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ABSTRACT

Four geothermometers [magnetite—ilmenite (Bud-
dington & Lindsley 1964, Powell & Powell 1977).
orthopyroxene—clinopyroxene (Wood & Banno 1973,
Wells 1977), orthopyroxene—ilmenite and clinopy-
roxene—ilmenite (Bishop 1980)] have been applied
to 120 pyroxene-Fe-Ti-oxide parageneses from
volcanic rocks. The first two geothermometers
vield “reasonable” magmatic temperatures, though
discrepancies between them may reach 200°C. Tem-
peratures obtained from the magnetite—ilmenite
equilibrium, by various methods of calculation of
the end members, differ by less than 30°C. Wells’s
formulation of the orthobyroxene—clinopyroxene
geothermometer vyields temperatures noticeably
higher. (60—80°C) than those given by the equation
of Wood & Banno, which are in better agreement
with the magnetite—ilmenite results. In thejr pres-
ent form, the orthopyroxene—ilmenite and clino-
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, volcanic rocks.

SOMMAIRE

Quatre  géothermométres  [magnétite—ilménite
(Buddington & Lindsley 1964, Powell & Powell
1977), orthopyroxéne—clinopyroxéne (Wood & Ban-
no 1973, Wells 1977), orthopyroxéne—ilménite et cli-
nopyroxéne—ilménite, (Bishop 1980)] ont été appli-
qués & 120 paragendses 3 pyroxénes et oxvdes de
fer—titane de roches volcaniques. Les deux premiers
géothermométres permettent de calculer des tempéra-
tures plausibles pour des roches magmatiaues, en dé-
pit de divergences atteignant souvent 200°C. Les
températures déduites de Péquilibre magnétite—il-
ménite, selon diverses méthodes de calcul des pdles,
différent entre elles de moins de 30°C. La formula-
tion selon Wells du géothermométre orthopyroxéne—
clinopyroxéne aboutit & des températures notablement
plus élevées (de 60 a 80°C) que celles obtenues
selon I'équation de Wood & Banno; ces derniéres
sont en meilleur accord avec les résultats de I'équi-
libre magnétite—ilménite. Dans leur formulation
actuelle, les géothermomeétres orthopyroxéne—ilmé-
nite et clinopyroxéne—ilménite ne paraissent pas

utilisables pour I'estimation des températures de
cristallisation des roches volcaniques.

Mots-clés: Pyroxénes (ortho-, clino-), oxvdes de
fer~titane (magnétite. ilménite), équilibre miné-
ralogique, géothermométrie, roches volcaniques.

INTRODUCTION

The association magnetite (fitanomagnetite)
— ilmenite (hemoilmenite) is common in vol-
canic rocks, especially in the TiOs-rich alkali
basalt series. Since the study of Buddington &
Lindsley (1964), the Fe-Ti oxide geothermo-
meter has generally been considered the most
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 (1980)
recently studied the distribution of Fe®* 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
geothermometers in rocks containing titanomag-
netite (Mt), hemoilmenite (I1), 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.

METHOD OF INVESTIGATION

Samples selected

Table 1 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 analyses are
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TABLE 1. ORIGIN OF THE MINERAL ASSOCTATIONS STUDIEB

Series

Rock type

Geographical Lodation

M1l temperatures.(°C)

- References

Alkali
* Basalt

Alkali Ba-
salts and
Basanites

Franch Massif Central

10323 939; 889;

Maury 1976 , Maury et al, 1980

French Polynesia

1025; 1123; 1084;

Maury et al. 1978, unpublished data

Gulf of Guinea

9613 9443

[ Commen & Maury 1980

Mavaiites
Mugearites

French Magsif Central

10153 997; 9965 9743 973; 966; 963;
952; 928; 9155 901; 883; 882; 8773
865; 857; 853; 844; 843; 836; 833;
832; 830; 8165 793; 787; 739; 738;

Maury 1976 , Maury & Brousse
1978 ; Maury et al, 1980 , Vatin-
Pérignon et al, 1980 , Bourdier
1980

Remmoveites 7355 7103 698;
Series
French Polynasia 1025; 9663 813; Maury ot al. 1978
Gulf of Guinea 1078; 10583 Cornen & Maury 1980

Virunga (Central Afr.)

10283 943; 853; 850; 838;

Pouclet (1976), unpublished

Trachytes

French Massif Central

9423

Maury et al. 1980

French Polynesia

1101; 875;

Maury et al, 1978 , Blanchard 1978

Rhyolites

French Massif Central

954; 949; 939; 919; 905; 873; 867;
8563 831; 820;

Ménard 1979

Orogenic
Series
(Island arc
tholeiitic,
calcalkalic
or
shoshonitic)

Basalts

Mexico

1072; 1070; 962; 882; 808;

Silva Mora 1979

Andesites

Mexico

1035;1012;984; 9565 919; 867; 6573

$ilva Mora 1979

New Hebrides

855; 812;

Unpublished

Dacites

Lesser Antilles

10333 102430253 919; B69;769;766; 7443
74257293 7085 706368336653 66436623647

DiArco st al.(in prep.), Semet ot
al. (in prep.)

Mexico

8623 8573 758; 727; 724;

$ilva Mora 1979

Shoshonitic

Argentina

1074; 1026; 1008; 980; 952; 88%;

Deruells 1979

Lavas

Mt-T1 temperatures are calculated using Audexson's (1968) method of evaluating proportions of end members.

available on request from the authors or from
the Depository of Unpublished Data, CISTI,
National Research Council of Canada, Ottawa,
Ontario K1A 0S82. All sets of data include meas-
urements of Si, Ti, Al, Cr, Fe, Mn, Mg, Ca,
Na and K concentrations. In the microprobe
analyses, working conditions used were 15 kV,
10-12 nA, counting time 6 seconds; contents
lower than 0.1 wt. % are not considered rep-
resentative. The mineral associations belong to
rocks from the alkali basalt series of continental
areas (Massif Central in France, Central Africa)
and oceanic islands (French Polynesia, Gulf
of Guinea) and from orogenic series of island
arcs (Lesser Antilles, New Hebrides) or con-
tinéntal margins (Mexico, Argentina). The
chosen associations fulfil the following require-
ments: (1) The presence of magnetite (titano-
magnetite) and ilmenite (hemoilmenite) coex-
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 1)
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

show noticeable compositional inhomogeneity
and if there is an ambiguity in selecting the
most appropriate composition, several combina-
tions must be tried for a single rock.

A total of 120 associations were selected: 70
groundmass minerals and 50 phenocrysts or
inclusions in phenocrysts. They include 34
magnetite (Mt) — ilmenite (I1) — orthopyroxene
(Opx) - clinopyroxene (Cpx) associations, 16
Mt-Il-Opx and 70 Mt-Il-Cpx parageneses. The
dominance of the last type is due to the fact
that the greatest number of analyses available
to the authors were from the alkali basalt series
of the Massif Central (intermediate and differ-
entiated lavas from the Chalne-des-Puys, Mont-
Dore and Cantal volcanoes), in which ortho-
pyroxene is usually lacking.

Calculation procedures

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-11 geother-
mometry, the formulation of Powell & Powell
(1977) was used. Fe** and Fe** were estimated
following the method of Carmichael (1967).
The proportions of Fe,TiO: and Fe,O, in titano-
magnetite (Mt) and of Fe:Os in hemoilmenite
(I1) were calculated by both the methods of
Carmichael (1967) and Anderson (1968). For
Opx—Cpx geothermometry, the formulations of
Wood & Banno (1973) and Wells (1977) were
used (Table 2). The effect of total pressure
(P) on the Opx—Il and Cpx-Il geothermo-
meters (Bishop 1980) was purposely neglected.
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TABLE 2. EQUATIONS USED FOR GEOTHERMOMETRY

Equilibria

Magnetite
Iimenite

Equations (T°C)

Ia 8155
t Il t Il
4239 + In (ngzTi04xFe203) / (#3304}(?31‘103)

~ 273

= 10202

Powell &

References

Powell (1977)
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orth Tn o 2+ o 2+ | Opx 2 T oot s
i X
tthopyroxene | 5251206 - 7.65 g:%‘mg Ll 3.88‘ g—:z;m—gl - 4.6 Bamno (1973)
aMgZSiZOG
. 7341
. T P a§ — - 273 Wells (1977)
nopyroxene F Px 5120,
5355 ¢ 2.4 g0 - Ln —gE251206
augzsigos
2+ |11
Orthopyroxene 1646 + 1636|-2_|*" 4 o.0124p
Ta Fez”’ﬁgﬁ - 273 Bishop (1980)
Ilmenite Ln (Mg/Fe)
(tg/Fe)’T
' pX 2+ 111
Clinopyroxene 748 + 27458 | 81 Te J -1 }m.omr
X Te= Mgt¥e fEo g - 273 Bishop (1980)
Ilmenite Ly Mg/Fe) X
(vg/reytL

a t activities, T : temperatures (°C).

This assumption is roughly valid in the case of
volcanic groundmass associations, which usually
are considered to have equilibrated under P =
1 bar for thermodynamic calculations (Car-
michael er al. 1974). In the case of phenocrysts,
a systematic error is introduced by neglecting P.
However, the coefficients affected by P in
Bishop’s (1980) equations are very small
(0.0124 and 0.0106) with respect to the usual
values (3—4) of the terms In [Mg/Fe) %/ (Mg/
Fe)"] and In [(Mg/Fe)®*/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 phenocrysts
from volcanic rocks) produces a corresponding
temperature increase of less than 20°C, which
is negligible compared with the discrepancies
found among the geothermometers (see below).
The corollary is that Opx—II ‘and Cpx-II equi-
libria cannot be used as geobarometers in their
present formulation.

REsuULTS
M-Il geothermometry

The results (labeled C and A, respectively),
obtained using the methods of Carmichael
(1967) and Anderson (1968) of calculating
the molar fractions of ulvéspinel in Mt and
hematite in Il, are compared in Figure 1. There
is excellent agreement between them. The tem-

T,°C
Mt-IL**

4 < Rhyolites
800 = » > Dacites
;v’} v v Trachytes
s o Hegm g
&6} ® O Andesites
p> ¢ O Shoshonites
® O Basalts
€00
R
L 80 1060 1200

FiG. 1. Mt-Il geothermometry. Temperatures (**)
following Carmichael (1967) vs. temperatures
(*) after Anderson (1968). Solid symbols, pheno-
crysts; open symbols, groundmass,

peratures obtained for a given pair usually differ
by less than 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. TYPICAL ANALYSES AND CORRESPONDING CALCULATED TEMPERATURES

PHENOCRYST K_- MUGEARITES K_- BENMOREITES

Cpx Opx n Mt Cpx Opx n Mt
5102 51,63 52.78 * * 51,63 53,24 * *
'HO2 1.04 0.36 50,09 17.37 1.04 0.34 49.86 16.83
A1203 2.68 1.03 0.26 2.35 2.68 1.08 0.20 7.81
Fe203 6.14 29.1 6.34 29.28
cr203 * * * * * * * *
Fe0 9.09 17.09 40.59 49.90 9.09 16.83 41.41 41.77
Mn0 0.31 0.41 0.64 0.43 0.31 0,47 0.52 0.54
490 15.61  25.59 2.24 0,93 15,61 25,77 1,76 3.72
Cal 19.43 1.76 * * 19.43 1.72 * *
NaZO 0.28 > 0.19 0.38 0.28 * 0.27 0.32
KZO w* * * * * * * *
TOTAL 100.07 99.02 100,17 100.49 100.07 99.45 100.28 100.29

Mo 1) 8 we - 11} @ B9

Mt - 115 : 843 Mt - 113 s 830
ro¢ Opx - Cpx, 1038 Opx - Cpxy 1038

Opx - Cpx 1069 Opx - Cpx 1067

Cpx - I1 : 729 Cpx - 11 : 669

Opx -~ Il : 643 Opx - I1 : 588
GROUNDMASS K - MUGEARITES K - BENMOREITES

Cpx Opx 1 "t Cpx Opx n Mt
5102 44,89 52.82 * * 52,90 50.78 * *
'H[J2 4.1 0.17 44,08 7.92 0.38 0.19 47.90 7.36
A1203 7.37 0.58 0.13 0.64 1.28 0.25 0.15 1.08
FeZO3 14.45 51,92 9.00 53.90
Crp03 0.33 * * 0.17 * * * 0.09
Fel 7.03 20,65 36.28 36.07 7.51 25.41 38.19 36.30
¥n0 0.13 1.04 0.72  0.72 0.78 1.67 1.14  0.61
Mgl 11.94  22.41 1.53 0,75 15,77 20.32 2.15 0.77
Ca0 22,95 1.57 * * 22,16 1,74 * *
NaZO 0.40 * * * 0.59 * * *
KZO * * * * 0,05 0.17 d *
TOTAL 99,15 99.21 97.20 98,19 101.42 100.48 98,53 100.16

Mo 1) 802 M- 1y o0 76

Mt - 115 ¢ 793 Mt - 175 ¢ 710
TOo¢ Opx - Cpxy ¢ 752 Opx - Cpxy @ 894

Opx - Cpx~ : 720 Opx - Cpx : 926

Cpx - Il : 630 tpx - 11 : 604

Opx - I1 : 697 Opx - IT : 816

These analyses are from the French Massif Central (Maury 1976},
Number beside geothermometer association indicated the method used :
1 : Carmichael®s, 2 : Anderson's, 3 : Wood & Banno's, 4 : Wells'.

* below 1imit of sensitivity.

T,°C
Opx-Cpx**

1200

T,°C

&0 ) 090 20 Opx-Cpx*

Fic. 2. Opx—Cpx geothermometry. Temperatures
(**) following Wells (1977) vs. temperatures
(*) after Wood & Banno (1979). Symbols as
for Figure 1.
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the system FeO-Fe.05~TiO.. In Tables 1 and 3
and in the corresponding diagrams (Figs. 3, 4,
5 and 6), Anderson’s method has been chosen
because it discards the minor elements 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 (> 900°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.

Opx—Cpx geothermometry

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 60-80°C, especially for temperatures
above 900°C. 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 of Mt—1l and Opx—Cpx
thermometers

The correlations between the results of these
two geothermometers are nat good (Figs 3, 4).
The Opx—Cpx temperatures are usually higher
than Mt-Il temperatures. The differences obsery-
ed commonly reach 200°C, 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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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—Fe-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 of Cpx-Il and M-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 400°C are found in several
cases; they are considerably higher than the
differences observed between Mt-I1 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 650°C; discrepancies
equal to or higher than 400°C 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—
I, Cpx-Il vs. Opx—Cpx, Opx-Il vs. Opx—Cpx)
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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F1G. 3. Plot of Mt-II temperatures (Anderson’s
method) vs. Opx—Cpx according to Wood &
Banno (1973). Symbols as for Figure 1.
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Fi16. 4. Plot of Mt-Il temperatures (Anderson’s
method) vs. Opx—Cpx temperatures (Wells’s for-
mulation). Symbols as for 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 presum-
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1200 CPX-TL

FiG. 5. Plot of Mi—Il temperatures (Anderson’s
method) vs. Cpx—Il temperatures. Symbols as for
Figure 1.
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FIG. 6. Plot of Mt-Il temperatures (Anderson’s
method) vs. Opx—Il temperatures. Symbols as for
Figure 1.

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—
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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—Cpx 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 ex-
tensive use in petrological studies cannot be
recommended. However, they could be possible
indicators of equilibrium where they give results
similar to those obtained from other geother-
mometers. Mt—Il and Opx—Cpx 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-I1 data, better than that of Wells (1977).
Some Mt-Il temperatures 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
=+ 50°C. This conclusion implies sgrious 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 temperature is required.
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