories are separated by shear zones 
that record high strain during partitioned NW-SE short- 
ening. These high strain zones and the related regional 
NE-striking subvertical foliation overprint earlier fab- 
rics and some of the shear zones apparently have early 
(1.70-I .74 Ga) movement histories (Bowring & Karl- 
Strom 1990, Karlstrom & Bowring 1991, 1993). This 
paper deals with the relationship between the regional 
shortening event and the 1.70 Ga Crazy Basin Monzo- 
granite of the Big Bug block. Although we emphasize 
insights about tectonic processes, our results are also 
important for constraining the timing of the regional 
shortening (Yavapai orogeny) that marked a major 
pulse of assembly of tectonic blocks to North America 
(Karlstrom & Bowring 1988). 
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Fig. 2. Map of central Arizona showing the Crazy Basin Monzogranite and stratigraphic relationships in surrounding 
country rock. Big Bug block is bounded by the Chaparral and Shylock shear zones. 

Geology of the Big Bug block 

The Big Bug block (Fig. 2) contains volcanogenic 
rocks assigned to the Yavapai Supergroup (Anderson et 
al. 1971, Karlstrom 1989a). U-Pb zircon dates on vol- 
canic rocks of the Yavapai Supergroup are about 1.76 
1.74 Ga, with dates on the voluminous cross-cutting 
granodiorite plutons of ca 1.75-l .73 Ga (Karlstrom et al. 
1987). The volcanic packages and the granodiorites are 
interpreted to have island arc affinities (Vance 1989, 
Anderson 1989, Dewitt 1989). In many areas, the 
volcanic rocks are uncomformably overlain by se- 
quences of metamorphosed lithic sandstones, pelitic 
siltstones, and slates. 

The Big Bug block records two or more major phases 

of deformation: (1) early recumbent folding, and (2) 
crustal shortening by upright folding (Karlstrom & 
Bowring 1991, Darrach et al. 1991, Bergh & Karlstrom 
1992). All of the plutons in this block either pre-date or 
are synchronous with the crustal shortening. The earliest 
deformation produced a tectonic layering that strikes N- 
NW in areas where it has not been strongly reoriented by 
younger events. However, in most areas, this early 
fabric was folded by upright folds with a well-developed 
subvertical NE-striking foliation and steeply-plunging 
stretching lineation (Karlstrom 1989a). This NE-striking 
fabric is the dominant fabric in the Big Bug block. 

The Shylock shear zone is a zone of well-developed 
subvertical foliation and lineation that bounds the Big 
Bug block on its east side (Figs. 2 and 3). Fabrics are 
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Fig. 3. Block diagram showing the geometry of folds around the north margin of the Crazy Basin Monzogranite. The 
repetition of volcanic rocks (v-pattern) across strike suggests a subhorizontal fold envelope for upright folds. Horizontal = 
vertical scale. V = metavolcanic rocks, dots = metasedimentary rocks, black = iron formation and chert, pluses = Crazy 

Basin Monzogranite. 

contiguous from the Big Bug block into the Shylock 
shear zone. Although the shear zone shows some E-side- 
up dip-slip movements that are interpreted to be related 
to early thrusting, the main fabric of the zone involves 
second generation upright folds, N-striking subvertical 
foliation, and W-side-up movements (Darrach et al. 
1991). 

The late stage of progressive shortening in central 
Arizona was inhomogeneous and involved components 
of strike slip on conjugate shear zones. The Cleater 
shear zone is a discrete N-striking shear zone within the 
Shylock zone that shows sinistral strike-slip/W-side-up 
oblique movements. The NE-striking Chaparral shear 
zone shows dextral/E-side-up movements (Bergh & 
Karlstrom 1992) (Fig. 4). In this context, the sinistral slip 
on the Cleater zone is interpreted in terms of partition- 
ing of oblique NW-SE shortening contemporaneous 
with emplacement of the Crazy Basin Monzogranite 
(Fig. 4), as discussed below. This interpretation of 
syntectonic emplacement follows Jerome (1956), Karl- 
Strom & Argenbright (1985), Karlstrom & Conway 
(1986), Conway et al. (1987) and Anderson (1989), but 
conflicts with the post-tectonic interpretations of Jaager 
& Palache (1905), Anderson (1956), Blacet (1968, 
1985), Dewitt (1976) and O’Hara (1980). 

All rocks in the Big Bug block were metamorphosed 
to the greenschist or amphibolite facies. Previous 
workers have noted a general increase in metamorphic 
grade from north to south towards the Crazy Basin 
Monzogranite (Jaager & Palache 1905, O’Hara 1980, 
Blacet 1985). This has been interpreted as (1) a regional 
metamorphic gradient independent of the Crazy Basin 
pluton (O’Hara 1980), or (2) a contact metamorphic 

gradient superimposed on the regional isograds (Blacet 
1966, 1985, Dewitt 1976). In contrast, we suggest that 
peak metamorphic porphyroblasts near the pluton grew 
during the regional deformation and metamorphism but 
reflect additional heat from crystallizing pluton (Wil- 
liams & Karlstrom 1990). Their fabrics and spatial 
distribution document the synchroneity of regional de- 
formation, peak metamorphism and plutonism. 

Character of the Crazy Basin Monzogranite 

The Crazy Basin Monzogranite is located in the south- 
eastern part of the Big Bug block, adjacent to the 
Shylock shear zone (Fig. 2). The main mass of the Crazy 
Basin Monzogranite occupies an area of about 260 km2, 
and it may extend in the shallow subsurface to the south, 
west and north (Burr 1991, Leighty et al. 1991) The 
intrusion is treated here as a single pluton although there 
are different units that probably represent distinct intru- 
sive events. For example, in the northern part of the 
pluton there are two units: a main unit of medium- 
grained two-mica monzogranite and distinct megacrystic 
unit of two mica monzogranite (Blacet 1985) (Fig. 5). At 
least one area in the center of the pluton appears to be a 
roof pendant or screen of older granodiorite (Dewitt 
1989) and the presence of many screens and xenoliths of 
country rock suggests numerous pulses of emplacement 
of concordant sheets of granite. The pluton also contains 
abundant cogenetic pegmatites, aplites and quartz or 
quartz-tourmaline veins. 

Geochronologic investigations have been carried out 
on minerals from several areas of the Crazy Basin 
Monzogranite. U-Pb zircon data are quite discordant 
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Fig. 4. Kinematic framework for NW-SE shortening (Bergh & Karlstrom 1992). The NE-striking foliation records 
NW-SE shortening at ca 1.70 Ga; shear zones are high strain zones; conjugate movements on shear zones in late stages of 
shortening accommodated further erogenic shortening by tectonic escape (movement of blocks shown by arrows). Black is 
Crazy Basin Monzogranite, light stipple represents other Proterozoic rocks, form lines represent 1.7 Ga and older 

Proterozoic fabrics. 

but discordia lines point to ages close to 1.70 Ga. U-Pb 
sphene ages are about 1.695 Ga, which suggest relatively 
rapid cooling through 500 “C at this time (Bowring 1987 
unpublished data). A conventional K-Ar date on mus- 
covite from pegmatite is about 1.50 Ga (Shafiqullah ef al. 
1980), and 4”Ar/3yAr plateau dates on muscovite from 
the northern margin of the pluton are 1.40-1.45 Ga 
(Hodges et al. 1994, Copeland personal communi- 
cation). However, analysis of laser spot fusion 40Ar/3yAr 
data shows muscovites are zoned, with cores of >1.6 Ga 
and rims of cl.3 Ga and that the plateau and K-Ar 
dates represent the average gas age of slow-cooled 
muscovite grains with large diffusional gradients 
(Hodges et al. 1994). These data are consistent with a 
model involving rapid cooling to greenschist conditions 
followed by slow isobaric cooling in the middle crust 
(Bowring & Karlstrom 1990). 

TIMING OF DEFORMATION AND PLUTONISM 

Several lines of evidence suggest that the Crazy Basin 
Monzogranite crystallized in the late stages of NW-SE 
erogenic shortening. Pegmatite and aplite dike arrays 
around the pluton cross cut the regional shortening 
fabric but are themselves folded and foliated; their 
geometries suggest that emplacement was controlled by 
local extension compatible with regional strains. Parallel 
magmatic and solid state deformational fabrics within 
the pluton indicate syntectonic emplacement (Paterson 

Aphte dikes are present in many areas but are most 
notable as several meter-thick dikes northwest and 
north of the pluton. One prominent dike swarm directly 
north of the pluton cross cuts the S, schistosity and both 
limbs of a large, nearly isoclinal antiform (Fig. 5). The 
dikes are weakly folded and contain the S2 schistosity, 
but they also contain xenocrysts of syn-S, biotites (Fig. 
Sa). We infer that dike intrusion occurred near the end 
of the phase of crustal shortening. U-Pb zircon data 
from the dike show strong discordance, but points fall on 
the same discordia line as the Crazv Basin pluton et al. 1989). Likewise, foliation is deflected around the 

northern margin of the pluton (Fig. 6), forming a folia- 
tion triple point similar to those seen around other 
syntectonic plutons (Brun & Pons 1981). On a larger 
scale, the parallelism of the east margin of the pluton 
and the Shylock shear zone, with neither one cross- 
cutting the other, suggests their synchronous develop- 
ment. These lines of evidence are discussed below and 
summarized in Table 1. 

Dikes, sills and vein systems 

The northern contact of the Crazy Basin Monzogra- 
nite is a zone tens to hundreds of meters wide that was 
pervasively injected by dikes and sills of monzogranite, 
pegmatite, aplite and vein quartz. These injections de- 
crease in abundance away from the pluton. Quartz 
veins, pegmatites, aplites and monzogranite dikes are 
mutually cross-cutting (Fig. 7a) and are interpreted to 
represent a continuum of melt and fluid interaction 
during pluton crystallization. 
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Fig, 5. Fabric elements in the vicinity of the northern Crazy Basin Monzogranite. Lower hemisphere equal area 
projections: (a) Lineations (dots = mineral elongation lineations; crosses= necks of boudins); (b) Poles to foliation in the 
pluton margin define a girdle indicating the northward plunge (B) of the northern pluton contact; (c) Poles to foliation in the 
pluton (dots= solid state foliations; crosses = magmatic foliation in the mcgacrystic unit). Note that the megacrystic unit 

occupies a discrete body on the west side of the pluton. 

suggesting that they are coeval at approximately 1.70 Ga readily understood in terms of distributed shear defor- 
(Bowring personal communication). mation during and after granite crystallization. 

Near the northeast and east sides of the pluton, 

granites, as well as pegmatites and quartz-tourmaline 
veins fill dike and vein arrays (Fig. 6). Dikes and veins 
have geometries compatible with left-lateral strike-slip 
shearing along the margin of the pluton, and are thus 
compatible with movements in the Cleater shear zone. 
Several give a right lateral sense of shear, but these are 
within the triangle zone north of the pluton (discussed 
later). The dike and vein arrays provide convincing 
evidence for the presence of melt and fluids during 
deformation. Rotated quartz and granite veins cross cut 
by straight veins suggest emplacement during progress- 
ive simple shear. The consistent sinistral sense of move- 
ment around the pluton is difficult to understand in 
terms of emplacement-related strains, and is more 

An array of late-stage pegmatite dikes cross cut the 
megacrystic and main units in the northwest part of the 
pluton. These dikes strike NW and dip steeply NE (Fig. 
5). Because they are tabular, undeformed, and cross cut 
magmatic and solid state fabrics and the pluton margins, 
their orientation reflects the incremental strain field 
during their emplacement. They suggest NW-SE short- 
ening and subhorizontal NE extension, compatible with 
the regional shortening deformation. Some of the peg- 
matites have a more easterly strike; these display de- 
formed margins (Fig. 7b) and are inferred to have 
rotated during the sinistral shearing that affected the 
northwest side of the pluton during and after crystalliz- 
ation of the megacrystic unit and pegmatites. 

Granite sills and dikes in the contact zone are com- 
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Fig. 6. Geometry of dikes, sills and vein arrays around the northern margin of the Crazy Basin Monzogranite. The foliation 
triple point of the north side of the pluton is shown as a triangle. 

positionally similar to the main unit of the Crazy Basin 
Monzogranite. They are subparallel to schistosity, foli- 
ated, and boudinaged. Boudin necks are subparallel to 
the local stretching direction defined by elongate miner- 
als in the country rock and boudinaged tourmaline 
crystals in quartz veins (Fig. S), suggesting a component 
of chocolate tablet boudinage and local rotation of 
boundins towards the NE-plunging stretching direction. 
This stretching direction is subparallel to that of the 
Cleater shear zone (Darrach et al. 1991) suggesting a 
kinematic link between pluton emplacement and 
sinistral/W-side-up oblique movements in the Cleator 
shear zone. 

Parallel magmatic and solid state fabrics 

Another indication that melt participated in defor- 
mation is magmatic alignment of megacrysts. Magmas 
with less than 50-70% crystals (critical melt fraction, van 
der Molen & Paterson 1969) cannot sustain appreciable 
shear stress, and megacryst alignments are interpreted 
to reflect quasi-viscous flow. As magma passes through 
its critical melt fraction, it develops an increasingly 
strong grain network (Miller et al. 1990). If this occurs 
during regional deformation, magmatic fabrics can be 
parallel to, and transitional into, solid state deformation 
fabrics, with both kinematically related to regional de- 
formation (Paterson et al. 1989). 

The megacrystic unit of the Crazy Basin Monzogra- 
nite contains a steeply NW-dipping foliation defined by 
euhedral K-feldspar and mica crystals (Fig. 7~). Most 

feldspars are not dynamically recrystallized, indicating 
that they were aligned by flow of magma. Locally, 
megacrysts define a magmatic-state S-C fabric (Blumen- 
feld & Bouchez 1988) indicating sinistral shear, compat- 
ible with the pattern of regional deformation (Fig. 7~). 
In some areas, megacrysts are rimmed by myrmekite 
and record subsequent solid state dynamic recrystalliza- 
tion (Simpson & Winch 1986) (Fig. 8c), which suggests 
deformation at temperatures in excess of 500 “C (Tullis 
1983, Simpson 1985, Gapais 1989, Simpson & DePoar 
1991). This is compatible with solid state deformation 
during and after crystallization. 

The NE strike of foliation defined by aligned feldspar 
and mica phenocrysts is compatible with flow of magma 
parallel to the NE-trending pluton margin (Blacet 1985). 
However, in some areas this megacrystic fabric is at a 
high angle to a local pluton or dike margin (Fig. 7d). This 
is difficult to reconcile with magmatic flow because 
pluton and dike margins generally influence flow. 
Further, the megacrystic fabric in these areas is continu- 
ous with deformation fabrics in the adjacent country 
rocks. We infer that there was little difference in effec- 
tive viscosity across the contact and that megacrysts 
were aligned perpendicular to regional contraction dur- 
ing final cooling. 

Xenoliths 

Xenoliths and screens of country rock are abundant in 
most areas of the Crazy Basin Monzogranite (Fig. 5). In 
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Fig. 7. Field sketches: (a) Sketch of mutually cross-cutting injections of granite = G and quartz = Q-tourmaline = T 
veins. Note that small granite dike left of hammer cross-cuts quartz-tourmaline vein. X = xcnoliths; form lines show 
foliation in country rock schist (long lines) and granite sill (short lines). (b) NW-striking pegmatite cross-cuts fabric; 
Magmatic fabric is deflected at the dike margin due to antithetic slip as pegmatite rotated in response to sinistral shear. Note 
zone of reduced grain size at contact indicating solid-state deformation. Exposed portion of pen is about 2 cm long. (c) 
Megacrysts define a magmatic-state S-C fabric; Histogram shows orientations of 321 megacrysts relative to a reference 
plane (strike 060) that is interpreted to represent the plane of magmatic flow. Exposed portion of pencil 6 cm long. (d) 
Magmatic foliation of megacrysts at high angle to contact between fine-grained (left) and megacrystic units; foliation is 

continuous across the contact. Pencil is 15 cm long. 

the southern and eastern areas, the pluton is essentially 
an injection migmatite, with as much as 50% of outcrops 
composed of metasedimentary country rock (Kortimier 
1984, Burr 1992). In these areas, the pluton consists of a 
swarm of tabular sheets that strike NE, generally paral- 
lel to the foliation in the country rocks. Xenoliths and 
screens contain well developed S, and SZ foliations, 
indicating that the pluton post-dated much of the re- 
gional shortening strain. Granites in these areas also 
contain the S2 cleavage and have themselves undergone 
some of the shortening, supporting the syn-shortening 
time emplacement. 

Marginal foliation and foliation triple point 

In the northeast margin of the pluton, the medium- 
grained unit of the granite shows both a margin-parallel 
fabric (see below) and a NE-striking fabric. Long axes of 
xenoliths in this area have a northeasterly strike, parallel 
to the regional foliation (Fig. 5). These xenoliths were 
probably aligned in the presence of melt during regional 
contraction. 

Besides the dominant NE-striking regional foliation, 
a variably-developed foliation also parallels the north- 
ern margin of the pluton in both granite and country 
rock. The marginal fabric is the dominant fabric within 
500 m both sides of the pluton margin. It is characterized 
by aligned mica and dynamically recrystallized feldspar 
and quartz aggregates and is axial planar to folded 
granite dikes. The marginal fabric becomes less pro- 
nounced inward toward the center of the pluton; the 
inner parts of the pluton are generally dominated by the 
NE-striking regional fabric. Approximately 500 m in 
from the margin, regional and marginal fabrics coexist, 
but both fabrics are quite indistinct and the nature of 
their interaction (overprinting?) is unknown. We inter- 
pret the marginal fabric to have been produced during 
emplacement of the pluton, and to be primarily con- 
trolled by local strains rather than regional deformation. 
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Fig. 9. Distribution of metamorphic mineral assemblages and AFM topologies near the northern margin of the Crazy 
Basin Monzogranitc. Heavy dashed line shows the approximate position of the first occurrence of a staurolite+biotite or 

andalusitc+biotite tie line (see text for discussion). 

Immediately northeast of the pluton, fabrics in the 
country rock form a ‘triple point’ (Fig. 6). This re- 
sembles foliation triple points associated with many 
plutons (Brun & Pons 1981) and often attributed to 
combined effects of diapiric emplacement and regional 
deformation. Such a model may also apply in the Crazy 
Basin area. We do not interpret the triple point as a 
strain shadow around a pretectonic pluton because there 
is evidence for participation of melts, emplaced as dike 
arrays, within the triple point. These vein arrays indicate 
dextral rather than the regional sinistral movements 
(Fig. 6), but complex movement histories are a feature 
also attributed to syntectonic triple points (Brun & Pons 
1981). 

Finally, it is important to note that the country rock 
near the pluton is characterized by a zone 100-300 m 
wide where pelitic rocks are friable, and richer in sericite 
and muscovite than pelitic rocks far from the pluton. 
Porphyroblast-bearing layers can be traced across this 
zone but they are less common here than farther from 
the pluton. Mineral assemblages suggest that the zone is 
not a product of prograde metamorphism. Instead, it 
may be a zone of metasomatism related to passage of 
fluids during or after crystallization of the pluton. Fabric 
in this zone is continuous with fabrics in the pluton and 
the country rock away from the pluton so, whatever the 
time of metasomatism, we infer that the fabric patterns 

were formed during the interaction of regional defor- 
mation and pluton emplacement. 

TIMING OF PLUTONISM AND METAMORPHISM 

The distribution of mineral assemblages indicates that 
metamorphic grade increases towards the pluton. Quan- 
titative thermobarometry confirms that peak metamor- 
phic temperatures were progressively higher towards 
the pluton at relatively constant pressure. Metamorphic 
data are well explained by thermal models in which the 
pluton is a shortlived heat source that locally elevated 

peak regional metamorphic temperatures. 

Distribution of assemblages and isograds 

Metamorphic mineral assemblages are systematically 
distributed with respect to the margin of the Crazy Basin 
Monzogranite (Fig. 9). Pelitic rocks farthest from the 
pluton (some 4-6 km north) contain quartz, muscovite, 
chlorite, albite, +/- biotite, and Mn-rich garnet. Nearer 
to the pluton, pelitic rocks contain various combinations 
of quartz, muscovite, biotite, chlorite, garnet, plagio- 
clase, staurolite, and andalusite; mafic rocks contain 
hornblende, plagioclase, biotite, +/- garnet. At the 
pluton margin (Dewitt 1976) and in pelitic xenoliths and 
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screens within the pluton, sillimanite occurs with musco- 
vite, quartz, garnet, and biotite. 

Although the distribution of assemblages shows 
higher grade metamorphism near the Crazy Basin Mon- 
zogranite, the geometry of the isograds is complicated 
and obscured by compositional variation within the 
supracrustal sequence. In pelitic rocks, variations in Fe/ 
(Fe+Mg) is indicated by AFM phase relationships (Fig. 
9), and the Mn-content of garnet varies widely (mole 
percent spessartine ranges from zero to more than 0.30). 
The various lithologies are interlayered at a fine scale 
such that several mineral assemblages may be present 
even within a single hand specimen. Consequently, 
many assemblages appear to be univariant or even 
invariant, and it is difficult to identify the ‘peak’ equilib- 
rium assemblages in many samples. 

Five-AFM-phase assemblages with garnet, biotite, 
chlorite, staurolite, and andalusite are relatively com- 
mon in the Crazy Basin area (Fig. 9). In many of these 
rocks garnet is believed to be stabilized by the ‘extra’ 
manganese (Pattison 81 Tracy 1991, Symmes & Ferry 
1992). Foliated chlorite is present in nearly all assem- 
blages, but textures suggest it is commonly a retrograde 
(i.e. disequilibrium) phase. Relationships between 
staurolite and andalusite are complicated, and evidence 
for the nature and timing of reactions is rare. At least 
some of these rocks appear to contain two finely inter- 
layered assemblages, (1) staurolite-biotite +/- garnet, 
and (2) andalusite-chlorite +/- biotite, representing 
two bulk compositions. 

Except for the polymorphic transition of andalusite to 
sillimanite which occurs near the pluton margin, it is 
difficult to map metamorphic isograds in the Crazy Basin 
area. Staurolite was apparently produced by at least 
three reactions, 

garnet + chlorite + andalusite 
= staurolite + quartz 

garnet + chlorite 
= staurolite + biotite 

chlorite + muscovite 
= staurolite + biotite 

+ H,O 

+ quartz + HZ0 

+ quartz + HZ0 

(1) 

(2) 

(3) 

and andalusite may also have been produced by at least 
three reactions: 

pyrophyllite = andalusite + quartz + Hz0 (4) 

staurolite + chlorite 
= andalusite + biotite + Hz0 (5) 

staurolite = andalusite + garnet + biotite. (6) 

These reactions may have occurred at significantly 
different times in the P-Thistory due to the variations in 
the local bulk composition. In Al-rich bulk compo- 
sitions, andalusite was produced by reaction (4) in some 
of the lowest-grade rocks. well below the temperature of 
staurolite-producing reactions. In Mg-richer compo- 
sitions, staurolite and andalusite may have been pro- 
duced at nearly the same temperature by reactions (3) 
and (5). respectively. Finally, in Fe-rich assemblages, 

Fig. 10. Calculated temperatures and pressures for selected samples 
in the Crazy Basin area. Temperatures are based on the garnet-biotite 
thermometer as calibrated by Ferry & Spear (1978) and modified to 
incorporate the effects of non-ideal mixing of Mn in garnet (Williams 
& Grambling 1990). Pressures are based on garnet-biotite- 
plagioclase-muscovite barometry (Ghent & Stout 1981, Hodges & 
Crowlev 1985. Hoisch 1990). Absolute errors are on the order of 50°C 
and 1 kb, but relative errors are significantly smaller (Hodges & 

Crowley 1985). 

andalusite (and locally sillimanite) was produced by 
reaction (6), after staurolite, only in the highest grade 
rocks. 

In many metamorphic terranes, reaction (2) can be a 
useful isograd for regional metamorphic mapping, but in 
the Crazy Basin area this reaction is at least divariant 
due to the widely varying X_+. Further, as noted above, 
it is extremely difficult to distinguish peak from retro- 
grade chlorite because both types tend to display similar 
deformational fabrics. With these complications in 
mind, the approximate position of the first staurolite- 
biotite tie line (reaction 2) is shown in Fig. 9. 

Metamorphic conditions certainly increase from 
north to south in the Crazy Basin area, and similar 
gradients are observed at the southern and eastern 
margins of the pluton (Burr 1991). However, because of 
compositional complexity, phase relations cannot un- 
equivocally distinguish between models in which the 
gradient reflects additional heat from crystallizing plu- 
ton (Blacet 1968) from models in which there is regional 
metamorphic gradient independent of the pluton 
(O’Hara 1980). 

Quantitative thermometry and barometry 

Metamorphic temperatures and pressures calculated 
for 12 samples from the Crazy Basin area support a 
model involving pluton enhanced metamorphism (Fig. 
10). Data from three separate areas, all more than 10 km 
from the Crazy Basin pluton, suggest that peak regional 
metamorphic temperatures were as low as 400 “C (Burr 
1991, Williams 1991). In the Crazy Basin area, tempera- 
tures increase from 460°C away from the pluton to 
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approximately 630°C near the pluton (Fig. lla). 
Pressures are essentially constant at 3 kb, varying by 
only 0.3 kb (Fig. llb), well within the estimated error of 
the geobarometer. The calculated temperatures and 
pressures are compatible with the phase relationships 
discussed above. Garnet and biotite are predicted to 
occur even in the lowest temperature samples, and 
sillimanite is expected in only the highest temperature 
samples immediately adjacent to the Crazy Basin plu- 
ton. 

P-T-t paths have been calculated for two samples 
from the Crazy Basin area (Fig. 12) using the Gibbs 
method (Spear et al. 1982, Spear & Peacock 1989) and 
by direct calculation of temperature and pressure from 
host + inclusion assemblages. Both samples contain 
plagioclase and biotite inclusions near the cores of 
garnet porphyroblasts and one sample has several 
plagioclase inclusions between the core and rim. Matrix 
muscovite compositions were used for the direct press- 
ure calculations as no muscovite inclusions were pres- 
ent. The results suggest isobaric heating; temperatures 
increased from approximately 450°C550°C with little or 
no change in pressure. 

I 

400 5bO 6bO 

Temperature (Deg C) 

Fig. 12 . P-T-r paths for two samples from the central Crazy Basin ,. 
area (longer arrow corresponds to sample 525, 2.9 of Fig. 10; shorter 
arrow to sample 5, 6, 3.2). Both samples contain the assemblage 
garnet-biotite~hlorite-plagioclase-quartz-muscovite-ilmenite. P-T 
paths were calculated using the Gibbs method (Spear et al. 1982) on 
zoned garnets with plagioclase and biotite inclusions (Williams et al. 

1994). 

Thermal history of the Crazy Basin area 

Although fluids must have played a role in transport- 
ing heat from the crystallizing Crazy Basin Monzogran- 
ite, the variation in peak temperatures is consistent with 
a simple model involving conductive cooling of the 
pluton during regional metamorphism. Figure 13(a) 
shows the two-dimensional distribution of isotherms at 
six times in the cooling history. The isotherms were 
constructed assuming that the Crazy Basin Monzogran- 
ite is a roughly tabular intrusion, 4 km thick, emplaced 
near its solidus at approximately 700°C. The results 
suggest that, if the units of the Crazy Basin pluton are 
roughly coeval as supported by the geochronology, then 
the thermal effects of the emplacement and cooling are 
largely dissipated after approximately 1 Ma. Thus, the 
growth of peak metamorphic porphyroblasts near the 
pluton was rapid relative to typical regional 
deformation/metamorphic events. This is compatible 
with the interlayering of assemblages at hand sample 
scale which suggests limited mass transfer during a brief 
event. 

Figure 13(b) shows the maximum temperature (T,,,,,) 
attained at any point along the traverse away from the 
crystallizing and cooling pluton. Points farther from the 
pluton along the T,,,,, line reflect later times in the 
cooling history compared to points near the pluton. 
Garnet-biotite temperatures from Fig. 11 are consistent 
with the conductive cooling model. 

Thus, metamorphic data indicate that the Crazy Basin 
Monzogranite represents a short-lived thermal anomaly 
that was introduced into rocks undergoing regional 
greenschist facies metamorphism (40@45O”C, 3 kb). All 
microstructures and phase relationships display charac- 
teristics typical of regional (‘dynamothermal’) metamor- 
phism (see below). In order to distinguish it from 
anorogenic contact metamorphism, we refer to this 
metamorphic history as pluton-enhanced high 
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Fig. 13. Generalized conductive cooling model for the Crazy Ba! sin 
Monzogranite. The pluton is assumed to have been emplaced at 700 “C 
into rocks undergoing regional metamorphism at 4OO”C, 3 kb. Based 
on equations in Turcotte & Schubert (1982, p. 172) and Philpotts 
(1990). (a) Isotherms at fixed times in the cooling history. Isotherms at 
0.01, 0.05 and 0.2 Ma represent the thermal effects associated with 
crystallization of the pluton. Isotherms at 0.3, 0.6 and 1.0 Ma reflect 
cooling of the completely solidified pluton. (b) Line represents the 
predicted maximum temperature (T,,,,,) at any fixed distance from the 
pluton. Calculated temperatures from Fig. 11(a) (boxes with error 

bars) show close correspondence with the model. 

temperature-low pressure regional metamorphism, 
similar to ‘regional aureole’ metamorphism of den Tex 
(1963). This general style of low P, high T metamor- 
phism (Lux et al. 1986) may be characteristic of Protero- 
zoic rocks across Arizona (Williams 1991) and other arc 
and back-arc settings (Barton & Hanson 1989). 

TIMING OF METAMORPHISM AND 
DEFORMATION 

Regional shortening was accommodated by the devel- 
opment of upright folds and the production of a steeply- 
dipping, N- to NE-striking S2 schistosity. Inclusion re- 
lationships in porphyroblasts preserve microfolds of an 
early schistosity (S,) and preserve various stages in the 
progressive development of the new schistosity (S,), 
indicating that porphyroblasts grew during the develop- 
ment of S2. 

Garnet and biotite porphyroblasts in the Big Bug 
block contain simple straight or sigmoidal inclusion 
trails. The individual inclusions, typically quartz, albite 
or plagioclase with rarer biotite and tourmaline, are 
aligned and define an early shape preferred orientation. 
The straight trails and the axial planes of the sigmoidal 
trails are parallel from porphyroblast to porphyroblast 
within a thin section or even within a small outcrop (Fig. 
14a). This parallelism strongly suggests that the curved 
trails did not develop from syntectonic rolling of 
porphyroblasts, but instead represent embryonic F2 fold 
noses (Williams 1994). In most samples continued short- 
ening has obscured most evidence in the matrix for the 
early F, crenulations. 

Staurolite and andalusite in the Crazy Basin area 
preserve several inclusion morphologies, generally rep- 
resenting more advanced stages in the development of 
the S2 cleavage than that observed in garnet and biotite. 
Some staurolite porphyroblasts overgrew single asym- 
metric F2 crenulations (Fig. 14c), similar to those in 
garnet and biotite. However, the most common and 
distinctive inclusion morphology consists of alternating 
bands of inclusion rich and inclusion poor domains in a 
single staurolite or andalusite porphyroblast (Fig. 15a). 
This inclusion geometry apparently formed when staur- 
olite or andalusite porphyroblasts overgrew a differen- 
tiated crenulation cleavage, stage 4 of Bell & Rubenach 
(1983). Where garnet coexists in a single thin section or 
hand specimen with staurolite or andalusite, the axial 
traces of included crenulations in garnet are generally 
parallel to the crenulation cleavage in staurolite or 
andalusite and also to rare tight fold noses in the matrix. 
This suggests that the included crenulation cleavage is a 
transitional stage in the evolution from the open folds 
preserved in garnet and biotite to the penetrative fabric 
preserved in the matrix, an interpretation that differs 
from Bell &Johnson (1989) who suggests that porphyro- 
blasts only grow during early stages of crenulation cleav- 
age development (Williams 1994). 

A third inclusion geometry observed in staurolite and 
andalusite consists of straight or gently warped internal 
foliation that can be traced continuously into the pre- 
dominant matrix foliation (Fig. 15~). In some crystals, 
the included foliation is parallel to the matrix foliation 
and in other crystals, they diverge by up to 30”. Where 
they are non-parallel, the included foliation typically 
curves into parallelism with the matrix fabric within the 
outermost several millimeters of the porphyroblast In- 
clusion phases are generally finer in size than equivalent 
phases in the matrix. Porphyroblasts with this micro- 
structure are interpreted to have overgrown a nearly 
completely formed S2 schistosity, that was coarsened 
and locally reoriented after porphyroblast growth. 

Chlorite, a ubiquitous mineral in the Crazy Basin 
area, can be both a prograde and retrograde phase. 
Many samples show evidence for late-stage (retrograde) 
chlorite growth: chlorite occurs as beards and rims on 
garnet, staurolite, and andalusite porphyroblasts and 
some biotite crystals are partially altered to chlorite. In 
other samples, chlorite is consistent with local AFM 



Simultaneous deformation, metamorphism and plutonism in Proterozoic rocks, Arizona 75 

::: 1.72 1.71 1.70 1.69 - 

PARTITIONED CRUSTAL SHORTENING 
AND STRIKE SLIP SHEARING 

STAUROLITE /ANDALUSITE 
OVERGROW DIFFERENTIATED Se 

CHLORITE BEARDS 
ON STAUROLITE/ 

ANDALUSITE 

AMBIENT GEO- 

STRAIN 
GARNET 

SHADOWS 
OVERGROWr - 

PROGRADE ZONING 
IN GARNET 

MEDIUM GRAINED 
PHASE 

1.71 1.70 1.69 

Fig. 16. Summary of porphyroblast timing relationships in the Crazy Basin area. Porphyroblasts document the progressive 
development of S, cleavage. Note that staurolite, and most of the garnet and biotite growth is interpreted to reflect heating 

from the Crazy Basin Monzogranite during crustal shortening. 

phase equilibria and can be interpreted to be part of the 
prograde assemblage. Regardless of its habit or host 
phase, most chlorite is aligned parallel to the dominant 
SZ fabric. This is interpreted to reflect the fact that 
shortening continued during and after the local meta- 
morphic peak (i.e. heating associated with the Crazy 
Basin Monzogranite), and after the onset of retrograde 
metamorphic conditions. Thus, both prograde and 
retrograde chlorite was syntectonic, consistent with the 
interpretation that the metamorphic peak in the Crazy 
Basin area was short lived relative to the shortening 
event. 

Fabric relationships for porphyroblasts in the Crazy 
Basin area are summarized in Fig. 16. These microstruc- 
tures suggest that porphyroblast growth took place dur- 
ing crustal shortening and S2 cleavage formation. Most 
garnet porphyroblasts appear to have grown early dur- 
ing the development of S2 cleavage. Staurolite and 
andalusite grew at various stages during the develop- 
ment of the S2 cleavage, with most crystals growing 

relatively late in the Sz cleavage-forming event. This is 
compatible with the observation that these minerals 
formed by several metamorphic reactions. Chlorite is 
interpreted to be stable in most assemblages at the 
ambient regional metamorphic conditions (400_45O”C, 3 
kb), but is a retrograde phase in rocks near the Crazy 
Basin pluton because higher-grade conditions were a 
brief pluton-related thermal pulse in the ongoing 
tectono-metamorphic event. 

SUMMARY AND DISCUSSION 

Figure 17 and Table 1 summarize evidence for the 
synchroneity of deformation, plutonism and metamor- 
phism in the Crazy Basin area. Individual criteria are 
commonly equivocal and our work suggests that appar- 
ent ambiguities in relative timing relationships are 
characteristic of syntectonic pluton emplacement. Table 
1 includes alternate interpretations of individual lines of 
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Table 1. Summary, interpretation, and uncertainties of timing data. Numbers keyed to locations shown in Fig. 17 

Observation Syntectonic interpretation 
Alternative interpretations based 

single line of evidence 

Main phase sills flattened and 
boudinaged around pluton margins 

2 Dike and vein arrays fill tension gashes 

3 Aplite dikes cross-cut composite S,/S, 
cleavage but are folded by Fz folds and 
contain S, cleavage 

4 Tabular pegmatites dikes strike NW and Orientation consistent with emplacement 
arc subvertical during NW-SE regional shortening 

5 NE-trending foliation throughout the 
pluton 

6 

7 

8 

9 

10 

Parallel magmatic and solid state fabrics 
in the megacrystic phase, locally at a 
large angle to pluton margins 

Screens and xenoliths contain S, and S, 
foliations; pluton contains Sz 

Xenoliths are aligned, long axes trend Xenoliths aligned perpendicular to regional 
NE at NE margin of pluton shortening and sinistral shear 

Marginal foliation in granite parallel to Interaction of regional and emplacement- 
marginal foliation in country rock related strains (Brun & Pons 1981) 

Foliation triple point in country rock 

Plutonism and metamorphism 
11 Isograds concentric with pluton; higher T 

mineral assemblages closer to pluton 

12 Quantitative thermobarometric data 
documents increasing T with constant P 
toward pluton 

13 Conductive thermal model of cooling 
pluton in 400 “C regional metamorphic 
terrane reproduces observed T 
conditions 

Metamorphism and deformation 
14 Early porphyroblasts (gt,bt) overgrew S, 

and weak Fz crenulations 

15 Peak metamorphic porphyroblasts (and, 
st) overgrew well-developed S, fabric 

I6 Locally, peak metamorphic 
porphyroblasts (and, st) contain oblique 
internal foliation 

17 Chlorite beards occur on peak 
metamorphic porphyroblasts 

Shortening subperpendicular to pluton 
margins; stretching parallel to shallow NE 
lineation (related to Cleator shear zone); 
possible interaction of emplacement-related 
strains and regional deformation 

Extension shallow NNE; melts and pluton- 
related fluids present during sinistral shear 
related to Cleator shear zone 

Aplites emplaced late during NW-SE 
shortening 

Reflects the incremental shortening 

Phenocrysts aligned compatible with 

direction during late stages of regional 

regional shortening and sinistral shear 

shortening 

Pluton post-dates much of NW-SE 
shortening 

Interaction of regional strain and 
emplacement-related strain (Brun & Pons 
1981) 

Peak T assemblages reflect addition of heat 
from pluton to 400 “C ambient Tat 10 km 

Peak metamorphic Tsynchronous with 
pluton emplacement 

Short-lived peak Tconditions synchronous 
with pluton emplacement, ‘pluton- 
enhanced regional metamorphism’ 

Prograde porphyroblasts grew early during 
regional shortening 

Peak of thermal metamorphism occurred 
late during shortening 

(I) porphyroblast overgrew well-developed 
S, foliation which was then reoriented by 
progressive deformation; (2) porphyroblast 
overgrew crenulated Si fabric that was 
subsequently decrenulated in the matrix 
(Bell 1986) 

Beards represent a retrograde return to 
regional conditions after the pluton-induced 
heating, but during the later phase of 
shortening deformation 

Post-tectonic pluton-stretching above 
equatorial plane of a diapir (Lagarde et al. 
1991); pre-tectonic pluton~eformation 
partitioning at pluton margins 

Post-tectonic pluton-magmatic flow 
parallel to NE striking S2 foliation 

Post-tectonic pluton-emplacement-related 
shortening of granite veins perpendicular to 
margin of pluton but sinistral quartz vein 
arrays genetically unrelated to the pluton 

Pre-tectonic pluton-aplites cross cut S, and 
wcrc only weakly folded in a low F2 strain 
domain that coincided with the hinge zone 
of a large scale F, antiform 

Post-tectonic pluton-pegmatite 
orientations related to NE-SW extension 
above the rising pluton 

Pre-tectonic pluton-fabric represents the 
finite shortening strain in a competent pre- 
tectonic pluton 

Pre-tectonic pluton-xenoliths may be more 
strongly foliated than their enclosing rocks 
due to competence contrasts 

Pre-tectonic pluton-xenoliths record finite 
shortening; post-tectonic pluton-passive 
emplacement preserves NE alignment 

Pre-tectonic plutonAeformation around an 
already crystallized pluton; post-tectonic 
pluton-strain related to forceful 
emplacement (Ramsay 1989) 

Pre-tectonic pluton-strain shadow around a 
pre-deformational pluton (Paterson et al. 
1991) 

Post-metamorphic pluton-emplaced into 
prc-pluton ‘hot spot’ (Chamberlain & 
Rumble 1990, Bradey 1990); pre- 
metamorphic pluton-basement effect- 

heat elevated in granite rock due to absence 
of dehydration reactions (Ayerton 1980, 
Morand 1988) 

As above 

As above 

Porphyroblasts developed during F,; weak 
crenulations in porphyroblasts due to 
rotation during F, 

As above, complex inclusion fabrics reflect 
F, progressive deformation 

Peak porphyroblasts may have undergone 
small amounts of rotation during Fz 

Chlorite beards may represent a later 
deformation (and metamorphism?) 
unrelated to the dominant matrix fabrics 
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emplacement, regional deformation and metamorphism. Numbers 

Implication for mode emplacement of the Crazy Basin 
Monzogranite 

keyed to Table 1. 

evidence. However, the combined criteria are consistent 
with only a syn-shortening emplacement of the Crazy 
Basin Monzogranite. Deformational features in the plu- 
ton are more easily related to regional strains than 
emplacement related strains (1-8 of Table 1). Further, 
the association of peak metamorphic porphyroblasts 
with both heat of emplacement (11-13 of Table 1) and 
syn-shortening microstructures in prograde (14-16 of 
Table 1) and retrograde (17 of Table 1) porphyroblasts 
indicate synchronous deformation, metamorphism and 
plutonism. 

In evaluating the evidence for syntectonic emplace- 
ment, it is useful to consider the strengths and weak- 
nesses of the alternative arguments for either a pre- or a 
post-tectonic emplacement model. While the pluton 
certainly post-dated appreciable deformation (1, 7 of 
Table l), and contains fabrics that may be related to 
emplacement (4, 9, 10 of Table l), an entirely post- 
tectonic interpretation for the Crazy Basin Monzogran- 
ite requires that all of the deformational features in the 
granite, in related injections, and pluton-parallel foli- 
ations in the country rocks adjacent to the pluton formed 
in response to emplacement-related strains (e.g. Bate- 
man 1985, Courrioux 1987, Ramsay 1989). This seems 
unlikely in view of similar kinematic regimes for pluton 
and country rock fabrics (2, 3, 5 of Table 1) and the 
parallelism of magmatic and solid state deformational 
fabrics (6 of Table 1) within the pluton. A post-tectonic 
interpretation also has difficulty explaining the observed 
syn-deformational porphyroblasts and the thermal high 
centered on the pluton. 

Our syntectonic interpretation for emplacement of 
the Crazy Basin Monzogranite has implications for 
understanding mechanisms of pluton emplacement. The 
geometry of sheetlike NE-striking dikes and abundant 
screens and xenoliths in the central and southern parts of 
the pluton suggest magma ascent and emplacement as 
sheets along fractures and conduits whose geometry was 
influenced by pre-existing anisotropy. A predominantly 
passive emplacement of the pluton (i.e. where magma is 
responding to rather than generating deforming 
stresses) is supported by the similarity of strains in 
screens and distant country rock. However, the mar- 
ginal foliation in the granite and country rock in the 
northern margin suggests either stresses generated by 
pluton emplacement and/or modification of regional 
stresses along the pluton’s margins. 

Passive syntectonic emplacement has been docu- 
mented in extensional and tranpressional regimes (e.g. 
Hutton 1982,1988a,b, Castro 1986, Guineberteau et al. 
1987). In contractional regimes, however, magma 
ascent and emplacement in foliation-parallel screens 
may be inhibited by normal stress acting across foliation 
planes, Such emplacement, as at Crazy Basin, would 
seem to require that normal stresses across foliation 
were exceeded by magma pressure. Tobisch & Paterson 
(1990) and Paterson (1989) have proposed that plutons 
can be intradeformational, where compressive stresses 
are relaxed periodically allowing ascent of magma. 
Alternatively, it may be that late syntectonic emplace- 
ment reflects the waning of contractional deformation 
and the ability of magma pressure to exceed compressive 
forces (Karlstrom 1989b). However, neither of these 
models adequately explains the syn-pluton, syn- 
deformational porphyroblasts and the participation of 
melt in regional deformation in the Crazy Basin pluton. 

A pretectonic interpretation for the pluton can Emplacement of the Crazy Basin Monzogranite dur- 

explain similar kinematic frameworks inside and outside 
of the pluton, and might attribute differences in fabric 
intensity from pluton to country rock to deformation 
partitioning. However, we see no good explanation in 
such a model for the cross cutting aplite (1 of Table l), 
the NW-trending pegmatites (3 of Table l), parallel 
magmatic and solid state fabrics (6 of Table l), and 
strongly deformed xenoliths within weakly deformed 
granite (7 of Table 1). The distribution of metamorphic 
assemblages might be attributed to a ‘basement effect’, 
(Fonteilles & Guitard 1968, Ayerton 1980) where gran- 
ite rock remained hot during post-emplacement regional 
metamorphism while cover rocks cooled by dehydration 
reactions (Morand 1988). However, no similar ‘base- 
ment effect’ is observed around pre-tectonic 1.74-1.72 
Ga plutons elsewhere in the Big Bug block, such as the 
Brady Butte and Crooks Canyon granodiorites, and 
calculated temperatures of 630 “C would seem to require 
a substantial magmatic heat input at these shallow crus- 
tal levels. 
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ing bulk crustal shortening was apparently associated 
with temporal partitioning of deformation. Darrach et 
al. (1991) suggested that regional shortening was 
spatially and temporally partitioned into zones of short- 
ening and sinistral strike slip during pluton emplace- 
ment, with strike slip generally overprinting shortening. 
We suggest that partitioning of convergent deformation 
into dominantly strike-slip conjugate zones such as the 
Cleator and Chaparral shear zones would reduce, per- 
haps periodically, normal stress in intervening blocks 
sufficiently to allow emplacement. This would better 
explain the parallelism of the lineation in the margin of 
the pluton with the extension direction in Cleator shear 
zone. Likewise, the late-shortening timing of emplace- 
ment is compatible with the interpretation that early 
homogeneous shortening by folding and foliation devel- 
opment gave way (with temporal overlap) to more 
inhomogeneous bulk shortening by escape-block move- 
ment along conjugate shear zones. 

This model suggests that granite was emplaced in 
sheets parallel to the existing NE-striking shortening 
foliation during times of strike-slip-dominated defor- 
mation. This is consistent with the position of the pluton 
towards the southern end of the SW-escaping Big Bug 
block (Fig. 4). Dilation associated with accumulation of 
magma here was synchronous with southwestward 
escape and inhomogeneous shortening of the Big Bug 
block. Emplacement of NE-striking sheets may have 
been facilitated by tensional bridges that developed 
between P-shears during sinistral slip, as proposed by 
Tikoff & Teyssier (1992). Thus our model is compatible 
with models proposed by numerous workers for em- 
placement of arc batholiths during active shearing along 
major transpressional boundaries (Hutton 1988, Miller 
& Bowring 1990, D’Lemos et al. 1992, Hutton & Reavy 
1992, Tikoff & Teyssier 1992). The decoupling of nor- 
mal and strike-slip components of oblique convergence 
may be a common feature of convergent zones at all 
scales (Fitch 1972, Kirby 1991), and may be a major 
control of granitoid ascent and emplacement. 

Implications for durations of erogenic processes 

One of the most difficult aspects of understanding 
interaction of erogenic processes is an evaluation of 
rates and durations of tectonic processes and events 
(Paterson & Tobisch 1992). Figure 16 shows our in- 
terpretation of duration of events in the Crazy Basin 
area. Rates associated with magma ascent and final 
crystallization are generally believed to be quite fast 
(Paterson & Tobisch 1992), lo”-10’ years for moderate 
size plutons (less than 200 km3) like the Crazy Basin 
Monzogranite. Ascent of this much magma along con- 
duits and fractures, as is suggested by the sheeted 
character of much of the pluton, could have taken 
lo’-lo5 y (Shaw 1985, Paterson & Tobisch 1992). Cool- 
ing of the pluton to the ambient temperature of the 
country rock may have taken as much as lo6 y (Fig. 13). 
but crystallization through the critical melt fraction (van 

der Molen & Paterson 1979) and the accompanying 
sharp change from magmatic to solid state flow would 
have been much faster, about lo”-10’ y. because of the 
limited thermal budget of crystallizing plutons (Miller et 
al. 1990). Growth of metamorphic porphyroblasts may 
also take place in lo’-lo5 y (Bell & Cuff 1989, Paterson 
& Tobisch 1992, Williams 1994), especially associated 
with contact metamorphism (Joesten & Fischer 1988). 
Thus, while the prograde path of regional metamor- 
phism probably took place over longer periods of time 
(IO”-10’ y) and the retrograde path may have involved 
slow cooling over 10s y (Hodges et al. 1994), our data 
suggest that peak metamorphic conditions may have 
been locked during a brief thermal pulse whose duration 
coincided with the duration of pluton emplacement. In 
areas that experienced pluton-enhanced metamor- 
phism, initial retrograde metamorphism (return to re- 
gional ambient conditions) apparently overlapped with 
deformation over time spans of less than lo6 y and more 
effective retrogression may have been facilitated in 
zones of high fluid flux like the Shylock shear zone. 

Duration of deformation was probably longer. In 
contractional settings, lithospheric plates collide over 
IO”-10” y and collision of individual arcs, seamounts, or 
oceanic plateaus at convergent margins may last lO”-- 
10’ y (Hamilton 1988). Timing of deformation data in 
central Arizona (Karlstrom & Bowring 1991) suggest 
that early recumbent folding in the Big Bug block may 
have started as early as 1.72 Ga and NW-SE shortening 
started before and continued beyond 1.70 Ga (Fig. 16). 
Development of cleavages and the associated >50- 
100% shortening in the Crazy Basin area might have 
taken IO” years at time-averaged erogenic strain rates of 
lO--” s-’ (Pfiffner & Ramsay 1982). However, since 
inclusion trails within syn-pluton porphyroblasts record 
various stages in the development of the shortening 
fabric, we suggest that heat from the pluton punctuated 
deformation and increased local strain rates such that 
much of the observed shortening took place during the 
<IO’ years associated with rapid cooling of the pluton 
and its aureole. This is consistent with pluton-enhanced 
rapid strain rates postulated for other syn-contractional 
plutons (Karlstrom et al. 1993). 

Several points of general interest emerge from this 
model. Rates of diffusion and deformation were locally 
dramatically increased due to a brief rise in temperature. 
Thus, fabrics and metamorphic assemblages, through 
part of a regional continuum, can develop diachronously 
and rapidly. This style of pluton-enhanced regional 
deformation and metamorphism apparently character- 
izes the Early Proterozoic tectonic evolution of central 
Arizona (Karlstrom & Bowring 1991, Williams 1991), 
and may characterize many high T-low P metamorphic 
belts. 
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