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Abstract

The Ordenes Complex, Galicia, NW Spain, preserves high-pressure, moderate-temperature metamorphism in continental
margin rocks subducted during closure of the Rheic Ocean in the Variscan orogeny. The exposures extend across =90 km
perpendicular to strike and include rocks that reached depths of 30 to 60 km. Estimates of P—T conditions of rocks found near
the boundary between overriding and subducting plates range from 430 °C at 1.0 GPa to 520 °C at 1.65 GPa. Structural
reconstructions including these data indicate an angle of subduction between 15 and 30°.

A mathematical solution and numerical models have been used to estimate shear heating experienced by this well-exposed
paleo-subduction zone. Best fit of model to thermobarometric results occurs if shear stress in the upper reaches of the fault
separating subducting and overriding slabs was =100 MPa (constant shear) or =10.0% of pressure (constant coefficient of
friction) assuming a convergence rate of 6 cm year™'. At greater depths negative feedback between temperature and shear stress
caused the system to approach steady state with decreasing shear stress and with little increase in temperature. The decrease in
shear stress at temperatures above 400 °C occurs as the rheological properties of the rock at higher temperature and (or) pressure
allow more plastic behavior. This suggests that high-temperature metamorphism is unlikely to occur in subducting crust without
special circumstances. A comparison of these results with estimates of shear stress inferred from seismicity and heat flow at
active convergent boundaries in the Pacific indicates that shear stress is best described as a pressure-dependent variable not as a
constant shear stress.
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1. Introduction

Understanding precesses that lead te high-pres-
sure, lew te mederate-temperature regienal meta-
merphism is a geal ef geelegic research in areas
affected by past and present plate cenvergence.
The effects of underthrusting en the fermatien ef
blueschist and eclegite facies assemblages remains
an impertant theme eof this werk, especially the
cfferts te better understand the nature ef shear
ferces aleng the main underthrust and their impact
en the thermal regime eof the subducting crust
(Graham and England, 1976; van der Beukel and
Woertel, 1987; Melnar and England, 1990; Pea-
ceck, 1992, 1996). This preblem has been
appreached in a variety eof ways including mea-
surement of heat flew te the surface abeve
subducting crust (e.g. Tichelaar and Ruff, 1993;
Springer, 1999; Ven Herzen et al., 2001), using
the depth ef seismically active crust te estimate
temperature gradients aleng the thrust (Tichelaar
and Ruff, 1993; Peaceck and Wang, 1999), and
pressure—temperatures cenditiens inferred frem
blueschist and eclegitic recks (Pecaceck, 1990,
1992, 1996). Each methed relies en thermal
medcls te estimate the centributiens ef varieus
heat seurces within the subductien zene. Typi-
cally heat that cammet be explained as derived
frem nermal mantle flux er radiegenic seurces is
interpreted te result frem shear heating (England
and Richardson, 1977; England and Thempsen,
1984; Peaceck, 1990; Tichelaar and Ruff, 1993,
Emst and Peaceck, 1996; Springer, 1999; Ven
Herzen et al, 2001).

The Basal Units ef the @rdenes Cemplex,
Galicia, NW Spain, are cemprised eof subducted
centinental margin recks. This palee-cenvergent
margin is currently expesed acress =90 km
perpendicular te the strike of the eregen. Relict
mineral assemblages in perphyreblasts have been
used te determine pressure—temperature cenditiens
during subductien. Estimates censistently increase
frem east te west, current ceerdinates, frem 430 °C
at 1.0 GPa te 520 °C at 1.65 GPa. In this paper we
repert results of medels using the censtraints
previded by these data te better understand hew
shear stress impacted metamerphism ef the Basal
Unit during subductien.

2. Geologic setting

The Iberian Massif of nerthwest Spain is charac-
terized by three allechtheneus cemplexes thrust ente
Upper Preterezeic and Palcezeic sequences and
intruded by syn- te pestkinematic Variscan graniteids
(Fig. 1). The cemplexes censist of three greups ef
units, Upper, @phielitic and Basal, that were stacked
during the clesure of the Rheic @cean at the beginning
of the Variscan eregeny. The Upper Units represent
pieces of a suspect terrane, prebably an island arc
(Andenaegui et al., 2002), and the @phielitic Units,
belew, are fragments ef eceanic lithesphere of the
Rheic @cean er of basins marginal te it. The Basal
Units represent the eutermest edge of the nerthern
passive margin ef Gendwana, and underwent sub-
ductien belew the accretienary prism fermed previ-
eusly by the stacking ef Upper and @phielitic Units
(Martinez Cataldn et al., 1996, 1997, 2002). Their
subductien marked the transitien frem eceanic clesure
te Variscan cellisien, and was fellewed by their
exhumatien aleng large thrusts, helped by the thinning
of the everlying eregenic wedge by extensienal
detachments.

@rdenes is the largest of the allechtheneus cem-
plexes in NW Spain and is expesed as a klippe,
preserved in a late-Variscan synferm. The feur Basal
Units eutcrep aleng its seuthern and western margins
(Figs. 1 and 2A). These Units censist of metasedi-
ments (schists and paragneisses), amphibelites and
erthegneisses. The latter are extremely flattened
metagranites of @rdevician age, and censtitute,
tegether with the amphibelites, excellent markers te
identify large structures. Frem them it can be
established that the Santiage, Lalin, and Fercarei
Units were initially centinueus (and remain nearly se)
and became felded in a recumbent antiferm, catried te
the east by the Lalin-Fercarei thrust and cut by the late
Pice Sacre extensienal detachment (Fig. 2A).

High-pressure metamerphism has been identified
in the Basal Units. Pressure—temperature (P-T)
cenditiens were established using micreinclusiens eof
the eldest-fine-grained feliatien preserved in albite
perphyreblasts (Arenas et al., 1995) in schists and in
relict eclegite beudins (Arenas et al., 1997; Rubie
Pascual et al., 2002). The metamerphic cenditiens
reached during the high-pressure metamerphism in
the Santiage Unit (lecatien C) were 650 MPa and 90
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Fig. 1. Geological sketch-map and cross-section of NW Spain showing the three allochthonous complexes of Cabo @rtegal, @rdenes and
Malpica—Tui.

*C higher than in the Fercarei Unit (lecatien A), ever, evidence of heat advectien transferred frem
implying a sense of subductien teward the west (in abeve in the upper part ef the Santiage and Lalin
present ceerdinates; see Fig. 2 and Table 1). Mere- Units (Martinez Cataldn et al., 1996, 2002) and the
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Fig. 2. A: Schematic geological composite section across the @rdenes Complex depicting the relationships among the three groups of
allochthonous units and the internal stucture of the Basal Units (after Martinez Catalan et al., 2002). A, B and C show locations where »-T
estimations were made by Arenas et al. (1995) and Martinez Catalan et al. (1996). B: Tectonic model showing the subduction of the outerimost
edge of northemn Gondwana, represented by the Basal Units, below an accretionary prism formed by the Upper and @phiolitic Units in stages
prior to the Variscan collision. The approximate position of sample locations in the upper part of the subducting slab (A, B and C) allows

estimate of angle of subduction.

preservatien ef subephielitic mantle en tep ef the
latter suggest that the Basal Units eccupied the
uppermest part of the subducting slab.

These data permit an estimate of the paleesub-
ductien dip. Taking a mean density of 3000 kg m >
for the wedge abeve the ever-riding slab (Fig. 2B),
the difference in pressure inferred frem metamerphic
assemblages cerrespends te a depth increment of 22
km. The eutcreps used te estimate P-T data A and
C (Fig. 3) are presently separated by 89 km as
measured fellewing felded erthegneiss and amphib-
elite bedics (Fig. 2A). Hewever, this distance must
be reduced because the Santiage Unit was cut and
displaced at least 5 km te the WNW by the Pice
Sacre detachment. Furthermere, the majer recumbent
anticline felding the Basal Units caused stretching in
beth the nermal (54 km) and reverse (30 km) limbs

of the recumbent feld. Strain was cencentrated in the
reverse limb, where the erthegneisses and amphib-
elites were flattened te layers just a few meters thick
by shearing aleng the Lalin-Fercarei thrust (Fig.
2A). Altheugh the stretching carmet be calculated in
the absence ef reliable strain markers, we may
censtrain the eriginal distance between A and C by
estimating the extensien between zere (ne extensien)
and enc (100% cxtensien, pessibly exceeded in the
reverse limb but unreasenable fer the larger nermal
limb). Remeving 5 km ef mevement aleng the Pice
Sacre detachment in the direction of the cress
sectien, and between @ and 42 km fer the stretching
in beth limbs ef the recumbent feld, we estimate the
distance frem A and C te have been between 84 and
42 km befere felding and extensienal faulting.
Cembining these distances aleng dip with the depth



Table 1

Summary of evidence for initial high-P metamorphism in the Basal Units of the @rdenes Complex

Location and high-P
metamorphism

High-P mineral assemblages P-T values

Methods used for -7 calculations

C: Santiago Unit.

Eclogite facies.
Metapelites: gamet zone.
Metabasites: eclogites and
amphibolites in the
homblende—gamet zone.

B: Lalin Unit. (Upper part
of the unit).

Blueschist—eclogite facies

Schists: gamet (Grs=15-19 mol%)- 520 °C 1.65 GPa
phengite (Cel=27-33 mol%)-chlorite
(XMg=0.45-0.52)-albite (An<3 mol%)-
quartz—clinozoisite (Pst=23-28 mol%)—
ratile—ilmenite.

Ampbhibolites: garnet (Grs=26-32 mol%)-
homblende—phengite (Cel=13-34 mol%)-
chlorite (XMg=0.50-0.65)-albite

(An<3 mol%)—clinozoisite-quartz—rutile—
ilmenite.

Eclogites: garnet (Grs=22-32 mol%)-
omphacite (J&=38-43 mol%)-zoisite—
paragonite (Pg=82 mol%)—phengite
(Cel=22-25 mol%)—quartz—rutile.

Schists: garnet—phengite—chlorite— 470 °C 135 GPa
albite—quartz—clinozoisite—rutile—ilmenite.

Amphibolites: garnet-homblende—chlorite—
albite—clinozoisite—quartz—rutile—ilmenite.

P-T estimations based on Arenas et al.
(1995), Martinez Catalan et al. (1996)
and Rubio Pascual et al. (2002).

Metapelites:

-Gamet—phengite therimome#y (Green
and Hellman, 1982; Hynes and Forest,
1988; Krogh and Raheim, 1978).

-Gamet-chlorite thermomery (Ghent
et al., 1987).

-GRIPS baromewy (Bohlen and
Liotta, 1986).

-Phengite baromewy (Massone and
Schreyer, 1987).

—Selected equilibria in grids.

wansition.
Metapelites: gamet zone.
Metabasites: glaucophane—
homblende—gamet zone.

Eclogites not present.

A Forcarei Unit.

(Lowest part of the unit).  albite—quartz—rutile—ilmenite.

Greenschists: lawsonite (pseudomorphed by
epidote—clinozoisite)-actinolite—chlorite—

Blueschist facies.
Metapelites: chlorite—gamet
zone.

albite—quartz—rutile—ilmenite.

Metabasites: lawsonite—
glaucophane zone

Micaschists: phengite—chlorite—+garnet—

Metabasites:
-Gamet—clinopyroxene therinomety
(Krogh, 1988).
-Gamet—homblende thermmometry
(Graham and Powell, 1984).
-Jadeite—albite—quartz baromewy
(Holland, 1980, 1983).
-GRIPS barome#ry (Bohlen and
Liotta, 1986).
-Gamet-homblende baromewy
(Kohn and Spear, 1990).
-Selected equilibria in grids.

430 °C 1.0 GPa

increment, the dip ef subductien ranges between 15
and 32°.

@ther geelegical data ef interest te the medels
are the age of the eceanic crust subducted befere
the centinental margin ef Gendwana and the rate
of cenvergence during the clesure of the Rheic
@ccan.

@ccanic crust ef the yeungest ephielitic unit in
the @rdenes Cemplex has been dated at 395 Ma (U—
Pb in zircens; Diaz Garcia et al.,, 1999; Pin et al.,
2002). This and similar units were underthrust
between 390 and 380 Ma (Peucat et al., 1990;
Dallmeyer et al., 1991, 1997), as deduced frem
“®ArA°Ar ages of the amphibelite-facies feliation.
The subductien ef the centinental margin represented

by the Basal Units is censtrained by A Ar
gcechrenelegy ef phengites in eclegites, dated
areund 370-365 Ma (Redriguez et al., 2003).
Censequently, eceanic crust generatien of the yeung-
est ephielitic unit preceded centinental subductien by
20-25 m.y. In additien, any thermal effect of that
yeung ececanic lithesphere weuld have been masked
by the subsequent subductien eof elder ephielites that
fermed adjacent te the Gendwana margin at the
beginning ef the Early @rdevician (Arenas et al.,
2004; Sénchez Martinez et al., 2004), and the
thermal regime eof the subductien zene prebably
equilibrated under cenditiens centrelled by subduc-
tien of elder lithesphere with limited heat transfer
frem the asthenesphere.
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Fig. 3. Pressure-temperature conditions near the top of the Basal Units of the Ordenes Complex, according to Arenas et al. (1995, 1997) and
Martinez Catalan et al. (1996). See Fig. 2 for sample location and Table 1 for data used in thermobarometwry. Error bars are approximate.

Te assess the rate ef cenvergence, we use the
centinental recenstructiens based en paleemagnetism.
Accerding te Scetese and McKerrew (1990) and
Scetese (2002), Laurentia and Baltica jeined each
ether by the Middle Silurian (425 Ma) and their
seuthern margins were separated frem nerthemn
Gendwana by an arc ef 20-25°, equivalent te 2200—
2800 lom. Assuming that the subductien ef the Basal
Units represents the clesure of the Rheic @cean, and
that it started =385 Ma, the cenvergence rate can be
estimated between 5 and 7 cm year .

3. Estimating shear stress

Melnar and England (199@) presented a mathe-
matical selutien fer estimating temperatures aleng the
surface of subducted lithesphere for systems that have
reached thermal equilibrium:

T ={(Qy +V)z/k}/S (1)

where S is a term that appreximates the effect of
advection en the system. The value of S is given by

S=1+ {b[( stina)/x]“} 2)

Table 2 lists symbels, units and representative values
used in Egs. (1) and (2).

The term b is a numerical censtant that serves as
a cerrectien fer changes in the ameunt ef heat added

te a particular increment ef the fault as cempared te
the average heat added te thrust by shear stress. In
the case of censtant shear stress, b is equal te 1.0
because the average stress and stress at any peint
aleng the thrust are equal. Hewever, if shear heating
increases linearly with depth (censtant ceefficient of
frictien) then the heat added at depth z will be
greater than the average heat added te the fault
surface abeve depth z. Melnar and England (1990)

Table 2
Equations and parameters used to estimate shear swess
Eq. (1) T | LR + o iRl IS
(Molnar and
England, 1990)
Eq. (2 - { it i
q(I\EIO)]nar and N oo | o 4 Bl V2RO ) S
England, 1990)
[N Heat to base of lithosphere 0.05°
(W m™)
13 Shear swess (MPa)
Vv Velocity of subduction (m s_l)
24 Pepth from surface
perpendicular to fault
plane (m)
k Thermal conductivity 2:5¢
(Wm™ K7)

& Bip of fault plane

1 Thermal diffusivity (m?s~")
Coefficient of friction
Pensity (kg m™) 3000°

853pd1e—%72

? Values used in most numerical and mathematical solutions.



and Peaceck (1992) set 5=1.33 te cerrect fer this
effect and reperted that results ebtained frem this
value are censistent with results ebtained frem finite-
difference numerical experiments that medel the
precess.

In this investigatien, we first used the mathematical
selutien te estimate shear heating aleng the thrust
necessary te create the thermal cenditiens inferred
frem the metamerphic assemblages of the Basal Units
of the @rdenes Cemplex. Hewever, as is shewn
belew, temperatures experienced by the Basal Units
de net cenferm te cither a censtant shear ferce or a
censtant ceefficient of frictien. Instead, the geetherm
aleng the thrust surface flattens abeve a thresheld
temperature and (er) pressure implying that shear
stress decreases abeve that thresheld. This result is
censistent with the expected rheelegical preperties of
crustal reck.

Because the numerical selutien assumes either a
censtant shear stress or censtant ceefficient of frictien,
it is net apprepriate te use the appreach te infer
relatienships between shear stress and temperature if
shear stress is temperature dependent. Fer this reasen,
a twe-dimensienal finite-difference medel was
empleyed te include feedback between shear stress
and temperature aleng the thrust. Shear stress abeve
the thresheld of 400 °C was calculated using the
equatien

7, = t*Exp( — (temp,_; — 400)/75) (3)

where 7, is the shear stress at depth z and temp,_; is
the temperature of the thrust at depth z—1 (after
Peaceck, 1996). Fig. 4 presents a schematic repre-
sentatien ef the numerical medel.

4. Model resul®s and discussion

Figs. 5, 6 and 7 summarize estimates of the
strength ef the shear stress acting en the subducting
slab necessary te preduce metamerphic cenditiens
that affected the Basal Units. Alse shewn are results
frem experiments used te determine the effect of
changing the value eof specific variables en temper-
ature estimates resulting frem a given shear stress.
Using best estimates of initial cenditiens (6=20°, V=6
cm year ', and @,=0.85) shear stress acting at the
thrust was = 100 MPa er 10.0% ef pressure between
0 and 30 km. If ferces are averaged te depths eof 60
km, shear stress was less, =85 MPa er 3.5% eof
pressure. This decrease in average shear stress with
depth is best explained if shear ferces decreased when
a thresheld temperature and (er) pressure was
exceeded. Medels that place that thresheld at 400
°C previde a geed fit with the ebserved cenditiens

(Fig. 7).

5. Robustness of results

A number eof issues might affect the cenfidence
that ene can place in these estimates of shear stress.
First, the mathematical selutien used applies enly te
systems that have attained thermal equilibrium.
Hewever, if rates of shear heating decreased rapidly
abeve the thresheld temperature, then equilibrium
weuld be reached relatively quickly in recks at depth.
A numerical medel has been used te test this
hypethesis and shews that within 3 m.y. (¥=6 cm
year ', 9=20°), the thrust surface has experienced
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Fig. 4. Visual representation of finite-difference model used to estimate shear swess and the effect of negative feedback between shear stess and

temperature above the threshold temperature of 400 °C.
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93% ef the ceeling required te reach equilibrium (Fig.
8). It fellews that the deeper pertiens ef the under-
thrust weuld have appreached equilibrium within the
15 te 20 m.y. that eccurred between subductien ef the
yeungest ephielitic unit and the subductien ef the
Gendwanan margin recks that ferm the Basal Units.
A large change in the angle eof subductien will
result in significant differences in the temperature of
the underthrust fer a given ameunt ef shear stress. The
lewer the angle, the higher the temperature at depth z
because the reck must fravel farther and experience
mere shearing te reach that depth. The effect of the

angle of subductien en shear heating fer a given shear
stress is presented in Fig. 6B As discussed belew,
estimates of shear stress reperted here are higher than
estimates reperted elsewhere, it seems unlikely, there-
fere, that the dip ef subductien was significantly
greater than 20°.

A third censideratien is the age of the eceanic crust
that was subducted prier te invelvement ef the
centinental margin. Yeung eceanic crust with higher
heat flew te the surface and higher geetherm has been
shewn te affect the seismic preperties of subducting
crust (Peaceck and Wang, 1999). Hewever, as seen in
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Fig. 6C, the effect of increasing basal heat flew en
predicted temperatures at depth is relatively small. A
deubling ef heat flew frem 0.5 W m ™~ te 0.10 W
m ™ is equivalent te an increase of the ceefficient of
frictien frem 8% te 10%. The impact weuld be even
smaller at the depths eof interest (30—60 km) because
negative feedback between temperature and shear
stress acts te limit temperature abeve =400 *C.
Perhaps the mest impertant variable affecting the
estimate of shear stress experienced by the Basal
Units is the velecity of cenvergence. The velecity of

cenvergence has been estimated te be between 5 and 7
cm year ' based en the plate recenstructiens ef
Scetese and McKerrew (1990) and Scetcse (2002)
and a velecity of 6 cm year ' has been used in mest
medels. Slewer cenvergence weuld reduce heating
derived frem a given ameunt ef shear. The ceefficient
of frictien weuld have te increase by >30% te reach a
temperature =400 °C at a depth ef 33 km if the
cenvergent rate were 3, net 6 cm year '. Rapid
cenversence of 10 cm year ' weuld reduce the
necessary cecfficient of frictien by =20% (Table 3).
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Fig. 8. Pevelopment of therinal regime along overthrust as subduction zone approaches thermal equilibrium. Thernal gradient along thrust is
shown at @, 1, 2, 3, and 5 m.y. after initiation of subduction. Equilibrium is estblished after 180 to 15 m.y.



Table 3
Representative results from munerical solution

Coefficient of Bip Velocity Temperature  Temperature

friction (cmyear™') (*C at 33 m) (*C at 55 Jam)
Temperature inferred from mineral 430 520
assemblages and compositions
0.05 15 6 278 532
10 319 637
20 6 246 470
10 282 561
30 6 208 396
10 238 470
0075 15 6 368 733
10 440 203
20 6 327 647
10 339 795
30 6 276 545
10 397 667
(B 15 6 458 934
10 560 1169
20 6 407 825
10 494 1030
30 6 344 694
10 416 864
0.125 15 6 548 1134
10 630 1435
20 6 487 1002
10 601 1264
30 6 412 844
10 506 1061

Bold indicates results consistent with metamorphic conditions.

Finally, the medels that previde the best fit te the
ebserved data (Fig. 7) have shear stress decrease
expenentially at temperatures abeve a thresheld
~400 °C. This will have the effect of limiting the
impact ef the uncertainty asseciated with varieus
parameters te the regien ef the thrust fault experi-
encing temperatures belew the thresheld. Because
shear stress decreases rapidly abeve the thresheld,
the effect of changing the angle of subductien, the
velecity ef cenvergence er the heat delivered te the
base eof the lithesphere beceme less impertant te
determining the temperature during high-pressure
metamerphism. In fact, the results suggest that
high-temperature, high-pressure metamerphism
requires special circumstances te eccur within sub-
ducting crust. Pessible causes might be intrusien ef
high-temperature magmas, the subductien ef a
spreading ridge, er the preservatien eof metamer-
phism that eccutred during the initial stages eof
subductien befere thermal equilibratien.

6. Comparisons with results from other methods

Estimates of shear heating in subductien zenes
made using heat flew measurements abeve ten
circum-Pacific subductien zenes are 14 MPa (cen-
stant shear stress) or 5.9% eof pressure (censtant
cecfficient of frictien) (Tichelaar and Ruff, 1993). A
study of heat flew in the Central Andes yiclded
similar results (Springer, 1999); hewever, a recent
study of heat flew in the Kermadec fercarc yields
significantly higher estimates of shear stress (Ven
Herzen et al., 2001). The latter study did net
censider the centributien ef radiegenic heating in
the hanging wall te surface heat flew and se may
everestimate shear ferces. The significant difference
between estimates of censtant shear stress and better
agreement between estimates of the ceefficient ef
frictien reperted by Tichelaar and Ruff (1993) and in
this study suggest that these differences may be
caused by differences in methedelegy. Mest likely
the lew estimates of censtant shear stress derive frem
Tichelaar and Ruff’s interest in the upper reaches of
the subductien zene where the fault is seismically
active. At a depth of 10-15 km, temperatures of the
fault surface inferred frem Tichelaar and Ruff’s
estimates of shear stress as censtant shear stress eor
as a censtant ceefficient ef frictien are similar. With
increasing depth, the difference in temperature
derived frem the twe medels increases, with temper-
atures predicted by a censtant ceefficient of frictien
beceming significantly higher than these based en
censtant shear stress.

Tichelaar and Ruff (1993), Ruff and Tichelaar
(1996) alse used their estimate of shear stress te
calculate temperature at the transitien ef the fault frem
seismically active te quiescent behavier. Using a
censtant ceefficient ef frictien, they estimate that the
transitien eccurs at =400 °C if subductien eccurs
beneath thickened crust. This value is again censistent
with best-fit medels of shear stress acting en the Basal
Units.

The better agreement between estimates eof the
cecfficient of frictien ebtained by Tichelaar and Ruff
(1993) and by this study and the significant difference
between results ebtained frem censtant shear stress
indicate that shear stress is best medeled as a pressure-
dependent variable. Altheugh estimates of the ceef-
ficient of frictien derived frem the different studies are



similar, the estimates reperted here that are based en
metamerphism ef the Basal Units are significantly
higher, 10% te 5.9%. The seurce of this difference is
uncertain. It may be caused by differences in the
subductien zenes themselves. Fer example, the
rheelegical preperties of centinental margin recks ef
the Basal Units may be sufficiently different frem
basaltic eceanic crust te change shear heating in the
subductien zene.

The presence ef blueschists and eclegites ameng
exhumed recks has alse been used te censtrain
thermal cenditiens within subductien zenes (Peaceck,
1992, 1996). Hewever, because mest expesures of
these recks are of limited extent and beunded by later
faults asseciated with their uplift and retun te the
surface, their pesitien within the subducted crust is
net well censtrained. If they eriginally were in the
interior of the subducted lithesphere, away frem the
fault surface, then shear heating weuld have less
impact en them. Sheuld these recks be used te
estimate temperatures aleng the thrust and by exten-
sien the ameunt ef shear heating required te preduce
these temperatures, they weuld yield underestimates
of beth. Furthermere, evidence derived frem the Basal
Units implies that shear sfress decreases abeve a
thresheld temperature. It fellews that single expesures
of mederate-temperature, high-pressure metamerphic
recks can enly be used te estimate the average shear
stress that affected the recks during underthrusting.
Estimating actual shear stress at any particular depth
requires a mere cemplete image ef the subductien
zene, similar te that ebtained frem the multiple
expesures of the Basal Units of the @rdenes Cemplex.

7. Conclusion

Expesures in the @rdenes Cemplex ef centinental
margin recks that were subducted te depths ranging
between 30 and 60 km previde a view ef these
pertiens ef a palee-subductien zene. Temperatures
and depths derived frem study ef the high-pressure,
mederate-temperature metamerphism ef these recks
and the dip ef subductien estimated frem structural
recenstructiens censtrain estimates of shear ferces
acting aleng the underthrust. Best estimates are that
shear stress was =~ 10% eof pressure at temperatures
belew a thresheld of 400 °C. @nce temperature

exceeded the thresheld, the ceefficient of frictien
decayed expenentially.

Additienally, the decrease in shear stress abeve the
thresheld implies a negative feedback between shear
stress and temperature. Negative feedback tends te
stabilize system behavier and se causes temperature
and shear stress te appreach censtant values. @ne
implicatien is that mederate-temperature metamer-
phism ef high-pressure and ultra-high-pressure recks
can enly be used te estimate average shear stress in
the subductien zene abeve these recks. The results
alse imply that high-temperature, high-pressure meta-
merphism sheuld be rare in subducting crust because
it requires an additienal heat seurce, distinct frem the
nermal precesses of subductien.
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