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Abstract----Criteria for syntectonic emplacement of plutons are commonly ambiguous. The strongest single 
criterion is probably the preservation of a continuous transition from submagmatic to high-temperature solid- 
state deformation. This transition is not commonly documented. An exception is the Mount Stuart batholith, 
which displays a variety of syntectonic structures within its sheared northeastern margin, including the following: 
(I) S-C fabrics that range from submagmatic to high-temperature solid-state;(2) solid-state foliation and 
lineation defined by amphibolite-facies assemblages that overprint and are parallel to magmatic foliation and 
lineation; (3) folds of magmatic and solid-state foliation that have hinge lines parallel to magmatic and solid-state 
lineation and to equivalent structures in wall rocks; (4) dikes that were folded and boudinaged over a wide range 
of rheological states with boudin necks locally filled by tonalite; (5) pegmatite dikes and mineralized joints that 
are sub-perpendicular to magmatic and solid-state lineation; and (6) submagmatic and high-temperature solid- 
state ductile shear zones. 

We suggest that many plutons emplaced during regional deformation do not preserve evidence for syntectonic 
deformation because of the transitory nature of the submagmatic state and the obscuring effects of post- 
emplacement deformation. Syntectonic features are most likely preserved in plutons cooled at slow to moderate 
rates, or in plutons deformed at high strain rates during emplacement. The optimum conditions for preservation 
may occur in plutons emplaced along fault zones in the mid-crust, such as the Mount Stuart batholith, and in 
intrusions at deeper levels that were rapidly exhumed and/or intruded during the waning stages of regional 
deformation. 

~ T R O D U C T I O N  

CRITERIA for the timing of pluton emplacement  relative 
to regional deformation are commonly ambiguous (e.g. 
Paterson & Tobisch 1988). For example,  in most theor- 
etical models of  granite emplacement  many,  if not most ,  
plutons are syntectonic (e.g. Pitcher 1979, Hut ton  1988, 
Karls trom 1989), yet it is difficult to demonstrate  un- 
equivocally such timing for individual plutons. Paterson 
et al. (1989) noted that individual timing criteria are 
rarely unambiguous and emphasized the importance of 
multiple criteria. They contended that the strongest 
evidence of syntectonic emplacement  includes the fol- 
lowing: a transition between parallel or subparallel mag- 
matic and high-temperature  solid-state foliation; high- 
tempera ture  solid-state foliation in plutons continuous 
with lower tempera ture  regional foliations; evidence 
that melt  migration is controlled by regional defor- 
mation;  and syntectonic porphyroblasts  in wall rocks 
related to heating by the pluton. Perhaps the strongest 
case is where a continuous, geologically short-lived 
transition from submagmatic  (flow in a crystal domi- 
nated system, but with sufficient melt  to permit  crystal 
sliding and movement  of melt) to high-temperature,  

solid-state deformation is documented,  particularly 
when a later high-temperature deformational  event can 
be ruled out. 

The nature of the transition from the submagmatic  to 
solid state has important  implications for emplacement  
models,  for cooling and strain rates within plutons and 
their wall rocks, and for timing of emplacement  relative 
to regional deformation.  Relatively few studies of  
plutons, however,  have documented this transition 
(e.g. Gapais  & Barbarin 1986, Hollister & Crawford 
1986, Blumenfeld & Bouchez 1988, Vernon et al. 1989, 
Bouchez et al. 1992, Karlstrom et al. 1993), despite the 
common interpretation of syntectonic emplacement .  In 
this paper ,  we describe a variety of  well-developed 
submagmatic  and high-temperature solid-state struc- 
tures in the Mount  Stuart batholith of the North 
Cascades, Washington, that we interpret to record a 
continuum in deformation during emplacement .  We 
discuss the implications of the deformation of this intru- 
sion for syntectonic emplacement  in general and specu- 
late on why structures recording the transition from 
magmatic  to submagmatic  to high-temperature,  solid- 
state deformation are not more commonly preserved in 
plutons. 
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GENERAL SETTING AND P-T CONDITIONS OF 
THE MOUNT STUART BATHOLITH AND ITS 

WALL ROCKS 

The Mount Stuart batholith lies at the southern end of 
the crystalline core of the North Cascades, which is the 
southeast extension of the > 1500 km long Coast Pluto- 
nic Complex (Fig. 1). It intrudes the pelitic Chiwaukum 
Schist on its northern and eastern margins and the 
ophiolitic, Upper Jurassic Ingalls Complex on its south- 
eastern, southern and western margins (Fig. 2). The 
Ingalls Complex was thrust over the Chiwaukum Schist 
along the Windy Pass thrust (Miller 1985, 1988). Thrust- 
ing occurred at least in part after -95 Ma, the inferred 
crystallization age (U-Pb zircon) (W. J. Hoppe in Miller 
1985, S. A. Bowring written communication 1993) of the 
tonalite protolith of an orthogneiss that has been imbri- 
cated with the ophiolite. Imbricate slices in the upper 
plate are truncated by a 93 Ma phase of the batholith, 
and final movement on the Windy Pass thrust may have 
ceased during crystallization of the batholith (Miller & 
Paterson 1992) as discussed below. 

Two nearly connected bodies comprise most of the 
Mount Stuart batholith, the southwestern body and the 
larger, more complexly shaped main body (Fig. 2). The 
batholith ranges in composition from gabbro to two- 
mica granodiorite, but is composed primarily of biotite- 
hornblende tonalite and lesser granodiorite (Pongsapich 
1974, Erikson 1977, Anderson 1992). Tonalite and dior- 
ite from two localities in the main body yielded U-Pb 
zircon ages of 93.5 + 0.5 Ma (Walker & Brown 1991) 
and 93.2 Ma _+ 0.5 Ma (S. A. Bowring written communi- 
cation 1990) that are inferred to date crystallization. A 
small mafic phase is slightly older at -96 Ma (U-Pb 
zircon; Tabor et al. 1987). Some quantitative limits can 
be placed on the physical conditions during emplace- 
ment of the batholith. Anderson's (1992, personal com- 
munication 1992) thermobarometric analyses indicate 
that solidus temperatures range from >940°C for more 
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Fig. I. Location map of the Mount Stuart batholith (MSB). The 
batholith lies at the southern margin of the crystalline core of  the North 
Cascades, which has been offset by the Straight Creek (SCF)-Fraser  
River fault (FF) from its original position at the southeast  end of the 
Coast Plutonic Complex. IM = Intermontane  superterrane and 1S = 

Insular superterrane.  

mafic rocks to 642°C for granodiorites. The solidus for 
the tonalites ranges from 733 to 642°C, with liquidus 
temperatures in excess of 780°C (J. L. Anderson per- 
sonal communication 1992). Application of the 
aluminium-in-hornblende and garnet-plagioclase- 
biotite-muscovite barometers indicates that pressures 
during crystallization were between - 1.7 and 3.7 kbar 
(6-I3 km depth) (Anderson & Paterson 1991). 

The P - T  conditions of the wall rocks at the time of 
emplacement are less certain. The Chiwaukum Schist 
records both low P / T  metamorphism, probably related 
to emplacement of the batholith, and subsequent rela- 
tively static higher-P metamorphism that reflects crustal 
loading (Evans & Berti 1986, Brown & Walker 1993, 
Miller et al. 1993). This complex history hinders in- 
terpretation of P - T  data for the Chiwaukum Schist, 
which indicate temperatures of 50(O700°C for 10 km or 
more to the northeast of the batholith, and pressures 
ranging from about 3 to 8 kbar (Plummer 1980, Evans & 
Berti 1986, Magloughlin 1986, Bendixen et al. 1991). A 
thermal aureole delineated best by synkinematic anda- 
lusite extends for 2-3 km from the batholith within the 
schist (Fig. 2). Regional axial-planar foliation, which is 
truncated by the batholith, is defined by hornblende in 
Chiwaukum amphibolites outside of the aureole; thus, 
the Chiwaukum Schist had reached medium-grade con- 
ditions by the time of emplacement. The Ingalls Com- 
plex also shows a 1-2 km wide thermal aureole (Fig. 2) 
(Frost 1975, Miller 1985). Near the Windy Pass thrust 
the ophiolite was dynamothermally metamorphosed to 
the amphibolite facies, whereas south of the thermal 
aureole the complex displays prehnite-pumpeilyite and 
greenschist-facies assemblages that record static, ocean- 
floor-type metamorphism (Miller 1985). The southern 
part of the Ingalls Complex thus was considerably cooler 
than the Chiwaukum Schist at the time of emplacement. 

Approximate cooling rates for the batholith can be 
calculated by comparing the U-Pb zircon ages of the 
tonalites with K-Ar hornblende and biotite ages. Horn- 
blende ages of 93.2 _+ 3.1,90.0 + 2.7 and 90.0 _+ 2.9 Ma, 
and biotite ages ranging from 90.0 to 87.7 Ma (Tabor et 

al. 1987) have been reported from three samples within 
10 km of the U-Pb localities. Taking standard blocking 
temperatures for hornblende and biotite (Harrison 
1981, Harrison et al. 1985) and assuming a solidus of 
700°C for the tonalite, cooling rates are on the order of 
85-1(X)°C Ma -1, values that are reasonable given the 
depth of emplacement and the temperature of the wall 
rocks (cf. Barton et al. 1988). 

MAGMATIC AND HIGH-TEMPERATURE SOLID- 
STATE DEFORMATION OF THE BATHOLITH 

The Mount Stuart batholith displays a variety of 
magmatic structures. On a large scale, there are numer- 
ous examples of sharp internal contacts between differ- 
ent compositional phases of the batholith. Other 
igneous features include: (1) compositional banding 
defined by changes in the percent of igneous minerals or 
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Fig. 2. Map emphasizing the Mount Stuart batholith and areas that display well-developed submagmatic and solid-state 
deformation. These domains include Icicle Ridge (IR), Pioneer Creek (PC) area near the Windy Pass thrust (WPT), Rock 
Lake shear zone (RLSZ), and Tumwater Mountain shear zone (TMSZ). LFZ = Eocene Leavenworth fault zone. The 
thermal aureole is defined by the limit of andalusite in the Chiwaukum Schist and by the serpentine-out isograd in the lngalls 

Complex. Modified from Miller & Paterson (1992). 

in the textures of these minerals; (2) schlieren layering; 
(3) individual microgranitoid enclaves or swarms of 
enclaves, largely of dioritic composition (Anderson & 
Paterson 1991); (4) dikes; and (5) magrnatic foliation 
and lineation, which everywhere are parallel to or over- 
print the other igneous features (except for the dikes) 
and thus formed late in the crystallization history. 

Magmatic foliation and lineation are generally well- 
developed in the margins of the batholith, but the 
interior displays only weak to moderate magmatic folia- 
tion with minor solid-state deformation and recrystalli- 
zation. Penetrative solid-state deformation overprints 
well-developed magmatic structures in at least four 
domains within the batholith (Figs. 2 and 3) (Miller & 
Paterson 1992)• Three of the solid-state domains occur 
in the northeastern margin of the main body of the 
batholith, whereas the fourth is near the Windy Pass 
thrust (Pioneer Creek area). The larger scale patterns of 
these domains and their tectonic implications are 
addressed in Miller & Paterson (1992), and are therefore 
only briefly described here. 

The Windy Pass thrust and imbricate thrusts in its 
upper plate are truncated by the main body of the Mount 
Stuart batholith (Miller 1985). Tonalites near the thrust, 
however, show a strong magmatic foliation and a paral- 
lel, generally weak to locally moderate solid-state folia- 
tion. These relations led Miller & Paterson (1992) to 
infer that the batholith was intruded during the waning 
stages of thrusting and that solidification of the tonalite 
may have arrested thrusting. 

Solid-state deformation in the northeastern margin of 
the main body records both NE-SW contraction and 
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Fig. 3. Map showing foliation patterns in the Mount Stuart batholith. 
The areas of high strain are labelled as in Fig. 2. 

NW-SE stretching (Miller & Paterson 1992). Contrac- 
tion is best illustrated in the Tumwater Mountain shear 
zone (Fig. 2), where amphibolite-facies rocks of the 
Ingalis Complex are thrust to the WSW over the batho- 
lith, and near the SW-vergent, reverse-slip Rock Lake 
shear zone (Fig. 2) (Magloughlin 1990). Along other 
parts of the northeast margin, magmatic and solid-state 
foliations and subhorizontal magmatic and solid-state 
lineations are well developed. These are particularly 
prominent in the Icicle Ridge area (Fig. 2), which lies 
near the roof of the batholith. Folds in the adjacent 
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Chiwaukum Schist record NNE-SSW shortening, and 
the schists also display a subhorizontal WNW-trending 
stretching lineation (Miller & Paterson 1992). Several 
generations of these folds predate the batholith, but 
folds with similar orientations deform dikes of the bath- 
olith (see below), indicating that both folding and sub- 
horizontal WNW-stretching overlapped intrusion. The 
asymmetry of the various generations of folds and kine- 
matic indicators in local ductile shear zones define SSW- 
directed thrusting of the schist over the batholith (Miller 
& Paterson 1992). 

These solid-state domains in the pluton and the adjac- 
ent wall rocks record all criteria listed above for syntec- 
tonic emplacement. In plutonic rocks, solid-state fabrics 
overprint and are parallel to magmatic fabrics, and they 
also are parallel to equivalent structures in the wall 
rocks. Porphyroblasts of andalusite and cordierite, 
which are restricted to the thermal aureole of the batho- 
lith, are syntectonic in the Chiwaukum Schist in the 
Icicle Ridge area (Plummet 1980, Taylor etal. 1991) and 
in the Ingails Complex on the southeast side of the 
batholith. Amphibolite-facies mineral assemblages 
(hornblende-biotite-plagioclase-quartz) define solid- 
state fabrics in the batholith (Miller & Paterson 1992). 
The presence of recrystallized hornblende indicates that 
most deformation occurred before the tonalites cooled 
below the blocking temperature of hornblende. Because 
the K-At  hornblende ages are within 3.5 Ma or less of 
the crystallization age of the tonalites, moderate- to 
high-temperature, solid-state deformation occurred 
shortly after emplacement, not during a later thermal 
event. The deformation of the tonalites is essentially 
syn-emplacement, and the deformation of the batholith 
was of short duration. In the following, we discuss in 
more detail the syntectonic structures mentioned above 
and we more fully document the continuum between 
magmatic and solid-state deformation shown by the 
Mount Stuart batholith. 

S - C  fabrics 

S - C  structures typify the tonalites in the Tumwater 
Mountain shear zone, whereas incipient S - C  fabrics are 
present locally in the batholith near the Windy Pass 
thrust. Those in the Tumwater Mountain shear zone 
indicate the same reverse movement as mylonites in the 
hanging wall (Miller & Paterson 1992), whereas there 
are insufficient data near the Windy Pass thrust to 
interpret kinematics. Microstructures in both areas 
share many similarities, and we suggest that the incipient 
fabrics near the Windy Pass thrust preserve the early 
stages of microstructural development that have been 
variably overprinted in the Tumwater Mountain shear 
zone. 

The tonalites near the Windy Pass thrust generally 
record only a strong foliation (S) that in a few places is 
cut by weakly developed C-surfaces. Foliation is best 
defined by large (--3.5 mm long), tabular, euhedral 
plagioclase crystals (Fig. 4a) that display oscillatory 
zoning and synneusis. Twin planes and zone boundaries 

are parallel to grain boundaries. Medium-sized to large 
isolated grains of hornblende and biotite also lie in the 
foliation. The strong alignment of these igneous crystals 
indicates that the foliation is primarily magmatic (e.g. 
Hutton 1988, Paterson et al. 1989). 

A weak to moderate solid-state overprint is best 
displayed by large isolated grains and aggregates of 
quartz that are elongate parallel to the magmatic folia- 
tion. Undulose extinction in quartz is common and 
subgrains are well developed in the most strongly de- 
formed rocks. Igneous plagioclase is strained, and re- 
crystallized plagioclase is also present. 

C-surfaces lie at angles of 25-40 ° to the S-surfaces 
(Fig. 4a). They are defined by large plagioclase crystals 
and to a lesser extent by biotite, hornblende and quartz. 
Plagioclase grains in the foliation and C-surfaces are 
similar in size and show identical twinning and zoning 
patterns, indicating that the crystals in C-orientations 
are also igneous (Figs. 4a & b). Plagioclase grains in both 
orientations show deformation twins; some crystals are 
bent through angles of >20 ° and locally kinked. Recrys- 
tailization of plagioclase to smaller equant grains is 
modest in both S and C. This limited solid-state defor- 
mation and recrystallization leads us to conclude that the 
S - C  fabric formed primarily in the submagmatic s tate--  
that is, small amounts of melt allowed rotation and 
sliding of plagioclase crystals into the C-orientation. If 
grains now in C were rotated after the rock was solid, 
they should display extensive internal deformation and 
substantial recrystallization to equant crystals due to 
interference with adjacent grains (e.g. Paterson et al. 
1989, Vernon et al. 1989). Some crystal-plastic flow 
occurred on C after solidification, however, as exemp- 
lified by plagioclase grains in C that are bent and par- 
tially recrystallized by grain-boundary migration. We 
interpret these relations to indicate that late in the 
crystallization history of the magma, as igneous minerals 
began to 'lock-up', shear strain became concentrated in 
the narrow C-surfaces and that this strain partitioning 
continued during limited plastic flow in the solid state. 

In the Tumwater Mountain shear zone, tonalites dis- 
play S - C  fabrics (Figs. 4c & d and 5a & b) typical of 
protomylonitic granitoids sheared at amphibolite-facies 
conditions (e.g. Simpson 1985). The acute angle be- 
tween S and C is generally 20-40 °, although there is a 
pronounced curvature of S near C-surfaces in some 
rocks. 

Solid-state deformation and recrystailization of all 
phases is evident in this shear zone. Coarse (--2.5-3.0 
mm long), igneous plagioclase is typically bent (Figs. 5a 
& b) and deformation twins are ubiquitous. This plagio- 
clase is variably recrystallized, in some samples exten- 
sively, to small and medium-sized grains (0.15-0.2 mm 
long) that form polygonal mosaics (Fig. 5b). Some 
mosaic grains are weakly bent and display deformation 
twins. The recrystallized plagioclase is about An27_2~ 
(determined by standard petrographic techniques and 
microprobe analyses), similar to the rims of zoned 
igneous grains. Subgrains arc rarely developed, and 
recrystallization was by grain boundary migration, indi- 
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cating that the dominant deformation mechanism was 
recrystallization-accommodated dislocation creep. 
Quartz displays subgrains and is extensively recrystal- 
lized. Although quartz aggregates are elongate in S and 
C, they form recrystallized ribbons only in the most 
strongly deformed rocks. Isolated individual grains of 
quartz have aspect ratios that reach 3.5 : 1. Hornblende 
and biotite in the more strongly deformed rocks only 
occur as elongate, recrystaUized, medium-sized grains in 
aggregates that are aligned in S and C. One retort- 
shaped aggregate of hornblende has tails defined by 
hornblende and biotite (Fig. 5c). Grains in this aggre- 
gate are weakly elongate, show crystallographic pre- 
ferred orientation as determined with the gypsum plate, 
and form an oblique foliation inclined to C. 

Despite this solid-state deformation and recrystalliza- 
tion, evidence of deformation in the magmatic to sub- 
magmatic state is preserved. Tabular, euhedral igneous 
plagioclase crystals provide the best evidence that folia- 
tion (S) is in part magmatic (Figs. 4c & d and 5a & b). In 
low strain domains, large aligned hornblende and biotite 
grains may also be igneous relics. Textures in C-surfaces 
are analogous to those in tonalites near the Windy Pass 
thrust. In weakly recrystallized rocks the bimodal orien- 
tation of large plagioclase grains in S and C (Fig. 5a) is 
well displayed. Tabular, euhedral crystals with zone and 
twin boundaries parallel to grain boundaries are aligned 
in C. Directly adjacent to euhedral plagioclase in S are 
similar-sized crystals in C showing identical textures. 
Grains in both orientations are bent and are partially 
replaced by a finer-grained mosaic of plagioclase (Fig. 
5b). We infer that plagioclase rotated into C- 
orientations while melt was present and that continued 
shear at subsolidus temperatures was concentrated in C- 
surfaces, resulting in considerable crystal-plastic defor- 
mation and local rotation of crystals from S- into a C- 
orientation. 

Other submagmatic microstructures may be present 
locally in the Tumwater Mountain shear zone. Apparent 
tiling (Den Tex 1969, Blumenfeld & Bouchez 1988) of 
large grains of igneous plagioclase yields the same sense- 
of-shear as recorded by the S-C fabric. Tiling is difficult 
to prove unequivocally, however, because solid-state 
antithetic shear along grain boundaries could form an 
analogous structure. Submagmatic flow is also inferred 
from large elongate quartz grains aligned in C, which 
show weak subgrain development and little internal 
strain. Quartz may have crystallized after the critical 
melt percentage (Arzi 1978, Van der Molen & Paterson 
1979) had been reached and other phases had begun to 
deform in the solid state. Quartz- and feldspar-filled 
microfractures in plagioclase, which Bouchez et al. 
(1992) consider to be diagnostic of submagmatic flow, 
have not been observed in the Mount Stuart batholith. 

We reiterate that we interpret the microstructures in 
the Tumwater Mountain shear zone to record a tran- 
sition from magmatic through submagmatic to solid- 
state deformation during syn-emplacement reverse slip. 
We also noted that to document this transition it is 
important to show that solid-state deformation occurred 

at high temperatures. The physical conditions under 
which reverse slip occurred can only be semi- 
quantitatively estimated, but several observations 
suggest that the solid-state fabrics formed largely be- 
tween about 700°C (tonalite solidus) and a minimum of 
-550°C. 

(1) The recrystallized assemblage (hornblende- 
plagioclase-biotite--quartz) indicates amphibolite-facies 
conditions, and there is little or no retrogression of these 
phases. 

(2) Hornblende generally deforms by cataclasis at low 
to moderate temperatures (e.g. Allison & LaTour 1977, 
Hacker & Christie 1990) and the absence of microfrac- 
tures, combined with extensive recrystallization, argues 
against cataclasis. The high-temperature deformation 
mechanism of dislocation creep is inferred from features 
like the retort-shaped aggregate in Fig. 5(c), where 
weakly to moderately elongate hornblende shows both 
shape and crystallographic preferred orientations. 

(3) Compositions of recrystallized plagioclase are 
similar to those of the rims of igneous grains and are 
compatible with only a modest, at most, decrease in 
temperature from the solidus. 

(4) The inferred deformation mechanism for plagio- 
clase of recrystaUization accommodated dislocation 
creep (cf. Tullis & Yund 1985) indicates at least moder- 
ately high temperatures, although values are not tightly 
constrained. The transition from cataclastic flow to 
recrystallization-accommodated dislocation creep in 
plagioclase is generally complete by middle to upper 
amphibolite facies according to Tullis & Yund (1987). 
The latter mechanism may initiate at temperatures as 
low as the upper greenschist facies (e.g. Simpson 1985), 
although others (Olsen & Kohlstedt 1985, Pryer 1993) 
state that this mechanism indicates temperatures 
>550°C. The transition from recrystallization by grain 
boundary migration to climb-accommodated dislocation 
creep is not well understood (Tullis & Yund 1991). If 
solid-state deformation in the Mount Stuart batholith 
initiated at the tonalite solidus, then the absence of 
climb-accommodated dislocation creep suggests that 
temperatures were not sufficiently high for this mechan- 
ism to be activated, probably because of high strain 
rates, which we argue below were a likely characteristic 
of the deformation of the Mount Stuart batholith. 

Folding and boudinage 

Folds and boudins are best developed along the north- 
eastern margin of the batholith in the Icicle Ridge area, a 
domain that records strong subhorizontal WNW-ESE 
stretching in addition to SSW-NNE shortening. Two 
groups of folds are recognized in this area: folds of 
tonalites in the margin; and folds of dikes and sills in the 
batholith and in the wall rocks of Chiwaukum Schist. 
Boudinaged dikes and sills are most abundant in the wall 
rocks. 

Folds in the margin of the batholith are defined best by 
magmatic foliation and lineation in the tonalites. They 
also locally deform microgranitoid enclaves and pegma- 
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tites. These folds are typically 10-50 cm in wavelength, 
range from open to tight with interlimb angles about 30- 
45 °, and display both rounded and angular hinges (Fig. 
6a). Axial surfaces are generally steep and subparallel to 
the dominant axial-planar foliation in nearby Chiw- 
aukum Schist. Axial-planar foliation is well developed 
along limbs of some tight folds and, in some areas, the 
axial-planar fabric grades into narrow (up to 10 cm wide) 
ductile shear zones, indicating shear parallel to the axial 
planes. These shear zones locally truncate folds and in a 
few localities numerous small shear zones are associated 
with swirled folds. Hinge lines are subparallel to mineral 
lineation (where not folded) in the tonalites and to both 
stretching lineation and hinge lines in the Chiwaukum 
Schist. 

The folded foliation and lineation record both mag- 
matic and parallel solid-state deformation. There is 
excellent alignment of tabular, euhedral plagioclase (Fig 
5d). These grains are typically bent, but less so than in 
the Tumwater Mountain shear zone, and there is moder- 
ate recrystallization to a fine-grained mosaic. Aggre- 
gates of medium-grained biotite and quartz also help 
define the fabric; quartz forms coarse ribbons in places 
and displays subgrains and recrystallized grains. In con- 
trast, single grains of hornblende show only weak pre- 
ferred orientation. Minerals defining the axial-planar 
foliation display microstructures similar to those of the 
folded fabric. 

We infer that folding occurred under magmatic, sub- 
magmatic and high-temperature solid-state conditions. 
The strongest evidence for this interpretation includes: 
the swirled appearance of some folds and the overall 
high ductility of the tonalites; the orientation of hinge 
lines parallel to magmatic and solid-state iineation in the 
batholith and to the stretching lineation and hinge lines 
in the Chiwaukum Schist; and the similarity of the axial- 
planar fabric to the folded fabric, both of which are 
marked by magmatic fabrics and amphibolite-facies 
assemblages. 

Besides folds of magmatic foliation within the Mount 
Stuart batholith, there are many examples of folded and 
boudinaged dikes of the batholith within the Chi- 
waukum Schist. These dikes range in composition from 
tonalite and diorite identical to the main phase of the 
batholith to more felsic rocks representing late melts. 
Dike thicknesses rarely exceed two meters; orientations 
are variable. The dike walls cut across magmatic folia- 
tion in the batholith and across the dominant schistosity 
in the wall rocks. The dikes in both settings in turn are 
gently to tightly folded. The axial planes of these folds 
are steep, and fold hinge lines plunge gently to moder- 
ately and are parallel to similar elements of folds of 
foliation in the Chiwaukum Schist (Fig. 6b). 

Both magmatic and solid-state foliation are present in 
the dikes. Weak to moderately intense magmatic folia- 
tion can be: (1) parallel to dike walls; (2) parallel to 
magmatic foliation in the main phase of the batholith, 
but less intensely developed; (3) folded but with only 
minor evidence of solid-state deformation; and (4) par- 
allel to the axial planes of the folds, again with little 

evidence of solid-state deformation. Where present, 
solid-state foliation is best developed in fold hinges and 
is parallel to regional foliation. 

Some dikes, particularly those with strikes parallel or 
at a small angle to the trends of regional stretching 
lineations, show pinch and swell or boudinage (Fig. 6c). 
Some dikes have relatively rectangular boudins separ- 
ated by normal faults, whereas others show thinning and 
thickening indicative of magmatic (little to no solid-state 
deformation) or ductile (solid-state deformation) flow. 
Granodiorite and tonalite fill some boudin necks; other 
necks are dominated by quartz-feldspar veins (Fig. 6c), 
interpreted to be among the latest melts of the batholith. 
Dike extension thus occurred at various strain rates and/ 
or while the dikes were in variable rheological states, 
and while melt was present. 

These observations indicate that: (1) both main phase 
and late phase dikes of the batholith were deformed 
during emplacement and crystallization; (2) these dikes 
record deformation over a wide variety of rheological 
states ranging from magmatic flow to moderate tem- 
perature, solid-state deformation; and (3) rates of defor- 
mation of the dikes and enclosing rock must have been 
relatively rapid. For example, the folded dikes with 
magmatic foliation parallel to the fold axial planes must 
have been emplaced and folded before the dike could 
crystallize (i.e. 102-104 years). 

Ductile shear zones 

Small ductile shear zones occur near the Windy Pass 
thrust and in the northeastern margin of the batholith on 
Icicle Ridge. They are 3-10 cm in thickness, rarely can 
be traced for as much as 10 m, and have diffuse bound- 
aries. The shear zones are variably oriented and cut 
magmatic foliation at moderately high angles. Pro- 
nounced curvature of foliation into shear zones occurs at 
some localities, in other places the foliation is swirled 
erratically, and shear zones may also occur along the 
limbs of folds (see above). Microgranitoid enclaves are 
locally offset 10 cm or more across shear zones, but at 
least one shear zone wraps around an enclave, indicating 
a significant rheological contrast during shear. 

Some ductile shear zones initiated while melt was 
present (cf. Nicolas 1992), whereas others formed after 
complete crystallization of the tonalite. Shear zones with 
swirled foliation record minor solid-state deformation in 
the form of undulose quartz. Such weak solid-state 
strain is not compatible with the intensity of deformation 
in these shear zones, suggesting most slip occurred with 
melt present. In these zones, the preferred orientation 
of euhedral igneous plagioclase crystals that are sur- 
rounded by weakly to undeformed minerals further 
supports a magmatic origin. The rheological contrast 
between enclave and host in the shear zone described 
above provides additional evidence for magmatic or 
submagmatic shear. 

Slip after tonalite cooled below its solidus is clear 
where the foliation in shear zones has a solid-state 
overprint, particularly where the degree of bending and 
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recrystallization of plagioclase increases within a few 
centimeters of shear zones. The recrystallized assem- 
blage in these shear zones, hornblende-plagioclase- 
quartz-biotite, is typical of the solid-state deformation 
of the batholith. An undeformed granitoid veinlet 
intrudes a shear zone that shows solid-state defor- 
mation, implying that deformation occurred shortly 
after crystallization of the tonalite host but while resi- 
dual melt was still present. 

Mineralized and dike-filled joints 

Chloritized and iron-stained joints are intruded by 
undeformed pegmatite dikes on Icicle Ridge. The joints 
and dikes are consistently oriented sub-perpendicular to 
the strong magmatic and solid-state foliation and linea- 
tion in the host tonalite (Fig. 6d). The consistency 
between the extension direction recorded by the joints 
and dikes and that of the mineral lineation in the tonalite 
indicates that the joints formed in the early stages of 
cooling while at least some melt was present to form 
pegmatite. Furthermore, these relationships document 
a continuum in dike emplacement and deformation in 
the Icicle Ridge area from the folded and boudinaged 
dikes to these late dikes that fill joints. 

Low-temperature solid-state deformation 

We have emphasized submagmatic and high- 
temperature solid-state fabrics, but the Mount Stuart 
batholith also shows less penetrative low- to moderate- 
temperature (< 500°C) solid-state deformation. The 
most common of these structures are slickensided sur- 
faces coated by greenschist-facies minerals (actinolite, 
chlorite). Local upper greenschist-facies ductile shear 
zones, ranging from 0.5 to 3 m in thickness are concen- 
trated in the mafic phase and the northeastern margin of 
the batholith. No large brittle structures have been 
recognized in the batholith. 

DISCUSSION 

The structural relationships described above show 
that the northeastern margin of the Mount Stuart batho- 
iith was deformed during the transition from magmatic 
to submagmatic to high-temperature solid-state con- 
ditions. Deformation during this continuum was 
synchronous with 'regional' deformation in the wall 
rocks of Chiwaukum Schist. The presence of melt during 
regional deformation thus indicates that the batholith is 
syntectonic. 

A record of a continuous, geologically short-lived 
transition from submagmatic to high-temperature solid- 
state deformation is the strongest criterion for syntec- 
tonic emplacement, but this transition is not typically 
reported despite the common interpretation that most 
plutons are syntectonic. Even in the case of the Mount 
Stuart batholith, evidence for submagmatic and high- 
temperature solid-state deformation, and syntectonic 

deformation in general, is present mainly along the 
northeast margin of the batholith and in the aureole of 
Chiwaukum Schist. Most of the batholith displays only 
minor deformation and recrystallization. 

The apparent paucity of plutons recording submag- 
matic deformation may be in part an artifact of the 
transitory nature of the submagmatic state (Paterson et 
al. 1989, Paterson & Tobisch 1992, Bouchez et al. 1992). 
Partial melting experiments (Arzi 1978, Van der Molen 
& Paterson 1979), direct measurements of lavas (McBir- 
ney& Murase 1984), and other observations (e.g. Marsh 
1981) indicate that material properties of magma change 
dramatically in the interval between about 50 and 20% 
melt. During this interval, magma changes from viscous 
(magmatic) to rigid-plastic (solid state) behavior. Sub- 
magmatic behavior is probably restricted to a tempera- 
ture interval of a few hundred degrees or less (e.g. 
Cruden 1990). For example, Bouchez et al. (1992) show 
that in the Mont-Louis-Andorra pluton the melt fraction 
decreased from 30 to 0% over a compositionaUy de- 
pendent interval of 4-63°C. The change from magmatic 
to solid-state behavior thus probably takes a relatively 
small percentage of the overall length of time needed to 
cool a pluton. More specifically, the major change in 
viscosity occurs over short time periods, usually well 
below 1 Ma (Paterson & Tobisch 1992), except for very 
slowly cooling plutons. 

It follows from the generally narrow temperature 
interval for the submagmatic state that syntectonic de- 
formation is most likely to be recorded by slowly cooling 
plutons and/or by plutons deformed at high strain rates. 
Paterson & Tobisch (1992) contended that, at mid- and 
shallow crustal levels, typical strain rates may be too 
slow to leave an imprint on a crystallizing pluton and 
only in ductile fault zones are strain rates likely to be 
rapid enough to form foliations in short timespans. Our 
observations of the Mount Stuart batholith are compat- 
ible with this interpretation. Submagmatic and high- 
temperature solid-state deformation are best preserved 
in shear zones along the northeast margin, and dikes 
within the Chiwaukum Schist adjacent to this margin 
were deformed at high strain rates (see above). In 
contrast, deformation in the magmatic state character- 
izes unsheared segments of the batholith contact, which 
lack unambiguous evidence for syntectonic emplace- 
ment. 

Geochronological data indicate relatively normal 
cooling rates for the Mount Stuart batholith (see above) 
given its size and the P - T  conditions of its wall rocks 
during emplacement. Unusually prolonged cooling 
through the submagmatic interval is therefore unlikely 
to have been the dominant factor in the preservation of 
the transitional structures, although the thermal state of 
the wall rocks may have been a factor in restricting well- 
developed submagmatic and solid-state deformation to 
the northeast margin. The wall rocks of Chiwaukum 
Schist at this margin record 'regional' metamorphic 
temperatures in excess of 500°C (e.g. Evans & Berti 
1986, Magloughlin 1986) that may have been broadly 
contemporaneous with pluton emplacement. In con- 



864 R.B.  MILLER and S. R. PATERSON 

trast, intrusion into the relatively cool wall rocks of the 
Ingalls Complex led to faster cooling rates in the 
southern margin of the batholith, thus contributing to 
the only weak solid-state deformation preserved there. 

Two other factors may have facilitated the formation 
and preservation of submagmatic and other syntectonic 
structures in the Mount Stuart batholith. Bouchez et al. 
(1992) noted that smaller temperature intervals for the 
transition from magmatic to solid-state behavior occur 
in rocks closer in composition to the minima in granite 
systems and that optimum conditions for preserving 
submagmatic structures occur in more mafic melts, such 
as the tonalites of the Mount Stuart batholith. The 
preservation of syntectonic structures is also enhanced 
when the deviatoric stresses responsible for submagma- 
tic and high-temperature, solid-state deformation abate 
before significant sub-solidus deformation obliterates 
these earlier structures (Bouchez et al. 1992). This 
situation possibly applies to the Mount Stuart batholith 
where most of the ductile deformation was completed 
before the pluton cooled below 500°C. However, sub- 
sequent, mainly non-penetrative brittle deformation in- 
dicates that deviatoric stresses continued to act on the 
batholith after it had cooled significantly. 

The cessation of most ductile deformation of the 
Mount Stuart batholith before it had cooled substan- 
tially below its solidus may account for the differences 
between the structural style of the batholith and that 
predicted for deformed cooling syntectonic plutons in 
general. Gapais (1989) suggested that syntectonic plu- 
tons deformed while cooling from high to moderate 
temperatures may show pervasive S - C  fabrics that in 
some cases extend up to the massif scale. During further 
cooling, strain should become more localized within 
discrete shear zones. In contrast, S - C  fabrics are re- 
stricted to the margin of the Mount Stuart batholith and 
lower-temperature, narrow ductile shear zones are 
uncommon. The large size of the batholith, in combi- 
nation with other factors discussed above (rates, compo- 
sition, etc.), may have been a factor in the localization of 
the submagmatic to high-temperature S - C  fabrics. 

Our analysis of the Mount Stuart batholith and the 
properties of syntectonic plutons indicates that one 
setting likely to preserve syntectonic features is the 
margins of plutons emplaced along fault zones and 
cooled at moderate rates. Cooling rates and the physical 
properties of magma are influenced by magma compo- 
sition, magma and wall rock temperatures, fluids, etc. 
The optimum cooling rates for preserving syntectonic 
features apparently occur most commonly in the mid 
crust. At shallower levels, rapid rates of solidification 
may not permit the preservation of evidence for 
synchronous regional deformation and migration of 
melt (Paterson & Tobisch 1992), and deformation may 
be dominated by brittle processes. The controls on 
preservation of syntectonic features are probably more 
complex at deeper levels. Syntectonic features there 
may form at lower strain rates than generally required at 
higher levels, and thus may be more pervasively devel- 
oped in deeper plutons. In many deep plutons, however, 

cooling rates may be so slow that syntectonic features 
are severely overprinted by solid-state deformation and 
extensive recrystallization. Thus, at deeper levels the 
preservation of syntectonic features probably depends 
on the complex interplay between exhumation rates, 
cooling rates and the duration of deformation. Rapid 
uplift and/or short interval of deformation presumably 
would facilitate preservation. 

CONCLUSIONS 

The Mount Stuart batholith displays a variety of well- 
developed submagmatic structures that are not com- 
monly described in other syntectonic plutons. Our con- 
siderations of the Mount Stuart and other syntectonic 
plutons suggest the following. 

(1) The duration and rates of pluton emplacement and 
crystallization must be broadly comparable to those of 
deformation in wall rocks in order to develop and 
preserve syntectonic structures. 

(2) The typical preservation of magmatic structures 
and the apparent paucity of plutons with well-developed 
submagmatic structures implies that plutons generally 
crystallize at much faster rates than they deform. Such 
relationships may indicate that many plutons are 
emplaced rapidly as crystal-poor melts while their wall 
rocks deform rapidly in order to make space for the 
intrusion; ensuing crystallization is largely static in this 
interpretation. In the case of relatively crystal-rich syn- 
tectonic magmas, the magma-wall rock system is prob- 
ably dominated by thermal and buoyancy forces, rather 
than by the regional deviatoric stresses. 

(3) Submagmatic structures are best developed in 
pluton margins. This observation may indicate that the 
viscous to plastic transition migrates rapidly inward and 
that the solid rim protects the interior of the pluton, 
partitioning later slip to the wall rocks. Alternatively, if 
deformation is waning, the rim may record submagmatic 
deformation, whereas the interior of a slowly cooling 
pluton will remain magmatic and have no memory of this 
deformation. 

(4) The preservation of syntectonic features in deep 
(-30-70 km) crustal plutons probably requires special 
circumstances, including rapid exhumation and the ab- 
sence of significant post-emplacement regional defor- 
mation. In general, the importance of submagmatic 
structures in such plutons is not well known. 

The questions raised by this discussion emphasize the 
need for additional detailed studies of strains and strain 
rates in plutons and their wall rocks. More effort should 
be focused on aureoles, as most regional analyses of 
strain rates tend to ignore these rocks because of compli- 
cations induced by their proximity to plutons. Greater 
attention should also be given to the development and 
preservation of syntectonic structures in deep-level plu- 
tons. 
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