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Crustal temperatures within collisional orogens are anomalously high compared with 
temperatures at comparable depths in stable continents, which is evidence of thermal 
processes that are fundamental to orogenesis. These temperatures can be explained by 
the redistribution of crust enriched in heat-producing elements through the accretion of 
crust from the down-going plate to the upper plate and surface erosion. With the use of 
geologically reasonable rates, the model results predict high temperatures (over 600°C) 
and inverted upper-plate geotherms (about 100°C over 20 kilometers) at shallow depths 
(20 to 40 kilometers), by 25 to 35 million years after collision. This study emphasizes the 
interdependence of deformational, surficial, and thermal processes. 

Rocks Dresent at the surface in manv col- 
lisional orogens contain metamorphic min- 
eral assemblages indicating high tempera- 
tures (-600" to 700°C) at midcrustal 
depths (20 to 30 km) (I) .  In some orogens 
this high-temperature metamorphism is as- 
sociated with in situ partial melts (Z), 
whereas less commonlv. inverted metamor- , , 
phic field gradients may develop within the 
upper plate ( 3 , 4 ) .  Despite early suggestions 
that these phenomena could be explained 
bv thrusting. of hot rocks over cold rocks u 

and by thickening of an upper crustal layer 
enriched in heat-producing elements 
(HPEs) during shortening (3, 5 ,  6), subse- 
quent models that quantify the advection 
and conduction of heat during noninstan- 
taneous thrusting have not reproduced ob- 
served thermal structures verv well and are 
unable to explain steep-to-inverted meta- 
morphic field gradients within the upper 
plate (7). Such shortcomings suggest that 
~revious studies have neglected one or sev- " 
era1 processes that are responsible for the 
first-order thermal structure of collisional 
orogens. 

Although previous studies have recog- 
nized the potential impact of HPE-enriched 
material within collisional belts (6, 8) and 
the importance of rapid surface denudation 
and accretion of material from the lower 
plate to the upper plate (9 ) ,  our understand- 
ing of the thermal consequences of accre- 
tion and erosion on HPE-enriched crust has 
been limited to steady-state results (10). 
And although these results suggest that ero- 
sion and accretion can exert dramatic con- 
trols on the temperature structure, they are 
based on an idealized orogenic system in 
which the upper plate is HPE-enriched ev- 
erywhere. 

Here we present the results of a numer- 
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ical study addressing the time-dependent 
effects of erosion and accretion on the ther- 
mal structure of orogenic systems, using a 
more realistic distribution of HPE-enriched 
crust based on a simplified subduction zone 
geometry (Fig. 1). The contact between the 
upper and lower plates was assumed to have 
a uniform dip, at angle O. Convergence 
between upper and lower plates occurred at 
a constant rate v,. Material was accreted 
from the lower to the upper plate at rate a, 
and material was removed from the surface 
of the upper plate at rate e (both measured 
in the vertical direction). The frame of 
reference was held fixed with respect to the 
toe of the upper-plate wedge, and material 
within the upper and, lower plates moved 
with respect to the frame of reference. Stan- 
dard finite difference techniques for calcu- 
lation of conduction and advection of heat 
were used to compute the thermal evolu- 
tion of the system. Initial thermal condi- 
tions were calculated as the steadv-state 
conditions for subduction of a nonradioac- 
tive oceanic lithosphere at a convergence 
rate v,, with no accretion across the subduc- 
tion boundarv or erosion at the surface. The 
upper plate initially contained an upper 
layer of HPE-enriched crust with heat pro- 
duction rate A and thickness d,. Computa- 
tion began at the time of collision (t = O), 
as simulated by the introduction of lower 
plate continental crust with an HPE-en- 
riched upper layer having heat production 
rate A and thickness d,, and by the concom- 
itant initiation of erosion and accretion. 
This was a highly idealized model of colli- 
sion, inasmuch as it is not necessarilv true 
that all three processes would begin simul- 
taneously. We also ignored internal defor- 
mation within the upper and lower plates. 

Accretion of HPE-enriched material 
from the lower plate to the upper plate 
resulted in the development of an HPE- 
enriched wedge (Fig. 2). The size and shape 
of this wedge were critical to the thermal 
evolution of the orogen. This triangular 

wedge reached a maximum steady-state 
depth of 

and a steady-state surface width of 

dw 
Sw = 

e/a tan0 

at time 

t = ( )  + s i n )  (3) 

Initially, the upper plate was cold, with 
temperatures less than 300°C to depths in 
excess of 60 km. By t = 8 million years 
(Mv). temweratures within the toe of the . ,.. 
upper   late had increased as HPE-enriched 
material was accreted to the upper plate and 
the HPE-enriched wedge began to form. By 
t = 16 My, temperatures within the upper 
plate increased to >400°C at a depth of 
25 km. By t = 24 My, the thermal gradient 
had inverted, and a local temperature 
maximum in excess of 500°C had devel- 
oped near the base of the HPE-enriched 
wedge in the upper plate at depths of 20 to 
40 km. By t = 32 My, maximum tempera- 
tures within the upper plate were in excess 
of 600°C at depths of -30 km, and maxi- 
mum surface heat flow was on the order of 
125 I~W/m2.  From 32 My onward, temper- 
atures changed relatively slowly within 
the evolving orogen and reached thermal 
steady state by about t = 120 My, at which 

O L~thosphere rndoqenr 

O L~thosphere, nonrad~ogen~c 
0 Asthenosphere z= f 

Fig. 1. Simplified subduction zone with dip 0, con- 
vergence velocity v,, and lithospheric thickness e. 
Material is accreted from the lower to the upper 
plate at rate a (vertical component) and removed 
at the surface at rate e. The HPE-enriched 
wedge within the upper plate (light shaded area) 
has steady-state depth d, and surface widths,. 
Temperatures (T) are O°C at z = 0 and T, at the 
base of the lower plate. Dark shaded area indi- 
cates asthenosphere with T = T,. Thermal 
boundary conditions at the right and left sides of 
the area modeled (at x = 0 and x = (/tan 0) for 
z < e are steady-state temperatures for litho- 
sphere with HPE- enriched crust to depth d,, and 
are d2T/dx2 = 0 for z > e.  
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time the temperature maximum 
(>700°C) was located at a depth of about 
30 km. The HPE-enriched wedge reached 
a steady-state shape by t = 39 My, with d, 
= 44 km and s, = 225 km. 

Three parameters controlled steady-state 
maximum temperatures and inversion of 
geotherms: A, d,, and v,. The depth of the 
HPE-enriched wedge and the heat produc- 
tion rate had the most substantial impact 
on the thermal structure. Increasing either 
A or d, (while all other parameters were 
held constant) resulted in substantially 
higher temperatures within the orogen and 
contributed to the inversion of geotherms 
within the upper plate; decreasing A or d, 

resulted in lower temperatures within the 
orogen and a lesser degree of inversion. 
Increasing the convergence velocity (hold- 
ing all other parameters constant) resulted 
in slightly depressed temperatures at depths 
>15 km, especially near the subduction 
contact, and geotherms were more inverted; 
lower convergence velocities resulted in 
slightly higher temperatures and geotherms 
showed less inversion. Although the width 
of the wedge did not control the magnitude 
of maximum temperatures, increasing s, 
(holding all other parameters constant) re- 
sulted in a broader region of elevated tem- 
peratures, with upper plate maximum tem- 
peratures located farther toward the hinter- 
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Fig. 2. Crustal cross sections for the model outlined in Fig. 1 ,  based on tan O = 0.2, v, = 20 km/My, 
a = 1.6 km/My, e = 1.6 km/My, and = e = 126 km. (A) Material velocity fields. (B through G) Thermal 
evolution and growth of HPE-enriched wedge, from t = 0 My (initiation of collision) to t = 120 My 
(approximately steady state). Stippled pattern indicates HPE-enriched crust with A = 3 p,W/m3. Other 
parameters were as follows: d, = 18 km and T, = 1260°C. The width of the area modeled was 630 km, 
thermal conductivity was 2.5 W/mK, and thermal diffusivity was m2/s. Note the inversion of 
geothermal gradients and a local temperature maximum in excess of 600°C at depths <30 km within 
the upper plate by t = 32 My. 

land. The transient thermal evolution was 
also primarily controlled by A, d,, and vc. 
High temoeratures at shallow levels and - 
inverted geotherms within the upper plate 
developed more quickly for higher values of 
vc and d, or for higher values of A, or both; 
high temperatures and inverted geotherms 
took longer to develop at lower values of wc 
and d, or lower values of A, or both. 

There is a reasonablv broad ranee of 
0 

parameter values that yield inverted ther- 
mal gradients in the upper plate (for exam- 
ple, A 2 1.0 for d, = 55 km, or A 2 3.25 
for d, = 35 km). However, in order to 
attain temperatures in excess of 600°C at 
depths as shallow as -20 to 30 km as well as 
inverted geotherms in the upper plate, mod- 
erate values of A are required (for example, 
A r 2.0 for d, = 55 km). In order to attain 
temperatures in excess of 600°C and invert- 
ed geotherms in a reasonable time span 
(t < 40 My), high values of A are required 
(for example, A = 3.0 for d, = 45 km). 
Thus, we propose that the redistribution of 
HPE-enriched crust into a deep zone with- 
in the upper plate is an important factor in 
the thermal evolution of orogenic belts 
where high-temperature metamorphism, 
crustal melting, and geothermal inversions 
occur. 

One of the best documented examples of 
high-temperature metamorphism associated 
with inverted metamorphic field gradients 
occurs in the central Himalayan orogen, 
where paleotemperatures increase structur- 
ally upward from a Miocene intracontinen- 
tal subduction boundarv (the Main Central , . 
thrust zone), reaching maximum tempera- 
tures in excess of 600°C at structural dis- 
tances of 5 to 10 km above the Main Cen- 
tral thrust zone. Geologic data from some 
sectors of the orogen suggest that inverted 
field gradients in the Himalayas resulted 
from an actual inversion of the geothermal 
gradient (4, 11, 12); in other areas, the 
observed field gradients have been inter- - 
preted as the result of late- or post-meta- 
morphic structural disruption (13). Al- 
though the structural inversion of field gra- 
dients requires no special thermal circum- 
stances, the documentation of high-grade 
metamorphism and inverted geothermal 
gradients in the Himalayas has inspired 
many researchers to propose that transient 
heat sources such as dissipative heating, 
mantle delamination, or other mechanisms 
(14) are responsible for the observed meta- 
morphic conditions. 

Comparison of the nature and timing of 
Himalayan metamorphism and the results 
presented here suggests that the effects of 
accretion and erosion and the attendant 
redistribution of HPE-enriched crust offer 
an alternative ex~lanation for the develoo- 
ment of high temperatures and inverted 
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geo t l~e r~na l  gradients \vithlll collisiollal or<>- 
irens. Witll in the central Himalava.;, the 
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comp.~n~ei l  hy sub.;tantial crustal melting, 
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Rocks currentlv at  the surface were at  
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of d e n ~ ~ ~ l a t i o n  of 1 to ? kmlh~lv. Likewise. 

1 1 K. V. Hodges, P Le Folt, A. Pechel, Geology 16 707 
I 1988). 

12 A Peeher, J. Metam01'pIJ. Geoi. 7, 31 (1989) 
13 M Brulie and J R K~enast, Can. J. Eairl? Sci. 23, 

11 17 11 986); M. P. Searle and A J. Rex, J Meia- 
i n o ~ p l ~ .  Geol 7 ,  127 (1 989) 

14. P. Molliar ancl P. England, J. Geop/~)/s Res. 95, 
4833 (1 990): G A. Houseman D P. McKenzie, P 
Molnar, ibid 86. 61 15 11981). 

15 M. S. Hubbard and T. M. Harr~son Tecio~?~cs 8 865 

este~-i.;~ve tracts of loiver (Illdian) plate 
rock, nritl~ an  e x ~ o s e d  wrface n.1dt11 nreater 
t han  3L70 ~ I T I  have bee11 accreteJ eplsodl- 
cally onto  the upper (Eurasian) plate since 
the  time of collision. Pa leos~~ lx luc t~un  rates 
are ~~nconstrai~-ieil ,  h ~ ~ t  moJel-11 rates of co11- 

1 A p r  19% acce1:ted 12 June I 9 9 6  

vergence across the Himalay,ls are a h o ~ ~ t  1L7 
to 25 km/My (17).  Radioact~\re heat pro- 

Lithologic Control of the Depth of 
Earthquakes in Southern California cl~1ctlo1-i rate.; for ~netamorphic  anil i g n e o ~ ~ s  

rocks of the I-limalavas range from - 1.5 to 
>6 p W / m 3 ,  with signific,~nt proportii)n 
(>25%)  of reported values ill escess of 4 
FV(//ln3 ( I  8). Thus, parameter ~ . , ~ l u e s  ( r ipe-  
cialll- A = 3 pW/m' )  used to construct FIE. 
2 arc collsistel-it 1~1th  ol~servati i~nx iron1 the 

Harold Magistrale* and Hua-wei Zhou 

The depth distribution of southern California earthquakes indicates that areas underlain 
by schist basement rocks have a shallower (4 to 10 kilometers) maximum depth of 
earthquakes than do areas with other types of basement rocks. The predominant min- 
erals in the schists become plastic at lower temperatures, and thus at shallower depths, 
than the minerals in the other basement rocks. The lateral variations in lithology will 
control the depth extent (and thus the magnitudes) of potential future earthquakes; these 
depths can be determined from the depth of the current background seismicity. 

IHim,~layas. T h e  agreenlellt hetnrecn timillq, 
pale~tem~erature . ;  am1 depths recorclctl in 
the central Hinlalayas, alli{ the  moJeleil 
thermal stl-ucturc 32 My after ci)llisiim (Fiy. 
2)  .;Llggests that reilistributioll of m,~tcr i ,~ l  
~vit11 21 high rate of heat 1-rroil~lctioll nit11111 
the  Himalav,j~-i oroge1-i may have heen a11 

Ear thquake  ~nagni tude 1s proportional to 
fault area. T h e  fault arca is thc a roc l~~c t  of 

schists es tcnd over a large lateral area in  
the  subsurface (8-1 1 ) and are >7 km thick 
(1 2) .  These surveys and the regional dlstrl- 
I , ~ ~ t i o n  of the scl-iiqts ( I .  3-7) ~l ld icatc  that 

illlportant factor in its thermal evcduticm. 
Our  ~noclcl .;uppests that accretion ailil L,,~ 

erosion and the attendant redistril~ution of 
HPE-enriched matel-la1 exert iirst-order 

the length and the  ~v id th  of the  fault 011 

which brittle r ~ l ~ ~ t u r e  occ~lrs.  A t t e l n ~ ~ t s  to 
colltrol o n  the thermal and metamorphic 
e v o l ~ t i ~ l l  of collisioi-ial i)roue~-is. Accl-etloll 

iletcrmine the magnituile ofpotellti,rl future 
earthuuakes m~ls t  therefore collsiiler factors 

they prohahly ~~nclcrlay much of ol-isl-iore 
qoutl-ier1-i California. Similar11-, much of the  

leads to the Jevelopment ,rllil rn,rintenance 
of a nredee of HPE-enrichecl material n l th in  

that ii-ifluci-ice tlle depth extent of rupture. 
Here \ye esamlne ~~lr ia t lo l l . ;  in the  ~ n ~ l s l -  

inner continel-ital boriierland offshore of 
.;outlier11 C,lllfornla 1.; uniierlain 131- the  h'le- 
sozoic Catalinn S c h ~ s t  (13-15). This schist 
also has only sparse .;urface outcrop, hut 
seislllic reflect~oll s ~ ~ r v c v s  and horchole 

the  upper plate of illtr,~colltil-iental sulxluc- 
tion zones. Su rhce  el-osion also controls the 

LIIUIII depth of earthquakes in s o ~ ~ t h e r n  Cal- 
ifornia anci correlate a relatively shallon. 
m a s ~ m u m  depth to the  presence o i  schist geo~l le t r j  i)f this n'eiige 2nd ellhailce.; heat-  

ing n~ i th in  the upper plate hy acivecting 
Illaterial from ileepcr to shallomrcr crustal 
levels. 

s.1111~11eq ~ l ld~c ; l t e  a \videspread Xubsurfacc 
extent (14 ,  15).  

Recently, Zhou 111vertecl so~l thcrn  Cali- 
fornia c a r t h q ~ ~ a k c  arrival tiines for crustal 
veloci t i r~  ,rllil h\-pocenters (16) .  About 
3 i ,0@0 n.ell-recorded earthuuakes detected 

h,jsement rocks. 
T h e  Late Crctacci~~~s-ear lv  Tertiary Pe- 

lolls, Orocopia, and Rancl Xchists are struc- 
t ~ ~ l . a l l ~  low rocks exposed in sp,Irse outcrops 
(1 )  (Fig. I ) .  T h e  schists 31-e in lon.-allgle 
f a ~ ~ l t  contact with the overlvillir crvst,lIline 
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