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Abstract The construction of arcs and in many cases the emplacement of plutons occur in tectonically active 
regions. It is critical, therefore, to evaluate the rates of structural and magmatic processes when trying to 
understand the evolution of arcs and the associated pluton-wall rock systems. Our best estimates of average rates 
or durations of processes in shallow to moderate level arc environments are the following: (1) crystal growth rates 

4 1 a 2 1 in magma of 10- cm year- ; (2) growth rates of metamorphic porphyroblasts between 10- and 10- cm year- ; 
1 3 1 3 1 (3) long-term magma supply rates of 10- km year- and short-term rates of up to 350 km year- ; (4) diapiric 

1 6 ascent rates for mafic plutons of 1-3 m year- ; (5) cooling of plutons to ambient wall rock temperatures in 10~-10 
years; (6) final crystallization of plutons in a small fraction of the time needed for complete cooling; (7) fault 

1 o .  displacements of 3 cm year- ; (8) development of cleavages in fault zones in less than 10 years at strain rates of 
13 1 14 1 10- s-  or higher; and (9) the development of regional cleavages in 106 years at strain rates of 10- s-  . These 

rates indicate that processes operating in magmatic arcs are relatively rapid: pluton emplacement, cleavage 
development, etc., occur over time spans of tens of thousands to no more than a few million years. However, the 
rate of ascent and crystallization of plutons at shallow levels is generally shorter than that needed to get large 
displacements on faults or widespread cleavages developed. At deeper levels, or in zones undergoing faster strain 
rates, the time spans of the various processes approach one another. Thus plutons, with otherwise similar 
characteristics, emplaced in regions undergoing fast strain rates, or at deeper crustal levels, may appear quite 
different structurally from those emplaced at shallow levels or in regions undergoing slower strain rates. 
Comparison of these data also suggests that the rate at which wall rock deforms is the limiting factor controlling 
the rates of other structural processes during emplacement of plutons unless fast strain rates or multiple 
deformation mechanisms are considered. Thus emplacement mechanisms that rely on the transport of magma 
over 105 to 106 years are favored and need further consideration. Finally, we argue that the structural and other 
characteristics of pluton-wall rock systems will depend on rates of various processes involved and that these rates 
at the very least influence, and sometimes invalidate, the timing criteria previously published by us and others. 

INTRODUCTION 

RATES of geological processes have been notoriously 
difficult to obtain, largely for two reasons. First, a great 
deal of uncertainty exists in the extrapolation of the rates 
of experimental processes to natural conditions (e.g. 
Paterson 1987). Second, techniques for dating geologi- 
cal events have been imprecise (e.g. errors on the date 
may be larger than the duration of the event). There is 
now increasing evidence that geological events develop 
over recognizable discrete periods of time, and that the 
rates of individual processes can vary significantly (Price 
1975, Pfiffner & Ramsay 1982). Because much of 
our understanding of the evolution of orogenic belts 
depends on the interpretation of structural features, we 
need to consider how different rates and durations of 
events influence the nature and timing of such struc- 
tures. 

In this paper, we investigate how the rates of certain 
processes influence the structure of pluton-wall rock 
systems in magmatic arcs, as well as affect criteria 
proposed previously for determining the relative timing 

of pluton emplacement and regional deformation (e.g. 
Paterson & Tobisch 1988, Paterson et al. 1989b). We 
view the construction of magmatic arcs as a combination 
of magma dynamics (e.g. Fedotov 1981) in which 
magma is generated in or near the aesthenosphere and 
migrates by conduits to magma chambers (some of 
which may rise as diapirs) and simultaneous regional 
deformation of the wall rocks by folding, faulting and 
cleavage development (e.g. Tobisch et al. 1986, Pater- 
son et al. 1991a). 

We will focus on a comparison of rates of the following 
processes: faulting, folding, cleavage development, 
magma supply and ascent, pluton emplacement, crystal- 
lization and cooling, and growth of igneous and meta- 
morphic minerals. Obviously the rates we discuss in this 
paper are estimates of average rates for each process: 
the actual rates will vary depending on a variety of 
factors, the discussion of which is often beyond the scope 
of this paper. The main point we wish to make by this 
comparison, is that the final structural and textural 
characteristics of the pluton-wall rock systems are rate 
dependent. 
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RATES OF FAULTING 

At shallow levels in the crust where 'stick-slip' fault- 
ing occurs, short-term rates of faulting (i.e. during an 
earthquake) can be large (Sibson 1986). However, since 
our immediate goal is to look at magmatic processes and 
the development of ductile structures, we are more 
interested in averages of long-term rates of creep in fault 
zones taking place at deeper crustal levels. Eventually, 
however, it would be worthwhile to consider the effect 
of rapid short-term rates of faulting on, say, plutons still 
in the crystal-liquid state. 

One method for calculating long-term rates of fault 
motions in a magmatic arc setting is to use the plate 
motions to calculate the rates of possible pure thrusting 
or pure strike-slip motion (Fig. 1). Values calculated in 
this fashion assume rigid plate behavior and complete 
coupling between plates and thus reflect maximum 
rates. We have made such calculations for the Sumatra 
region based on the work of Hamilton (1979) (see also 
McCaffrey etal .  1990), which give values of 3 cm year -1. 
Ekstrom & Engdahl (1989) have made similar calcu- 
lations for the Aleutians, which give values of 0-7 cm 
year -1 depending on the azimuth of plate motions 
relative to the arc. This agrees well with the average 
strike-slip component along the San Andreas fault of up 
to 7 cm year -I  (e.g. Sieh & Williams 1990), and studies 
such as Harper et al. (1989) that suggest rates of thrust- 
ing in older arcs of 1-10 cm year -1. Naar & Hey (1989) 
have noted that maximum rates of oceanic transform 
faults and ridge spreading are around 14-16 cm year - t ,  
which provides a likely upper limit for rates of faulting in 
arc settings. 

In other tectonic settings, published rates of faulting 
tend to be slower. For example, Price (1981) noted that 
in foreland fold and thrust belts average rates of dis- 
placement fall between 0.2 and 0.5 cm year -1. Sarawitz 
(1988) noted rates of up to 1.6 cm year -1 displacement 
during foreland thrusting in Argentina, and Hacker et al. 
(1990) suggest rates of 2.3 cm year -1 in the Ruby 
Mountains core complex, Nevada. 

Fig. 1. Simplified tectonic outline of the magmatic arc and plate 
convergence near Sumatra showing method of calculating intra-arc 

fault slip rates. Geology after Hamilton (1979). 

For the sake of comparison, we will use an average 
rate of faulting in arc settings of 3 cm year-1. During 
some periods long-term rates may decrease to 0 cm 
year -1 (no faulting) or increase up to 10-16 cm year -1. 
The crucial point here is that long-term rates of faulting 
will not generally exceed these limits. 

RATES OF CLEAVAGE DEVELOPMENT 

Rates of cleavage development have been estimated 
in two ways: (1) by calculating rates of contraction due to 
folding associated with the cleavage (e.g. Price 1975, 
Rockwell et al. 1988, Suppe 1989); and (2) by calculating 
the strain associated with the cleavage and determining 
the time span for this deformation (e.g. Kligfield et al. 
1981, Pfiffner & Ramsay 1982). It should be emphasized 
that these calculations assume that the strain occurred 
by the shortest deformation path. If deformation was 
more complicated, for example involving the unfolding 
of folds, or several periods of non-coaxial deformation, 
the rates will represent minimum values. 

Pfiffner & Ramsay (1982) presented equations relat- 
ing total strain, strain ratios, average values of shorten- 
ing and strain rates. They point out that strain (and 
strain ratios) accumulate in a non-linear fashion and that 
this rate of accumulation varies for pure shear (most 
efficient) and simple shear (less efficient) strain histories 
(Fig. 2). They also noted that typical strain rates during 
cleavage development are between 10 -13 and 10 -15 s -1. 
Schmid (1989) noted that faster strain rates (10 - t ° -  
10 -13 s -1) may be associated with zones of very high 
strain (e.g. mylonite zones). 

We have used the equations of Pfiffner & Ramsay 
(1982) to calculate the amount of time needed to get 
different amounts of total shortening and total extension 
given a particular strain rate. Cleavages often become 
visible in the field after about 20% shortening (Cloos 
1949, Ramsay 1967, Tobisch 1984), which, given an 
average strain rate of 10 -14 S -1 ,  would occur in 700,000 
years. Many mountain belts have regionally developed 
cleavages and associated shortening of 50-70% (e.g. 
Wood 1974, Tobisch et al. 1977, Pfiffner & Ramsay 
1982, Siddans et al. 1984, Paterson et al. 1989a). These 
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Fig. 2. Diagram showing the non-linear accumulation of strain (total 
strain ratio vs time) for pure and simple shear models. Diagram 

simplified from Pfiffner & Ramsay (1982). 
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cleavages would form in 2-4 Ma at a strain rate of 10-14 
s -1 or as quickly as 200,000-400,000 years at a strain rate 
of 10 -13 s -1. If, as suggested by Schmid (1989), strain 
rates are even faster in narrow mylonite zones, intense 
cleavages could form in 20,000-40,000 years. 

How does the average rate of faulting of 3 cm year -1 
noted in the previous section compare with the rates of 
cleavage development in ductile shear zones noted in 
this section? Given a 1 km wide shear zone undergoing 
homogeneous simple shear, a displacement rate of 3 cm 
year-1 will cause a shortening (along the least principal 
axis of the strain ellipsoid) of 62% in 33,000 years. 
Clearly cleavages can develop in short time spans in 
ductile faults. At slower strain rates outside of fault 
zones, cleavages associated with comparable values of 
strain can still form relatively rapidly, e.g. between 
300,000 years at 10 -13 s -1 and 3 million years at 10 -14 
S -1.  

Price (1975) gave examples of folds forming at dis- 
placement rates of up to 10 cm year -1, but he also noted 
that shortening rates probably vary during different 
phases of fold development. Rockwell et al. (1988) and 
Suppe (1989) calculated rates of displacement between 
0.9 and 0.25 cm year -1, respectively, associated with 
recent folding of Tertiary sediments. Vita-Finzi (1979) 
estimated displacement rates of 1.7-3.2 cm year -1 
associated with Holocene folding in the Zagros Moun- 
tains (Iran). These displacement rates indicate moder- 
ate to quite fast rates, depending on the scale of obser- 
vation (individual fold vs whole mountain belt). 

RATES OF PLUTON COOLING 

Many authors have noted that as magma cools and 
crystallizes, it rapidly increases in viscosity over a 
narrow temperature range (Fig. 3) (e.g. Shaw 1965, Arzi 
1978, Van der Molen & Paterson 1979, Wickham 1987, 
Cruden 1990). This rapid change in viscosity occurs 
between about 55% (Marsh 1981) and 75 % crystals (e.g. 
Arzi 1978, Van der Molen & Paterson 1979) and takes 
place over a temperature range of a few hundred degrees 
centigrade (Cruden 1990). Paterson et al. (1989b) noted 
that foliations and microstructures form in plutons dur- 
ing a continuum of conditions from magmatic flow to 
low-temperature, solid-state flow (Fig. 3). They divide 
this continuum into four categories: magmatic flow, 
submagmatic flow, high temperature solid-state flow, 
and low-temperature solid-state flow (not shown on Fig. 
3). We suggest that which type of flow occurs largely 
reflects the changing viscosity (crystal %) of the magma: 
magmatic flow occurs in crystal-melt systems with 
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Two aspects of cooling plutons need consideration: ~ ,~. 
(1) how fast does the final crystallization (i.e. from 50% 
to less than 30% melt) of the pluton take? and (2) how '*' 
fast will a crystallizing magma body cool to ambient wall 
rock temperatures? ~ ~- 

How long, then, does it take a pluton to cool from 
emplacement temperature to ambient wall rock tem- 
peratures? This is a function of the initial temperature of 
the melt, wall rock temperature, thermal conductivity, 
size and shape of the pluton, duration of magma em- 
placement, and method of cooling among other factors 
(e.g. Jaegar 1968, Harrison & McDougall 1980, Barton 
et al. 1988). The studies listed in Table I suggest that the * 
duration of cooling can vary from a few years for small 
dikes at shallow levels, to millions of years for moder- 
ately sized plutons in batholiths at mid-crustal levels. 
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Fig. 3. Diagram showing a generalized relationship between tempera- 
ture and viscosity of a crystal-melt system. Redrafted from Cruden 

(1990). 

Table 1. Cooling durations of magma bodies 

Object Duration Reference 

30 m dike (shallow) 7 years 
Magma bodies Years to Ma 
Pluton (1000°C, 20 km) 2-4 Ma 
Quottoon Pluton (700-450°C) 2 Ma 
Separation Point Pluton (70D-450°C) 2 Ma 
Sierra Nevada Batholith > 10 Ma 

Savage (1974) 
Jaeger (1968) 
Barton et  al.  (1988) 
Harrison & Clarke (1979) 
Harrison & McDougall (1980) 
Stern et  al. (1981) 
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greater than 50% melt, submagmatic flow occurs be- 
tween 20 and 50% melt, and high-temperature solid- 
state flow will occur when less than 20% melt is present 
(Fig. 3). 

Whether  or not a pluton undergoes magmatic, sub- 
magmatic or solid-state deformation (or preserves evi- 
dence of these processes) depends on the rate of change 
in crystal content or magma viscosity. Because this 
change will occur over a restricted temperature range, 
we argue that the length o f  time needed to change from 
magmatic to solid-state behavior in a pluton will be much 
shorter than the overall length o f  time o f  cooling o f  the 
pluton. Thus it is likely that the rapid viscosity change in 
magmas will vary from a year to less than 1 Ma depend- 
ing on the factors noted above. 

CRYSTAL GROWTH RATES 

Another  means of estimating crystallization rates of 
plutons is to look at the rates of crystal growth and 
compare these rates to the average crystal size in plu- 
tons. Swanson (1977) suggested that crystals of quartz, 
K-feldspar and plagioclase grew at rates of 3 mm day-1 
to 1 mm year -~ at 8 kb and 400-900°C. Cashman & Ferry 
(1988) noted crystal growth rates in basaltic lava lakes of 
around 0.003 mm year -1. Cashman (1990) has summar- 
ized many of the factors affecting crystallization rates as 
well as summarized available data on crystallization 
rates. Most studies cited by Cashman (1990) suggest 
rates of 10-2-10 -3 mm year -1. 

Even the largest crystals in plutons on average do not 
usually exceed 10 cm in length. If we consider a growth 
rate of 3 x 10 -3 mm year -1, these large phenocrysts 
could grow in 33,000 years. We might assume that this 
crystal growth rate is an order of magnitude too fast 
since crystals may become resorbed or grow at different 
rates during the crystallization process (e.g. Cashman 
1990). Even so, all of the crystals in plutons could easily 
grow to observed sizes in a few hundred thousand years. 

Crystal growth rates are also important when con- 
sidering the relationships between metamorphic 
porphyroblasts and structures. At  present there is little 
agreement on how fast metamorphic porphyroblasts 
grow. Some studies suggest that porphyroblasts take up 
to 10 million years to grow (Christensen et al. 1989), or 
possibly grow episodically throughout the evolution of 
an orogenic belt (Bell & Johnson 1989). Other  studies 
suggest that growth rates are geologically very rapid and 
that many metamorphic minerals grow in hundreds to 
hundreds of thousands of years (e.g. Walther & Wood 
1984, Ridley 1986, Cashman & Ferry 1988, Joesten & 
Fischer 1988). Detailed studies that consider the kinetics 
of metamorphic mineral growth generally estimate 
growth rates of about 2 × 10 -5 cm year -1 (Ridley 1986, 
personal communication 1990) for regional metamor- 
phism, to rates as high as 1.3 × 10 -2 cm year -~ in 
contact aureoles (e.g. Joesten & Fischer 1988). If such 
rates are correct,  a porphyroblast 5 cm long could grow 
in 300-300,000 years. 

RATES OF MAGMA SUPPLY AND PLUTON 
EMPLACEMENT 

Movement  of magma from its source region to higher 
crustal levels involves several processes any of which can 
be the rate limiting process. These steps include the 
supply of magma to the network of fractures and magma 
chambers, the transport of magma through the system, 
and the final emplacement (if considering plutons) or 
extrusion (if considering volcanoes). It should be noted 
here that most direct measurement data available (and 
much of the theoretical calculations) are for basaltic or 
andesitic systems, which will differ somewhat from the 
lower temperature,  more viscous felsic magma systems, 
especially when it comes to estimating ascent velocities. 

Crisp (1984) and Shaw (1985) noted that the volu- 
metric ratio of intrusive to extrusive materials in arcs is 
about 10 to 1. Crisp summarized data in support of long- 
term rates of magma addition in arc settings of about 
10 -1 km 3 year - I ,  whereas Shaw (1985) suggested that 
long-term averages of the addition of intrusive material 
was around 10 -2 km 3 year -1. Using the slowest long- 
term rate (10 -2 km 3 yea r - l ) ,  the magma necessary to 
make a moderate-sized pluton (1500 km 3) would 
accumulate in 150,000 years. Sufficient magma to form 
even some of the large intrusive suites in the Sierra 
Nevada (30,000 km 3) could accumulate in 3 Ma. 

Because these long-term rates generally reflect aver- 
ages of episodic magma transport (Fedotov 1981, 
Wadge 1981), short-term rates are more likely to be 
important when considering rates of volcanic eruptions 
or the filling of subvolcanic chambers (i.e. plutons). 
Short-term rates on a scale of days to years range from 1 
to 0.1 km 3 year-1 (Swanson 1972, Crisp 1984, Decker et 
al. 1987). If we consider an average short-term rate of 
1 km 3 year -1, sufficient magma could accumulate at a 
spot to form moderate-sized plutons (1500 km 3) to large 
plutons (30,000 km 3) in 30,000 years or less. 

Table 2 lists ascent rates of magma or diapirs based on 
both theoretical studies and field measurements. Field 
measurements are based on analogies with the rise of 
salt domes (Seni & Jackson 1984, Talbot & Jarvis 1984), 
the rate of uplift of strata overlying laccoliths (Corry 
1988) or buried plutons (Relinger etal. 1980) and seismic 

Table 2. Emplacement rates of magma and diapirs 

Rate 
Observation (m year- 1) Reference 

Salt diapirs 0.005-0.17 Seni & Jackson (1984) 
Talbot & Jarvis (1984) 
Jackson & Talbot (1986) 

Magma body 0.005 Relinger et aL (1980) 
Dikes 106-107 Delaney & Pollard (1981) 
Laccolith 266 Corry (1988) 
Magma 3 x 107 Spera et al. (1985) 
Plutons 2 Mahon et al. (1988) 
Plutons 0.4 to m year -1 Anderson (1981) 
Basalts Average = 3 Gill (1981) 

Decker et al. (1987) 
Mafic magma 1.5--4 Marsh (1982) 
Andesites 0.1-1 Gill (1981) 
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studies of the rise of magma beneath volcanic centers 
(e.g. Eaton 1962, references in Gill 1981, Decker et al. 
1987). Theoretical studies are based on the rise of hot 
convecting 'magma spheres' (Marsh 1978, 1982, Mahon 
et al. 1988) or the ascent of magma by crack propagation 
or 'magma fracturing' (Marsh 1978, Shaw 1980, Spera 
1980, Delaney & Pollard 1982). 

These studies indicate that magma can be emplaced 
much more rapidly by crack propagation methods than 
by diapiric ascent (Marsh 1978, argued for rates of 
magma transport 106 times faster by crack propagation 
than diapiric rise, but noted that magma must travel at 
least 104 times faster by crack propagation to prevent 
cooling) and that rates of ascent show a wide range 
(Table 2). Ascent rates are the most poorly constrained 
and most variable parameter of the processes we have 
examined. 

However, several types of studies suggest that diapiric 
ascent rates of andesites and basalts fall between 1 and 
3 m year -1. These studies include theoretical calcu- 
lations by Marsh (1982), seismic studies beneath active 
volcanoes (Decker et al. 1987) and an evaluation of rates 
of ascent needed for andesitic magma to transport mafic 
magma globules or mafic inclusions (e. g. Gill 1981). For 
the purposes of this study, we will use an average rate of 
diapiric ascent for andesites and basalts of 2 m year -1. 

In summary, magma supply rates indicate that, given 
a suitable conduit system, sufficient volumes of magma 
can be transported to a locality to form most plutons in 
hundreds to hundreds of thousands of years. Some 
magma may rise as diapirs instead of along conduits, in 
which case ascent rates of the diapirs may range up to 
3 m year -1. Diapiric ascent rates and the rates of final 
pluton emplacement, in part, depend on the rates of wall 
rock deformation. We will evaluate these rates in a later 
section of this paper. 

COMPARISON OF RATES OF PROCESSES 

We have suggested that the length of time over which 
different processes operate in magmatic arcs is quite 
variable (Tables 1 and 2). One means of comparing 
these different processes in a meaningful context is to 
constrain the duration of one process, and then consider 
the extent to which other processes would operate 
during that time. With this in mind, we will assume that 
the rapid change in viscosity of magmas will take place 
on average in 250,000 years, a reasonable estimate for 
mid- to shallow-crustal levels given current data. This 
implies that the crystal-melt system has cooled a few 
hundred degrees centigrade. During that time (Table 3), 
igneous crystals could grow to 75 cm, metamorphic 
crystals could grow to 5 cm during regional metamor- 
phism and many tens of centimeters during contact 
metamorphism, 2500-250,000 km 3 of magma could be 
supplied to a chamber by flow in conduits, magma 
diapirs could ascend in considerable excess of hundreds 
of kilometers, slip along faults would be 7.5-15 km, and 
at strain rates of 10 -14 and 10 -13 S - I ,  respectively, 

Table 3. Extent  of various processes in 250,000 years 

Process Average rate 250,000 years 

Igneous crystal growth 3 x 10 -4 cm year -1 75 cm 
Metamorphic crystal growth 

Regional  2 x 10 - s  cm year -1 5 cm 
Aureoles  1.3 × 10 -2 cm year -1 3250 cm 

Magma supply 
Short-term 365 km 3 year-  1 9 × 107 km 3 
Long-term 0.01 km 3 year -  1 2500 km 3 

Diapiric ascent 2 m year -1 500 km 
Fault slip 3 cm year 1 7.5 km 
Cleavages 10-14 s - 1 - 4% 

10 -13 s -1 - 3 3 %  

regional shortening of -3% to -33% would occur. 
Obviously other factors (such as reversals of processes, 
supply of heat or of appropriate reactants) may retard, 
accelerate or otherwise influence each process. But this 
comparison does allow us to gain some feeling of the 
timespans needed for different structural or textural 
features to develop. 

One of the immediate conclusions of this study is that 
many processes operating in magmatic arcs are rela- 
tively rapid: crystal growth, pluton emplacement, cleav- 
age development, etc., occur over time spans of tens of 
thousands to no more than a few million years. Because 
these time spans are shorter than, or similar to, most 
errors on isotopic ages, the exact duration and timing of 
different processes will remain unclear until dating 
methods are further refined. 

However, we maintain that the durations needed 
to complete different processes vary significantly: 
(1) short durations are needed to grow crystals to ob- 
served sizes and to supply magma by conduit flow; 
(2) intermediate durations are needed for the diapiric 
ascent and crystallization of magmas; and (3) long dur- 
ations are needed to get large displacements in fault 
zones, for plutons to cool to ambient country rock 
temperatures, and particularly to form well-developed 
cleavages at strain rates of 10 -14 s -1. These time spans 
will approach one another if strain rates or fault dis- 
placements are faster, or if rates of pluton ascent and 
crystallization are slower. 

Rate-dependent characteristics of  pluton-wall  rock 
systems 

Paterson et al. (1989b) summarized criteria for recog- 
nizing pre-, syn- and post-tectonic plutons. The effect of 
variable rates of processes, however, was not con- 
sidered. For example, one criterion suggested in support 
of syn-tectonic emplacement is evidence that melt was 
present during regional deformation. These features 
would only be preserved if the rates of the regional 
processes (cleavage development, folding, faulting) 
were comparable to rates of magma emplacement and 
crystallization. At shallow crustal levels, plutons may 
crystallize so quickly that evidence of concurrent re- 
gional deformation and migration of a melt phase might 
not be preserved. At deeper levels the opposite might 
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occur. Magma could be emplaced prior to regional 
deformation and then crystallize so slowly that it pre- 
serves evidence of melt present during a later regional 
event. 

Hobson & Dellinger (1989) have noted that many of 
the characteristics of plutons, including apparent timing 
relationships, change with depth. We have noted that 
similar changes occur on a batholithic scale: deeper 
plutons in the Sierra Nevada Batholith are more likely to 
be deformed and/or appear syn-tectonic (Tobisch et al. 
1989a). Some of these changes with depth are rate 
dependent. 

The often noted relationship between syn-tectonic 
plutons and fault zones (e.g. Brun & Pons 1981, Hutton 
1982, 1988a,b, Guineberteau et al. 1987, Vernon et al. 
1989) is another case in point. These plutons may appear 
syn-tectonic because the faster strain rates in fault zones 
are closer to crystallization rates and would more likely 
leave an imprint on a rapidly crystallizing pluton. Syn- 
tectonic plutons emplaced in regions deforming slowly, 
may crystallize and cool so rapidly that no evidence of 
the syn-emplacement regional strain is preserved in or 
near the pluton. 

Structural patterns are another feature used to infer 
timing relationships (e.g. Brun & Pons 1981, Castro 
1987, Paterson & Tobisch 1988). Foliation patterns in 
the aureoles of plutons reflect both the nature of em- 
placement and regional strain fields and the relative 
rates of pluton emplacement and regional deformation. 
These foliation patterns will show the greatest differ- 
ences at the 'ends' of plutons, that is, the areas where the 
pluton contact is at high angles to the strike of regional 
structures (e.g. Paterson & Tobisch 1988). Pre-tectonic 
plutons may show preserved strain shadows, or 
emplacement-related foliations that are folded by later 
regional shortening. Post-tectonic plutons may show 
aureoles with hornfelsic microstructures that overprint 
regional structures, or a regional foliation that is folded 
by emplacement-related deformation. Syn-tectonic plu- 
tons may show all three types of relationships, hornfelsic 
aureoles, regional structures deforming emplacement- 
related structures, or emplacement-related structures 
deforming regional structures, depending on the relative 
rates of different processes. We argue that the cases 
where a single foliation and cleavage triple points are 
formed (e.g. Brun & Pons 1981) may be the exception 
rather than the rule for syn-tectonic plutons, and that 
this situation implies similar time spans of emplacement- 
related and regional shortening and relatively rapid 
rates of pluton cooling and recrystallization in plutons 
and wall rocks. 

Porphyroblast-matrix relationships are another rate- 
dependent type of timing criteria (Zwart 1962, Bell et al. 
1986, Vernon 1989). We suggest that the nature of 
inclusion trials preserved within porphyroblasts, and of 
prophyroblast-matrix relationships will depend on two 
factors: (1) the relative rates of porphyroblast growth 
and matrix deformation; and (2) whether or not the 
porphyroblasts rotate with respect to geographic co- 
ordinates (e.g. Bell 1985). For example, traditional 

interpretations of spiral inclusion trails in garnet require 
that a very specific relationship exist between the rate of 
crystal growth, crystal rotation and matrix deformation 
over long time spans (e.g. compare Christensen et al. 
1989 with Bell & Johnson 1989). 

A wide range of dating techniques using a variety of 
minerals with different closure temperatures are 
increasingly used to constrain timing relationships (e.g. 
Parrish 1989). Cooling rates affect both the closure 
temperature and thus the calculated date (Harrison et al. 
1985, Harrison & Fitzgerald 1986) as well as the in- 
terpretation of these dates. For example, U-Pb zircon 
dates are often used to infer emplacement ages. How- 
ever, at slow cooling and crystallization rates, continued 
magmatic and submagmatic flow could continue for 
millions of years after the magma passed through the 
U-Pb closure temperature of zircon (>750°C). Caution 
also must be used in the interpretation of hornblende 
and biotite 4°Ar-39Ar and K-Ar dates from multiple 
deformed terranes, particularly if those terranes cooled 
slowly (e.g. Harrison et al. 1985, Kligfield et al. 1986). 

E m p l a c e m e n t  mechan i sms  

Recent studies of pluton emplacement mechanisms 
point out the need for significant wall rock deformation 
to make space for the pluton (e.g. Hutton 1988a, Miller 
et al. 1988). It is therefore important to consider the 
relative rates of deformation in the wall rocks and rates 
of magma ascent, crystallization and cooling. A con- 
sideration of ascent rates of magma (Table 2), or the 
rates at which a certain volume of magma can be trans- 
ported to a magma chamber (Crisp 1984, Shaw 1985), 
indicate that the transport of magma will not be the rate 
limiting process in pluton emplacement; instead, one 
can speculate whether or not present models of pluton 
emplacement require unreasonably rapid rates of wall 
rock deformation during emplacement? 

For example, Hutton (1982, 1988b) has suggested that 
plutons like the Strontian and Main Donegal are 
emplaced in dilational jogs in fault zones. One means of 
evaluating this hypothesis is to determine if fault motion 
can make space fast enough to accommodate a pluton of 
a particular size before the pluton would completely 
crystallize. If one assumes a displacement of 5 cm year-1 
by homogeneous slip in a fault zone as wide as the 
presently exposed pluton, then enough space could be 
made to emplace the Strontian granite in 480,000 years 
and the Main Donegal granite in 900,000 years. If the 
fault were not as wide, then the time or the displacement 
rate needed to emplace the plutons would increase, or 
other types of deformation in the wall rocks (e.g. simple 
shear plus flattening) would have to be called upon. 
Both of these large plutons were emplaced at moderate 
levels, so rates of cooling would be in the range of 
millions of years and final crystallization in the range of 
less than a million years. If the assumptions made above 
continue to be supported by data collected near these 
plutons, then this type of emplacement mechanism 
appears feasible from a standpoint of the rates of pro- 
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cesses. This emplacement model does imply, however, 
that small batches of magma were continuously added, 
for hundreds of thousands of years at the present level of 
exposure, as the dilational jog expanded (e.g. Hardee 
1982, Lagarde et al. 1990). 

Another popular emplacement model is that of bal- 
looning or in situ expansion (e.g. Holder 1979, Bateman 
1985, Ramsay 1989). Although, there are geometrical 
and mechanical aspects of this model that need further 
consideration (e.g. Paterson et al. 1989b, 1991), we can 
evaluate the model purely from a standpoint of rates. 
One example of such a pluton is the Papoose Flat pluton 
(Sylvester et al. 1978). These authors suggest that the 
change in thickness of stratigraphy around the pluton 
records -90% shortening. At a strain rate of 10 -14 s -1, 
-90% shortening would take 7.3 million years. This is 
too great a time given that this pluton was emplaced at 
shallow levels (Sylvester et al. 1978) and was likely 
emplaced and crystallized in less than 1 Ma (e.g. Barton 
et al. 1988). However, if a strain rate of 10-13 s- 1 is used, 
-90% shortening would occur in 700,000 years, an 
appropriate length of time to emplace and cool this 
pluton. We should note, however, that even -90% 
shortening, given the width of the aureole, is not suf- 
ficient shortening to make the necessary space for this 
pluton. Our calculations suggest that only about 21% of 
the needed space can be accommodated by this strain. 
Additional shortening, and thus faster strain rates, or 
other mechanisms of deformation also must occur. 

RATES OF PROCESSES IN FOOTHILLS 
TERRANE, SIERRA NEVADA 

In previous papers, we have described detailed work 
on the geology and geochronology of a suite of Late 
Jurassic plutons and their wall rocks located in the 
Foothills Terrane, central Sierra Nevada, California 
(Paterson et al. 1989a, Saleeby et al. 1989, Tobisch et al. 

1989b). These plutons are thought to represent the roots 
of a Late Jurassic arc and provide an interesting case 
study of rates of processes in an arc setting. Table 4 lists 
the approximate duration of events (or processes) in the 
Foothills Terrane. 

The Late Jurassic plutons generally lack magmatic 
foliations, have narrow to no contact aureoles, and are 
texturally and sometimes spacially associated with vol- 
canic rocks. Elsewhere we have argued that these plu- 
tons were emplaced at shallow levels during active 

deformation of the wall rocks (Paterson et al. 1991b). 
These features also suggest that the plutons were 
emplaced as magma with >50% melt and crystallized 
and cooled relatively rapidly. In fact, one pluton has a 
concordant U-Pb zircon age of 147 +2 / -1  Ma and a 
4°Ar-39Ar hornblende age of 146.6 + 0.03 Ma (Saleeby 
et al. 1989) indicating the the pluton probably was 
emplaced, crystallized, and cooled below 500°C in 1 Ma 
or less. 

A comparison of nearby U-Pb zircon dates and 4°Ar- 
39Ar hornblende and biotite dates throughout the region 
suggest that plutons generally cooled rapidly. Our calcu- 
lations (based on comparisons of U-Pb and 4°mr-39Ar 
dates) show that cooling rates of at least 75-250°C per 
million years occurred during and immediately after 
pluton emplacement. 

Strains associated with a widespread cleavage indicate 
that the wall rocks underwent about - 50% shortening 
(Paterson et al. 1989a) after emplacement of the Late 
Jurassic plutons and before emplacement of a suite of 
Early Cretaceous plutons. If the cleavage formed con- 
tinuously from about 151 to 123 Ma (the oldest post- 
cleavage pluton), then a strain rate of 10 -15 s -1 could 
account for the measured strains. Our structural and 
geochronological studies indicate, however, that much 
of the strain occurred between 137 and 145 Ma, sugges- 
ting faster strain rates. If the strains formed at a strain 
rate of 10 -14 s -1, only 2-3 million years was needed to 
form the cleavage. At a strain rate of 10 -13 S -1 ,  the 
strain and cleavage could form in less than 500,000 
years. 

CONCLUSIONS 

It is now well known that arc magmatism often occurs 
in tectonically active regions (e.g. see abstracts in Struc- 
ture and Tectonics of Volcanic Arcs, E o s  70, 1299-1300, 
1307-1309). Hutton (1988a) among others also has 
argued that most plutons are emplaced during active 
deformation of the wall rocks. We contend, therefore, 
that it is crucial to evaluate the rates of different magma- 
tic and structural processes when trying to understand 
the structural evolution of arcs and associated pluton- 
wall rock systems. 

In this paper, we have made an initial attempt to com- 
pare the rates of faulting, cleavage development, pluton 
ascent, magma supply and crystallization, and pluton 
cooling in an active arc environment. Our best estimates 

Table 4. Summary of the duration of structural events in Foothills Terrane, Sierra Nevada, 
California 

Process Approximate duration 

Rigid rotation of beds and initial large-scale folding 
Emplacement of Jurassic plutons 
Movement on Bear Mountains fault zone 
Development of regional cleavage and metamorphism 
Emplacement of Cretaceous plutons and deformation in aureoles 
Development of spaced cleavages and kinks 

160-145 Ma 
151-137 Ma 

Before 155 Ma to 123 Ma 
146-123 Ma 
123-110 Ma 

Cretaceous or younger 



298 S.R.  PATERSON and O. T. TOBISCH 

of average rates or durations of processes, listed in the 
abstract, indicate that many processes operating in mag- 
matic arcs are relatively rapid: pluton emplacement and 
cleavage development can occur over time spans of tens 
of thousands to no more than a few million years. In this 
context, however, the ascent and crystallization of plu- 
tons at shallow to moderate crustal levels generally 
occurs over shorter time spans than that needed to get 
large displacements on faults or widespread cleavages 
developed during strain rates of 10 -14 s -1 or slower. 

A comparison of these rates also suggests that the flow 
of wall rocks is limiting process during emplacement of 
plutons, unless fast strain rates of multiple deformation 
mechanisms are considered. Emplacement mechanisms 
that rely on the transport of magma along fractures and 
the addition of numerous small pulses of magma over 
hundreds of thousands to millions of years, however, 
avoid this limitation and need further consideration. 
The obvious disadvantage of using this mechanism for 
magma emplacement is that the rate of cooling and 
crystallization would be faster. 

Another problem emphasized by these rates is that 
older structures can be rapidly overprinted, and if defor- 
mation is intense enough, it may wipe out evidence of 
earlier regional or emplacement-related deformation. 
Our calculations suggest that new mylonitic foliations 
often form in less than 1 million years in fault zones and 
sometimes form in much shorter time spans. A natural 
example where this occurs is the Alpine fault zone, New 
Zealand (Allis 1981, Johnston & White 1983, Ratten- 
bury et al. 1988). Shifting plate motions have recently 
caused the Alpine fault to change from a strike-slip fault 
to an oblique-slip fault. Even at the surface, structures 
have changed within the last few million years to reflect 
this oblique-slip motion (Allis 1981, Johnston & White 
1983, Rattenbury et al. 1988). At depth where tempera- 
tures are higher, this change may occur over an even 
shorter length of time. 

Lastly, we are struck by the often lengthy time attribu- 
ted to deformation in arcs by geochronology (e.g. Table 
4), in comparison to the much shorter time it takes 
structures to theoretically develop at any one point (Fig. 
2 and Table 3). This disparity raises many questions, 
among them being the relationship between ongoing 
subduction and structures produced in the upper plate. 
For example, we believe from U-Pb and 4°Ar-agAr data 
that the total duration of regional cleavage formation 
and metamorphism in the Foothills Terrane spanned 
about 23 Ma (Table 4), while the cleavage could theor- 
etically form in 2 Ma (at a strain rate of 10 -14 s-l). What 
structures, then, if any, developed during the remaining 
21 Ma as subduction presumably continued? One possi- 
bility is that the rates of strain varied dramatically in 
different domains through time. In this scenario, the 
pervasively foliated rocks we now see developed over 
large tracts may have sequentially developed cleavage in 
numerous small domains relatively quickly (2 Ma), with 
the domains gradually coalescing to form a regional 
terrain of foliated rock over a longer time span (23 Ma). 
Such diachronous partitioning of deformation is prob- 

ably the norm in orogenic belts (e.g. Bell 1985, Tobisch 
& Paterson 1988), and more detailed isotopic and struc- 
tural studies are needed to test the relationships of 
timing and rates of processes. 
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