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 Origin of High Mountains in the Continents:
 The Southern Sierra Nevada

 Brian Wernicke,* Robert Clayton, Mihai Ducea, Craig H. Jones,
 Stephen Park, Stan Ruppert, Jason Saleeby, J. Kent Snow,
 Livia Squires, Moritz Fliedner, George Jiracek, Randy Keller,
 Simon Klemperer, James Luetgert, Peter Malin, Kate Miller,

 Walter Mooney, Howard Oliver, Robert Phinney

 Active and passive seismic experiments show that the southern Sierra, despite standing
 1.8 to 2.8 kilometers above its surroundings, is underlain by crust of similar seismic
 thickness, about 30 to 40 kilometers. Thermobarometry of xenolith suites and magne-
 totelluric profiles indicate that the upper mantle is eclogitic to depths of 60 kilometers
 beneath the western and central parts of the range, but little subcrustal lithosphere is
 present beneath the eastern High Sierra and adjacent Basin and Range. These and other
 data imply the crust of both the High Sierra and Basin and Range thinned by a factor of
 2 since 20 million years ago, at odds with purported late Cenozoic regional uplift of some
 2 kilometers.

 What holds up high mountain belts on
 continents? The Earth's two highest belts,
 the Himalaya-Tibet collision zone and the
 central Andes, are supported by Airy-type
 crustal roots 70 to 80 km thick, almost twice
 that of adjacent lowlands (1). A 30- to 35-
 km increase in crustal thickness should raise
 elevation by about 4500 m, in agreement
 with observed differences in elevation in
 these two cases (3). The Sierra Nevada, one
 of the major mountain ranges in North
 America, lies at an elevation of 2800 m but
 is enigmatic. It contains the highest point in
 the lower 48 states (Mount Whitney, 4419
 m), yet just a short distance away, Death
 Valley lies below sea level, within a zone of
 strong crustal extension (4). In addition,
 conflicting seismic interpretations have
 been presented as to whether the High Si-
 erra (roughly the eastern third of the range)
 is underlain by a crust 55 km thick (5) or by
 crust only 30 to 40 km thick (6), similar to
 that of surrounding lowlands of the Basin
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 and Range and Great Valley (Fig. 1).
 We collected wide-angle refraction-re-

 flection data along profiles transverse to
 (east-west) and parallel to (north-south)
 the structural grain (Fig. 1). The question of
 a crustal root is most clearly addressed by
 the seismic sections from shot point 5, just
 east of the High Sierra, and shot point 24,
 near the east end of the line (Fig. 1). As
 shown in Fig. 2A, the PmP (Moho reflec-
 tion) phase is evident on stations both to
 the east and west of the source point. Sta-
 tions to the west record PmP reflections
 from directly beneath the Sierra whereas
 recordings to the east are for reflection
 points beneath the Basin and Range. Travel
 times for the western branch are only -0.5
 s greater than the corresponding times for
 the eastern branch. Apparent Pg (upper
 crustal) phase velocities across the Sierra
 varied by <0.2 km/s. For a laterally invari-
 ant mean crLlstal velocity of 6.3 km/s, the
 PmP delays to the west allow a crLlstal root
 of only 3 to 4 km. The absence of a large
 crLlstal root is also clear from Pt, (Moho
 refraction) recordings from shot point 24.
 These do not show a major delay or de-

 crease in amplitude when passing under the
 Sierra Nevada (Fig. 2B).

 The absence of a large crustal root is also
 suggested by teleseismic P to S (Ps) mode
 conversions from the Moho observed at
 three passive seismic arrays on the east-west
 refraction line. Beam-formed seismograms
 (7) penetrating the Moho between arrays in
 the central and eastern Sierra have a Ps
 arrival about 4.2 s after the P. For an aver-
 age P velocity of 6.2 ? 0.2 km/s and Pois-
 son's ratio of 0.25 ? 0.04 for the crust, the
 Ps arrivals indicate that the Moho is 33 ? 5
 km below sea level. Similar measurements
 for an array in the Basin and Range 40 km
 east of shot point 5 indicate that the Moho
 is also -33 km below sea level.

 Our structural model of the data (Fig.
 3A) incorporates lateral velocity changes in
 the top 15 km, but these variations are
 incapable of supporting the topography.

 The Pg and P, travel time observations only
 permit lateral variations in mean crustal P
 velocities of about 3%, equivalent to lateral
 density variations of about 2% for Nafe-
 Drake or Birch velocity-density relations
 (8). Such variations would only accommo-
 date elevation differences of -500 to 600
 m, less than 25% of that observed. Even
 allowing for large, systematic deviations
 from commonly used velocity-density rela-
 tions, at most half of the Sierran topography
 and gravity signature can be ascribed to
 lateral density variations in the crust (Fig.
 3B). The topography, gravity, and crustal
 structure of the southern Sierra Nevada
 thus provide an example of a continental
 mountain range supported mainly by lateral
 density variations in the upper mantle, or a
 Pratt-type root.

 We modeled support of Sierran topogra-
 phy through a combination of lateral vari-
 ations of density in the crust (-25% of the
 effect, including that of a small crustal root)
 and in the mantle (-75%). Such a combi-
 nation explains the main anomalies in the
 gravity field (Fig. 3B). Variations in Ps con-
 version amplitLudes recorded by the passive
 arrays might reflect this upper mantle
 anomaly, as Ps amplitudes are smaller under

 Fig. 1. Distribution of receivers l .i. , , _ ,, l

 for wide-angle reflection/refrac- A - .. .... --.L
 tion experiment (heavy lines) and ; BASIN 380
 shot points (squares) relative to B - SP 24 S

 the southern Sierra Nevada and A . . (NPE) ..
 environs. The northwest-trend- SP5 f 370
 ing segment projecting toward . . ;;

 shot point (SP) 24 corresponds a.
 to the receiver array along the * ;36?
 east end of the east-west profile - ;
 in Fig. 2B. Open circles corre- > GF
 spond to the following cities: B, -1km-- RANGE K 50
 Bishop; K, Kingman; R, Ridge-
 crest; S, Saint George. Thin lines 121? 119? 117? 115 113

 with arrows show major strike-slip faults and senses of slip; GF, Garlock fault; SAF, San Andreas fault.
 Dotted areas are zones of strong upper crustal extension (>300%) within the Basin and Range province (4).
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 the High Sierra than elsewhere and are
 followed by additional conversions between
 7 and 9 s after P. Incorporation of such an
 upper mantle anomaly would only visibly
 affect seismic arrivals near the Sierra. Re-

 duction of Pn velocities under the High
 Sierra by 2 to 5% improves our fit to P,
 arrival times, confirming previously inferred

 low P,, velocities from both north-south (6)
 and east-west ( 1) profiles. The absence of

 low Pn velocities outside the High Sierra

 region corroborates higher Pn values from
 previous work to the west [for example,
 (12)] and east (6, 13).

 Tlhe position of an upper mantle seismic
 anomaly under the High Sierra is also sug-
 gested by an electrical conductivity anom-
 aly and by variations in mantle xenolith
 suites. Magnetotelluric (MT) data at 30
 stations along the seismic line indicate sev-
 eral zones of enhanced conductivity in the
 lower crust and upper mantle (Fig. 4A).

 The most striking features of the model are
 localized regions of low resistivity beneath
 the western Sierra and Great Valley; these
 may be explained by conductive metasedi-
 mentary rocks. A broad zone of lower resis-
 tivity is evident in the upper mantle be-
 neath the eastern Sierra. The data imply
 that mean upper mantle resistivity is be-
 tween 3 and 30 ohm'm, with a preferred
 value of 10 to 20 ohmm (Fig. 4B). The
 cause of such low resistivities is likely par-
 tial melt because of the absence of conduc-
 tive solid phases in the mantle and because
 saline fluids cannot maintain interconnect-
 ed networks in ultramafic rocks at these
 pressures and temperatures (16). Partial
 melt fractions of 1.5 to 16% can explain the
 range of resistivities. in the upper mantle
 (17), but melt fractions of 2 to 5% best fit
 the data. For magma density of 2740 kg/mi3,
 5% partial melt reduces the bulk density of
 mantle by only 25 kg/m3. Upper mantle
 heated to subsolidus temperatures has a
 density about 50 kg/mi3 less than cooler
 mantle. The MT data thus suggest a density
 decrease of about 75 kg/m3 (-2.4%) dis-
 tributed beneath the eastem Sierra Nevada
 from depths of 35 to 80 km (Fig. 3B).

 Xenoliths from Late Cenozoic volcanic
 flows from the central Sierra (CS suite), the
 High Sierra, Owens Valley, and Inyo
 Mountains (HS suite) show variations in
 texture, composition, and thermal history
 consistent with the MT and seismic anom-
 alies. The CS suite includes feldspathic
 granulites, garnet-pyroxenites, eclogites, cu-
 mulate gabbros and amphibolites, garnet
 and spinel peridotites, and garnet webster-
 ites (18-20). The HS suite includes spinel
 lherzolites, harzburgites, spinel dunites,
 spinel websterites, clinopyroxenites, gab-
 bros, and mafic granulites, but lacks gamet.
 Melt inclusions are common in the HS
 xenoliths, with an average of 2 to 3% in
 thin sections.

 The HS xenoliths record much higher
 temperatures than does the CS suite. In the
 CS suite, the lower crustal feldspathic gran-
 ulites and the gamet clinopyroxenites are
 likely batholith-related rocks. The thermo-
 barometric data (Trend A, Fig. 5) imply
 that deeper rocks cooled more slowly and
 equilibrated at lower temperatures than did
 the shallower rocks. The deepest crustal
 xenoliths are from -60 km, within the
 seismically defined upper mantle. The ba-
 salt-eclogite phase transition occurs at -35
 km for the recorded temperatures (similar
 to the depth of seismic Moho), and the
 thermobarometric measurements are con-
 sistent with the basalt-eclogite transition
 predicted by the mineral compositions of
 the CS xenoliths. These results suggest that
 the Moho is at least 25 km shallower than
 the compositional boundary between mafic
 and ultramafic rocks. Pressure-temperature

 -4 0 Great Valley Sierra Nevada Basin & Range
 ..E 3.0-B q

 20
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 Fig. 2. East-west seismic profiles across the southern Sierra Nevada showing Pg, P,n, and PmP phases;
 (A) from shot point 5 (Fig. 1 ); upper panel shows horizontal position and elevation of receivers; (B) from
 shot point 24 (nonproliferation explosion or NPE); receiver locations are approximately the same as those
 in (A), except east of offset -135 km receivers lie along the northwest line projecting toward the shot point
 (Fig. 1). Note that variations in receiver elevation and basin fill may cause small perturbations in arrival
 times (<0.5 s). The delays of 1 to 2 s beneath the Great Valley in (B) are mainly due to thick Cenozoic
 sediments.

 Fig. 3. (A) East-west structural MT MT
 model inferred from seismic data. ? 001 GV ; SN ; B&R
 The top 10 to 15 km is taken from a =1- -
 tomographic analysis (9) and pri- 6 100 ::::
 marily reflects the static time delays 8 300-. .,
 introduced by the sediment-filled 30 km
 basins. The mid to lower part of the 75 km;:
 model was verified by finite-dier-'
 enc e modeling of the east-west A .: . Ser . : -

 shot points. The positioning of the s and : : : :
 Moho at a depth of 33 km is based 0-2 >2n 4 >4l 6 >6t6.9
 on Ps conversions; the depth may may e sellcity
 be greater than 40 km in some ar- c te are mly d
 eas, especially north of 37?N (10). r l-

 Arrows show boundaries of MaaT E 00 o SN B&R
 profile in Fig. 4A. (B) Bouguer gray- eI s_ -

 The top1 0 to15 km s take from

 ity and gravity models computed by E -200.0 - 5% crsta -
 varying crustal density within stip- -200~ -- -25% crustal + 75% manl
 pled area proportionally with topog- Bouguer gravity
 raphy. Upper two models show ef- <30.0 B
 fect of average crustal density con- 0.0 100.0 200.0 300.0 400.0
 trasts of 50 and 100 kg/im3 (within Distance (
 local variation proportional to topography), corresponding to 25 and 50% of the total compensation
 needed, respectively. Lower model curve shows a 25% crustal contribution and 75% mantle contribu-
 tion, assuming stippled region in the upper mantle is 80 kg/i3 less dense than unpattered area.
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 data for CS garnet peridotites and garnet
 websterites (19) yield an adiabatic slope
 (Trend B, Fig. 5), suggesting that the con-
 vective upper mantle was as shallow as -60
 km. The HS xenoliths also define an adia-
 batic slope (Trend C, Fig. 5), but to depths
 of only 30 to 40 km, and are -250?C hotter
 than for the CS suite.

 The high topography, thin crust, low Pn
 velocity, enhanced upper mantle conduc-
 tivity, and shallow, hot, melt-bearing upper
 mantle xenoliths collectively suggest that
 the asthenospheric upper mantle lies near
 the depth of the Moho beneath the High
 Sierra, whereas the upper mantle to the
 west contains a thick, relatively cold
 eclogitic root. During the Mesozoic, under

 A GV SN BR
 SP4 21 SP5

 0

 50

 100

 150 1 l J 1
 60 200 km

 0 1 2 3 4

 0gl lO(p)
 B 5

 YX ~~~~Shte 21

 -10
 --100
 -1000

 -2 0 3
 Log (period)

 Fig. 4. (A) East-west resistivity model resulting
 from inversion of distortion-corrected MT data for
 minimum structure model (14, 15). Vertical scale
 in kilometers; horizontal scale corresponds to
 model coordinates of Fig. 3, showing position of
 shot point 5 (SP5) and MT site 21. GV, Great
 Valley; SN, Sierra Nevada; BR, Basin and Range.
 Box in upper mantle beneath the eastern Sierra
 Nevada outlines region perturbed for sensitivity
 tests in (B). (B) Sensitivity of MT sounding at site
 21 in the Sierra Nevada to upper mantle conduc-
 tivity. Apparent resistivities for the yx mode (per-

 trom pnertubaion of uppeortmantlerrectidtividiea fromr

 toi00 ohmometrs Torialnvaluescl ofuprmaterespnsis-
 tivitycaredinathes box FingA. Vaue sofin3 tosi30o ohm

 for i upper mantle resisivty prvie acepabler fits.a

 the high heat flow conditions of an active
 magmatic arc, the Moho would have been
 much deeper because of depression of the
 gabbro-eclogite phase transition, so the
 crustal thickness in the central Sierra would
 likely have been -60 km or more. The
 strong contrast in present-day mantle heat
 flux across the range, which is low in the
 west and high in the east (22), may suggest
 that the High Sierran mantle lithosphere
 has thinned recently, perhaps related to
 Neogene crustal extension in the Basin and
 Range (24) (Fig. 6).

 The pronounced eastward thinning of
 the petrologically defined crust, from at
 least 60 km to as little as 30 to 40 km
 beneath the High Sierra, contrasts with the
 relatively thick crust of the modern central
 Andes (1), generally considered a close tec-
 tonic analog for the pre-extensional Cordil-
 lera (25). The High Sierra has similar crust-

 40 B
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 400 800 1200
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 Fig. 5. Equilibration pressure-temperature deter-
 minations on Sierra Nevada xenoliths (19, 21).
 Trends A, B, and C are explained in the text. Sym-
 bols: 0, feldspathic granulites; O, garnet clinopy-
 roxene rocks; A, garnet peridotites and garnet
 websterites; +, spinel peridotites from the CS; *,
 spinel peridotites from the HS. Curves: 1, present-
 day geotherm in the central Sierra Nevada (22); 2,
 the garnet breakdown reaction: pyrope + grossu-
 lar = anorthite + 2 diopside + spinel; 3, spinel-
 garnet peridotite transition; 4, -wet peridotite soli-

 dus; 5, dry peridotite solidus (23). m1,, la mini-
 mum error for the data set; M1(,, 10 maximum
 error for the data set.

 km GV SN I -BR CP
 0-

 ++++ v .,-........ 7-.,,, 7
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 Fig. 6. Model of the late Cenozoic Cordilleran crust at latitude 36.50N. Shading, pre-20 million-year-old
 upper crust; unpatterned layer with flow lines, fluid deep crust; +, eclogitic upper mantle; dots, mantle
 lithosphere; dashed line, 1 0000C isotherm; bold arrow, locus of asthenospheric upwelling below the High
 Sierra; GV, Great Valley; SN, Sierra Nevada; BR, Basin and Range; CP, Colorado Plateau; CS, column of
 central Sierran xenolith suite; HS, column of High Sierra-Owens Valley xenolith suite.

 al structure to that of the adjacent Basin
 and Range, where the upper crust has been
 tectonically extended some 250 to 300 km
 in a west-northwest direction over the last
 15 to 20 million years (Fig. 6) (26). Recon-
 struction of the extension yields an overall
 thinning of the crust by about a factor of 2,
 for an initial crustal thickness of 60 to 70
 km, depending on the volume of magma
 added during extension. This would be
 roughly consistent with the thick petrolog-
 ically defined crust in the westem and cen-
 tral Sierra, and with the crustal thickness of
 the modern Andes (1).

 The buoyancy loss from some 30 km of
 crustal thinning would lower elevation
 about 4000 m (2), yet the High Sierra and
 parts of the Basin and Range are widely
 believed to have risen 1500 to 2000 m in
 the late Cenozoic (27). An extraordinary
 contribution to buoyancy from the mantle,
 which not only accounts for the uplift (28)
 but counteracts the effect of crustal thin-
 ning, would be needed. Crustal thinning of
 30 km would require over 200 km of mantle
 lithospheric thinning to account for the
 uplift (2), a thickness greater than that
 estimated even for Archean cratons (29).
 One solution to this difficulty is that the
 density change in the upper mantle due to
 lithospheric thinning is much greater than
 commonly assumed, perhaps in part as a
 result of a compositional effect, such as Fe
 depletion of the upper mantle from partial
 melting (30) or metamorphic breakdown of
 garnet in the upper mantle due to heating
 from magmatism and extension to the east.
 The absence of garnetiferous samples in
 eastern Sierran xenoliths versus the garnet-
 rich rocks to the west may support this
 hypothesis. Alternatively, the Sierra may
 have maintained or even lost elevation in
 the late Cenozoic, as paleofloral and geo-
 morphic arguments for uplift of the western
 United States have recently been ques-
 tioned (31). Allowing the possibility of re-
 gional topographic lowering, a plausible
 model for the late Cenozoic evolution of
 the High Sierra might include thinning of a
 65-km crust down to 35 km, accompanied
 by nearly complete removal of a relatively

 192 SCIENCE * VOL. 271 * 12 JANUARY 1996

This content downloaded from 134.197.0.24 on Thu, 23 Jan 2020 17:35:10 UTC
All use subject to https://about.jstor.org/terms



 .4l REPORTS

 cold, 70- to 80-km-thick mantle lid (Fig. 6).
 This would suggest a history where the
 range lay at about 4000 to 5500 rn, and then
 subsided to 2000 to 3000 m as a result of
 extension (32).
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 Fluorination of Diamond Surfaces by Irradiation
 of Perfluorinated Alkyl lodides

 V. S. Smentkowski and John T. Yates Jr.*

 A facile method for chemically functionalizing diamond surfaces has been developed
 using x-ray irradiation of perfluoroalkyl iodide layers on the surface. Perfluoroalkyl radicals
 chemically bond to the diamond surface and can be thermally decomposed to produce
 strongly bound surface C-F bonds that are stable at high temperatures.

 Diamond film coatings can significantly
 improve the surface properties of many ma-
 terials in applications such as cutting tools,
 biological implants, optical disks, lenses,
 and windows (1). In each of these applica-
 tions, it may be desirable to modify the
 properties of the outer surface of the dia-
 mond film itself to produce special surface
 properties. The chemical modification of
 diamond surfaces is one route for producing
 useful surface properties. One modifier that
 offers promise for the improvement of the
 behavior of diamond surfaces is fllorine (2);
 the strong C-F bonds of fllorine (3) on
 diamond surfaces provide enhanced lubric-
 ity (4) and enhanced stability under oxidiz-
 ing conditions at elevated temperatures (5).

 Until now, diamond surfaces have been
 fluorinated only with extreme methods in-
 volving molecuLlar F2 (5), atomic F (6), XeF2
 (4, 7), and fluorine-containing plasmas (8).
 Each of these surface-modification methods
 involves the handling of corrosive gases tin-
 der harsh treatment conditions. In addition,

 Surface Science Center, Department of Chemistry, Uni-
 versity of Pittsburgh, Pittsburgh, PA 15260, USA.

 'To whom correspondence should be addressed.

 only partial fluorination of the diamond sur-
 faces studied was achieved with these ex-
 treme methods (4-8). A recent, extensive
 review showed that the attachment of long
 chain fluoroalkyl species directly to diamond
 surfaces has not been reported (9), although
 attachment of such species by silylation on
 oxidized diamond is known (10).

 We present a method for the deposition
 of more than one F atom per surface C atom
 on diamond. The fluorinated alkyl layer
 achieved by this method decomposes be-
 tween 300 and 700 K to produce a highly
 stable form of chemisorbed fluorine on the
 diamond surface that then thermally de-
 composes over a wide temperature range up
 to 1500 K ().

 Perfluorinated alkyl iodides (C,F2.+ 1I)
 were used as a source of radiation-produced
 perfluorinated alkyl radicals that attack the
 diamond surface and anchor themselves
 there. Irradiation with x-rays dissociated
 the weak C-I bond (3, 12) in both C4F91
 and CF3I layers condensed on a diamond
 (100) single crystal (11). The x-ray irradi-
 ation was used also for x-ray photoelectron
 spectroscopy (XPS) measurements of the
 nature of the surface layer. The diamond
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