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Abstract

In our firstyear of the currert fundingcycle, we have investigated three interrelated aspects of K-
feldspar thermochronology;1) the Al"diffusionproperties andmicrostructuresof K-feldspars,2) the thermal
evolution of the Valles Caldera and3) the continued development of microanalysis.

Results of TEM andlight microscopyon heated and unheated samples of MH-10 K-feldsparreveal
three clas,_s of substructureare present; (1) cross hatched extinction is common and there is almost no
albite/pericline twinning,only tweed microstructure;(2) 5-10 voL % of this K-feldsparare turbidzones with
complex twin and tweed st_::tures at the sub-micron scale and numerous dislocation and strainfeatures; (3)
about 20% of the K-feldspar is comprised of 0.01 x 0.2-1;z m albite e_olution lamellae. The networkof
fractured/turbid zones divides the sample into blocks of approximately50_ m and the separationbetween albite
exsolution lamellae produceK-feldspardomains of the order 0.1 # m. Independentcrushinganddiffusion
experiments suggest the scale of the largest domain is order ten's of micron whereas the smallestdomain size is
interred to be -0.1 _ m. Although this apparentagreement is promising, several inconsistencies remainthat will
be addressed in the coming year.

Many, and perhaps most, alkali feldspars contain diffusiondomainswith activationenergiesthatmay
varyby as much as 8 kcal/mol. An extraordinaryconsequence of even relativelysmallvariations in activation
energybetween domains is that the shape of an age spectrumcan change dramaticallyby varyingthe laboratory
heating schedule. We fred that Arrhenius and Iog(r/ro) plots have the potential to revealeven smalldifferences
in activationenergy (-2 kcal/mol) between domains, at least in cases where the domains are well separated m
size. Variations in activationenergy of -5 kcal/mol can result in differences in calculatedclosure temperature
of up to 30°C from that obtained assuming equal activation energies for ali domains.

We have performed _t0Ar/_ t Ar age spectrumexperimentson K-feldspar separated from Proterozoic
quartz monzonite taken froma depth of 1.76 km down the VC-2B drillhole, Valles Caldera,north-centralNew
Mexico. Our results reveal a classic diffusion domainstructurebut virtuallyno recent degassingof radiogenic
argon, despite the present temperature of 2950C. These results suggest that near peak temperature_in the
SulphurSprings hydrothermal system have onlybeen achieved over the past 10,000years. This result is similar
to our earlier finding trom the Hot-Dry-Rock site but contrastwith our previous result fromBaca 12.

We have commisioned our new ultra-low back_ound VG 3600 mars spectrometerand made
modifications to our furnacedesign to achieve extraordinarilylow blanks (< 10"x7 mol 4oAi"at 1000°C)
without sacrificingtemperature control We are proceedingwith a plan to acquire a C09 laser capabilityby
attachingan lR transparent window (ZnSe) to a bakeable, ultra-high vacuum system. TI_ viewportis currently
under construction.
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1.Background

A common ingredient in evaluation of virtuallyali energy sources is some form of temperature
measurement. A complete description of exploitable geological sources, both geothermal and fossil fuel,
requires an understanding of the temperature historyof the system over extremely long times. Over the past
ten years, we have been developing4o Ar/,S0Ar K-feldspar thermochronometry (e.g., Harrison and McDougall'
1982; Harrisonand Be, 1983;Loveraeta/., 1989;,Harrisonet a/., 1991). This approachprovides information of
a samples integrated temperature-time historyin the range 130 to 350°C, along with a systematic basis to
separate these two parameters. The advantage of this method over othercurrentlyused thermometers (e.g.,
vitrinitereflectance) is more than just the simplicityof the thermally activatedreaction; the absolute time
framework which accompanies the thermometry allows assessment of the geological age of thermal excursions.
Apatite fission track dating (e.g., Gleadow eta/., 1983) is a complimentaryapproach that provides extentionof
temperature coverage into the 80 to 120°C range,but the millionfold lowerdecay constant for2s s U relative to
4o K restrictsthe resolution of the resultingthermal history (e.g.,Corrigan, 1991).

By irradiatingK-feldsparswith a knowndose of fast neutrons,a portion of thes oK transmutes to
aoAr, an isotopicallydistinct but chemically identical form of 40Ar, a daughterproductof naturally radioactive

4oK. Thus, the 40Ar/S _Ar ratio of a geoloogicalsample is proportional to its age. If the sample has been
heated in the temperature range 130to 3.50 C for geological periods, the transport ldnetics of 4oAr in K-
feldspar are sufficiently rapid to cause partial outgassing of the sample. The rate of gas loss is exponentially
dependent on temperature but proportional to the square root of the heating duration. Thus, if the diffusion
parameters forAr transport in K-feldspar are known or can be obtained via the extraction experiment, a
partially outgassed sample can yieldinformation related to the ages of both the source rock and reheating event,
as well as the temperature of that Laterevent.

Many and perhaps most 40Ar/S 0Ar age spectra for slowly cooled alkali feldspars are significantly
different from model age spectra calculated assuming a single d/ffusion-domainsize. In addition,Arrhenius
plots calculated from the measured loss of s_Ar during the step heating experiment show departures from
linearity that are inconsistent with diffusion fromdomains of equal size. Loveraet al. (1989) extended the single
diffusion-domain closure model of Dodson (1973) to apply to mineralswith a discrete distribution of domain
sizes. The discrete diffusion-domain dism'bution model offers an internally consistent explanation for the
commonly observed features of alkali feldspar age spectra and their associated Arrhenius plots. Because thcse
domains contain a range of closure temperatures, Loveraet al. (1989) found that a single K-feldspar sample
may reveal a broad segment of a cooling history, rather than the single datum usually expected. The excellent
agreement among cooling history segments for coexistingsamples with differing activation energies gives
confidence that extrapolations of the kinetic results down-temperature are meaningful as non-linear behavior in
any one sample would displace that segment off the shared cooling history (Harrison, 1990).

Recently, we have tested and confmmed the general predictions of the domain distribution theory by
performing non-conventional 40Ar/3 gAr extractionexperiments involvingisothermal heating, short and long
duration heating (50 se.cto3 days) and cycled heating/cooling experiments Loveraet al., 1991). These studies
showed that the diffusion domain distributionparameters (domain size,p, and volume fraction, _ ) can be
adequately obtained through fits to bod] the age spectrum (formed overmUlionsof years) and the Arrhe_dus
results (obtained in the laboratory over a matterof hours) assuming that the activation energies of all domain
sizes are equal, or nearly so. Our recent analyses of small (-400 _ m) individual crystals indicate that the
domains are an intrinsic property of potassium feldspars that are not separable at the micron scale (Loveraet
a/., 1991). Because the form of Arrhenius plots varies with laboratory heating schedule for samples with a
domain size distribution, we proposed an alternative plot (Richter et al., 1991;Lovera eta/., 1991) in which the
log of the deviation from the diffusion law for the earliest released argon (ro) is plotted against cumulative
%s _Ar released. The log(r/ro) plot yields domain size data independent Oflaboratoryheating schedule,
provided all domains share the same activation energy.
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In our firstyearof fundingunder the auspices of grant DE-FCAY3-89ER14049,we have investigated
four interrelated aspects of K-feldsparthermochronology;1) defafifionof K-feldspardomains,2) refinements
to the multi-domain model, 3) the thermalevolution of the Valles Caldera, and 4) the continued development
of microanalysis.

2. K-feldspar Thermochronology 1990-1991

2.1 Definition of K-feldsparDomains

The most surprising aspect to arise out of our recent work (Loveraet a/., 1989,1991;Harrison,1990;
Richter et a/.,1991;Ryerson and Harrison, 1990;Harrisonet aL, 1991) is the suggestionthat virtuallyali low
temperature potassiumfeldspars contain sub-grain difft,.siondomains and thattheir distributionis discrete
rather than continuous. Clearly,a deeper appreciationof this phenomenonwould follow from the
determination of the features thatcontrol the loss of argon fromfeldspars. When examined by optical, X-ray
and transmissionelectron microscopy(TEM) methods, an assortment of features in low temperaturefeldspars
are observed, such as grain boundaries,albite and pericline twins, tweed structure,dislocationsubgrains and
tangles, stepped twins,orthoclase enclaves in microcline, exsolution lamellae of varyingwidths,anti-phase
boundaries, coherent andnoncoherent perthite boundaries, micro-pores, healed cracks, andcleavage, that could
be possible candidatesfor argon permeableboundaries (Eggelton and Busec.k,1980;IVlacLaren,1978;Fitz
Gerald and MacLaren,1982; Zeitler and Fitz Gerald, 1986;Smith andMcLaren, 1983;Yund, 1983a,b,c;Yund et
a/., 1981; Harrisonand McDougall, 1981;Parsons et aL, 1988).

No one of these above mentioned features recommends itself to us aboveothers as capableof
regulatingthe widespreadoccurrenceof a discrete distribution of diffusiondomain sizes. Furthercomplicating
this assessment are possible cl_angesto the microstructurethat occurduringheating (e.g.,Smitheta/., 1987).
The extent to which we mistakenlyascribe domain size qualities to activationeffects will influenceour estimates
of the absolute and relative dimensions of the responsible boundaries. To identifywhich, ifany,of the above
features control argon diffusion first requires a clear understandingof the relative contributionsof frequency
factor and physical_ to the observedvariations.

2.1.1 TEM andLight Microscopy

In September 1990, Harrison travelled to the AustralianNational Universityto begin a T_M and light
microscope study of K-feldsparsample MH-10 in collaboration with Dr. John FRzGerald. We havee_amined
not only 'virgin_K-feldspar separated from crushed samples of MH-10, but also samplesheated in race,._mfor
70 rain at temperatures of 750, 950, and 1100°C. This range of material was examined to characterizeL_3ththe
initial microstructureand any changes due to heating in the Ar-diffusionstudies. Followingoptical-scale
examination of ultra-thin sections (-10_m thickness), coarse grains of the sampleswere preparedusing
conventional At-ion beam thinningtechniques (e.g., T'gghe.,1976) for imaginganddiffractioninvestigations
using a JSEM 200B TEM operated at 200 kV. Although it is diffuadtto obtain a three dimensionalv;ew from
two dimensional images, our preliminaryresults suggest a plausible correspondencebetween the im_ed
features and the diffusionresults.

The MH-10 rock shows almost no evidence of plastic deformation, and the K-feldspar does not possess
networks of dislocations which might define a subgrain structure. Three classesof substructure are present in
the K-feldspar, but onlythe third appears to have been affected at ali by laboratoryheating:^

(1) Cross hatched extinction(light microscope, maximtun extinctionangles of+ 18° indicate maximum
microcline) is common but variablydeveloped. TEM reveals almost no albite/pericline twinning,only tweed
microstructure.

(2) Turbid zones exist within0ils K-feldspar, but only 5-10 volume %of the mineral is affected.
Micropores, < 1 to 2# m, characterizethese regions, which often also feature blebs of albite,2 to 40# m
diameter. TEM shows these 'modified'zones to be verycomplex with intricate twin and tweed structuresat the
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sub-micron scale and numerousdislocation and strain features. Adjacent micropores do not appear to be
connected, although light microscopyindicates many of the structureshave originated at fractures.

(3) Exsoludon lamellae. Albite lamellae (> 1 x 20# m, separated by 1_ m, light microscopy) are rare
(-2%). TEM shows submicroscopic lamellae are more common, occurring in about 20%of K-feldspar. These
lamellae, 0.01 x 0.2-1 t_m, separated by 0.1 to 0.5 i.tm, are disk-shaped and probably have a semi-coherent
relationship to the host K-feldspar. Submicroscopic lamellae appear to have been removed by heating to 950
and 1100°C.

The largest domain size identified by experiment (see section 2.1.2) is approximately 50p m. This
order of magnitude corresponds to the size of blocks of K-feldspar defined by the network of fractured/turbid
zones in MH-10. The smallest domain size inferred from diffusionanalysis is -0.1/_ m which corresponds to the
separation observed between albite exsolution lamellae, la addition, the volume of material containing the
finest .scale of perthite is similar to the estimated volume fractionof the smallest domain size in MH-10.
Despite this promising agreement, several anomalies remain.

(1) No clear candidate has been identified for a domain of intermediate size.
(2) The diffusion analysis suggests that the domains of different sizes be independent. The observed

structures maybe nested.
(3) The analysisalso requires that domain boundaries be effectively open pathways to grainexteriors.

The degree of coherence between albite and K-feldspar lattices might involve only limited enhancement of
diffusivityat each lamellar interface, also the relationship between adjacent disks of lamellae suggests that
connectivity may be less than ideal.i

2.1.2 Thermal Stability of Domains

Our current view is that the only experimental criterion critical to extraction of meaningful diffusion
and domain size information is not exceeding the incongruentmelting temperature of K-feldspar (-1150°C).
However, Zeitler (1987) observed an apparent differencebetween the Arrhenius plot of a K-feldsparsample
that had been heated prior to irradiationcompared to the unheated sample. Although we hadnot ourselves
observed this effect, we proposed a key and simple experiment to test our domain hypothesis and the implicit
assumption that the natural domain structureis undisturbed by laboratory heating. Althoughhomogenization
and disordering changes are unlikelyto occur during the laboratory experiment (e.g., Hokanson and Yund,
1986;Yund, 1983c), reversibledispladve changes do occur (e.g., Smith et al., 1987) which mightaffect the
domain structure. By interrupting the age spectrum experiment after the smallest domain has degassed (by
heating to 950°C) andre-irradiatingit, we were able to evaluatewhether the smallest domain size has been
altered or remains unaffectedby heating. Our fu'stsuch experimentrevealed a clear decrease in the diffusion
coeflident by an order of magnitudesuggesting that the smallest domain had been erased duringheating.
However, a second experiment to confirm this finding revealed no such change in the diffusioncharacterof
MH-10. We have re:lesignedthe experiment and are currentlyperformingadditional experiments to assess if
the domainal structure remains robust throughout the experiment or if these features are annealed once
degassed.

2.1.3 Crushingand Diffusion Experiments

Although the precise nature of the diffusion domains is as yet unclear, what we do know fromour
analysis of K-feldspar age spectra and assodated Arrhenius plots is the_ size of the domains. For
example, the age spectrum and log(r/ro) plot for sample MH-10 reveal the presence of three diffusion domains,
the largest being three times the size of the intermediate domain and fifty times larger than the smallest. The
most extreme contrast so far observed is a factor of a hundred, although differences in assumed diffusion

geometry can change this to some degree.

Having observed the same range of domain sizes within 400# m diameter single crystalsof MH-10 as
that found in aggregates, we can reasonably infer that the largest domain is no bigger than hundred'sof microns
and the smallest is less than about 10/_m. We have recovered finer grained samples of MH-10 that we have
irradiated and analyzed. A fractionof MH-10 with a diameter of about 40 lam (MH-10.g) _elds the log(r/ro)

I_l ,, "r"ll...... lr, .... _1,, "rlrl
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Figure i - log (r/ro) plot of coarse grained MH-10 (MH-10.bm)
and very fine grained M_I-10 (MH-10.g). The 40 micron sized
material has lost most of its large domain (maximum value is

approximately 0.6 compared to i°I in the 425 micron aggregate)
and increased the volume fraction of the small domain• Note

also the contrasting gas losses at 1000°C,
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plot shownin Fig. 1 together with the log(r/ro) plot for the corase grainedmaterial (MH-10.bm). Although the
largest domain size has dearly been annihilate.d,there are still three diffusion domain sizes present in the
sample, lt may appear that the crushingof the sample has introduced an even smaller domain (i.e., the data
plotting at -0.8), but note that this is precisely the position (indicated by the arrow)of the smallest domain size
predicted from the orignal experiment on the coarse grained sample. Clearlywe have dramaticallyincreased
the volume fractionof the smallest domain, but havewe done this by concentrating the small domain in the
freest seive fractionsor by creating more of the small domain by size reduction of the large domain? Although
there is likely a contributionfrom each, the decrease in the K-At age of the 40_ m experimentof 10 Ma
compared withthe 400pm sample suggests the formerexplanation may be the dominant effect. By isolating
the largestdomain size to be be_een 40 and 100# m, this impfies that the smallest domainis order lp m in
size. An addition effect, diffusion compensation, discussed in the next section furtherreduces this estimate to
order 0.1 # m.

2.2 Refinement of the Multiple Domain Hypothesis

2.2.1 Multiple Activation Energies

Although our extension of the single diffusiondomain/activation energyclosure model to a discrete
distributionof domain sizes appears to reconcile 4oAr/a _Al"age spectrawith their associatedArrheniusplots,
we began last year to focus on small remainingdiscrepancies, particularlyapparentin log(r/ro)" plots, that
suggested thatsome, and perhaps most, alkalifeldsparscontain diffusion domains withactivation energies that
may vary by as muchas 8 kcal/mol. An extraordinaryconsequence of even relativelysmall variations in
activation energybetween domains is that the shape of an age spectrum can changedramaticallybyvaryingthe
laboratory heatingschedule. We fred that Arrhenius and Iog(r/ro) plots have the potential to reveal even small
differences in activationenergy (-2 kcal/mol) between domains, at least in cases where the domains are well
separated in size. Variations in activation energyof -5 kcal/mol can result in differences in calculated closure
temperatureof upto 30°C from that obtained assumingequal activationenergies forali domains.
Overestimates of apparentactivation energyand other inconsistencies resulting from reversedheating
experiments are thoughtto reflect annealing of subgrainfeatures which define the smallest diffusiondomain
size. Although introductionof multiple activationenergies leads to one too manydegrees of freedom for
complete assessment of the distributionparameter_ use of the diffusion compensation relationshipprovidesa
way to assess the relative distributionof diffusion domain sizes. These results were written tlp during1990 and
are in press in Geochimica ct Ca_mochimica Acta (Harrison et a/., 1991).

2.3 Valles Caldera VC-2B

As part of a long-term investigation of the geothermal potential of the Valles Caldera, north-central
New Mexico, the U.S. Department of Energy recentlycompleted VC_2B,currently the deepest, hottest,
continuously cored hole in North America, reaching a depth of 1.762 km (Gardner eta/., 1989). The ta'st 1.358
km of rock penetrated consists of altered Phanerozoic sediments, with the hole bottoming in Proterozoic quartz
monzonite at a depth and temperature of 1.762 km and 295°C, respectively. The special character of these
rocks and our previous analyses of basement feldspars recovered fromValles cores suggests that the use of K-
feldspar thermochronology may reveal important details of the temperature-time evolution of this hydrothermal
system. This information is important not only forassessing the geothermal potential,but may enhance other
investigations of the geochemistry and petrology of the recovered cores and/or fluids fi'omthe SulphurSprings
wells (VC-2A and VC-2B).

We havepreviouslystudied samples from the Fenton Hill Hot-Dry-Rock wellson the western flank of
the Valles Caldera (Harrison et al., 1986). Using K-feldspar thermochronology, we found that the duration of
heating in this well was less than l0 s yearsaridthus apparently not linked to the magma system whicherupted
the Upper BandelierTuff 1.13 Ma ago (Spell et al., 1990) leading to caldera collapse. In contrast, an analysisof
a Precambrian K-feldspar from the bottom of a deep well (3.24 km) from withinthe caldera(Baca-12),
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currently at a temperature of 340°C, yielded a highlyoutgassed 4oAr/a oAr age spectrumsuggestiveof a
heating duration of order 100 years (reported in Harrisonet al., 1986). We have followed up these resultsusing
samples from the bottom of VC-2B and the approach described above.

We haveanalysed K-feldsparsingle crystalsfromdepths of 1.558 (I.I0 rag) and 1.762(1.06 rag) km
depth by the 4oAr/S _Ar method with a view to eluddatlng the effects of reheating from intrusionof the
Bandelier magma chamber and/or subsequent intrusions related to postcollapse rhyolites. The resulting age
spectra are similar and suggest no significant difference in the thermal histories experienced by the two samples.
Both reveal minor excess argon in the Iu-st5% of s 0Ar released which is superimposed on spectra which rise
from apparent ages of 200 to 300 Ma to as old as 0.9 to 1.0 Ga in the high temperature steps. These spectral
forms are similar to our previous 4oAr/S oAr analyses of basement feldspars from this region (Harrison et al.,
1986; Harrison and Burke, 1988). Excess argon in the initial steps masks documentation of minorargon loss
from these samples difficult but it is clear that less than 5% argon loss has been experienced. Using this value
as an upper limit to argon loss together with the Arrhenius parameters (E - 62 kcal/mol; D/r 2 = 5 x. . ly o .
10°/see) and present temperature (295°C) of the deepest sample y|elds an estunate of heating duration at or
near peak temperature of < 10,000years. This result is more similar to the estimate fromthe Hot-Dry-Rock
drill holethan Baca-12 and suggests that the Sulphur Springs hydrothermal system may be unrelatedto the
caldera forming magmatic event.

2.4 Developments in Microanalysis

The ability to analyze small (-400 # m) single crystalswith precise and accurate temperature control
has already paid dividends in our understanding of K-feldspar domains. Clearly, the abilityto analyze still
smaller crystals will allow us to make finer distinctions in thermal history analysis. Our existing VG 1200Srare
gas mass spectrometer was this year supplemented by a VG 3600 mass spectrometer. The new mass
spectrometer is specified to have higher mass resolution (MRP = 600) and an order of magnitude lower
backgrotmd levels (e.g., 10"te tool at mass 36) than the 1200S. We have just this month achieved the
background specification and will initiate use of this spectrometer by performing laserprobe measurements on

. MH-42 K-feldspar to assess the significance of this approach in assessing diffusion iengthscales in K-feldspar,
To exploit this lower background, we have begun experimenting with new furnace designs to achieve lower
blanks yet (say, < 10"t1' tool ,toAl') without sacrificing temperature control.

In general, K-feldspar samples are heated in a Ta crucible within a double-vacumn furnace (Staudacher
et al., 1978;Harrison and Fitz Gerald, 1986). Our recent modification is to immerse in water the seals which
separate the double-sided stainless-steel flange to which the Ta crucible is electron beam brazed, from the rest
of the vacuum line. This arrangement has led to extremely low blanks (e.g., 7 x 10"17 tool 40Ar at 1000°C)
being acheived (Harrison et al., 1991). We are unsure whether this reflects cooling of surfacesthat would
otherwise leak due to differentialthermal expansion, or whether the relativelyviscous and lowargon fluid is
effectively sealing microcracks.

In cases where temperaturecontrol during heating is unimportant, laser heating of the feldsparsample
imparts very low 40Ar blanks and is a very convenient manner of heating. However, about one thirdof ali
alkali feldspars subjectedto the beam of our 7 WAr ion laser are completely transparentand fail to fuse. Even
those that do fuse lose only about 60% of their radiogenic40 Ar before melting and the subsequentloss of
coupling with the light. An attractivealternative is to use a CO2 laser which lases at 10.5/_m,a fundamental
frequency of the Si-O bond, allowing fusion of any silicate at relatively low power. The drawbackof this
approach is that the CO2 beam also couples with the materialsconventionally used forviewports(e.g., pyrex,
quartz, sapphire) requiring alternative materials such asZnSe or BaF2. To our knowledge,no one has
previously succeeded in attaching an IR transparent windowto a bakeable, ultra-h_ghvacuumsystem. After
investigating the candidate materials, we chose to proceedwithZnSe as it is transparentto visible light,has a
low vapor pressure, outgasses well in the extraction system, is bakeable to 200°C, and is resistant to thermal
shock. We have contracted Line Light Lasers to develop a technique to sinter a Kovarglass-to-metaladapter to
the ZnSe and mate this assembly to a conventional conflat flange. We anticipate testing later this year.

i'
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2.5 Other Accomplishments

- In this pastyear, we have re-commisioned our Nuclide4.5.RSS-60 mass spectrometer (broughtout
from SUNY at Albany) for routinemeasurements of largersamples. The extraction line was completely rebuilt
to be all-metaL

- Lovera,with assistance fromHarrison, has refined, debagged anddocumented the Arrhenius andage
spectrumprogramfor publication(Lovera, 1.991)anddistributionto other interested geochronol_ Thus
far, this software has been made availableto the AustralianNational U_versity, University of Houstou, Exxon
ProductionResearch, Monash University,Caltech,Lehigh University,SUNY at Albany andUniversity of
Chicago.
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3. Publicationsdirectlyrelated to DOE fundingof K-feldspar thermochronologyappearing or in press from July
1, 1990 to March 1, 1991

1) Copeland P. and Harrison T.M. (1990) Episodic rapid uplift in the Himalayarevealed by _° At/3° Ar
analyses of detrital K-feldsparsand muscovite. Geology 18,354-357.

2) Copeland P., Harrison T.M. andHetzler M.T. (1990) 4oArff oAr single crystaldating of detrital muscovite
and K-feldsparfrom ODe Leg 116, southern Bengal Fan: Implicationsfor the uplift anderosion of the
Himalaya. Proc. Oceanic Drilling Project, ScL Results Voi. 116,93-114.

3) Copeland P., Harrison T.M., andLe Fort P. (1990) Age and coolin_ historyof the Manaslugranite:
Implicationsfor Himalayantectonics. Jour. Volcanol. Geotherm. Res. 44 33-50.

4) Copeland P., H_n T.M., Hodges ILV.,Mareujol P., l,e FortP. and PecherA. (1990) A Late Miocene-
EarlyPliocene thermal perturbationalong the MCT related to movement on the MBT, central Nepal:
Recurringtectonothermal consequences of collision. Jour. Geophys. Res. (in press).
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