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ABsrRAcr
X-ray dift-raction tracings of 102 serpentinized and partially serpentinized Alpine-type
ultramafics from the circum-Pacific orogenic belts shorv that brucite commonly forms during pervasive serpentinization of dunites and high-olivine peridotites. Characteristically,
such brucite is fine-grained and intimately intergrown with lizardite. Microprobe analyses
indicate that the lizardites contain less iron, and the brucites more iron, than the parent
olivines and pyroxenes,although the brucites shor,vbroad variations in iron content.
Extensive brucite formation during serpentinization indicates maximum temperatures
of about 4000 C and, unless massive amounts of both magnesia and silica are removed from
the ultramafic mass, volume increases of about 40 per cent. Field evidence supporting such
migration is generally lacking. The ellipsoidal, fault-bounded configurations typical of
Alpine ultramafics suggest that large volume changesdo not result from complete serpentinization in situ; rather, serpentinization probably results from incremental additions of
water derived from countrl. r6cks during the tectonic ascent of the ultramafic mass through
the earth's crust
Reaction of brucite with Co, bearing groundr,.ater at depth is probably responsiblefor
much of the magnesite associatedwith serpentinites. fn a surface oxidation environment,
iron-bearing brucite is converted directly to p1'roaurite or coalingite, or reacts with percolating groundwater to form h),dromagnesiteand artinite.

INrrorucrroN
X-ray diffraction studies by the authors of a large number of serpentinized and partiallv serpentinizeddunites and peridotiteshave revealed
that pervasive serpentinizationcommonly producessignificant quantities
of brucite, in addition to serpentine-groupmineralsl and magnetite. In
this paper some typical brucite-"serpentine" assemblages
are described
in detail and corollary implications of serpentinization are discussed
concerning:
(1) the transfer of magnesia and silica, (2) volume increase, and (3) maximum temperatures.
I Usage of the terms serpentinite,
"serpentine", and serpentine-group minerals follorns
that given by Faust and Fahey (1962). where the phases in a specimen have been identified,
they are named, as clinochrysotile, lizardite, or antigorite. Where the phases were not
identified, or are referred to collectively, they are called serpentine-group minerals. Appropriate rocks are called serpentinites. There still remain occasions in which it is desirable to
use the term 'rserpentine" (in quotes), but only where the meaning cannot be misconstrued.
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In addition, the conversionof brucite to hydrous magnesiumcarbonates
during the oxidation and weathering of serpentinitebodiesis discussed.
As long as serpentine-groupminerals of nearly constant composition,
together with accessorl.magnetite, are regardedas the sole products of
serpentinization of Alpine ultramaficsl which vary significantly in their
original proportions of magnesia and silica, serpentinization must imply
substantial changesto the initial proportions of magnesia and silica.
Serpentinizationis also commonly regarded as a processoccurring at
constant volume. According to Turner and Verhoogen (1960, p. 318),
"microscopic fabric and field relations of undeformed serpentinites
show . . . that serpentinization is commonly accompaniedby little or no
increasein volume." Becauseof the differencein densitiesbetweenserpentine and the primary anhydrous silicates,such a concept can be accounted for only by a substantial subtraction of material.
In their pioneeringexperimentalstudy of the MgO-SiOz-HrOsystem'
Bowen and Tuttle (1949) showed that the maximum stability limit of
chrysotiieserpentineis very closeto 500" C. The specificreactionstudied
was that between clinochrysotileand forsterite, taic, and water vapor.
For talc, however,one mav substitute enstatite,qtJartz,or a vapor phase
preferentiallyenrichedin silica and thereby modify somewhatthe stability limit of chrysotile serpentine.This reaction, in what we might call
its "expandedform", can thus accountfor the exclusiveformation of the
serpentine-groupminerals from a variety of starting materials, and the
reaction may be accompaniedby a variety of assumedvolume changes
including no volume changeat all. It is not surprising then, that such a
reaction has been commonly adapted b.v petrologists who have also
acceipteda temperature of 500o C. as characteristicof the reaction (the
pressure-temperature
curve shown by Bowen and Tuttle is very nearly
independentof pressure,passingthrough 500' C. at 2000psi water vapor
pressure,and about 510' C. at 40,000psi).
Bowen and Tuttle (1949)also showedthat the minimum temperature
for the breakdown of forsterite to yield clinochrysotileplus brucite in the
presenceof 15,000psi water vapor pressureis 365o C. This reaction,
however,has beenthought to be of iittle petrologicalsignificancebecause
brucite has not been generallyrecognizedto be a product of serpentinization. Bowen and Tuttle themselvesminimized its importance, for they
stated (p. a52): "Olivine doesappear to suffer a changein rocks whereby
onlv serpentineremains in the rock." The formation of brucite during
serpentinizationimplies both a sizeabledrop in the maximum temperaI The term Alpine ultramafics is used here in the sense propounded by Benson (1926)
(1960), that is, those ultramafics occurring astride the axes of mobile orogenic
;;*In"t*
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ture of serpentinizationand a larger volume increasethan would result
if excessmagnesiahad been removed in solution from the area of serpentinization.
We have found that brucite not only is a common constituent of serpentinites but that it accompaniesserpentine-groupminerals at the
earliest stagesof alteration. Actually, there have been a number of descriptions in the literature of brucite occurrencesin serpentinites.One
large group of descriptions(Ferrari el al. 1950; Meixner, 1938, 1956;
Fenoglio, 1930, 1933; Allakhverdiev, 1958; Serdyuchenko,I949i)is concerned with the mineralogicaloccurrenceof brucite with some of the
more exotic magnesium hvdroxycarbonate minerals (hydromagnesite,
pyroaurite, artinite) in serpentinites.The associationof fibrous brucite
(nemalite) with chrysotiiefibershas beenreported from Alaska (Fackler,
1945), Switzerland (Eckhardt, 1956), and Quebec (Allen, Gill, and
Koski, 1957). Van Biljon (1960) describesthin veinlets and grains of
brucite in a massiveserpentinitesampie from Swaziland,S. Africa. According to Sakomato (1959)the serpentinitesaround Kochi City, Japan,
contain brucite in an intimate mixture with "serpentine." Massive serpentinite at Leopoldsgriin,W. Germany, (Hahn-Weinheimerand Rost,
(1961) contains numerous small veinlets of brucite and magnetite.
Shteinberg(1960)has shown that brucite is an important constituent in
serpentinizeddunitesin the Urals. According to Hessand Otalora (1964)
modestpercentagesof brucite are scatteredthrough much of the serpentinite taken from the AMSOC core hole near Mayaguez, Puerto Rico.
The cumulative weight of these referencessupports our observation
that brucite is not uncommon in serpentinites,but their cumulative
petrologic importance is diminished by the fact that in only two cases
(Hahn-Weinheimer and Rost, 1961; and Shteinberg,1960) has any attempt been made to relate geneticallythe formation of brucite with the
overail processof serpentinization.Hahn-Wienheimer and Rost (1961)
do not believe that the brucite at Leopoldsgriinwas formed during an
initial, pervasive serpentinizationstage, but rather they believe it was
formed during a later stage of metamorphism and antigoritization. In
our opinion the formation of fibrous brucite or brucite associatedwith
magnesiumhvdroxycarbonatemineralsis probably not related to initial
serpentinizationprocesses,
but rather, is the result of reprecipitation or
Iater reworking of the initial serpentinite.
Normative calculationsfrom chemical analysesare an indication of
the possible presence of brucite in serpentinites. Shteinberg (1960)
pointed out that magnesiumcarbonateswere not present in significant
amounts in most of his samples,and thereforethe excessmagnesia,for
rocks whoseinitial MgO/SiOz ratio was greater than3f 2, must be pres-
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ent as brucite. Detailed *-ra.v, optical, and thermogravimetric analysis
(Shteinberg,1960) of a serpentinizeddunite, tivo partly serpentinized
dunites, and a partlv serpentinizedperidotite coniirmed the presenceof
significantbrucite in all but the peridotite.
Thus it seems that serpentinitesoften contain brucite, but to our
knorvledgeShteinberg(1960) was the first to associatebrucite formation
with the processof serpentinization.Occurrencesof brucite in serpentinite undoubtediy have been overlookedin the past, indicating that identification of such brucite in thin-section is dillicult.
Gporocrc OccunnoNcos
The bulk of this investigationrestson the evidenceof r-ra1'diffraction
tracings of 102 serpentinitesamplesfrom a number of Alpine ultramafic
localities in the circum-Pacificorogenicbe1ts.Ali the sampieswere collected b1 the authors, although none was collectedwith the specificidea
in mind of determining the distribution of brucite-bearingserpentinites.
Eight serpentinite samples were collected over an S0-mile interval of
the Great SerpentineBelt of New South \Vales,as describedby Benson
(1913-1918).These sampleswere selectedto representthe most intense
areas of shearingand serpentinization.Eight more sampleswere taken
from severalof the isolated,partially serpentinized,periodotitemassesin
New Caledonia.The ten selectedNew Zealand samples are part of a
larger study by Coleman on petrologicrelationshipsin the Great Ultramafic Belt of New Zealand. Eighty of the samples were collected at
numerouslocalitiesin Washington, Oregon,and California and are part
of a continuing study on problems associatedwith serpentinization
rvithin the Pacific Coast ultramafic belts.
Preliminary mineralogical determinations were made on the basis of
r-ray diffraction charts. Most of the samples (eighty-seven) were found
to be completely serpentinized and generally contain a mixture of the
pol1'nto.Ontlizardite and clinochr.vsotile.Brucite was detected in thirtyone samples,and, as would be expected,the proportion of brucite to
serpentine-group minerals varied widely, but in no case was a sample
found in which the molar percentageof brucite exceededthat of the
"serpentine." The fifteen samples of partiall-v serpentinized ultramafic
rocks containedolivine, or olivine plus orthopyroxene.Brucite was found
in ten of these samples.The initial olivine/orthopyroxene ratio obviously
controlledthe brucite formation in thesesamples,for it was greater than
1/1 (mol) in each of the ten samplescontainingbrucite, but near lf l, or
less,in three of the five samplesdevoid of brucite. The other two contained only olivine and serpentine-group minerals, but were taken from
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weatheringsurfaceswhere, as will be discussedsubsequently,brucite is
demonstrably unstable. Thus the data from partially serpentinized
dunites and pyroxene-poorperiodotitesimplies that formation of brucite
is to be expectedduring initial serpentinizationof theserocks.
M,ineralogy and,P etrol,o
gy.
l) Petrography. Detalled study to determine the characteristics and
habitat of the brucite was restricted to five samples selected from the
original one hundred and two (Table 1). Theserepresentdunites in various stagesof alteration to serpentine.In three of the samples(Dun Mtn.,
Twin Sisters,and Burro Mtn.) more than 40 volume per cent of the
sample still consists of olivine and, in the case of the Burro Mountain
sample, minor pyroxene. On the basis of any rock classification,the rocks
representedby these sampleswould be considereddunites; in fact, the
Dun Mountain material is representativeof the type dunite describedby
Hochstetter (1859).The remaining two samplesare presumedoriginally
to have been dunites also,but now consistprimarily of serpentine-group
minerals.In hand specimen,unweatheredsurfacesof serpentinizedportions of these ultramafics are black, whereasunaltered dunite is a light
gra_v.
Microscopicexamination of these samplesrevealstextures characteristically encountered in partially serpentinized ultramafic rocks. The
olivines are in an advanced stage of replacement by serpentine-group
minerals with individual grainsseparatedone from the other by "serpentine" mantles and veinlets. Fracture patterns and crystal boundaries
appear to have controlled the initial alteration of the olivine, and these
boundariesare often preservedby trains of fine-grained,secondarymagnetite. Progressive replacement of olivine grains from the rim inwards
contributes to the typical mesh structure characterizing serpentinized
dunites. Along these same original crystal boundaries brucite is commonll'present as fine-grainedveinlets.In other instances,particularly in
the Dun Mountain and Burro Mountain specimens,the brucite mav form
a central core within a completely serpentinizedolivine grain, or as a rim
around those grains not yet completely altered. More ty-picalll',brucite
occurs as an extremely fine-grained intergrowth with "serpentine."
Opticaliy, brucite may be distinguishedfrom "serpentine" if individual
grains exceed0.05 mm due to its higher birefringenceand indices of refraction. In the caseof the New Idria material, brucite has formed large
rectangularplates (up to 0.5 mm square)that are more easilv recognized
in thin section. The coarse-grainedbrucite, however, may be confused
with chlorite, because.like chlorite. the brucite has anomalousreddish-
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brown interference colors resulting from dispersion,and becausethe
uniaxial positive characterof the brucite could easily be mistaken for a
chlorite rvith a small 2V.
In order to characterizemore fulll' the brucite and coexistingserpentine-group minerals bv optical, r-ra\r and chemical techniques,each of
the five sampleswas crushedand sizedto obtain a 200-325mesh fraction
suitablefor centrifugingin heav1.liquids. The density of brucite is given
as 2.39g,/cc(Deer, et al. 1962,v. 5, p. 89) and lizardite and clinochrysotile
a s 2 . 5 5 ( D e e r a l a l . v . 3 , p . 1 7 0 ) ;t h e r e f o r el i q u i d s w i t h d e n s i t i e so f 2 . 4 0 2.50 g/cc were used to attempt a separationof brucite from serpentinegroup minerals. This was not successfulbecausethe serpentine-group
mineralsand brucite were found to have overlappingdensities,due probably to substitution of iron in the brucite. The brucite-"serpentine"
mixtures rvere carefully purified so that the primary silicates and spinels
were completeh' removed. These purified separateswere used to obtain
the r-ra1- and chemical information given in this paper. The refractive
index, e, for each brucite sample was measured as 1.580*.004, except
f o r t h e B u r r o M t n . s a m p l e( 1 . 5 8 5 + . 0 0 4 ) .
2) X-ray. X-rav diffrzrctionstudies were made using a Norelco High
Angle Diflractometer and Ni-filtered CuKa radiation. Powdered samples were sedimentedon glass siides and r-rayed from 2o to 68"20at a
scanninglate of 1'/minute. The r-ray diffraction data for the brucite in
the five separatesdescribedabove was sensiblyidentical to the ASTNI
s t a n d a r db r u c i t e ( c a r d 7 2 3 9 ) f o r t h e s p a c i n g s( 0 0 1 ) , ( 1 0 1 ) a n d ( 1 0 2 ) ;
d ( 1 1 0 )r a n g e df r o m 1 . 5 8 0t o 1 . 5 8 3a s c o m p a r e dw i t h 1 . 5 7 3f o r s t a n d a r d
brucite.
Figure 1is an overlar-comparisonof six diffraction charts of :
(1) pure brucite, (2) whole rock from the Dun Nlountain sample, (3) "serpentine"-brucite
fraction of the Dun Mountain sample, (4) lizardite plus minor clinochrysotile, (5) clinochrysotile, and (6) antigorite.

The whole rock from Dun Mountain (Fig. 1, line 2) contains approxim a t e l l ' 2 0 m o l p e r c e n t ( 5 w e i g h t p e r c e n t ) b r u c i t e ,a n d t h e ( 0 0 1 ) ,( 1 0 1 ) ,
(102) and (110) reflectionsof brucite are all plainly visible on the diffractometer chart. If the molar percentageof brucite in a whole rock
sample is approximately 10 per cent or less, the (001) reflection at
18.6"20 mar. be the onll-observedpeak. f)ensity separationof a "serpentine"-brucite fraction from the primarv silicates will -vieid a positive
identification for brucite by eliminating interfering olivine peaks and b1'
increasingthe relative amount of brucite in the sample.
The normalh' difficult r-ray diffraction identification of specific ser-
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pentine-groupminerals is made even more complex by the presenceof
olivine, since strong reflections of olivine overlap the critical lines of
lizardite and chrysotile. As seen in the whole rock Dun Mountain sampie, the indicative (202) reflections of lizardite and chrysotile at 36.0o
and 36.8o 2d, respectively,are masked by the strong (131) and (112)
reflections of olivine. when the olivine fraction is removed from the
sample,identification is made much easier,and, from the pattern of the
brucite-"serpentine" fraction of the Dun Mountain sampie (Fig. 1,
line 3), the presence of lizardite and a small quantity of chrysotile is
indicated. The position of the (204) reflectionsis arso diagnosticin differentiating lizardite and chrysotile, but often these reflectionsare not
visible in the diffractometer tracings. rt may be possibreto detect significant amounts of antigorite without separation of an olivine fraction,
but none of our samplescontained antigorite in associationwith olivine.
The Dun Mountain assemblageof olivine, brucite, lizardite, and
minor clinochrysotileis a typical onelin fact, for eachof the ten samples
in which brucite and "serpentine" were found associatedr,vith primary
olivine, lizardite was noted as the dominant serpentine-groupmineral.
In most cases,minor clinochrysotilewas also observed.
3) Chemi,calComposition Two analytical methods were employed.
Nricroprobe analyses were used to determine Fe/Mgf Fe ratios for
olivines, brucites, and serpentine-groupminerals, and to establish the
identity of accessoryminerals. chemical analysisof an acetic acid leach
of the "serpentine"-brucite density fraction yielded brucite/,,serpen_
tine" molecular ratios and Fe/Mg*Fe ratios for brucites. The morar
Fe/Mg*Fe ratios thus represent the molecular percentageof fayarite
in oiivine, Fe(OH)z in brucite, and ,,Fe-serpentine,,(FerSLOs(OH)E)
in
the particular serpentine-groupmineral.
An A.R.L. electron probe microanalyzer was used to make simulta_
neous determinationsof Mg, Fe, and Si on individual grains of olivine,
lizardite, and brucite in polishedrock sections(Table 1). pure Mg-brucite, olivine (Fatru), hypersthene,and an analysed lizardite and clinochrysotile (U. S. GeologicalSurvey, Menlo park, Calif., unpublished
analyses) were used for standardization. Analvsis of olivines with the
microprobe has already been shown to be simple, precise,ancraccurate
(Smith and Stenstrom, 1965; Keil and Fredriksson, 1964). Ivlicroprobe
analysis of serpentine-group minerals is more difficult because their fibrous habit makes a good surfacepolish more difficuit to obtain, because
electrical and thermal conductivities for fine-grained crystalline aggregates are lower than for the single crystals,and becauseintergrowths of
brucite interfere. Although analyzed lizardite and clinochrysotile sam-
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mediarv during routine r,vork.Provided that massabsorptioncorrections
are made, forsterite oiivine servesas a reliable standard for the analvsis
of serpentine-groupminerals. Analysis of brucite is possible only if a
ratio method is used, for even under the gentlest excitation conditions
brucite loseswater during eiectronprobe analvsis. The percentageof the
Fe(OH), moleculewas determinedfrom the Fe/Mg ratio which remains
constant and is independent of the extent of volatllization. Small
amounts of lizardite in the analyzedvolume of brucite can be accuratell,
accountedfor b1'using the ratio of Si-countsin ,,brucite', to Si-counts
in pure lizardite. Sincethe brucite is not homogeneous,it is not possible
to subtract brucite from a lizardite analysis, and only those lizardite
analysesrvhich give the correct maximum Si-countswere considered.
The olivinesrverefound to be very uniform in compositionwithin one
rock; all fell rvithin the range already describedfor olivinesfrom Alpine
ultramafic bodies (Green, 1964). The serpentine-groupminerals cannot
be regardedas virtually iron-free.Typically the lizardites contain about
4 mol per cent "Fe-serpentine". Conventional chemical analysis of purified, non-brucite bearing lizardite and clinochrysotilefrom New rdria
(U. S. GeologicalSurvey, Menlo Park, Calif., unpublishedanalyses)also
indicate an "Fe-serpentine"componentof about 4 mol per cent. Within
any one rock there is a limited rangein composition(Table 1). The probe
data also suggestthat there mav exist a positive correlation between
per cent favalite in the olivine and per cent ,,Fe-serpentine"in the
lizardrte.
Whereas lizardites possesslower Fe/Mgf Fe ratios than the parent
olivine, the coexistingbrucite is richer in iron. rn contrast to olivine and
lizardite, the Fe/Mg*Fe ratio of different grains of brucite varjes
widelv within anlr one rock sample, but the range of ratios for each of
the five samplesis simiiar. The mol per cent of Fe(OH)z in brucite varies
from 10 to 20 per cent and averagesaround 15 per cent. Concerningac-

Frc 1. Diffraction tracings of : 1) Pure brucite from Luning, Nevada, 2) Whole rock
fraction from Dun Mountain, 3) "serpentine"-brucite fraction from Dun Mountain,
4) Llzardite plus minor clinochrysotile from Nerv rdria, california, 5) clinochrysotile from
New rdria, california, 6) Antigorite from Milford Sound, New Zealand. symbols as follows:
B-brucite, c-clinochrysotile, LJizardite, o-olivine, S-undifferentiated serpentine-group
minerals.
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cessorvminerals, awaruite (FeNia) was detected in three of the rocks
(Table 1), magnetite in all five, chromite in all save the New Idria
specimen,and heazlewoodite(NirSr) in the New Idria specimenonll'.
Brucite/"serpentine" ratios for the five selectedsampleswere determined bl. leachingan approximately 500 mg portion of the sampiewith
a solution composedof one part glacialaceticacid and four parts distilled
water. The sampleswere weighed before and after leaching for 3 hours
at room temperature on a Fisher oscillator.Diffraction diagrams of the
"serpentine" residue after leaching showed no brucite. The leachate
(approximately 50 ml), consideredto represent the dissolved brucite,
was anah.zedfor magnesium and total iron. Portions of both the New
Idria "serpentine"-brucite fraction from which the magnetite had not
beenremoved,and a "blank" of non-brucite-bearingclinochrysotilewere
also run to seewhether significantamounts of magnesiumand iron were
being leached from clinochrysotileand minor residual magnetite. The
lesults indicated that perhaps 5 per cent of the soluble magnesiumand
a lower, but variable, percentageof solubleiron were contributed to the
leachate by clinochrvsotile.No differencein iron content was detected
between the leachatesfrom the magnetite-bearingand non-magnetitebearing Nerv Idria brucite-"serpentine',fractions.
The acid leaching results are also shown in Tabie 1. Although the
amounts of Fe(OH), in the brucites agree moderately well with those
obtained bv microprobe anall'sis,the results are consideredto support
the probe analvsesonly in a general rvay becauseof the variations in
soluble magnesium and iron contributed to the leachate from serpentine-group minerals. The average molar Fe(OH)2 content for the five
samplesis 14 per cent as compared with the 15 per cent figure determined rn'ith the electron probe. The molar brucite/,,serpentine',ratios
for the 'frvin Sisters,Dun Mountain, Hat Island, and Burro Mountain
sampleslange betrveen0.4 and 0.6, whereasfor the New Idria sample
the ratio is 0.9. There is some evidenceof reworking and reprecipitation
of both brucite and "serpentine" for the New Idria sample in that: (1)
the brucite cr1-stalsare about an order of magnitude larger than the
brucite cr,r'stalsoccurringin the other sampies,and (2) the brucite-bearing sample was found adjacent to a band of splinterv, non-brucite-bearing clinochrl-sotile.
DrscussroN
Serpenl'inizat,ion-T ernperature Control. Experimental inf ormation concerning the pressure-temperature
conditionsfor the univariant reaction:
forsterite i

H:O d clinochrysotile * brucite

(I)
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is given by Bowen and Tuttle (1949) and Yoder (1952).In neither of
these studies was the curve fixed reversibly. Clinochr-vsotileand brucite
are more stable than forsterite and water at least to 365' C. at 15,000
psi water vapor pressureaccordingto Bowen and Tuttle, and to 430' C.
at 15,000psi accordingto Yoder. Olsen's(1963) calculatedcurve passes
through 390" C. at 15,000psi, with an uncertaintv between *60o and

+ 100"c.
Olivines in Alpine-type ultramafics contain approximately 10 mol per
cent fayalite (Olsen, 1963; Green, 1964). Bowen and Tuttle's (19+9)
estimate of an 80" C. lowering of olivine stability as a result of this
amount of solid solution cannot be acceptedsinceoxvgenpartial pressure
was not controlled, and magnesioferrite(MgFezOa),rather than magnetite, was produced. Olsen (1963), assun.ringthat clinochrl'sotileand
brucite are iron-free phases,calculateda 20o-30oC. reduction in temp e r a t u r ef o r t h e r e a c l i o n :
olivine (Faro) + HrO + Or <l clinochrysotile f

brucite t

magnetite

(II)

as compared to (I). Combining this result with the experimentaldata,
it seemslikely that the stabilitl'limit of olivine of FoeoFalncomposition
is around 400" C. in the presenceof 15,000psi water vapor pressure.
The stability limit of pure Mg-clinochrlsotile, as given b1' the reaction:
clinochrysotile r2 forsterite f

talc f

(rII)

HzO

lvas shown b1. Born'enand Tuttle (1949) to be no higher than 505oC' at
15,000psi. If Olsen'scalculationson the influenceof fa1-alitesolid solution are again accepted,the equilibrium temperaturefor the reaction:
clinochrysotile f

magnetite d olivine (Iraro) f

talc * HrO f

Or

(IV)

is no higher than 485o C. at 15,000psi. The widespreadoccurrenceof
condibrucite in Alpine serpentinitesimplies that pressure-temperature
reaction
tions during serpentinizationare commonly thosecharacterizing
(II) rather than reaction (IV). The temperature differencebetween the
two reactionsmav be assumedprovisionally to be about 80o C., but it
should be rememberedthat neither reaction considersthe stability of
lizardite or antigorite rather than clinochrl'sotile'or the influenceof iron
substitution in brucite and the serpentine-groupminerals. Furthermore,
talc is a relatively uncommon phase in serpentinized Alpine ultramafic
rocks; olivine and pyroxene generalll' alter directly to serpentine minerals. Therefore, the upper stabilit)' limit for "serpentine" can be describedby a metastablereaction of the type:
"serpentine" ? olivine + enstatite + H2O

(V)

r he i nvari an,,

^:::: ::'':

: :J

;r

at ur e, h

f

(r ;:

"
",
" " plus
since we know ",,
from Bowen and ruttle (1949) that forsterite
talc
is more stable than enstatite plus water in the 500o c.-one kilobar
w a t e r v a p o r p r e s s u r er e g i o n .
Recognizingthe widespreadoccurrenceof awaruite, a nickei-iron ailoy
of restricted composition(approximatelyNi3Fe), as a product of serpentimzation, Olsen (1963) suggestedthat serpentinization ma1, frequently
have taken place in the region near 400o C. and 24,000psi water vapor
pressure,since lower temperaturesof hydration would be expectedto
yield awaruite compositionslower in nickel content. within the New
rdria, california serpentinitemass, coleman (1961) has describedcalcsilicate mantles between jadeite pods and the surrounding serpentinite.
rn these mantles the hydrogrossularcomposition and the presenceof
thomsonite suggestcr1'stallizationtemperaturesranging from 240oC.360' c. The jadeite pods presumably originated from the desilicationof
keratophyreswhich were tectonically engulfedin the serpentinite(coleman, 1961).Loss of Sio:rand addilion of cao to the mantle surrounding
the pods favors the idea that alteration and crystallization were contemporaneouswith serpentinization.within the New rdria mass brucite
generalll.accompaniesserpentine-groupminerals.
serpentinization-volum,e changes and. TransJer of Mater,ial. According
to the conceptof serpentinizationat constant volume (Turner and verhoogen, 1960,p. 319), Iarge amounts of both magnesiaand,silica must
be removed in solution from the ultramafic mass.
5Mg,SiO, + 4HrO +2NIg;Si:Os(OH),*4MgO * SiOz (VI)
,,serpentine,,-. (161
introduced
Sm) __(60 gm)
(72 gm)
(554 gm.221cc) removedin sotution

olivine
(704gm,220cc)

Removal of magnesia alone will not suffice; serpentinization of pure
dunites with attendant leaching of all excess magnesia rvill result in a

volume increaseof 25 per cent.
2 Mg:SiOr

+

2IJrO

olivine

introduced

(281 gm, 88 cc)

(36 gm)

+

M g a S i z O ; ( O H ) r*
"serpentine,,
(.277gm, ll0 cc)

Mgo

(vr)

removed in solution

(40 sm)

The addition of silica, either as p)'roxenewithin the serpentinizingmass
(equation VIII), or from aqueoussolutionsderived from country rocks
(equation IX), cails for larger volume increasesof 46 per cent and 67
per cent respectively:
Mg,SiO4

+

MgSiO3

+

2}lr}

+I'IglSirO;(OH)r

olivine

pyroxene

introduced

.,serpentine,,

( 1 4 1g m , r l 4 c c )

(100gm, 31 5 cc)

(36 sm)

( 2 7 7g m , 1 1 0 c c )

(VIII)
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3 MgrSiO*

+ 4 H,O :l

olivine

(422gm.132cc)

SiO, + 2 NIg:SizOr(OH)r

introducecl

(72gm)

(60gm)

(IX)

"serpentine"

(554gm,221cc)

The wid.espreadleaching of magnesiaand silica lrom a h1-pothetical
ultramaflc mass undergoingserpentinizationat constant volume should
result in notablemetasomaticeffectsin the adjacent rvall rocks' Evidence
for such metasomatic effectshas seldom been encounteredin the field
( T u r n e r a n d V e r h o o g e n ,1 9 6 0 ,p . 3 1 9 ; C o l e m a n ,1 9 6 5 ) ,b u t i t m a y b e
obscuredby-faulting along the contacts.The Ieachingof silica, however,
from a serpentinizing ultramafic mass is particularlf implausible on
thermodyns.micgrounds becauseit would call for a chemical potential
gradient for silica away from the ultramafic mass, which is strongly undersaturated n,ith respect to cluartz, and torvards the country rocks,
commonl)' made up of grayu'3,6[es,shales,and cherts, which contain
Ireequartz.
Preservationof olivine grain boundariesin mesh-structureserpentrnes
and the presenceof bastite-type pseudomorphsafter enstatite is often
cited as evidencefor "serpentine" replacementat constant volume- This
evidenceis ambiguous.Interconnecting "serpentine" veins and the innumerable fine veinLetsof "serpentine" cutting through parent olivine
grains which show optical continuity are' in the manner of septarian
concretions,plausible evidencefor expansion.Bus6 and Watson (1960)'
while describingthe alteration of an ultramafic belt near Brvn Mawr,

olivine grains are causedb1'zonesof "serpentine." According to Raleigh'
,,The offsetsin everl' caseare in the sensewhich would be produced by
expansionin the serpentineband normal to its boundaries." Measurements from a number of grainsindicated that volume expansionsranging
from 20 to 58 per cent were required to produce the observed offsets
(Raleigh, 1963,p. 64).
The geologicsetting of serpentinizedultramafic bodies supports in a
generalwaY the concept of a large volume increaseduring serpenlinization. Faulted contacts,slickensidedand highly shearedborder zones,and
the iack of contact metamorphismsuggestan upward diapiric movement
in responseto tectonic forces along paths of least resistance'
Surfaceextrusionso{ serpentinitesin California (Dickinson, 1963)and
the occurrence of these serpentinites on topoglaphic highs indicates
upward and outward movementssuggestiveof volume increases.Inflolv
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of water from surroundingsedimentswith concomitant serpentinization
and an increasein volume and decreasein densitl, should enhancesuch
movement and may result in the inciusion of numerous fragments of
countrv rock as observedby Ducloz and Vuagnat (1962) in Cuba, and
Coleman (1961, 1963) in New Idria, California, and New Zealanc.
Lastly, the formation of significantamounts of brucite during serpentinization is a powerful argument against the hvpothesis of constant
volume alteration, becauseit would necessitatethe removai of enormous
quantities of silica from the ultramafic mass. such a removal for pure
dunite requiresthat 35 weight per cent of the original silica in the olivine
be removed in solution from the ultramafic rnass:
6.15 Mg:SiOr
,^ - - olivine.

(865gm, 271cc)

*

6 HrO

+2NIgrSizO;(OH)a *

introduced

(e0 dil-

"seroentine"

(ss4s,i;'2)T;c)
* 4.3 MgO +

2 N,Ig(OH),
brucite

(r1oEifi,ae cc)
215 SiO,

3##kJ#P

(X)

If serpentinizationis expressedbv the generaireaction:
olivinef orthoPYroxru,l.T.l
*":;
brucite* magnetite
f r.,rgo(migrated),(xr)
we mav calculatea range of volume increasesdependingupon the initial
ratio of orthopvroxene to olivine and upon the migration of variable,
but small, quantities of magnesiaaway from the consideredrock volume.
calculations were made for molar orthopyroxene,/olivineratios of from
0 to 1/1 and for migrations of 0, 5, 10, 15, and 20 per cent of the original
magnesia. Calculations performed according to reaction (XI) do not
account for an1' silica that may be added to or removed from the ultramafic mass.Severalother assumptionsshould also be mentioned.Except
in magnetite, iron was assumedpresent entirely as ferrous iron and was
distributed accordingto the analytical resultsdescribedearlier: olivineFoo2Fa3, orthopl-roxene-Ene2Fs3, "serpentine,,-(Mg oeFeor)eSizOs
(OH)+, brucite-(Mg ssFe$)(OH)r. Although no orthopvroxeneswere
analt'zed, Green (1964) has shown that Mg/Mg*Fe*NIn
ratios for
coexisting oiivines and enstatites within the Lizard Alpine peridotite
bodv are practically equal. Among the coexistingolivinesand pyroxenes
listed by Ramberg and Devore (1951) are two pairs from Alpine ultramafics; in these also, the Mg/Mg*Fe
ratios are nearl.u-identical.
Assumeddensitieswere: olivine (Foe2Fas)-3.26(Deer, et al. 1962,v. l,
p . 2 2 ) , o r t h o p v r o x e n e( E n e 2 F s 6 ) - 3 . 2 6( D e e r , e t a l . , 1 9 6 3 ,v . 2 , p . 2 8 ) ,
bzardite and clinochrl'sotiie-2.55 (Deer, et al., 7962, v. 3, p. 170).
Brucite of composition (Mg ssFe.rs)(OH)z
was also assumedto have a
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density of 2.55 becausewe were not able to effect any specifi.cgravitv
separation of brucite from serpentine-groupminerals. Lastly, possible
differencesin porositl' between the initial dunite or peridotite and the
final serpentinitewere neglected.l
A sample calculation with an initial olivine-orthopvrox ene ratio oI 9f I
and a migration of 5 mol per cent of the original magnesia,is shown in
r e a c t i o n( X f I ) , b e l o w :
9 ( M g s r F es 3 ) 2 S i O r *

0'0885O:

( N { g s z F eo s ) S i O : + 1 2 5 9 5 H ' O *

olivine

orthopyroxene

introduced

introducerl

( 1 3 1 1 . 7g m , 4 0 1 . 4 c c )

( 1 0 29 g m , 3 1 6 c c )

( 2 2 7 . Og m )

(2.8 gm)

-

5 ( M S s o F eo r ) : S i z O s ( O H )+4 2 . 5 9 5 ( M g 8 5 F er r ( O H ) i
brucite
"serpentine"
(1404.5 gm, .543.5cc)
*

0 177 Fe:Or

(163 7 gm, 64.2 cc)

* 0 874 X{sO

magnetite

migrated

( 4 1 . 0g m , 7 . 9 c c )

(35.2gm)

(XII)

Reaction (XII) rvasbalanced as follows:
(1) Moles of ,,serpentine,, produced rvere calculated from total amount of Si present in
oiivine and orthopyroxene, (2) The moles of Mg originally present in the primary silicates,
less the molar sum of Mg migrated and present in "serpentine," representsmoles of brucite
producecl, (3) Nloles of magnetite produced representsone-third of the moles of Ire origi
nally present, less moles of Fe present in"serpentine"and brucite, (4) Moles of water and
oxygen required u'ere obtained by balancing first for hydrogen, then for oxygen'

The rrolume increase oI 182.6 cc is a 42.1 per cent increase over the
original peridotite volume. The molar ratio of brucite to "serpenline"
is 0.52, the volume and weight ratio is 0.12, and the r'veightof migrated
Mg (as Mg++; is slightly more than one per cent of the rock mass.
Calculation results are graphicalty depicted in Fig. 2. The vertical
coordinaterepresentsthe percentagevolume increaselthe lower horizontal coordinateshowsmolar ratios of brucite/"serpentine", and the upper
horizontal coordinateshowsvolume or weight ratios.2Each dashedline
represents the serpentinization reaction from a constant oiivine/orthopyroxeneratio but with various molar amounts (0 20 per cent) of magnesiamigration. Each solid line representsreactionfrom various original
ratios of olivine/orthopyroxene but with a fixed amount of migrating
magnesia.
Assumingno significantaddition of silicafrom country rocks' a knowl1 Although rve have no measuled values as guide lines, the ability of "serpentine" cores
to sorb several excessper cent of water during shelf storage (Hess and otalora, 1964,p 165)
suggeststhat serpentinitesmay be more porous than primary dunite or peridotites.
2 Volume and u.eight ratios are identical becausethe density of the iron-l.earing brucite
is consideredto be identical with lizardite and clinochrysotile'
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edge of the brucite/"serpentine" ratio and of the olivine/orthopvroxene
ratio of the original ultramalic is sullicient to determine the percentage
of volume increaseand the amount of magnesia migration. Examples
from four samples,describedearlier,from Dun Mountain, Burro Mountain, Hat Island, and Twin Sisters,are shown on Figure 2 by solid circles.The Dun Mountain and Tivin Sisterssamplesare partially serpen-
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Frc. 2' Volume increase during serpentinization, assuming no addition of silica from surrounding country rocks. Volume increase plotted as a function of original mineralogic
composition and resultant brucite/"serpentine" ratios. Molecular amount of migrated
magnesium also derived from original mineralogic composition and resultant brucite/
"serpentine" ratios. Dun Mountain, Hat rsland,'rwin Sisters, and Burro Mountain samples shown by solid circles.

tinized dunites, the Hat rsland sampleis an almost totally serpentinized
dunite, and the Burro Mountain sampleis a partially serpentinizedperidotite with a molar olivine/orthopyroxeneratio of approximately 9/I.
Brucite/"serpenline" ratios from these samplesare shown in Table 1.
calculated volume increases,applicable only to the serpentinizedportions of the rock samples,range from 37-4I per cent and the magnesia
migrations from 7-10 per cent. rf the molar olivine/orthopyroxeneratio
of the Twin Sistersand Dun Mountain samplesis 9/1 instead of being
pure oiivine as shown, the percentageof volume increasewould be 41
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per cent instead of 37 per cent, and the amount of magnesiamigration
would be only-5 per cent instead of 10 per cent.
Severalchemicalmechanismsma)' account for the 7-10 per cent migration of magnesia,but the observedlack of magnesiametasomatismin
the countrv rocks associatedwith serpentinitesindicates,that a largescale removai of magnesia from the ultramafic mass is probably not
realistic. Incremental serpentinizationmay indicate that smali increments of magnesiahave dribbled a',vaf into adjacent wall rocks during
the ascent of the ultramafic mass. l-ixation with available COz as magnesite is sporadic,but may be of local importance. At least part of the
magnesite that has apparently migrated may actually be incorporated
in brucites rvith a higher Mg content than the (Mg.ssFe.6)(OH)zcomposition usedin our calculations.Juxtaposeddunite and peridotite lavers
with imbalancesof siiica and magnesiaare probably important in fixing
migrating magnesia.As shown on Figure 2, serpentinizalion of a primarl'
mass containing forty or more molecular per cent (28 weight per cent)
of pyroxene lvill not form brucite but will instead free excesssilica.
Movement of magnesiafrom dunite layers into more silica-rich peridotite la1'erslvould allow the serpentine-groupminerals to form in the
veins so commonll' observedwithin serpentinitebodies'
The weight per cent of brucite will, under the most favorable conditions, appear so modest that one may be tempted to neglectits importance in determining volume relationships.For instance,the weight per
cent of brucite in the partiall-v serpentinizedDun Mtn' sample is only
5 per cent, yet the observed brucite/"serpentine" ratio enablesus to
calculatea volume increaseof 37 per cent for the serpentinizedportion
of the sample. This figure for volume increasecannot be lowered significantly unless it is supposed that massive amounts of silica have been
removed from the sample; a supposition which, as mentioned earlier,
lacks field verification and is thermodl'namically implausible.
Other factors mav modifv somewhat the calcuiated estimatesof volume increase.First, the Mg/Fe ratios in the primary silicatesmay be
somewhat different than the 92/8 fig:UJeused for our calculations. For
example, in the Glen Urquhart, Scotland serpentinite (Francis, 1956)
optical data indicate an olivine of 96 per cent forsterite and an orthopyroxene of 94 per cent enstatite.Although we do not have a good idea
of the fluctuations of iron content in associatedserpentine-group minerals and brucites, differencesin calculated volume increaseswould be
negligible. Secondly, orthopyroxene is commonly more resistant to serpentinization than is olivine (Bowen and Tuttle, 1949,p.457). Preferential preservation of orthopyroxene in partially serpentinizedrocks
would probably result in too low an estimate of the original olivine/
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orthopvroxeneratio, and from Fig.2, somewhattoo high a figure for the
percentage of volume increase.Thirdly, a significant increasein porosity
during serpentinizationwould mean that the calculatedvolume increase
is somewhattoo low.
Lastly, there remains the possibility of important contributions of
siiica to the ultramafic mass from surrounding sediments.Addition of
silica, rather than migration of magnesia,indicates that calculatedvolume increases are lou by a considerablemargin. For example, the calculated volume increasesshown in Fig. 2 for serpentinizationof the Dun
Mountain and Twin Sisterssamples(assumingmigration of 10 mol per
cent of the original magnesia) are 37 per cent but if serpentinizationis
calculatedon the basisof addition of silica, the resultant volume increase
is 52 per cent.
Enormousvolumes of water would probably be required for evensmall
additions of silica to the ultramafic mass.Depending on depth and temperature of the ultramafic mass at the time of serpentinization,the
volume of water required for the conversionof the primary siiicatesto
"serpentine"-brucite is 50 to 80 per cent of the total volume of the
original rock. The introduction of reasonableamounts of silica into the
ultramafic rock mass by solution transport would require this estimate
for water volume to be increasedby at least an order of magnitude and
probabll' much more. For example,at 400o C. and 1500bars the volume
of r'vater required for complete serpentinization of the Dun Mountain
sample is 75 per cent of the original volume of the sample, assuming
migration of 10 mol per cent of the original magnesia away from the
sample.If, on the other hand, it is assumedthat additional silica,derived
from quartz-saturatedwater in the country rocks, is responsiblefor the
observed MgO/SiOr ratio in the serpentine-brucitefraction, then the
total volume of water required to provide this additional silica is 140
times the volume of the original sampie (qrartz solubility data from
Kennedy (1950)).
One can speculateon the feasibility of rapid rates of diffusionfor silica
as a means of drastically reducing these water volume requirements. To
be effective,the chemicalpotential gradient for silica must lead to a rate
of diffusion markedly more rapid than the flow of water. This is an untestedmechanismto accountfor the movement of silica betweencountry
rocks and the interior portions of Iarge ultramafic masses,but it may be
important in accounting for local migrations of magnesia and silica
within the ultramafic mass. Chemical analyses of a sufficiently large
number of samples from an ultramafic mass will average out local migrations of magnesia and silica and show, for the bulk rock, whether the
MgO/SiOz ratio has changed during serpentinization. Constant bulk
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MgO/SiOz ratios during serpentinization were noted by Shteinberg
(1960) in his study of the serpentinizeddunites of the Urals.
Regardlessof the applicabilit-vof the speculationin the several preceding paragraphs,the initial volume of water ultimatelf incorporated
as (OH) groups rvithin the crvstalline brucite and serpentine-group
minerals must have been nearly as large as the combined volume of the
primarl. anhl-droussilicates;a fact rvhich of itseif makes implausiblethe
concept of serpentinization as an autometasomatic process. Furthermore, the large volume increasesrequired for complete serpentinization
suggest that this process does not occur in situ or as the result of one
enormousinjection of water, becauseof the problem of accommodating
country rocks. We prefer
such a volume increasewithin the sr.rrrounding
is
a gradual, possibly conpervasive
serpentinization
concept
that
the
on water derived from
process
feeds
possiblv
that
intermittent,
tinuous,
adjacent countrl' rocks and that accompaniesthe rise of the ultramafic
mass during tectonism.Volume increasesresulting from serpentinization
serve as an impetus to the continued diapiric ascent of the mass. This
concept of serpentinization is harmonious with structural and geometrical features t1-pical of Alpine ultramafics; namelv, their eliipsoidal,
fault-bounded configurations,the numerous inclusions of countrl' rock
near the margins and especialll'the distal ends of the ellipsoidalmass'
and the occun:enceof the massesalong topographic highs, even where
the densitv of the ultramafic mass is considerablygreater than the surrounding rocks.
Brucite Stability and CarbortaleForntation Shteinberg (1960) has noted
the lack of brucite in aphanitic serpentiniteswhich occur as small veins
along diagonal fractures in the selpentinized,brucite-bearingdunites of
the Urals. Lack of brucite may bs due to variations in compositional
type, or to local, but intensive,removal of nagnesia and,,/orintrodrtction
of silica. Thus, brucite is probably'not stable along the shearedborders
of ultramafic masses,or in the immediate vicinit-v of fresh fractures
opened in blucite-bearing serpentinites,or in lveathering zones where
COzma,vbe present or lorv pH values could develop' The dark, brucitebearing core of serpentinizeddunite from Hat Island, describedearlier,
is surroundedb1' a gleenishweatheringrim of identical serpentine-group
minerals but devoid of brucite.
Brucite formed during pervasive serpentinizationmust be regarded
as a prime candidate for reaction with available COr-bearingsolutions
at depth to form the magnesitecommonll' associatedwith ultramafic
rocks. In a hydrous surfaceor near surfaceenvironment brucite is converted to h1'dromagnesite
IMg4(COr3(OH)r'3HrO]if the partial pressure
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of COz is at least 10-6 atm. (Hostetler, 1960). Probabll'even smaller
P6s, values are required for conversionof brucite to artinite [Mgz(COa)
(OH)r.3HzOl or pyroaurite [MguFer(COr(OH)lo.4HzO]and coalingite
[MgroFezCOr(OH)*.2H2O].Within the New fdria, California, serpentinite mass, recent open-pit mining for short fibre asbestoshas afiorded
the authors an opportunity to relate paragenetically brucite with these
magnesiumcarbonateminerals.In those pits extendingbelow the water
table (30-60 feet) brucite is a common constituent of both the sheared
short fibre ore and of the larger, massive, unsheared serpentinite blocks
contained within the sheared material. The amount of brucite may approach a lfl rnolar ratio with the serpentine-group minerals. At the
surfaceand above the water table as exposedin these open pits, white
"cottonballs" of hydromagnesite(1-5 mm in diam.) and occasionalradiating artinite needles are ubiquitous in the sheared serpentinite to
the near exclusion of brucite. Commonly the surfaces of residual blocks
of massiveserpentiniteexposedin the samezone are coatedwith reddishbrown coalingite and pyroaurite (Mumpton, et al., 1965) which apparently result from the oxidation of iron-bearing brucite in sitw. Ifowever,
the unweathered interiors of these blocks do contain brucite. Thus,
where air and,/or COr-bearinggroundwater have easy accessto brucitebearing serpentinite, the brucite is readily converted to magnesium
carbonates,whereaswithin those massiveserpentiniteblocksimpervious
to groundwater percolation,brucite is preserved.
Furuno PnonrBlrs
The logical sequel to a generaland pragmatic paper such as this is a
study in depth of a particular ultramafic bodv where assumptionsand
conclusionscan be tested against critical field observations.Particular
attention should be paid to zones of partial serpentinizationbetween
fresh, primarv silicatesand fully serpentinizedareas. Detaiied investigation and comparison of MgO/SiOz, Fe/SiOz, and Fe/Mg ratios in
zones of partial serpentinization and in adjacent unserpentinized zones
should indicate the extent of magnesiaand silica migration, the extent
to which silica has been addedfrom country rocks, and reliableestimates
of volume increase during serpentinization.Possible relationships betlveen the various serpentine-groupminerals and associationwith primarv siiicatesor with successivegenerationsof "serpentine" should be
explored. Our data suggestthat lizardite-bruciteis the initial result of
serpentinizationof olivine. Knowiedge of the variation in serpentinegroup minerals of NiO and CoO content and of ox-vgenand hydrogen
isotopic ratios should prove usefui in tracing initial and successivegene r a t i o n so f s e r p e n t i n i z a t i o n .
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Suuu.q.nv
lihe apparently r,videspreadoccurrence of brucite in serpentinized
Alpine ultramafics (up to 10 weight per cent), as related to the experimental work of Bowen and Tuttle (1949)indicatesthat the temperatures
of serpentinization are probably some 100o C. lower than generall1'accepted, because the presence of brucite lowers the maximum value
(500' C.) given for the reaction:
oiivine* H:O * silica+ "serpentine"
Moreoever, the occurrenceof brucite as a product of pervasive serpentinization demands a large volume increaseduring serpentinization
unlessit can be shown that truly massive quantities of both silica and
magnesiahave been removed from the ultramafic mass. Field observations f ield no evidencein support of such massivemigrations.Depending
on the original ratio of pyroxene to olivine, our calculationsshow that
volume increasesof 35-40 per cent are common during serpentinization.
The tectonic implications of such expansionsare immediatel-vapparent.
The complete serpentinization of a large Alpine ultramafic body in situ
b1'water derived from adjacent countrl'rocks is unrealistic becauseof
the difficulty in accommodating a great increase in volume rn'ithin the
surroundingcountrv rocks. We assumethat serpentinizationof the large
Alpine ultramafic belts is accomplishedby moderate additions of water
during the tectonic ascentof thesebodiesthrough the earth's crust. The
widespreadserpentinizationof these Alpine ultramafics combined with
their nearly universal occurrencein and along structural discontinuities
suggeststhat much, or all, of the expansionis accommodatedduring
tectonism. Further careful field and laboratorl' work is necessarYbefore
the processof serpentinizationcan be reiated to the origin of the ultramafics.
s
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