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ABSTRAcT

Four geothermometers lmagnetite-ilmenite (Bud_
dington & Lindsley 1964, Powell & powell t9Z7).
orthopyroxene-clinopyroxene (Wood & Banno 1973.
Wells 1977), orthopyroxene-ilmenite and clinopy-
roxene-ilmenite (Bishop 1980)l have been applied
to 120 pyroxene-Fe-tTi-oxide parageneses iro-
volcanic rocks. The first two geothermometers
yield "reasonable" magmatic temperatures. though
discrepancies between them mav reach 200.C. Tem-
peratures obtained from the masnetite_ilmenite
eguilibrium, by various methods of calculation of
the end members, differ by less than 30"C. Wells's
formulation of the orthooyroxene-clinopyroxene
geothermometer yields temperatures noticeablv
higher (60-80oC) than those given bv the equation
of Wood & Banno. which are in better asreement
with the magnetite-ilmenite results. Jil their pres-
ent form. the orthopyroxene-ilmenite and ciino_
pyroxene-ilmenite methods do not seem adequate
to estimate the temperatures of crystallization of
volcanic rocks.

Keywords:, Pyroxene (ortho-, clino-). Fe_Ti oxide
(magnetite, ilmenite), mineralogical equilibrium.
geothermometry. volcalic rocks.

SoMtvrerns

Quatre g6othermomdtres fmagn6tite_ilm6nire
(Buddington & Lindsley 1964. powell & powell
1977), orthopyroxbne-clinopyroxbne (Wood & Ban_
no 1973, Wells 1977), orthopyroxdne-ilm6nite et cli_
nopyrox0ne-ilm6nite, (Bishop 1980)l ont 6t6 appli
qu6s d 120 paragendses i pyroxdnes et oxvdes de
fer-titane de roches volcaniques. Les deux premiers
g6othermomBtres permettent de calculer des iemp6ra-
tures plausibles pour des roches magmatioues. en d6-
pit de divergences atteignant souvent 200"C. Les
temp6ratures d6duites de l'6quilibre masn6tite_il-
m6nite, selon diverses m6thodes de calcul des p6les.
diffdrent entre elles de moins de 30.C. La formula-
tion selon Wells du g6othermombtre orthopyroxene_
clinopyroxdne aboutit i des temp6ratures notablement
plus dlevees (de 60 i 80'C) que celles obtenues
selon l'6quation de Wood & Banno: ces derniEres
sont en meilleur accord avec les r6sultats de l,6qui
libre magn6tite-ilm6nite. Dans leur formulation
actuelle, les gdothermomdtres orthopyroxdne-ilm6-
nite et clinopyroxdrre-ilm6nite ne paraissent pas

tutilisables pour I'estimation des temp6ratures d€
cristallisation des roches volcaniques.

ll:lots-clds: Pyroxdnes (ortho-, clino.). oxvdes de
fer-titane (magn6tite. ilmdnite), 6quilibre min6-
ralogique, g6othermom6trie, roches volcaniques.

INtnoouctroN

The association magnetite (titanomagnetite)
- ilmenite (hemoilmenite) is common in vol-
canic rocks, especially in the TiOz-rich alkali
basalt series. Since the study of Buddington &
Lindsley (1964), the Fe-Ti oxide geothermo-
meter has generally been considered the mosr
precise method available for estimating mag-
matic temperatures and oxygen fugacities (e.g.,
Carmichael 1967, Anderson 1968, Wright &
Weiblen 1968, Helz 1973). Considerable use
has also been made of the orthopyroxene-
clinopyroxene geothermometers (Wood & Banno
1973, Wells 1977), which have been success-
fully applied to volcanic rocks. Bishop fi980)
recently studied the distribution of Fez+ and
Mg between coexisting ilmenite and pyroxene,
and formalized their partitioning for use as
geothermometers applicable to ilmenite-orthopy-
roxene and ilmenite-clinopyroxene associations.
It is thus possible to test simultaneously four
geothermometer's in rocks containing titanomag-
netite (Mt), hemoilmenite (Il), orthopyroxene
(Opx) and clinopyroxene (Cpx) presumed in
equilibrium. In this paper, 120 pyroxene-Fe-Ti-
oxide associations have been considered for the
purpose of evaluating the mutual consistency of
these geothermometers and the constraints on
their petrological applications.

Mrruoo oF INvEsrrcATroN

Samples selected

Table I gives a brief account of the sources
of the analytical data used. Most analyses have
been made with an automated Camebax micro-
probe and are unpublished results; others are
from French theses. The results of analvses are
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available on request from the authors or from show noticeable compositional inhomogeneity
the Depository of Unpublished Data, CISTI, and if there is an ambiguity in selecting the
National Research Council of Canada, Ottawa, most appropriate composition, several combina-
Ontario K1A 0S2. All sets of data include meas- tions must be tried for a single rock.
urements of Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, A total of 120 associations were selected: 7O
Na and K concentrations. In the microprobe groundmass minerals and 50 phenocrysts or
analyses, working conditions used were 15 kV, inclusions in phenocrysts. They inelude 34
lO-12 nA, counting time 6 seconds; contents magnetite (Mt) - ilmenite (Il) - orthopyroxene
lower than ,0.1 wt. 

-Vo 
are not considered rep- (Opx) - clinopyroxene (Cpx) associations, 16

resentative. The mineral associations belong to Mt-Il-Opx and 70 Mt-Il-Cpx parageneses. The
rocks from the alkali basalt series of continental dominance ef the last type is due to the fact
areas (Massif Central in France, Central Africa) that the greatest number of analyses available
and oceanic islands (French Polynesia, Gulf to the authors were from the alkali basalt series
of Guinea) and from orogenic series of island of the Massif Central (intermediate and differ-
arcs (Lesser Antilles, Ne* tteUriOes) or con- entiated lavas from the Chaine-des-Puys, Mont-
tinental margins (Mexico, Argentina). The Dore and Cantal volcanoes), in which ortho-
chosen associations fulfil the following require- pyroxene is usually lacking.
ments: (1) The presence of magnetite (titano-
magnetite) and ilmenite (hemoilmenite) coex- Calculation procedures
isting with preferably two but at least one
pyroxene. (2) Accuracy of analytical results:
the totals vary from 98.5 to 101.5 for pyroxenes
(Fe expressed as FeO) and for oxide anal-
yses recalculated following the method of Car-
michael (1967). (3) Minerals belong to the
same stage of crystallization of their host rock
(groundmass, neighboring inclusions in pheno-
crysts, or phenocrysts presumed in equilibrium).
Groundmass and phenocryst associations are
considered separately. (4) Fe-Ti oxides must be
described as fresh and unexsolved, yielding
"reasonable" magmatic temperatures (Table I )
when calculated following the method of Bud-
dington & Lindsley (1964). Of course, the
possibility of subsolidus re-equilibration cannot
be ruled out in some cases. (5) If minerals

A Fortran IV program was used to calculate
the equilibration temperatures, following the
equations given in Table 2, and to prepare
graphical plots of the results. For Mt-Il geother-
mometry, the formulation of Powell & Powell
(1977) was used. Fe'* and Fe'o were estimated
following the method of Carmichael (1967).
The proportions of FerTiOa and Feron in titano-
magnetite (Mt) and of FerO, in hemoilmenite
(Il) were calculated by both the methods of
Carmichael (1967) and Anderson (1968). For
Opx{px geothermometry, the formulations of
Wood & Banno (1973) and Wells (1977) were
used (Table 2). Th. effect of total Pressure
(P) on the Opx-Il and Cpx-Il geothermo-
meters (Bishop 1980) was purposely neglected.
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TAELE 2. EQUATIONS 03ED rOR CEOmEruOtfERy
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rhis assump,,;';';;; ffi;";: case of
volcanic groundmass associations, which usually
are considered to have equilibrated under p =
I bar for thermodynamic calculations (Car-
michagl et al. 1974). In the case of phenocrysts,
a systematic.error is introduced by neglecting p.
However, the coefficients affeited 

-Uy 
p in

Bishop's (1980) equations are very small
(0.0124 and 0.0106) with respect to the usual
values (3-4) of t}e terms ln [Mg/Fe)oo*/(Mg/
Fe)tl and ln [(Mg/Fe)co'/Mg/Fe)"] (Table
2). Thus an increase in pressure from 0 to 5
kbar (the latter value being a relatively high
pressure for the crystallization of phenocrystb
from volcanic rocks) produces a corresponding
temperature increase of less than 20oC. which
is negligible compared with the discrepancies
found among the geothermometers (see below).
The corollary is that Opx-Il'and Cpx-Il equi-
libria cannot be used as geobarometers in iheir
present formulation.

Rnsur,rs

Mt-Il geothermolnetry

The results (labeled C and A, respectively),
obtained using the methods of Carmichael
(1967) and Anderson (1968) of calculating
the molar fractions of .ulviispinel in Mt and
hematite in Il, are compared in Figure 1. There
is excellent agreement between them. The tem-
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Flc. I. Mt-II geothermometry. Temperatures (**)
following Carmichael (1967) yr. temperatures
(E) after Anderson (196E). Solid symbols, pheno-
crysts; open symbols, groundmass.

peratures obtained for a given pair usually differ
by less tlan 30"C from one another: this is
the limit of precision of the geothermometer
(Buddington & Lindsley 1964, Powell & Powell
1977) for minerals departing only slightly from
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TABLE 3. TYPICAT ANALYSES AIID CORRESPOIIDING CALCULATED TEI'IPERATURE5 the system FeO-FezOs-TiOr. In Tables I and 3
and in the corresponding diagrams (Figs. 3, 4,
5 and 6), Andersonns method has been chosen
because it discards the minor element$ to re-
duce natural compositions to pure Fe-Ti oxide,
and because the influence of Mn, Mg and Al on
the calibration of Buddington & Lindsley (1964)
is incompletely understood.

It appears from Figure 1 and Table 1 that
the range of temperatures encountered is wholly
compatible with the generally accepted tem-
peratures of crystallization of volcanic rocks.
However, some values appear to be low (parti-
cularly those lower than 700'C for andesites
and dacites). They can be taken to indicate
probable re-equilibration during subsolidus cool-
ing. The data plotted in Figure 1 show a fairly
good correlation between temperatures and rock
types. The highest temperatures (> 90O"C)
are observed for basalts, shoshonites, andesites
and trachytes; associations from rhyolites and
dacites indicate temperatures usually below
900"C. This should be considered when examin-
ing Figures 3 to 6, where Mt-Il temPeratures are
plotted as a function of those given by other
geothermometers.

O px4 px geothernnometry

The agreement between the results obtained
by the methods of Wood & Banno (1973) and
Wells ( 1977) is reasonably good (Fig. 2). The
latter gives temperatures systematically higher
than the first. The discrepancy commonly
reaches 60-80oC, especially for temperatures
above 900oC. The difference appears to be great-
er for groundmass minerals than for phenocrysts.
The range of temperatures encountered (800-
1200'C) is reasonable for the volcanic rocks
under consideration. Among other possible
origins, these discrepancies may be chemical,
reflecting the fact that the Wood-Banno geo-
thermometer has been calibrated mostly by
reference to basaltic compositions and that of
Wells predominantly by reference to ultramafic
compositions.

Comparison ol Mt-ll and OPx4Px
thernlonxeters

The correlations between the results of these
two geothermometers are not good (Figs 3, 4).
The Opx{px t€mperatures are usually higher
than Mt-Il temperatures. The differences observ-
ed commonly reach 200oC, and are larger if
Wells's equation is used'(Fig. 4) than with that
of Wood & Banno (Fig. 3). Again, greater dis'
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Frc. 2, Opx{px geothermometry. Temperatures
('rt'r) following Wells (1977) vs. temperatures
1a'; after Wood & Banno (1979). Symbols as
for Figure l.



crepancies are found for groundmass minerals,
perhaps owing to the important compositional
variations in groundmass pyroxenes. In fact,
comparisons between the two-pyroxene and two-
oxide data are difficult. A substantial part of the
discrepancy may reflect the fact that pyroxenes
begin to crystallize at higher temperatures than
oxides. So we must temper our conclusions con-
cerning the differences observed for phenocrysts,
which may be recording successive stages of
crystallization. However, the groundmass pyrox-
ene-Fq-Ti-oxide association unambiguously cor-
responds to the same stage of the rock's history.
It is suggested that the more important discrep-
ancies (100"C or more) observed in this last
case may well reflect subsolidus re-equilibration
(specially for oxides, which re-equilibrate more
readily than the pyroxenes); it cannot be proved
that the accuracy of the geothermometers is
responsible for these differences.

Comparison ol Cpx-Il and Mt-Il thermometers

A very rough positive correlation is apparent
(Fig. 5), but the Cpx-Il temperatures are, in
most cases, lower than the Mt-Il ones; the
discrepancy commonly reaches 200'C or more.
About one third of the Cpx-Il temperatures are
lower than 650'C and thus cannot be con-
sidered plausible for volcanic rocks. Discrep-
ancies exceeding 400oC are found in several
cases; they are considerably higher than the
differences observed between Mt-Il and Opx-
Cpx results for the same parageneses, indicat-
ing problems of accuracy with the Cpx-Il
method.

Comparison of Opx-Il and Mt-Il thermometers

Results obtained using these two methods do
not show a systematic relationship (Fig. 6).
Approximately one third of the Opx-Il tem-
peratures are lower than 650oC; discrepancies
equal to or higher than 40OoC with respect to
the Mt-Il temperatures are common and can
be interpreted as in the previous case.

Other correlation diagrams (Opx-Il vs. Cpx-
Il, Cpx-Il vs. Opx{px, Opx-Il vs. Opx{px)
are not presented here; they show a lack of
correlation between the geothermometers, though
some rare values may be in mutual agreement.

DIscussIoN

The results presented above are disappoint-
ing and raise doubts as to the practical applica-
tions of geothermometers to natural parageneses.
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Frc. 3. Plot of Mt-ll temperatures (Anderson's
method) rr. Opx{px according to Wood &
Banno (1973). Symbols as for Figure l .

Ftc. 4. PIot of Mt-Il temperatures (Anderson's
method) vs. Opx{px lemperatures (Wells's for-
mulation). Symbols as fo.r Figure 1.

The formulations of the geothermometers can-
not be considered as the unique causes of the
observed discrepancies. Many errors can origi-
nate in questionable equilibria between mineral
phases, especially with respect to the presrxn-

COMPARATIVE CEOTHERMOMETRY OF VOLCANIC ROCKS
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Frc. 5. Plot of Mt-ll temperatures (Anderson's
method) vs. Cpx-Il temperatures. Symbols as for
Figure l'

Frc. 6. Plot of Mt-Il temperatures (Anderson's
method) rs. Opx-Il temperatures, Symbols as for
Figure l.

ably different temperatures at which equilibra-
tion ceases for pyroxenes and Fe-Ti oxides
during cooling. Another source of error may be
the choice of the analyses considered, in view
of the usual compositional variations. An im-
portant source of error can also result from the
poorly understood role of minor components in
solid-solution models, especially in the case of
the Fe-Ti oxides. In his application of the Cpx-

Il and Opx-Il geothermometers to natural as-
semblages, Bishop (1980) also found significant
discrepancies (reaching 200'C) with evalua-
tions based on the Mt-Il or Opx{px thermo'
meters.

Table 3 presents some results obtained with
the four geothermometers considered. Even if
the temperatures obtained are in mutual agree-
ment in some cases, it appears that the Opx'Il
and Cpx-Il geothermometers (Bishop 1980)
cannot be considered reasonable indicators of
magmatic temperatures, Therefore, their €x-
tensive use in petrological studies cannot be
recommended. flowever, they could be possible
indicators of equilibrium where they give results
similar to those obtained from other geother-
mometers. Mt-Il and Opx{px methods give
"reasonable" results, in good mutual agreement
(discrepancies smaller than 100"C) in about
one third of the cases studied. The Wood &
Banno (1973) formulation of the Opx-Cpx
equilibrium shows the best agreement with the
Mt-Il data, better than that of Wells (1977).
Some Mt-Il temperattlres aPpear to be low with
respect to the commonly accepted temPeratures
of crystallization of lavas; re-equilibration dur-
ing subsolidus cooling may have played an
important role, even where no petrographic in-
dication of their occurrence has been found.
Even in favorable cases, it is difficult to de-
termine the temperature of crystallization of a
given mineral phase with a precision better than
-+ 50oC. This conclusion implies g9.rious limita-
tions on the applications to natural rocks of
thermodynamic calculations based on geother-
mometry (e.g., Carmichael et al. 1974' Luhr &
Carmichael 1980), for which a precise knowl-
edge of temperatttre is required.
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