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A8snACT. - The sequence of dehydration reactions
observed during progressive metamorphism of ser
pentinite rocks agrees with that calcUlated from
experiments plus thermodynamic data. The relative
stabilidcs of minerals and mineral assemblages in
the serpentinite muhisystem, however, are deter.
mined by H.O·absem equilibria, which are only
known approximately in P-T space. Using the avai
lable thermodynamic data of minerals in the serpen_
tinite system the experimental data are used to
calculate standard enlhalpies of reaction at 298 K
and 1 bar. By combination of these data, all reactions
in the system can be recalculated. As a result,
no stability field for chrysotile assemblages can be
established which contrasts with published and new
field evidence. It is also shown that previous ser.
pentinite phase diagrams arc thermodynamically
inconsistent. The varying structural state of and
gorite at different P·T conditions is the most likely
explanation rather than the influence of additional
components in serpentinites.

RlASSUNTO. - La sequenza delle reazioni di deitra.
tazione nel metamorfismo progressivo delle serpen.
tiniti corrisponde a quella che risulta da reazioni
sperimemali e anche a quella calcoJata dai dati
termodinamici. I rapporti relalivi della stabilit3
tra minerali 0 paragenesi ncl sistema delle serpen.
tinitl, vrngono delerminati da reazioni con assenza
di H,O. La posizione di queste reazioni nello spazio
pressione-temperatura c conosciuta solo moho ap
prossimativameme. Con l'aiuto dei dati termodina_
mid dei minerali nel sistema delle serpentiniti pos·
sono essere calcolalt' le entalpie standard di 298 K
e I bar dei punti d'equilibrio sperimemale. La com
binazione di questi dad permeue la ticalcolazione
di tUlle le reazioni ncl sistema. Risulta cosl dai
dati a disposizione che per paragenesi del crisotilo
non nascc; un campo di stabilitli e do e in nellO
oontrasto coi falli concreti suI t('creno. SoprallullO,
dal pumo di vista termodinamico, i diagrammi di
fase prccsistemi suI metamorfismo delle serpentiniti
non sono oonsistenti. 1..0 strato strutturale dell'an·
tigorite varia come funzione della temperatura e
pressione, e queste, piu che I'influenza delle compo
nenti addizionali, serve come spiegazione per le
discrepanze tra natura, e~perimenti e la base ter
modinamica.

Introduclion

In recent attempts to compare experimen
tal and field evidence on the progressive
metamorphism of serpentinite (EVANS and
TROMMSDORFF, 1970; TROMMSDORFF and
EVANS, 1972, 1974; EVANS, )OHANNES,
OTERDOOM and TROMMSDORFF, 1976;
FROST, 1975; HEMLEY, MONTOYA, CHRIST
and HOSTETLER, 1977; HEMLEY, MONTOYA,
SHAW and LUCE, 1977; OTERDOOM, 1978;
CORTESOGNO, LUCCHETTI, MAssA, 1981)
agreement has largely been reached about
the sequence of reactions occurring along
low to medium pressure geothermal gra
dients up to the breakdown of antigorite.
The corresponding PoT diagram for the
system MgO-SiO~-CaO-H~O is given In

fig. I. The dehydration equilibria are known
to approximately ± 300 and ± 500 bars
and are not sensitive to chemical variations
in the minerals as occurring in metaperido+
tites. The H20-free equiHbtia are known
to a much less degree and depend strongly
on mineral composition. Fig. 2 is an isobaric
T-XM~o(J section at 2 kb across fig. 1, for the
system MgO-SiO~-H20 with the coexisting
Ca-phases projected onto ttte diagram. The
typical serpentinite assemblages are at
MgOj(MgO + Si02) • 59 on the diagram.
Because of the sluggishness of the H20-free
reactions, experimental data have only been
derived for some of the dehydration
reactions. The P-T position of the H 20-free
equilibria has been constructed from the
intersection points of the dehydration
reactions plus entropy and volume data of
the minerals involved. Because of the large
uncertainties, field information was used to
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Fig. 1. - Phase diagram for reactions involving
serpentine minerals in the system CaO.MgO·SiO...
COrH,O after EVANS and TROMMSDOJlFF (1970);
EVANS, JOHANNES, OrUOOOM and TROMMSDORfF
(1976) and OrnlOOOM (1978). Stable dehydration
equilibti.: solid lines, melastable dll5hed. H.o fT«
equilibria shaded. Abbreviations: A = anligorile;
B = brucile; C = chrysotile; Di = diopside; F =
forslerite; T = laic; Tr = trr'molite; W = H.o.
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further constrain the H~-frtt equilibria
(EVANS.)OHANNES, OrEIl.DOOM llnd TROMMS

DORFF, 1976; OrERDOOM, 1978). This field
information was derived from presently the
besl known profile of progressively meta·
morphosed serpenlinites which is located
along the boundary of the Ausrroalpine and
the Penninic nappes between Arosa and Val
Malenco. Serpentinite assemblages along
this profile have been studied by amongst
others CoRNELlUS (1912), DIETRICIi and
PETERS (1971), TROMMSDORFF and EVANS
(1972, 1974), OTERDOOM (1978), GREEN
(1982) and KONDlG (1982). Disregarding H
zardile, which is always aluminous, the
critical assemblages of the H~O-free reactions
are compiled for this 'Profile in the map fig. 3.
In the order of increasing grade chrysotile
and chrysotile+ talc, antigorite, antigorite+
diopside and antigorite+brucite occur, in
agreement with fig. 1 and with the isobaric
section in fig. 2.

The poT diagram in fig. 1 was constructed
by intersecting straight line fits of the known
dehydration reactions ploued in log 1....0
versus lIT space: in such a way that the
H::O equilibria which were: assumed to occur
stably in the: field, were. also stable in the
phase diagram. The straight line. fit med'oo

Fig. 2. Isobaric T·X section across the diagram
fig. I I1 P.,o = 2 kb. The p~ive 1Cqucncc: of
assemblages for Iypical serpentinile compositions
may be rac:I off I1 MgO/<MgO + Sio.) = .s9.
See le:u.

assumes .dc"p_(T) lO be constanl. This can
inuoduce large errors and from a thermo
dynamic point of view such phase. diagrams
are not satisfying.

DELANEY and HELGESON (1978) and HEL
GESON, DELANEY, NESBt'IT and BIRD (1978)
point out that there is a number of ambi
guities in the serpentinire system and that
they were unable to create a stability field
for chrysotile from the existing experiments
and thermodynamic data of the minerals
involved. Whereas these aUlhors were fitting
c1apeyron slopes to the experiments, we have
chosen a different approach to check con
sistency of the experimental data with
the thermodynamic data base. This kind
of approach was proposed by SKI PPEN
and CARMICHAEL (1977) and uses a plot
of .dH~ (298.1) versus temperature:. For
symbols see table I. The free. energy change
of a reaction at equilibrium may be writ
ten as:
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TABLE 2
Tb~Tmodynamic data base-

• coefficie.nts", SOUrCe.,. '" • b x 103

" d x 106 •
Ant1gorite 861,36 1749.13 1241,1 517,25 -2877600 0 0 (a.b.cl

8ntc1te 15,10 24 ,63 24,431 3.6107 625530 0 0 Idl

Cl1nochry.otilll 52.89 108,50 149.3 -4,964 411520 0 -1343.1 Id)

Diop.ide 34,2 66,09 78,44 0,45127 344890 0 602,1 (d,lI)

FOrltlirite 22.75 43,79 54.489 0.81594 213660 0 416,97 I.J

Talc 62.34 136.25 127.7 8,9426 ~2104500 0 514,63 (d,_)

Tr..oltte 131.19 272.92 290.25 6.3403 -2954600 0 -1765,9 (d,_)

',0 16.718 1,761 6.5';5 5]337 1.15 86,48 I.}
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The hrSt three terms are known as «Maier·
Kelley.. equation; up to five terms are used
in the tables of ROBIE, HEMINGWAY and
FISHER (1978).

Substituting equation (6) into equation
C'j d), integt1lting and rearranging gives:

Thus, knowing inK, the S~, the V" and
the d, b, C, d. and e terms, experimental
equilibrium points can be recalculated and
ploued in a diagram of ..1H~ (298.1) versus
temperature. This kind of diagram has a
number of advantages as compared to P-T
or iogK versus I IT diagt1lms when com
paring experimental data with the thermo
dynamic data.

Three cases may be distinguished (6g. 4):
Case (4): experimental brackets and thermo

dynamic data base are consistent.
Case (b): experimental brackets and thermo

dynamic data base are inconsistent. A slope
in the «equilibrium .. trend line implies
a systematic derivation of at least one of
the thermodynamic parameters (5", V",
d, b, e, d, e) or of the activity of at l~st

one mineral in the system as compared to

the corresponding mineral used in the
experiment.

Case (c): in the experiments, no equilibrium
situation was attained that can be inter
preted with the chosen thermodynamic
parameters and activities of the phases.

In case (d) the resulting ..1H::.. (298.1)
may be compared with the corresponding
value as calculated from the ..1H7 of the
participating phases using tabulations like
those of ROBIE, HEMINGWAY and FtSHER
(1978) or of HELGESON, DELANEY, NESBllT
and BIRD (1978). If all but om: of
the ..1H ~ values of the rnctants and pro
ducts are known, an apparent enthalpy of

formation may be calculated from the
i1H~ (298,1) value.

Table 2 summarizes the thermodynamic
data base used in the calculation of experi
mental ultramafic equilibria.

Serpentinilc readion8. experiment and
thcor)'

~ breakdown of chrysotile according to

5Mg,Si,O,(OH~ =
chrysotile

= 6Mg~SiO~ +Mg3Si~Oll~OHh+ 9H~O (8)
forsterite talc

has been repeatedly studied experimentally
(BoWEN and TUTTLE, 1949; PISTORIUS,
1963; KITAHARA, TAKENOUCHI and KEN·
NEDY, 1966; YODER, 1967) but reversibility
of the reaction has only been «obtained ..
recently (SCARFE and WYLl.IE, 1967; CHER
NOSKY, 1973 and 1982; HEMLEY, MON'
TOYA, CHRIST and HOSTETLER, 1977). The
resuhs of the last four studies are shown
in the ..1H::, (298.1) versus T diagram of
fig. 5 using the thermodynamic data base
of table I, equation (7) and fugacity data
for H~ from BUIlNHAM, HOLLOWAY and
DAvIs (1969). A value of 165,600± 2,000
cal. for the ..1H~ (298.1) was adopted to
fit the data set of CHERNOSKY (1973), HEM
LEY, MONTOYA, CHRIST and HOSTETLER
(1977) and the 1000 bar point of ScARFE
and WYLLIE (1967) within the limits of
quoted uncertainty. This value may be corn·
pared with 165,826 ca!. using the tables of
ROBIE. HEMINGWAY and FISHER (1978) and
of 164,531 ca!. using the values tabulated
in HELGESON, DELANY, NESBITT and BtRD
(1978). The new data of CHERNOSKY (1982)
plot with a slope of about 50 ca!. deg- 1

which is, other than claimed by the author
clearly inconsistent with the thermodynamic
data base used. If, for example the entropy
of chrysotile used was in error, an adjustment
of the S" (298.1) of chrysotile by 10 ca!.
deg -1 mole 1 would be necessary to obtain
consistency. Of all the experimenlalists,
only CHERNQSKY (1973,1982) and HEMLEY,
MONTOYA, CHRIST and HOSTETLER (1977)
have characterized their serpentine mineral.
It is, however probable that also the syn
thetic serpentine of ScAR FE and WYLLIE
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cv

Fig. 3. - Parageneses of metamorphosed S<':rpen·
tinites in the profile Arosa-Malenco (Eastern
Switzerland and Northern Italy). Data after
D1ETRtCti and PETERS (1971), PUERS (I %3),
GREEN (1982), KUNDIG (1982), and the author.
Sample locations are approximate.
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From the expetiments of HEMLEY, MON
TOYA, CHRIST and HOSTETLER (1977), it
seems that diffetences, caused by the use of
natural instead of synthetic chrysotile, ate
trivial compated to those of the different
studies .

]OHANNES ( 1968) has bracketed the
reaction:

Mg~Si20~(OH)4 + Mg(OHh =::

chrysotile brucite
= 2Mg2Si04 + 3H20 (9)

forsrerite

at H20 pressures from 500 to 7000 bars.
His brackets can be fitted with a value
for L1W; (298.1) of 51,680 ± 600 ca!.
which compares with 52,582 cal. using the
tables of ROBIE, HEMINGWAY and FISHER
and with 51,125 ca!. using the compilation
of HELGESON, DELANY, NESBITT and BIRD
(1978) (fig. 6). The X-ray pattern of the
synthetic chrysotile used by ]OHANNES in·
dicates dinochrysotile.

]OHANNES (in EVANS, ]OHANNES, OTER
DOOM and TRoMMsDORFF, 1976) and HEM
LEY, MONTOYA, SHAW and LUCE (1977)
have experimentally investigated the break
down of antigorite modelled by the reaction:

Mg48Si;l40lj~(OH~2 =
antigorite

= 18Mg2Si04 + 4MgsSi40 IO(OHh +
forsterite talc

+ 27H,O (10)

~.,
••

~
• •

" "• • •"

- - -Tl"l~fUTl!U Of UI'fOI"lENI

Fig. 4. - Three cases of data points on diagrams
of expetimental temperature versus L1H~ (298.1).
See text for explanation.

(1967) was dinochrysotile (CHERNOSKY,
1982).

The value adopted for the apparent
L1H: (298.1) is 516,000 ± 3,000 and fits
all the data within the quoted experimental
uncertainty (fig. 7). The best fit curves of
EVANS, ]OHANNES, OTERDOOM and TROMMs
DORFF (1976) and of HEMLEY, MONTOYA,
SHAwand LUCE (1977) are presented in
fig. 7, both display a slope of 70 ca!. deg- t

which is far higher than the uncertainty in
the entropy of the reaction. The fit of HEL
GESON, DELANY, NESBITT and BIRD (1978)
is outside of all but two of the experimental
brackets. Also shown in the diagram is a
point der~ved from the field (see later). In
order to obtain information about the sta
bility relations of serpentine reactions
the .t1H~ values for equations (8), (9) and
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Fig. 7. - i3H.:. (298.1) versus temperature of c:xpcrimcms for rcaclion (10). Experimenlal data points
ate brackcts (JOH"'~ES), the experiment.1 1000 bar point of HEMLEY. MOSTOYA, SHAll" and LUCE (l971)
is considered c:xpcrimall.1 equilibrium. Other points rder to the poT 6t for this reaction by HEMLEY,
MONTOYA, SHAll" and Lua: (1977) .ne:! by Ev.o\Ns. JOHANNES. OrUDOOM .nd T.ONlMSOOtFF (1976).
The: line H£LCESON indicates rhe: 61 by H£LCESON. DELA.:'<Y, NESIIITT and BIIO (1978) for this equilibrium.

that delimit the stability fields of chrysotile
and antigorite:

(10) may be combined 10 calculale Ihe
H::O-missing equilibria:

17Mg,s;,,(),(OH).
chrysotile

= 3Mg(OH): + Mg4f<Si:HO~~OH)e:! (11)
brucite antigorite

.nd

15Mg.,Si:!O:l(OH)4 + Mg3Si40n.(OHh =
chrysotile talc

= Mg48Si:uOs,,(OH)02 (12)
antigorite

This reaction has not yet been studied
experimentally. but it has been calculated by
combination of reaction (10) with the H~
missing reaction:

8CaMgSi::Oo + Mg4~Sb40S~(OH)e:! =
diopside antigorite
18Mg2Si04 + 4Ca2Mg:lSisO:!:!{OHh +
forsterite tremolite

+ 27H,O (13)

stability fields for chrysotile or chrysotile +
talc arise. Consideration of Cao as a
component leads to an additional dehydra
tion reaction which has been observed
(EVANS and TROMMSDORFF. 1970) and
mapped (TROMMSOORFF and EVANS. 1972)
in regionally and contact metamorphosed
terraines:

- 8,640 ca!' ± 12,800

- 19,200 ca!' ± 9,000

AH:' Cll )(298.l) =

.dH~ (1~1(298.1)

Using the entropies of reactions (11) and
(12) (tabulated in EVANS. )OHANNES. Qn.R
DOOM and TROMMSDORFF. 1976) from our
basic data set no geologically reasonable

2CaMgSi~1l + Mg.,Sil0u,(OHk
diopside talc

Ca:M~Sill<b(OHh (14)
tremolite
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Fig. 8. - Paragtno;es in oontact.metamorphosed
serpentiniles from Vat Sissone, Male:noo area, Nor
thern Italy, Data from TROMMSDORFF and [VANS
(1972, 1980). Reactions (10) and (I}) are indicated
by brokm lines. Reaction (15) coincides with (13).

using SKJPPENS (I974) estimate of the fr«
energy of reaction (14) (EVANS, 1977;
TROMMSDORFF and EVANS, 1977). It may
alternatively be located by using more recent
information from the field. In Vat Ventina
(Malenco), in the contact aureole of the
BergeU lOnalite (6g. 8) reaction (13) coin
cides with the breakdown of titanian dino·
humite (TROMMSDORFF and EVANS, 1980)
according to

Mu:Si60 U (OHhTiO:!
lilanian clinohumite

= 8M:lSiO~ + MTiOs + H~O (15)
forstcrite ilmenite/geikielite

where M refers to Mg, Fe, Mo and Ni.
This reaction has been reversed experi

mentally by ENGt and LINDSLEY (1980)
using titanian dinohumites from Val Ma
lenco.

With a pressure estimate of 3,000 ± 500
bar based upon fission track investigations in
theBergell-Malenco area by MILLER, WAGNER
and lAGER (1979), equation (14) has an
equilibrium temperature of 430 ± 100 and
correspondingly reaction (1). This field data
together with the poT curve from EVANS,
]OHANNES, OTERDOOM and TROMMSDORFF
(976) and OTERDQOM (1978) are shown
in 6g. 3. Again, the poT curve has a slope
of > 50 ca!. deg- I in the .dH: (298.1)
versus temperature diagram. Taking a value
of .dH~ (298.1) of 499,500 ca!. and com
bining reaction (I) with reactions (8) and
(10) results in an H~.()·absent reaction which
delimits the stabiJity of diopside and tre
molit<:. in low grade serpcntinite systems:

15Mg~Si20~(OH)~+Ca2Mgr.Si~OdOH h =
chrysotile tremolite

= Mg~8Si!40!l~OHl42+2CaMgSi2011 (16)
antigorile diopside

'nd

.dHjl.) (298.1) = - 15,075 ca!.

together wilh entropy and volume data from
table I, this leaves no stability in the pure
serpenlinite system for reaction (16).

Discussion

The apparent metastabiIity of reactions
(ll), (12) and (16) contrasts with the se
quence of critical assemblages found in the
field (fig. 3). Several possible explanations
may be considered to take care of this di
screpancy. For example c1inochrysotile could
be metastable in metamorphic terraines and
form metastably at low temperatures. Its
survival up to upper greenschist fades then
could be due to the sluggishness of its break
down reaction. In fact, the reacting chryso
tile assemblages overlap with their proclucts,
the andgorite assemblages, over a distance of
more than 50 km in the Arosa-Malenco pro
file (fig. }). Antigorile occurs first at preh
nite-pumpellyite grade al Arosa (GREEN,
1982) and rock-forming clinochrysolile lasts
up into the biotite zone (KUNDIG, 1982).
Whereas antigorite is frequently observed to
form from chrysotile assemblages, the oPPO:
site has never been demonstrated conclusi-
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Fig. 9. - dH.=. (298.1) venus temperature diagr.un for reaction (IS). Sloping curve aakulated from
the poT c;urve of OTUDOOM (1978). The: data poim was derived from the field, S« text ... Uncertainty
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ve:le:y. As long as no proof can be: pre:se:nte:d
that chrysotile: can form from antigorite: (see
also WICKS and WHJTTAKER, 1977) me:ta
stability of chrysotile: cannot be: e:xcluckd.
Anothe:r possibility for the: discrepancy is
thar natural serpe:ntinites are compositio
nally difle:re:m from the:ir e:xpe:rime:ntal eaun
te:rparts. The:se diffe:ren~ howe:ve:r, seem to
have: relatively little influe:nce: to the: expe
rimental behaviour of serpentines (HEMLEY,
MONTOYA, CHRIST and HOSTETLER, 1977;
EVANS, ]OHANNES, OTERDOOM and TROMMS
DORFF, 1976). Although many anAlyses of
serpentine:s have been made (PAGE, 1968;
WHITTAKER and WICKS, 1970) partitioning
data amongst coexisting serpentines for Fe
and AI, the main impurities, are rare:. In
order to calculate: a possible shift of reactions
(11), (12) and (16) such data are badly
needed.

FinalJy, combined crystal structural and
compositional reasons may be: re:sponsible:
for the: discre:pancy: KUNTZE (1961) descri
bed antigorites with wide:ly varying super
StruCtures of their structural wave ranging
from 2 X 10 to 2 X 20 Si04 te:ttahedra

wave:lengths. The: accompanying variation in
composition must according to Kunnes m0

del be: along a vector between talc and bru
cite, M81HloSi-l. For natural antigorites this
seems-more or less to be the case (WHIT
TAKER and WICKS, 1970). Reealrulation of
the: structure: of the antigorite used by KING,
BARANY, WELLER and PANKRATZ (1967) in
their cp measurements re:veals a nearly ide:al
Kuntze formula that corresponds to a super
structure wave: with a period of 2 X 17 Si04
tetrahedra. The same holds for the antigorite
that was used by HEMLEY, MONTOYA, SHAW
and LUCE (1977) in their experiments. The
antigorite from Piz Lunghin, used by ]OHAN
NES in his experimems (EVANS, ]OHANNES,
OrEROOOM and TROMMSDORFF, 1976) has
a more magnesium-rich composition and, ac·
cording to KUNTZES (1961) mcxld a longer
supe:rstructure period. In order 10 solve: the:
discrepancy between 6dd and experiment on
the relative: stability of chrysotiJe v('rsus
antigorite assemblages, a syste:matic chemical
and crystal-srructural study of serpentine:
mine:rals along a profile: of progressive: meta
morphism is neede:d.
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