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ABSTRACT The most recent Neogene convergence between the Eurasian anc
Seismic attenuation (1) changes abruptly between the stable Arabian plates generated the Greater Caucasus and the Kopet Dagh moun
Eurasian craton and adjacent mountain belts associated with the tain ranges at the northern margin of the collision. Convergence and uplift of
Alpine-Himalayan collision. New attenuation measurements on local these mountain belts began in the middle to late Miocene, and intensified
body and coda waves provide quantitative constraints on this contrast, during the middle Pliocene (e.g., Philip et al., 1989). The mountain belts are
near the Caucasus, Kopet Dagh, and Tien Shan mountains. TheQl/ cored by the Precambrian and Paleozoic igneous and metamorphic rocks,
estimates from all range fronts are similar, the mountains being two to and expose Mesozoic and younger rocks over the structurally highest regions.
three times more attenuative than adjacent stable platforms. TheseQl/ Mesozoic sedimentary rocks cover the southern edge of the Eurasian plat-
variations are a reasonable proxy for temperature variations, and form immediately to the north of both ranges, overlying Hercynian
reveal crustal heating on the order of 100 °C but probably not melting (Ordovician-Devonian) basement. Total shortening in the Greater Caucasus
beneath the mountain ranges. Attenuation (1) is high wherever high is estimated to be 200 + 50 km (Dotduyev, 1986), mostly since the middle
topography is seen, implying that active mountains are typically hot. Miocene. Modern convergence across the region has been measured, and i
Hence, processes that generate or transport heat dominate advectivel0 mm/yr, including an unknown fraction of convergence across the Lesser
cooling due to lithospheric thickening, even over the 10—20 m.y. life- Caucasus (Reilinger et al., 1997). Shortening in the Kopet Dagh is less-well

times of these young mountain belts. known, although most of the mountain building also appears to be Neo-
gene-Quaternary in age (Stocklin, 1968).
INTRODUCTION Within the Tien Shan, some structures within the Eurasian Paleozoic

In continental settings, plate convergence is accommodated by thizksement have been reactivated as thrust faults (e.g., Burtman et al., 1996)
ening of the lithosphere. Although thickening should result in downwaPdleozoic basement in the Tien Shan is exposed over much of the struc-
advection of isotherms, the crust in many continental collisional bettsally highest regions, which are separated by intervening late Cenozoic
appears to be hot. Given sufficient time, temperatures in thickened crustlvélins (Sadybakasov, 1990). The basement varies from the Precambriar
rise directly through diffusive reheating, but other mechanisms may®iberian craton in the north to a variety of accreted Paleozoic and Mesozoic
required to explain the extreme heating seen in some cases (e.g., Houstmanes in the core of the mountain belt. The current shortening, ~20 mm/yr
et al., 1981; Kincaid and Silver, 1996; Huerta et al., 1998). Most of th€gddrakhmatov et al., 1996), is believed to be accommodated by east-
theories of crustal reheating have been tested against observations in amgse-trending basement-involved faults, many of which are well south of
few remarkable settings such as Tibet, where crustal melting may be witdle-current range front. Assuming no change in rate, the Cenozoic shorten-
spread (Nelson et al., 1996). It is unclear whether such high temperatimg®f 203 + 50 km in the western Tien Shan (Avouac et al., 1993) could
are common in other active mountain belts, where convergence rateshave taken place within the past ~10 m.y. Hence, all three mountain belts
crustal thickening may differ. studied here formed in the past 10-20 m.y.

One approach to estimating in situ temperature has been to utilize the
qualitative disappearance of seismic shear waves to indicate the preserld&Tk AND METHODS
high temperatures or melt (e.g., Barazangi and Ni, 1982). Seismic waves We analyze data from two digital networks in the Greater Caucasus
attenuate in amplitud@) with both increasing traveltime)(@nd frequency and Kyrgyz Tien Shan, and one broadband array in the Kopet Dagh (Fig. 1;
(f), so that at a giveramplitudes decay with frequenayf) ~ exp(+ft/Q),  Abers, 1994; Pavlis et al., 1994; Vernon, 1994). Attenuation is measured
where 1Q describes the rate of attenuation in a given medium (Aki afrdm seismograms corresponding to crustal paths, from spectral decay of
Richards, 1980). Many physical phenomena affe@f it temperature body waves. These data are sufficient to constr@ridt/five distinct tec-
probably plays a dominant role below the upper crust. Compared to seigoméc regions (Fig. 1): the Russian platform just north of the Greater
wave velocities, the signal is largeQlvaries by a factor of 2—10 betweenCaucasus, the western Greater Caucasus, the Kopet Dagh mountain range
different regions in Eurasia (e.g., Mitchell et al., 1997; Sarker and Abetse Kazakh platform, and the adjacent Kyrgyz Tien Shan.
1998a). Here we document quantitative and systematic constraint@ on 1/ We measure attenuation values from individual spectra of body and
variations beneath several mountain belts in Eurasia, utilizing new highda waves at frequencies where signal to noise ratios are high, typically
quality seismic data from this region. By sampling both the cratons and kelt5 Hz (details in Sarker and Abers, 1998a, 1998b). Each spectrum is fit to
jacent mountain belts where basement geology is grossly similar we are alfieee-parameter model of the form:

to isolate effects caused by mountain building. H(f) _ I(f )S( f) ex;(—rrft*) ’ 1)

TECTONIC SETTING whereH(f) is the observed amplitude spectru(fi) is the instrument re-
Eurasia assembled in a series of amalgamation events duringsfiense to ground displacemehis the frequency-independent attenuation

Proterozoic and Paleozoic Eras (e,gn@r and Natal'in, 1996). Later col- operator, and(f) is af2 source model parameterized by seismic moment

lisions led to the Alpine-Himalayan orogenic complex, producing seveeald corner frequency, following Hough et al. (1988). Tests with other source

synchronous collisional mountain belts of several differing tectonic stylesodels gave slightly different absolute values, but indistinguisieaatel

This study examines the northernmost of these ranges, which typic&ipperature variations (Sarker, 1998). ®g) term implicitly includes

formed in the past 10-20 m.y. geometrical spreading and other frequency-independent effects; these do

not change shapes of calculated spectra.

*Now at Department of Earth and Environmental Sciences, Lehigh University, A least-squares inversion fits the model to observed log-amplitude
Bethlehem, Pennsylvania 18015, USA. E-mail: gms5@lehigh.edu. spectra of both body and coda waves, to deterthiaed the two source
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Figure 1. A: Tectonic sketch map of Eurasia. Faults are from Jackson
(1992). Solid squares indicate study areas. Network stations (solid trian-
gles) and events (circles and plus signs) used in this study are shown

for (B) Greater Caucasus, (C) Kopet Dagh, and (D) northern Tien Shan.

Ray paths for events are assigned to either shield (plus) or mountain
(circle) region, according to where they spend substantial time. For all

maps, shading becomes progressively darker with increasing elevation,

white being elevations below 700 m and black being elevations higher
than 4 km. Boxes indicate locations of cross sections of Figure 3.
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parameters. We then determine path-avergyealues Q) for each tec-
tonic region (ray paths are assigned to either a shield or mountain region,
according to where they spend the most time), by fitting the observed
increase it* with traveltime €) to

t(t) =ty +

t
o) )

(Hough et al., 1988), whetgrepresents a near-receiver contribution,tand
is calculated from local velocity models (Fig. 2). Linear error propagation
on this regression provides uncertainties. We also estighfxten coda
waves using the same method to test for scattering effects.

Several sources of uncertaintie€iestimates have been tested for all
three data sets. These include: (1) trade off betteeml source corner fre-
quencies; (2) source-depth effects;tt3@stimates with variable window
lengths; and (4Q variations as a function of frequency. These tests (Sarker
and Abers, 1998a, 1998b) show that the added uncertain@egailnies in
all cases are well withind standard error, and never exceed 10%.

The estimates probably reflect attenuation below the upper crust.
About 70% of events used in this study fall within 1°—4° of the stations. Ray
tracing shows that theg-Pn cross-over is at a distance of about 100 km,
indicating that the bulk of the ray paths used in this study lie in the lower
crust or in the uppermost mantle (Sarker, 1998). Beduseffectively
determined from differences in attenuation at differérig. 2), the upper-
crustal legs of these paths are similar; the main difference is the extent to
which each path samples greater depths. We also sample a narrow time
window around the first body-wave arrivals, so that near-surface scattered
waves, which have much longer traveltimes, are minimized. Hence, at these
distance®) should reflect attenuation below the upper crust. By contfast,
correlates well with near-surface geology and to velocities in the uppermost
crust in the Kyrgyz Tien Shan (e.g., Ghose et al., 1998), and probably rep-
resents upper crustal attenuation (discussed more fully in Sarker and Abers,
1998a; Sarker, 1998).

RESULTS
Estimates of attenuation parametersfandP waves QsandQp, are
shown in Figure 2. Details of estimates were discussed previously for the
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Figure 2. Frequency-independent attenuation operator ( t*) and travel-
time (t); t*(¢) is calculated from spectral fall-off of body and coda waves

for frequency-independent parameterization, for (A) Caucasus network,

(B) Geyokcha array, and (C) Kyrgyz network. Measurements of individ-

ual t* estimates are averaged over roughly 5 to 10 s traveltime window,

as appropriate. Also shownare 1 ¢ standard deviations of mean. Linear
regressions of t*(t) give path-averaged attenuation ( Q) for each phase
(P, S, and coda): mnt is mountain, plt is platform.
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Caucasus and Kopet Dagh (Sarker and Abers, 1998a, 1998b); the Kyrgyzlesti resolved, in the Tien Shan, attenuation actually increases with depth
mates were made in a similar way although the data set is somewhat Igigr.3), the opposite of what is expected for crack-induced attenuation.

For all techniques, uncertainties are estimated to be 10%—-25%, suffi- Besides ray tracing, the main evidence for a lower crustal, thermal
ciently small to distinguis® in mountain belts from the platforms. Specif-origin for Q probably lies in the geographic pattern of attenuation we ob-
ically, we observé_)S of 2000-2300 in the platform areas and 700-900 serve (Fig. 2). Th® values do not correlate with station location and sub-
the mountain ranges; there is remarkable similarity between netwosisface geology (althoughdoes), hence near-surface effects are unimpor-
These values are higher than some previous Quaasults (e.g., Rautian tant. Similarly, the estimates come from sources of a variety of distances and
et al., 1979; Kopnichev, 1985; Mitchell et al., 1997), probably bec@useazimuths, so near-source effects should average out. Although there is some
varies with frequency (those studies consider predominantly 1 Hz signaterelation ofQ with topographic roughness, it is not exact, especially in the
whereas our estimates are dominated by attenuation at 8—12 Hz; SarkeFiandShan (Fig. 3). By comparison, slower phases suojpssow attenua-
Abers, 1998b). The previous studies still indicate similar relative variatidien that is well correlated with topography (Zhang and Lay, 1994). These
between shields and mountains. comparisons and several others are extensively documented elsewhere

All mountain paths in central Eurasia are two to three times md&arker and Abers, 1998a, 1998b; Sarker, 1998).
attenuating than those of adjacent platforms (Fig. 2). For both sets of paths, By contrast, several independent lines of evidence support elevated
Gsis roughly equal m‘gp. Hence, all the mountain ranges from the Greategmperatures beneath the mountain ranges, where we observe high attenue
Caucasus to western Tien Shan constitute a region of high attenuation, sigpaActive volcanoes in the Greater Caucasus attest to local melting (Philip
rated by sharp boundaries from the low-attenuation platforms to the nagttal., 1989). Although published heat flow data are scant in this region, high
Tomographic inversions dn for 1/Q from the Greater Caucasus and théemperatures in excess of 116 mWrare observed in the core of the
western Tien Shan also reveal a sharp lateral transition between cr&onicater Caucasus relative to a mean temperature of about 45 fiv\ttra

values and mountainousyalues (Fig. 3). adjacent Russian platform (e.g., Lubimova, 1975). These observations,
together wittSnblockage in the Caucasus and Kopet Dagh (Rodgers et al.,
POSSIBLE CAUSES OFQ 1997) and lovPnvelocities (Hearn and Ni, 1994), are evidence of high sub-

Seismic attenuation could be sensitive to different physical processesadtal temperatures. Strong lateral variations in mantle anisotropy in the
different depths and tectonic environments. For example, in near-solidus eastern Tien Shan have been used as evidence for vigorous small-scale con
ditions shear attenuation dominates compressional attenuation and one sheciiidn in the upper mantle (Makeyeva et al., 1992), also suggestive of rapid
observeQ,/Qg~ 9/4 (e.g., Anderson, 1989). By contrast, in the upper lithbeat transfer. Although many of these arguments are weak on their own,
sphere it is often observed tha/Qg~ 1 (e.g., Frankel, 1982), consistent withcombined with the evidence for a consistent attenuation signal they suggest
lower temperature thermo-elastic mechanisms (Anderson, 1989), but #isdthe mountains are significantly warmer than adjacent shields.
with elastic scattering caused by near-surface small-scale heterogeneity
(Richards and Menke, 1983). Lateral heterogeneity of velocity structure r@a&ND TEMPERATURE
cause scattering, focusing and/or defocusing, and mode conversion, any of Although low, theQ values in the mountains do not require melt and
which may severely affect the amplitude of seismic waves. However, as dig- consistent with small subsolidus temperature increases. Laboratory
cussed in detail elsewhere (Sarker and Abers, 1998a, 1998b; Sarker, 188Bgriments done at high temperature and seismic frequencies (e.g.,
the observations presented here are not consistent with most common sd&éterpfmann and Berckhemer, 1985) show aandQ, may drop by a
ing or focusing mechanisms. One important observation iQthalis simi-  factor of 5-10 as temperature increases close to solidus. Hence, the factol
lar toQg Hence, little of the high-frequency energy absent fBwaves en-  of two to three attenuation contrasts seen along Eurasian range fronts can b
riches the late coda, as would be predicted if scattering caused the appeasily explained by temperature variations well below the solidus and with-
attenuation (Richards and Menke, 1983). Another observation is that witerethe presence of partial melts.

The factor of two to three attenuation contrasts between platforms and
mountains indicates an elevated temperature no more than ~200 °C and

probably 100 °C or less. The calibrations of Kampfmann and Berckhemer
1 SOW north (1985) suggest temperatures of 515-540 °C for the shield paths, and tem-

perature increases of 50—100 °C associated with the mountains (see Sarke
and Abers, 1998a, for calculation details). These estimates were made from
Qg measurements of 2000-2300 in shields and 700-900 in mountains
(Fig. 2), assuming that our results refl@gtat 8—12 Hz frequencies (Sarker
and Abers, 1998b). Kampfmann and Berckhemer (1985) suggested a
+50 °C uncertainty on absolute measurements, and the high-pressure dunite
experiments of Jackson et al. (1992) revealed a larger temperature depend

(A) Greater Caucasus

. 0.00 0.75 150 ence ofQ. Both sets of experiments suggest that temperatures need not
c 44 (B) Kyrgyz Tien Shan |:1OF exceed 600 °C to produof 700-900 at 8-12 Hz. Hence, although these
X240y estimates are averages over some region of the crust, they do not indicate
1A A A 4 £ that melting conditions have been reached, even for wet felsic compositions.
oo K 8 E—
s 2 IMPLICATIONS
50T Our results show higQ values beneath the Eurasian cratons that are

Figure 3. Results of cross section of attenuation inversion (1/ 0 adjacent to the mountain belts of Alpine-Himalayan collision (Fig. 2). High

for (A) Greater Caucasus and (B) western Tien Shan (for details, Q values in cratonic regions are expected because they have been stable fc
see Sarker and Abers, 1998a; Sarker, 1998). Locations of cross along time. By contrast, all the mountain belts from the Greater Caucasus to
sections are shown in Figure 1. Actual topography is shown at western Tien Shan constitute a region of high attenuation. Some process is

top of each cross section. Inversion results show high attenua- heating these mountain ranges. Several mechanisms have been propose:
tion beneath mountains (dark), separated by sharp boundary

from low-attenuation platforms to north (light). Triangles are given sufficient time, convective instability within the mantle may elevate
stations and circles are events, projected from 20 km swath temperatures following lithospheric thickening (e.g., Houseman et al., 1981);
along profile. viscous dissipation at high stress levels may do so over wide areas (Kincaid
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and Silver, 1996); or rapid erosion and underplating may substantially &anpfmann, W., and Berckhemer, H., 1985, High temperature experiments on the

vate temperatures (e.g., Huerta et al., 1998). Very low upper mantle seismic elastic and anelastic behavior of magmatic rocks: Physics of the Earth and Plan-
N . ' y i . tary Interiors, v. 40, p. 223-247.

V?IOC'tles in ,the_ Tlen,Shan and Caupasus (Rogcker etal, 1993; Hgar id, C., and Silver, P., 1996, The role of viscous dissipation in the orogenic

Ni, 1994) coincide with the attenuation anomalies seen here, so high tem- process: Earth and Planetary Science Letters, v. 142, p. 271-288.

peratures may extend too deep to be attributable to shear heating on f&aligichev, Y. F., 1985, Short-period seismic wave fields: Moscow, Nauka, 177 p.

In any case, the consistent crustal temperature anomalies inferred in (in Russian).

this study suggest that a common mechanism is responsible for heah‘iw. ova, E. A., 1975, Heat flow map, a review of heat flow data and anomalies for
the European plate: Geothermics, v. 4, p. 3—7.

mountain belts having a wide range of geologic histories. This mechan'ﬁgkeyevav L. 1., Vinnik, L. P., and Roecker, S. W., 1992, Shear-wave splitting and
must operate over relatively short time scales, because all the observedsmall-scale convection in the continental upper mantle: Nature, v. 358,
mountain belts formed in the past 10-20 m.y. Better constraii@stem- p. 144-147.

perature relations, as wel a5 bette maging of variatoath depth MISTEl 8.3, Fan v X and Cong L 1997 19 codn O vreden seroes
. . . u | | | u volution: u ySI f
and comparison with metamorphic assemblages, may allow some of the v. 102, p. 22,767-22,779.

possibilities to be tested. Nelson, K. D., Zhao, W., Brown, L. D., Kuo, L., Che, J., Liu, X., Klemperer, S. L.,
Makovsky, Y., Meissner, R., Mechie, J., Kind, R., Wenzel, F., Ni, J., Nabelek,
ACKNOWLEDGMENTS J., Leshou, C., Tan, H., Wei, W., Jones, A. G., Booker, J., Unsworth, M., Kidd,

We thank the Integrated Research Institutions for Seismology (IRIS) Data . S. F,, Hauck, M., Alsdorf, D., Ross, A., Cogan, M., Wu, C., Sandvol, E., and
Management Center for providing us the data and the IRIS Joint Seismic Program for gdwards, M., 1996, Partially molten middle crust beneath southern Tibet: Syn-
supporting networks in the Greater Caucasus and Kyrgyzstan and broadband array inthesis of project INDEPTH results: Science, v. 274, p. 1684—1688.
the Geyokcha, in particular F. Vernon, G. Pavlis, and D. Harvey. This research pagis, G., Al-Shukri, H., Mahdi, H., Repkin, D., and Vernon, F., 1994, JSP arrays and
supported by the Air Force Office of Scientific Research (AFOSR) grant F49620-95- networks in central Asia: Integrated Research Institutions for Seismology
1-0002. Significant improvement of the text resulted from the comments of Mike  Newsletter, v. 13, p. 9-12.

Hamburger, Phillip Armstrong, and Lee Kump. Philip, H., Cisternas, A., Gvishiani, A., and Gorshkov, A., 1989, The Caucasus: An
actual example of the initial stages of continental collision: Tectonophysics,
REFERENCES CITED v. 161, p. 1-21.

Abdrakhmatov, K. Y., Aldazhanov, S. A., Hager, B. H., Hamburger, M. W., Herringrautian, T. G., Khalturin, V. I., and Shengeliya, I. S., 1979, Seismic coda envelopes
T.A, Kalabaev, K. B., Makarov, V. |, Molnar, P., Panasyuk, S. V., Prilepin,  and assessment of earthquake magnitude in the Caucasus: Physics of the Solid
M. T., Reilinger, R. E., Sadybakasov, I. S., Souter, B. J., Trapeznikov, Y. A.,  Earth, v. 15, p. 393-398.

Tsurkov, V. Y., and Zubovich, A. V., 1996, Relatively recent construction of thReilinger, R. E., McClusky, S. C., Souter, B. J., Hamburger, M. W., Prilepin, M. T.,
Tien Shan inferred from GPS measurements of present-day crustal deformation \mishin, A., Guseva, T., and Balassanian, S., 1997, Preliminary estimates of

rates: Nature, v. 384, p. 450-453. plate convergence in the Caucasus collision zone from global positioning sys-
Abers, G.A:, 1994, The Caucasus Seismic Network: Integrated Research Institutions tem measurements: Geophysical Research Letters, v. 24, p. 1815-1818.

for Seismology Newsletter, v. 13, p. 16-17. Richards, P. G., and Menke, W., 1983, The apparent attenuation of a scattering
Aki, K., and Richards, P. G., 1980, Quantitative seismology, theory and methods, Vol- - medium: Seismological Society of America Bulletin, v. 73, p. 1005—-1021.

ume 1: San Francisco, W. H. Freeman and Company, 556 p. Rodgers, A. J., Hearn, T. M., and Ni, J. F., 1997, Propagation characteristics of short-
Ander.son, D. L., 1989, Theory of the Earth: Boston, Blackwell Scientific Publica- period Sn and Lg in the Middle East: Seism0|ogica| Society of America Bul-

tions, 366 p. letin, v. 87, p. 396-413.

Avouac, J. P., Tapponnier, P., Bai, M., You, H., and Wang, G., 1993, Active thrustiRgecker, S. W., Sabitova, T. M., Vinnik, L. P., Burmakov, Y. A., Golvanov, M. I.,
and folding along the northern Tien Shan and late Cenozoic rotation of the Mamatkanova, R., and Munirova, L., 1993, Three-dimensional elastic wave
Tarim relative to Dzungaria and Kazakhstan: Journal of Geophysical Research, velocity structure of the Western and Central Tien Shan: Journal of Geophysi-
V. 98, p. 6755-6804. _ ) o cal Research, v. 98, p. 15,779-15,795.

Barazangi, M., and Ni, J., 1982, Velocity and propagation characteristics of Pn &agyhakasov, I., 1990, Neotectonics of high Asia: Moscow, Nauka, 181 p. (in Russian).
Sn beneath the Himalayan Arcs and Tibetan plateau: Possible evidencesfgker, G., 1998, Seismic attenuation variations at range fronts in central Eurasia
underthrusting of Indian continental lithosphere beneath Tibet: Geology, v. 10, [Ph.D. thesis]: Lawrence, University of Kansas, 166 p.

p. 179-185. Sarker, G., and Abers, G. A., 1998a, Deep structures along the boundary of a colli-

Burtman, V. S., Skobelev, S. F., and Molnar, P., 1996, Late Cenozoic slip on the Talas- sjonal belt: Attenuation tomography of P and S waves in the Greater Caucasus:
Ferghana fault, the Tien Shan, central Asia: Geological Society of America Bul- -~ Geophysical Journal International, v. 133, p. 326-340.

letin, v. 108, p. 1004-1021. Sarker, G., and Abers, G. A., 1998b, Comparison of seismic body wave and coda
Dotduyev, S. I., 1986, Nappe structure of the Greater Caucasus range: Geotectonics,wave measures f: Pure and Applied Geophysics, v. 153, p. 665-683.
V. 20, p. 420-430. Sengdr, A. M. C., and Natal'in, B. A., 1996, Turkic-type orogeny and its role in the

Frankel, A., 1982, The effects of attenuation and site response on the spectra of micro-making of the continental crust: Annual Review of Earth and Planetary Sci-
earthquakes in the northeastern Caribbean: Seismological Society of America ences, v. 24, p. 263-337.
Bulletin, v. 72, p. 1379-1402. Stocklin, J., 1968, Structural history and tectonics of Iran: A review: American Asso-
Ghose, S., Hamburger, M. W., and Virieux, J., 1998, Three-dimensional velocity struc-  cjation for Petroleum Geologists Bulletin, v. 52, p. 1229-1258.
ture and earthquake locations beneath the northern Tien Shan of Kyrgyzsfathon, F., 1994, The Kyrgyz seismic network: Integrated Research Institutions for
central Asia: Journal of Geophysical Research, v. 103, p. 2725-2748. Seismology Newsletter, v. 13, p. 7-8.
Hearn, T. M., and Ni, J., 1994, velocity beneath continental collision zones: Thezhang, T., and Lay, T., 1994, Analysis of short-period regional phase path effects
Turkish-Iranian plateau: Geophysical Journal International, v. 117, p. 273-283.  associated with topography in Eurasia: Seismological Society of America Bul-
Hough, S., Anderson, J. G., Brune, J., Vernon, F., Berger, J., Fletcher, J., Haar, L., |etin, v. 84, p. 119-132.
Hanks, T., and Baker, L., 1988, Attenuation near Anza, California: Seismolog-
ical Society of America Bulletin, v. 78, p. 672—691. B .
Houseman, G. A., McKenzie, D. P., and Molnar, P., 1981, Convective instability o anuscript recelv_ed AUQQSI 17,1998
h . ” vised manuscript received January 11, 1999
thickened boundary layer and its relevance for the thermal evolution of copji= uscript accepted January 26, 1999
nental convergent belts: Journal of Geophysical Research, v. 86, p. 6115-6132. ’
Huerta, A. D., Royden, L. H., and Hodges, K. V., 1998, The thermal structure of colli-
sional orogens as a response to accretion, erosion, and radiogenic heating: Jour-
nal of Geophysical Research, v. 103, p. 15,287-15,302.
Jackson, I., Peterson, M. S., and Fitz Gerald, J. D., 1992, Seismic wave dispersion and
attenuation in Aheim dunite: An experimental study: Geophysical Journal Inter-
national, v. 108, p. 517-534.
Jackson, J., 1992, Partitioning of strike-slip and convergent motion between Eurasia
and Arabia in eastern Turkey and the Caucasus: Journal of Geophysical Re-
search, v. 97, p. 12,471-12,479.

430 Printed in U.S.A. GEOLOGY, May 1999



