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Abstract—The paper discusses the problem of the evaluation of Fe** and the calculation of the structural for-
mula of natural and experimentally synthesized amphiboles. The currently used normalization schemes of
amphibole analyses are demonstrated to commonly underestimate Fe,O5; and overestimate FeO. The data
reported on the composition of hornblende from andesites of Bezymyannyi volcano are recal culated taking into
account M 6sshauer spectroscopic data. The hornblende composition is determined mostly by the edenitic and
tschermakitic types of heteroval ent substitution, which makesit possible to estimate the pressure (6-8 kbar) and
temperature (800-920°C) during crystallization within the amphibole stahility field. The plausibility of these
estimates is tested in the context of the general problem of the use of magmatic Ca-amphibole for purposes of

geothermobarometry.

INTRODUCTION

According to N. Bowen's reaction scheme [1],
amphibole and biotite are the main water-bearing
phases characterizing the closing stages of the frac-
tiona crystallization of mafic and intermediate mag-
mas. This leads to the conclusion that amphibole plays
an important part in the genesis of andesites and more
silicic derivatives. However, this concept was ques-
tioned by Tilley, who pointed out the rarity of amphib-
ole phenocrysts in lavas of the calc—akaline series [2].
L ater, the limited occurrence of amphibole in mafic and
intermediate volcanic rocks was explained as resulting
from phase decomposition under low pressures [3].
However, after the publication of experimental evi-
dence [4], the presence of variably preserved horn-
blende grains was regarded as one of the typomorphic
features of andesites. Starting from the 1960s, the frac-
tionation of amphibole, a mineral characterized by a
higher Fe/Mg ratio than those of olivine and pyroxenes,
was utilized by some researchers in the interpretations
of the petrochemical and geochemical trends of calc-
alkalinerocks of island-arc and continental-margin vol-
canic series [5-9], granite and granodiorite magmatic
complexes [10]. Experimental results [11] allowed the
estimation of the stability field of hornblende in water-
saturated basaltic magma and lay the basis of, first, the
systematic experimental study of phase equilibria in
natural basalts in water-bearing environments and, sec-
ond, specialized investigations into the stability of
amphibole at the liquidus of basalts and andesites (see
thereview in [12, 13]).

In the 1980s and 1990s, amphibole fractionation
attracted closer attention as an important evolutionary
factor of calc-alkaline magmas during intermediate and
closing stages, mainly because of the relatively high
amphibole-melt partition coefficients of several trace
elements (including HREE, HFSE, and others) [14].
This made it possible to explain some features of the
geochemical trends of some minor elementsin the calc-
alkaline series [9, 15-17]. It is worth mentioning that
interpretations of these trends are usually made based
on the results of ssimple mass-balance calculations for
fractionation [8, 9, 15-18]. For example, Thirlwall et al.
[9] explain the low Er/Yb ratio and depletion in Ti of
andesites of the low-Ca M series in Grenada Island,
Lesser Antilles, by the fractionation of the high-pres-
sure Ol + Al-Aug + Al-Sp + Hbl assemblage from the
parental picritic melts® However, this led to the
assumption that there were much higher temperatures
(>1100°C) and lower H,O concentrations in the paren-
tal melts than those within the amphibole stability field
on the liquidus of mafic magmas[12, 19]. The cause of
these discrepancies is obvious: models based on mass-

1 symbols of minerals and end-members: Ol = olivine, Aug = aug-
ite, o = spinel, Pl = plagioclase, Hbl = hornblende, An = anorth-
ite, Ab = albite, Fo = forsterite, Ed = edenite, Fe-Ed = ferroeden-
ite, Richt = richterite, Parg = pargasite, Fe-Parg = ferropargasite,
Ti-Parg = titanic pargasite, Hast = hastingsite, Mg-Hast = mag-
nesiohastingsite, Tr = tremolite, Act = actinolite, Fe-Act = ferro-
actinolite, Tsch = tschermakite, Fe-Tsch = ferrotschermakite,
Fe-Hbl = ferrous hornblende, Mg-Hbl = magnesian hornblende,
Qtz = quartz, Or = potassic feldspar, Bi = bictite, Sph = titanite,
Mt = magnetite, Ilm = ilmenite, Liq = melt.
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balance calculations are not consistent with realistic
phase diagrams, including the stability conditions of
the mineral phases under variable P-T-fo -0
parameters, compositions, and phase proportions[20].
The petrogenetic role of amphibole in island-arc
magmatism is not restricted only to the effect of this
mineral during the closing stages. A quite important
fact is that this mineral, one of the main phases of
metabasites (and, to a lesser degree, of metahyperba
sites) of the subducted oceanic lithosphere serves as a
water transporter (along with phlogopite, clinohumite,
and hydrosilicates) to the mantle wedge region and,
thus, is one of the factors in the genesis of primary
island-arc magmas that controlstheir geochemical fea
tures [21]. At the same time, the partial melting of an
amphibole and/or garnet-bearing residue is widely uti-
lized in modelsfor the origin of tonalite-trondhjemite—
granodiorite rock associations [22 and others].

These considerations demonstrate the pressing need
for, and significance of, the development of models for
phase equilibria with the participation of amphibole.
The currently available extensive information on horn-
blende-melt phase equilibria (we found 49 references
in the INFOREX [23] and MELT 2 petrological data
bases, which include 325 compositions of melts and
minerals) covers temperature and pressure intervals of
600-1100°C and 1 atm—27 kbar. This representative
collection of data makes it possible to bring forth the
problem of developing a system of amphibole-melt
geothermobarometers for the petrogenetically impor-
tant region of compositions and conditions. Note that
the aforementioned massif of data does not include
experiments on determining the melt—amphibol e parti-
tion coefficients for minor el ements, which are usualy
carried out by “doping” the starting material with
oxides of rare and trace elements.

Further progress in the geothermobarometry of
phase equilibria with the participation of amphiboles
(two minerals or minerals with melt) is complicated by
the extreme compositional variability of this mineral.
Thecrystal structure of amphibole comprises a series of
cationic sites, which can be occupied by elements with
various ionic radii and valences. The chemistry of
amphibole includes all maor components (except
P,0O:), and itsvariations are controlled by morethan ten
iso- and heterovalent substitution mechanisms [24].
The situation is even more complicated by the fact that
the amphibole structure may include iron in different
oxidation states, and the anion group contains OH, O,
F, and Cl. The elucidation of these relations requires
either additional analytical studies (by conventional
chemical, SIMS, and SmX techniques [25]) or special-
ized methods making it possible to evaluate the concen-
trations of these components, because information of

2This databank on melt-mineral equilibrium was compiled by
A.V. Girnis a the Ingtitute of the Geology of Ore Deposits,
Petrography, Mineralogy, and Geochemistry, Russian Academy
of Sciences, girnis@igem.ru.
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this kind usually cannot be retrieved from experiments
on the melting—crystallization of rocks. The principal
importance of such knowledge for the use of amphibole
with geothermobarometric purposes can be illustrated
by the datain [26], which demonstrate the effect of the
O(F,CI)/OH substitution in the anion group on the cal-
culated activities of hornblende end members.

Another experimental problem is related to the
achievement of equilibrium between chilled phases,
including amphibole [12], particularly in experiments
at low temperatures, when the melt fraction isinsignif-
icant and it is highly viscous. Moreover, significant
analytical difficulties are caused by the small dimen-
sions of amphibole crystals synthesized at temperatures
below 800°C. For instance, Scaillet and Evans [27]
were forced to recalculate their microprobe analyses,
which represented a mixture of small hornblende crys-
talsand chill glass. An analogous problem was faced by
experimentalists dealing with the melting of the
amphibole—plagioclase assemblage at T = 1000°C and
P = 12 kbar with various initial sizes of the fractions of
the starting materials [28]. An important conclusion
made by these researchersis as follows: while equilib-
rium was achieved in crystallization experiments at an
experiment duration of approximately 48 h, equilib-
rium in experiments on the melting of an Pl + Hbl starting
mixture was achieved only in more than eight days when
the size fractions were <3 um and was not detected even
in 36 days when the fractions were >5 um.

Another problem is the poor knowledge of the ther-
modynamic mixing properties of Ca-amphibole end
members® because of the low mixing enthalpies of
components, which are commensurable with the accu-
racy of the cal orimetric techniques employed [30].

It is pertinent to recall that the facts cited above, on
the one hand, hamper the devel opment of afull thermo-
dynamic description of the whole spectrum of Ca-
amphibole solid solution (with allowance for multisite
exchange equilibria) and, on the other, are sometimes
regarded asawarrant to limit the considerationsto sim-
plified models, which relate variations in the intensive
parameters with the behavior of single components
(Al [31, 32], cation redistribution within crystal at-
tice sites (Na—K!*I, Fe-MgIM1-M3]) [33, 34], or the par-
ticipation of afew end membersin complex exchange
equilibria of several minerals[35-37].

The very first problem arising when hornblende is
inspected with the use of microprobe analyses is the
evaluation of Fe*/Fe, and the recalculation of the
structural formula. This problemis of principal signifi-
cance for amphiboles, because the [A] site of thismin-
eral may remain vacant, which precludes the calcula-

3 According to the latest report of the Subcommittee on Amphibole
of the International Mineralogical Association (IMA 1997),
amphibole compositions are subdivided into four groups, includ-
ing 71 end members [29]: Mg—Fe-Mn-Li amphiboles (19 end
members), Ca-amphiboles (21 end members), Na—Ca-amphib-
oles (14 end members), and Na-amphiboles (17 end members).
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tion of the Fe** fraction in compliance with the ideal-
ized structural formula, asis practiced, for example, in
the case of spinel [38]. This hinders the devel opment of
correct models for the activities of amphibole compo-
nents and questions the warranty of using calculated
values (estimates) of the mole concentrations of Fe**,
Fe**, and other cations. This paper presents a brief out-
line of the problem of calculating the Fe** for naturally
occurring and experimentally synthesized Ca-amphib-
oles. Direct estimates of Fe**/Fe,,, were made for horn-
blende from the andesites of Bezymyannyi volcano,
structural formulas of the mineral were calculated, and
the compositional evolution of thismineral isdiscussed
in terms of the main exchange substitutions. These data
were further used asthe empirical basisfor the analysis
of thermobarometric techniques in application to mag-
matic amphiboles (from calc—alkaline rocks).

AMPHIBOLE STRUCTURAL FORMULA
AND THE ESTIMATION OF THE Fe** FRACTION

In order to analyze the compositiona trends of the
principal rock-forming minerals, mole fractions of their
end members are usually employed (such as Anin Pl,
Foin Ol, etc.). This simple approach leads to far from
trivial problemsin the case of amphibole, whose crystal
chemistry permits cations to simultaneously occupy a
number of structural positions (sites). At the sametime,
Ca-amphibole alone comprises 21 end members [29],
and although the compositions of natural hornblendes
can be quite accurately described by as few as nine or
ten end members [37, 39], none of them seems to be
able to adequately represent the integral evolution of
the composition of this mineral. This definitely stems
from the multicomponent chemistry of amphibole (it
contains nearly all major components) and, perhaps,
also the relatively narrow crystalization interval (as
compared with other silicates), which predetermines
fairly insignificant compositional variations. Because
of this, in characterizing the compositional variations
of amphibole, it is common to consider (1) the concen-
trations of cations per oneformulaunit in agiven struc-
tural position (for example, V1Al and [VUAI) and (2) the
substitution mechanisms of cations, including heterov-
alent (for example, the edenitic scheme, see below) and
isovalent (Fe?** = Mg?* and AWK « [AINa). In both sit-
uations, it is necessary to calculate the structural for-
mulaof the amphibole (Fig. 1) on the basis of itsmicro-
probe analyses [40]. This, in turn, requires estimation
of the proportions of Fe** and Fe**, which can vary over
broad limits in amphiboles.

The compositions of natural amphiboles are recal-
culated in compliance with a variety of schemes with
different chemical and stoichiometric limitations for
the anhydrous basis (normalized to 23 oxygen atoms)
[36, 41, 42]. For example, assuming that all iron occurs
in the form of Fe?* (the most frequently employed pre-
supposition) or Fe**, the sum of cations is normalized
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to 13eCNK or 15eNK values.? In other instances, based
on stoichiometric considerations, an average between
the maximum and minimum permitted Fe** contentsin
the amphibole structure (the former virtually always
corresponds to the 13eCNK scheme for Ca-amphib-
oles, while the latter means Fe3* = 0 or the 15eNK
scheme; Fig. 1). All of these calculation routines and
their limitations are discussed in much detail in [40].°
It isgenerally though that the 13eCNK schemeyieldsa
good approximation of the Fe** and Fe** proportions
for Ca-amphiboles, while 15eNK is more useful for
Fe-Mg—Ca-amphiboles [45]. Blundy and Holland [46]
note that a calculation making use of an average
between 13eCNK and 15eNK reproduces the Fe** val-
ues of amphiboles yielded by conventional “wet”
chemical techniques with errors of up to 28%, which
also affects the estimated concentrations of cations in
other sites. The errors in the estimation of cation con-
centrationsincrease therewith in the sequence T < (M1,
M2, M3) < M4 < A [31]. According to Holland and
Blundy [46], the error in the ['VIAI calculation is 3%,
with the errors in the cation occupancy of [A] some-
times becoming as great as 20%. Because of this, inthe
general case, the[A] siteisthe most sensitive to analyt-
ical errors and the calculation scheme selected.

Based on full chemical analyses of metamorphic
hornblendes (including the determination of their Fe**,
OH, F, and ClI), Cosca et al. [26] tested different calcu-
lation procedures of amphibole structural formulas. It
turned out that none of the techniques yielded satisfac-
tory results, with the Fe,O; contents always underesti-
mated and FeO overestimated. The H,O concentrations
of the hornblendes exhibited no systematic correlations
between the measured and calculated values, although
the latter were usually higher (see Figs. 24 in [26]).
Cosca et al. [26] established that H,O estimates made
on the basis of stoichiometric considerations do not
correspond to the actual values, even if the F, and Cl,
concentrations were measured on a microprobe.

Figure 2 compares the three calculation techniques
of the amphibole structural formulas using the results
on 30 Ca-amphiboleswith known Fe?* and Fe** propor-
tions. Comparing different recal culation procedures, it
can be concluded that the errorsin Fe** by the 13eCNK
technique are 27%, while the cation occupancies of

4 13eCNK means the normalizing of the cations to the (13/zCaions _

Ca— Na—-K) value on the presumption that Fe?*, Mg, and Mn do
not occupy [M4]; 15eNK is a cation normalization to the

(15/5C310NS _ Na — K) value on the presumption that Na does not
enter [M4].

5We recast the calculation scheme for the amphibole structural
formula proposed in [43] asan MS EXCEL electronic table, with
the structural-formula calculation including an additional proce-
dure of the distribution of Fe?* and Mg between the M2, M4, and
M13 (joint) sites, according to [42, 44]. The user can select from
avariety of calculation schemes proposed, and the Hbl composi-
tions can be plotted in classification diagrams and plots of
exchange equilibria (see below).
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Amphibole structural formula
General amphibole formulaA, B,CY' TV 0,,(OH),,
whereA, B, C, T, and OH correspond to the following crystallographic sites (p.f.u.):
A A site (10- to 12-fold coordinated) usually occupied by Na, K* or avacancy
B two 6- to 8-fold coordinated M4 sites Na, Ca, Mg, Fe?*, Mn
3 .
c five 2M1, 2M2, and 1M3 octehedral sites Mg, Fe?", 1[\\’1111’551’ Ee™, Ti
» 51
T eight 471 and 472 octahedral sites OH, F, ClL, 0
OH two anionic sites
Occupancy of sitesin the amphibole structure
and stoichiometric constrains
Estimated proportions
Site Cation Stoichiometric Fe3* Note:
limits min max
r Si# zsliliss 8Si Much Si, all Al'inC
Al 2 8SiAl Al occupies T and C
Ti
Cr
Fe3+
C Mg
Ni
Zn
B Fe2*
Mn *Mn 213 13eCNK Ca and Na in B, Fe?*, Mg, Mn in C
Ca >Ca<15 15eNK Caonly in B, Na only in A
AllNain B
Na 2Na 215 13eK A isnot occupied
A K SK<16' 16CAT
g
*Underlined symbols indicate that the cation can occupy only this site.
*+Cations are listed in order of increasing ionic radii.

Fig. 1. Idealized amphibole formula, preferable occupancy of crystal chemical sites, and stoichiometric constraints, which make it

possibleto estimate the minimum and maximum Fe3* contents (based on datafrom [40]). Legend: 8Si: the normalization coefficient
issuch that Si = 8; 8SiAl: thesum Si + Al = 8; 13eCNK (otherwise denoted as Mn = 13): the sum of cations from Si to Mn

inclusive = 13 (except Ca, Na, and K), etc.

other sites (IYUAI, ™M#INa, [AINa, and mg#) remain at a
minimum. TheAl concentration at the octahedral siteis
always somewhat overestimated (by 5-11%), and the
Mg mole fraction (mg#) and [AINa can be better calcu-
lated by the 13eCNK procedure.

For experimentally synthesized amphiboles, the
aforementioned recalculation schemes can be used
along with direct techniques that make use of the
Fe*/Fe, of the amphiboles depending on the redox
conditions of the experiments (Table 1).

For example, Ernst and Liu [45] recalculated analy-
ses of amphiboles synthesized at the QFM buffer rely-
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ing on the Fe**/Fe,, = 0.125. Obviously, this approach
is applicable only to conditions with a buffered oxygen
fugacity (by the QFM, MH, or other buffers), when the
iron redox state in the amphibole varies insignificantly
with temperature, asis observed in melts[49] and rocks
[50]. However, this does not hold for biotite and
amphibole [51]. Popp et al. [51] conducted hydrother-
mal experiments on a sample of titanic pargasite from

akaline basdt at variable f02 and 500 < T < 1000°C,
latm < P < 10 kbar, and measured (by M o&sshauer

spectroscopy) Fe**/Fe, ratios. This enabled the
researchers to determine that a nearly linear tempera-
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Calculated compositional parameters of amphibole
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Experimentally determined compositional parameters

Fig. 2. Comparison of different calculation procedures of Fe3+/Fe[ot in amphibole.

ture dependence of the Fe**/Fe,, of the amphiboles is
typical of al of the buffer equilibria (Fig. 3). These
authors also noted that the dependence weakens with a
decrease in the oxidation state—the slopes of the
approximating lines systematically diminish with the
transition from the MH to the NNO buffer, so that either
no temperature dependence can be detected for the
CCH4 buffer (over the interval of T = 700-1000°C) or
this dependence changesits sign (at T = 500-700°C).

The problem of the estimation of the Fe**/Fe, was
discussed in [25]. The authors of this paper mention
that the oxygen pressure in nature is controlled by the
chemistry of minerals and melts, while the experiments
in [51] were carried out within the subsolidus region,
where the synthesized amphibole occurred in equilib-
rium with afluid phase but not a melt.

Using a new analytical technique for determining
Fe?* and Fe** in minerals and silicate glasses[52], King
et al. [25] were thefirst to determine the Fe** and H* in
aTi-pargasite, which was synthesized in basanitic melt
under pressures of 15-20 kbar at varying oxygen fugac-
ities. An important result of thisresearch was the estab-
lishment of the fact that the Fe**/Fe,, of the coexisting
equilibrium amphibole and melt were quite similar at
four different oxygen buffers (Table 1). The Fe**/Fe,,
partition coefficient between the amphibole and melt
was equal to one at the IW and MH buffers and did not
exceed 1.1 under intermediate redox conditions (at the
fayalite-ferrosilite-magnetite, FFM, and NNO buffers)
[25]. Thisfact isimportant because it opens up the pos-
sibility of estimating the Fe?* and Fe** proportions in
experimentally synthesized amphiboles (earlier, a
series of empirical dependences was proposed for esti-
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mating the Fe*/Fe,, melts; see review [53]). However,
this leaves uncertain as to whether this approach can be
extended over (1) lower pressure conditions and (2) all
Ca-amphiboles. The point is that the accent in [25] is
placed on the development of a technique for the esti-
mation of the redox state of mantle magmas. Experi-

8.
AN
A A QFM(Ppiig= 5 lfbar)

0 |
400 500 600 700 800 900 1000 1100 1200
Temperature, °C

(Fe**/Fe,)Hbl
0.8r o MH
Pﬂuid: 1 kbar : oNNO

1 xQFM

0.6 | ACCH4
|

0.4 | Liq + Hbl
I+ vapor
|
|
|

0.2

Fig. 3. Variations in Fe**/Fe,y as functions of temperature
at apressure of 1 kbar. Experimental determination for aTi-
pargasite sample from the Vulcan's Throne alkaline basalt.
Symbols correspond to experiments conducted along the
hematite-magnetite (HM), nickel-bunsenite (NNO),
quartz—fayalite-magnetite (QFM), and graphite-methane
(CCH4) buffer lines. The Fe3+/Fe[ot ratio of the starting
sample was 0.32. Solid diamond corresponds to the experi-
ment at 5 kbar, QFM. The analogous experiment at 10 kbar
isindistinguishable from the experiment at 5 kbar (based on
datafrom [48]).
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FeO FeO
]
0
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¢~~~ Fidd of experimentally > Field of “idand-arc”
synthesized hornblendes hornblendes

Fig. 4. Comparison of the compositions of hornblendes from different rock types:. solid spots = hornblende from Bezymyannyi vol-
cano; triangles = calc—akaline granitoid plutons[31, 54-57]; diamonds = gabbroids [58-60] ; crosses = metabasites [ 26, 61]. Fields
show the compositions of experimentally synthesized amphiboles and hornblende from rocks of calc—alkaline volcanic series [8,
15, 17, 18, 59, 62].
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Table 1. Direct measurements of the Fe**/Fe,, in amphiboles experimentally synthesized under different redox conditions

Oxygen buffer | Fe**/Fey, T,°C P, kbar Amphibole coﬁgrot;'nt?on ’?‘;ﬂ%ﬂ;ﬁﬂ Reference
CCH4 0.15 650 1 Hbl WCh [47]
IW 0.16 1100 20 Ti—Parg basanite SmX [25]
WM 0.11 700 1 Hbl MORB MS [48]
NNO-2 0.12 1150/1092 15 Ti—-Parg basanite SmX [25]
QFM 0.13 700 1 Hbl MORB MS [48]
QFM 0.18 650 1 Hbl WCh [47]
FFM 0.35 1200/1175 20 Ti—Parg basanite SmX [25]
FFM 0.46 1200/1175 20 Ti—Parg basanite SmX [25]
NNO 0.20 650 1 Hbl WCh [47]
MH 0.30 650 1 Hbl WCh [47]
MH 0.40 700 1 Hbl MORB MS [48]
MH 0.65 1200/1175 20 Hast basanite SmX [25]

Note: WCh is“wet” chemistry, MS is Mdssbauer spectroscopy, SmX is synchrotron micro-X-ray absorption [25].

mentally synthesized Ti-pargasite (with 0.3-0.4 f.u. of
Ti per 23 oxygens) in equilibrium with basanitic meltis
compositionally closeto kaersutite (Ti > 0.5), which, in
contrast to other amphiboles, possesses an additional
oxygen atom in its structural formula and is character-
ized by the predominance of Fe* over Fe?*. Further-
more, it remains uncertain whether the dependences
proposed for the estimation of the Fe**/Fe,, ratios are
applicable to the andesite—dacite region of melt compo-
sitions [53].

DISTINCTIVE COMPOSITIONAL FEATURES
OF AMPHIBOLES FROM THE ANDESITES
OF BEZYMYANNY| VOLCANO

In this section, data are presented on hornblende
from the andesites of the 1956 directed explosive erup-
tion. The samples were taken during joint fieldwork of
the teams from the Vernadsky Institute of Geochemis-
try and Analytical Chemistry, Russian Academy of Sci-
ences, and the Institute of Volcanology, Far East Divi-
sion, Russian Academy of Sciences, in 1997. The
chemistry of the minerals was analyzed at Vernadsky
Institute on a CAMEBAX-MICROBEAM microprobe
at astandard accel erating potential of 15 kV and abeam
current of 30 nA. The diameter of the focused electron
beam was 2 um. We analyzed 150 hornblende crystals.

COMPARISON OF HORNBLENDE
COMPOSITIONS

The variation diagrams in Fig. 4 demonstrate the
field of experimentally synthesized amphiboles (from
the INFOREX database) and the compositions of natu-
rally occurring amphiboles in rocks of different types:

GEOCHEMISTRY INTERNATIONAL
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(1) idand-arc calc-akaline basaltic andesites, andes-
ites, and dacites (thisfield is outlined with a solid line),
(2) plutonic calc-alkaline granitoids, (3) mafic ophi-
olitic gabbroids, and (4) metabasites. The compositions
of hornblende from the 1956 eruption andesitesfall into
the field of “idand-arc” amphiboles. As the silica con-
tent increases, their compositions show insignificant
variationsin CaO and the FeO/MgO ratio (with an aver-
age of 0.96), adecreasein Al, O3, and anincreasein the
CaO/Al,O5 ratio. The compositions of hornblende from
gabbroids are restricted to the field of “isand-arc”
amphiboles but are higher in Naand Ti. Thisisconsis-
tent with the conclusion in [63], according to which
there are no principal differences between the composi-
tions of “intrusive” and “volcanic” amphiboles from
parental rocks with 45-55% SiO,. However, this
review of amphiboles of magmatic origins contains no
mention of compositionstypical of calc-alkaline grani-
toid plutons. As can be readily seen in Fig. 4, these
compositions cover the whol e spectrum of “island-arc”
amphiboles in terms of SiO, concentrations but are
higher in Fe and K at lower concentrations of Mg and
Ti and elevated FeO/MgO ratios. The differencesin the
compositions (mg#) of “idand-arc” and granitoid
amphiboles can be naturally explained by the differ-
ences between the compositions of the parental meltsor
their differentiation degrees. Hornblendes from grani-
toids crystallized at notably lower subsolidus tempera-
tures. It isinteresting to mention that thefield of “gran-
itoid” amphiboles (for example, in an Al,O; vs. MgO
diagram) includes practically al data points of experi-
mentally synthesized hornblendes in equilibrium with
guartz. The fields of metamorphic amphiboles are also
close to the compositions of “granitoid” hornblendes.
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ESTIMATION OF Fe*/Fe, IN HORNBLENDE

In order to evaluate the oxidation degree of Fe,
Fe**/Fe,,, hornblende from andesites of Bezymyannyi
volcano were inspected with the aid of Mdssbauer
spectroscopy [64]. The material for analysis was
obtained by the subsegquent magnetic separation, sepa-
ration in bromoform, and handpicking under a binocu-
lar magnifier of large (2—1 and 1-0.5 mm) sizefractions
of minerals from andesites. The Mdssbauer study was
carried out by V.S. Rusakov at the Physical Department
of Moscow State University at room temperature in
absorption geometry in the mode of constant accelera-
tions on an MS1101E spectrometer. The y-quantum
source was °’Co on an Rh matrix. The results indicate
that Fe** per sein the hornblende accounts for approx-
imately 39%, and the isomer shifts for both Fe** and
Fe** definitely indicate that both ion types are octahe-
drally coordinated.

Another important output of the research is the con-
clusion that roughly 14% Fe occursin the fraction as a
magnetically ordered phase, most probably magnetite
(in spite of the fact that the use of a magnetic separator
during sample preparation reduced to a minimum the
possibility of the occurrence of hornblende-magnetite
aggregates). The presence of finely crystaline (per-
haps, cotectic) magnetite in the amphibole is generally
consistent with the occurrence of larger inclusions of
thisminera in the hornblendes inspected previously on
amicroprobe. Evidently, this fact should be taken into
account when “bulk” hornblende analyses obtained by
“wet chemistry” are interpreted.

The hornblendes had an average Fe**/Fe,, ratio of
0.66 when calculated by the 13eCNK scheme, and the
Fe** concentration estimated as an average between the
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minimum and maximum values [40] equals 0.41 (Fig. 5).
Thisvalueiscloseto Fe**/Fe,; = 0.39 yielded by Mss-
bauer spectroscopy, because of which we used the | atter
normalization scheme in the further calculation of the
structural formulas of natural hornblendes (Table 2),
including additional amphibole analyses compiled
from the literature.

SUBSTITUTION TYPES IN HORNBLENDE
FROM ANDESITES OF BEZYMYANNY
VOLCANO

In compliance with the IMA nomenclature pro-
posed in 1997 [29], our hornblendes were classed with
pargasite, magnesian hornblende, and tschermakite
(Fig. 6). About 20% of them arehighin Ti (0.25< Ti <
0.5). In the classification diagrams, these compositions
lie within a relatively compact field in which the Mg
mole fraction varies insignificantly compared with the
[TISi and 'A!Na + K variations.

In addition to simpleisovalent substitutions (Fe**
Mg?* and AIK = [AINa), the compositional variability
of amphiboles is commonly expressed in terms of
exchange reactions with cations of different valencesin
the idealized tremolite formula, 0Ca,Mg;SizO,,(OH),.
Extreme heterovalent substitutions result in other end
members, whose names are used to designate a given
cation exchange scheme (Table 3).

In the case of Ca-amphiboles, the most frequently
discussed compositional vectorsare edenitic, tscherma-
kitic, pargasitic, and hastingsitic. Since these amphib-
oles contain more than 1.5 Ca f.u., the glaucophanic,
riebeckitic, and richteritic exchange schemes (substitu-
tion of Cafor Nain [M4]) are of subordinate impor-
tance. Thisisreadily seenin Fig. 7, whichillustratesthe
possible substitution mechanisms in natural horn-
blendes in comparison with the field of experimentally
synthesized Ca-amphiboles. In an [A/(Na + K) vs. Al
plot (Fig. 74), the compositions of hornblende from the
Bezymyannyi andesites define atrend parallel to aline
connecting the pargasitic and hastingsitic substitutions,
which are combinations of the edenitic (Fig. 7b) and
tschermakitic (Fig. 7c) types. The intersection between
the trend of naturally occurring amphiboles with the
1Al = 0.7 axisindicates that alkalisin[A] are compen-
sated by “IAl, whose remaining part is related to octa-
hedrally coordinated cations (Al, Fe**, and Ti), i.e,
tschermakitic substitution. It should be mentioned that
in MALI vs. Fe**, 4A] vs. Ti, and “A] vs. 9IA] plots
(Figs. 7d, 7e, 7f), the hornblende compositions do not
define any clear-cut dependences, which suggests that
there are simultaneoudly all tschermakitic types of sub-
stitution. The occurrence of tschermakitic substitutions
is clearly demonstrated by the more complicated
exchange type #ISi + IR « [MA] + 0] where R is
(Fe+ Mg), and | isAl, Fe, and Ti (Fig. 7c offers an
example of the Al-Tsch substitution). The dominant
role of the edenitic and tschermakitic substitution types
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Table 2. Exemplary calculation of a hornblende structural
formula by three distinct procedures

Normalization procedure

Hbl analysis | Site | Cation
Fe’=0|“average” |13eCNK
[T S 6.46 | 6.41 6.36
S0, |4356 Al | 154 | 159 1.64
TiO, | 2.00 IAl | 045 | 0.38 0.32
Al,O5 | 11.36 Ti 022 | 022 0.22
Fe,03| 0.00 Cr 0.00 | 0.00 0.00
FeO |14.57|MAc | Fe* | 0.00 0.39 0.70
MnO | 0.17 Mn | 002 | 0.02 0.02
MgO | 12.20 Mg | 055 | 0.6 0.38
CaO | 11.06 Fe?t | 075 | 052 0.36
NaO | 187y g Mg | 213 | 222 2.27
K,O | 1.00 Fe?t | 087 | 0.78 0.73
Mg | 002 | 0.00 0.00
M Fe?t | 018 | 0.10 0.00
Totd | 97.79\M9B | o 1 26 | 174 | 173
Na | 004 | 0.16 0.27
Ca | 000 | 0.00 0.00
A Na | 050 | 0.38 0.26
K 019 | 019 0.19
O 032 | 043 0.55
F 0.00 | 0.00 0.00
Cl 0.00 | 0.00 0.00
OH | 200 | 200 2.00

is confirmed, first, by the absences of correlations
between [©Al, Fe**, and [Al(Na + K) with Nain [M4]
through the glaucophanic, edenitic, and richteritic sub-
dtitutions, respectively (Figs. 7g—7i), and, second, by
the linear dependence, with a slope equal to one,
between tetrahedrally coordinated Al and the sum of
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[Al(Na+ K) + 2Ti + Fe** + [BAl (Fig. 7j). The deviation
of the trend fromthe 1 : 1 linein Fig. 7] suggests that
the tschermakitic substitution may be coupled with a
substitution of the glaucophanic type 2M4ICa + Mg =
2M4Na + Ti (Fig. 7k) [31, 48, 54]. Figure 7l illustrates
a correlation between Fe and Mg, which is typical of
the amphiboles.

THERMOBAROMETRY OF HORNBLENDES

The analyses of relations between substitutions of
different typesin hornblendesisnecessitated by thefact
that these substitutions are determined by variationsin
the intensive parameters during exchange reactions (in
the case of metamorphic amphiboles) or crystallization
processes (when magmatic amphiboles are consid-
ered). In particular, a substitution according to the
tschermakitic scheme with the participation of M?IMg?*
and tetrahedrally coordinated AI** is sensitive to varia-
tions in the total pressure [12, 32] (Table 3). This ten-
dency of the substitution of octahedrally coordinated
(Mg, Fe) by Al was employed in a series of geobarom-
eters, which are based on empirical observations and
independent pressure estimates [31, 65] [Table 4,
Egs. (1)<2)] or experimental data [32, 57] [Table 4,
Egs. (3)<4)]. Equation (3) was calibrated with the use
of higher temperature (720-780°C) experiments with
rhyodacitic melts in the presence of a CO,—H,0 fluid
and pressures over the interval of 2-8 kbar [32]. Equa-
tion (4) was derived from the results of experiments
with tonalite (58.95% SiO,, 16.80% Al,O5, and 3.15%
MgO) and granodiorite (66.66% SiO,, 15.92% Al,O,,
and 1.58% MgO), which were carried out within the
near-solidus region (655-700°C) under pressures of
2.5-13 kbar [57].

It should be noted that Egs. (1)—<(4) in Table 4 were
calibrated for the mineral assemblage Qtz+ Pl + Or +
Hbl + Bi + Soh + Mt(llm) in the subsolidus region of
cak—akaline granitoids and volcanic rocks, thus

Table 3. Main types of heterovalent substitutions in amphiboles on the bases of the idealized tremolite formula

0CaMgsSigO,5(0OH),
Substitution mechanism End member

Ao + Mg = [AINa + Al Edenite NaCa,MgsSi-AlO,,(0OH),
24sj + 26IMg = 214Al + 261A] Al-Tschermakite O0Cay(Mg5Al,) SigAl,0,5(0H),
24si + 26IMg = 24A| + 2l6Fe Fe-Tschermakite OCay(MgsFes " )SigAlLO,(OH)
214si + [BlMg = 214A] + (BT Ti-Tschermakite OCay(Mg,Ti)SigAl,04,(0H),
Ao + Mca = [AINa + MANa Richterite Na(CaNa)MgsSigO,,(OH),
2M4Ca + 26IMg = 2IM4INa + 216 Fe3* Riebeckite ONay(Fe5 Fey ") SigO,(OH),
2M4ca + 216lMg = 2IM4INa + 2[0A] Glaucophane ONay(MgsAl,)SigOyn(0OH),
Al + Mg + 2145 = [AINa + 214A] + [E1A] Hastingsite NaCay(Fe; Fe*")SigAl,0,,(0H),
Al + BlMg + 2145 = [AINa + 214A| + [BlFe3* Pargasite NaCay(Mg,Al)SigAl,0,(0H),
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implying that Al,,, in amphibole is sensitive to temper-
ature. This limits the applicability of the empirical
equationsto only quartz-bearing assembl ages, because,
at the same P-T conditions, hornblendes crystallizing
from melts with a lower SiO, activity and a higher
Al,O; activity are higher in aumina [32]. Because of
this, the employment of these geobarometersin analyz-
ing quartz-free assemblages (for example, basdltic
andesites) should result in pressure overestimates.
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In fact, the variations in Al,,, in amphiboles are not
always caused by pressure variations. For example, it
was established in experiments on the melting of natu-
rally occurring (quartz-free) amphibolitesthat Al in
the synthesized hornblendes was independent of the
variations in the total pressure within the range of 8-
27 kbar [22]. It isknown that Al is prone to replace tet-
rahedrally coordinated Si with an increase in tempera-
ture [12, 45, 54, 55, 66]. The temperature effect can
explain some differences between pressure estimates
relying on “experimental” barometers [32, 57]. A
100°C error in an estimate of a hornblende crystalliza-
tion temperature leads to a pressure error of about
2 kbar [55], because of which Anderson proposed to
utilize an expression relating pressure to temperature
and Al [Table 4, Eq. (5)].

On inspecting the chemistry of natural and synthetic
Ca-amphiboles, Blundy and Holland [36, 46] ques-
tioned the conclusion of the predominant temperature
dependence of the Al and Al,,, contents. They explained
variations in the dumina concentrations by means of the
edenitic exchange scheme ((“INa(K)*Al < AIVACHISi)
in reactions participated by hornblende and plagioclase
[Table 4, Eqgs. (7)—8)]. Already the very first versions
of these geothermometers [46] found wide usage in the
geothermometry of the Hbl-PI assemblage, athough
they yielded overestimated temperatures for aluminous
hornblendes. Also, the aforementioned researchers
were criticized for underestimating the role of the
tschermakitic substitution and for the use of an inade-
guate activity model for the components of hornblende
[67, 68]. For example, it was demonstrated that varia
tions in Al in amphibole actually reflect an integral
result of Tsch, Ed, and Pl substitutions [67], and the
[41A] concentration is sensitive not only to temperature
but also to the activity of SiO, [68]. A temperature
dependence was also identified in the distribution of
alkaline cations (as components of the edenitic
exchange): Helz reported [33] a temperature function
for the Naand K exchange equilibrium between the [A]
sitein hornblende and melt [Table 4, Eq. (6)].

Hence, since natural hornblendes from the Bezymy-
annyi andesites exhibit both edenitic and tschermakitic
substitutions (Figs. 7b, 7c), it can be theorized that their
compositional variability was controlled by both tem-
perature and pressure. At the same time, it is quite dif-
ficult to identify the purely baric dependence and assay
theinterval of pressures during hornblende crystalliza-
tion. First, hornblende compositions do not define
clear-cut trendsin Figs. 7d, 7e, and 7f, as was observed
in the case of genetically related Ca-amphiboles that
crystallized under different pressures [31, 54, 55, 65].
Second, hornblendes that crystallize from melts with
relatively low SiO, activities (no phenocrystic quartzis
present) are high in Al,, [32], which should result in
pressure overestimates. This fact should be taken into
account in interpreting barometric data on hornblende
from andesites of Bezymyannyi volcano, for which a
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Table 4. Hornblende geothermobarometry

a b~ WN B

Geobarometers based on the Al concentration in hornblende
P (3 kbar) = —3.92 + 5.03 Al,y, 1> =0.80
P (x1 kbar) = —4.76 + 5.64 Al r* = 0.97
P (20.5 kbar) = —3.46 + 4.23 Al,;, r? = 0.99
P (+0.6 kbar) = —3.01 + 4.76 Al,y, r2 = 0.99
P (20.6 kbar) = 4.76 Al,,; — 3.01{[T(°C) — 675]/85} x {0.530Al,,; + 0.005294[T(°C) — 675]}, r* = 0.99
Temperature function of alkaline-cation distribution between melt and hornblende
Xic! Xy _ 4258
W = 325- -
Na K

Hornblende—plagioclase geothermometers

In

7 |(1) For thereaction Ed + 4 Qtz=Tr + Ab

[M2]

8 |(2) For thereaction Ed + Ab = Richt + An

L T7695+079P+ Y+ 394X + 224X + (41.5-2.89P) XL

—0.0650 - RIn

7XAIXUH P
0 256X X O

for X5, >05: Y, = 0

Pl |2

for X5, <05: Yy, = 12(1-Xh) -3

(M2 [T1]

Lo T8 Yy p - 33.6X004 — (66.8—2.92P) X' + 785U + 9.4x[]

[M4] L [T1] P!
7 XIM4 % LT
0.0721—Rin BM

M4 T1 Pl
[B4XEs Xy X

for X,F;'b>0.5 “Yap_an = 3

for X5 0.5 Yap_pan = 12(2X50 —1)°+3

Note: 1—[31]; 2—[65]; 3—[32]; 4—[57]; 5—[55]; 6—[33]; 7, 8—[36].

fairly broad interval of pressures was obtained [from 5
to 11 kbar (Fig. 8)], on the basis of a barometric dia-
gram (Fig. 2b in [55) that disregards the temperature
effect. The average Al,,, concentration in hornblendes
(2.14 £ 0.27) points to dominant pressures of 6-8 kbar
(Fig. 8), which presents a maximum estimate and is
generally consistent with experimental data on amphib-
ole stability in andesites from Bezymyannyi volcano
[13, 69]. This conclusion is compatible with the con-
cept of the fractionation of the water-bearing parental
high-Al magmas at depths of less than 20 km [69].

If the pressure is known, the crystallization temper-
ature can be estimated by the Hbl-PI geothermometer
[36] with the use of data oninclusions of these minerals
in each other. Pairs of compositions for the systems
inclusion—host mineral should represent acotectic crys-
tallization at a given temperature, and a series of these
compositions for different crystals should characterize
a certain temperature interval and fractionation stages.

GEOCHEMISTRY INTERNATIONAL

We examined the compaositions of more than 20 plagio-
clase inclusions in hornblende from andesites of the
1956 eruption. No hornblende inclusions were detected
in plagioclase phenocrysts from these rocks. Table 5
lists ten representative pairs of analyses and the corre-
sponding estimates of the crystallization temperatures
for the possible pressure interval of 6-8 kbar. The cal-
culations were carried out by Eq. (8) (Table 4), which
was calibrated for the Ed + Ab = Richt + An exchange
equilibrium and can be applied to quartz-free assem-
blages. The estimated temperatures fal in the range
800-920°C.

CONCLUSIONS

This paper presents areview of the problem of esti-
mating the Fe*/Fe,, of naturally occurring and experi-
mentally synthesized Ca-amphiboles. It is demon-
strated that the currently utilized normalization
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Table5. Temperatures calculated based on analyses of plagioclase inclusions in hornblende

2-1 52 26 35 34 33 41-1 52-2 53-1 55
Grain
Hbl | Plag | Hbl | Plag | Hbl | Plag | Hbl | Plag | Hbl | Plag | Hbl | Plag | Hbl | Plag | Hbl | Plag | Hbl | Plag | Hbl | Plag
SO, 43.56 (54.49 |43.66 [52.59 |43.85 [55.82 |42.12 |59.07 |44.39 |56.78 [43.02 |52.00 [41.88 |54.36 |43.54 |54.52 |43.44 |53.64 |(43.11 |52.20
TiO, 2.00 248 1.82 1.80 1.69 247 181 2.78 252 187
Al,O4 11.36 | 28.72 | 11.18|29.90 | 12.11 | 27.48 | 12.63 | 24.32 | 10.98 | 25.27 | 12.10 | 30.78| 15.20| 29.04 | 12.49| 29.41| 12.10| 30.15| 12.19| 31.67
FeO 1457 | 0.60| 13.99| 0.39|13.77| 059|13.87| 0.85|1437| 105|14.17| 042|1271| 039|12.80| 0.44|14.43| 0.31]|14.98 0.39
MnO 0.17 0.30 0.31 0.29 0.35 0.24 0.22 0.24 0.19 0.32
MgO 1220| 0.10| 12.99| 0.04 |12.71| 0.09|12.93| 0151282 | 0.22|13.12| 0.05| 12.94| 0.03|1292| 0.07|13.14| 0.02|12.14| 0.03
CaO 11.06 | 10.68 | 11.09| 12.20 {11.11 | 9.36|11.43| 6.52|10.86 | 7.51 |11.25| 13.13| 11.45|11.08 | 11.25| 11.37| 11.23 | 12.15| 10.87 | 13.92
Na,O 187 | 514 | 217| 422| 208| 575| 221| 656 | 1.76 | 599 | 1.99| 3.76| 2.26| 483| 212| 4.80| 212| 422| 1.89| 383
K50 100 021| 058/ 017| 047| 026| 0.76| 1.38| 053 | 155| 0.51| 0.13| 050| 0.18| 0.60| 0.20| 0.69| 0.15| 0.61| 0.14
Cr,04 0.04 0.00 0.04 0.00 0.03 0.00 0.04 0.00 0.07 0.07
b2 97.83]99.93 | 97.21|99.50 | 98.27 | 99.34 | 98.04 | 98.85 | 97.78 | 98.37 | 98.86 |100.27 | 99.0 | 99.90 | 98.74 |100.80| 99.94 |100.64| 98.05 | 102.17
An, 52.76 60.89 46.65 32.54 37.18 65.38 55.33 56.06 60.68 66.22
mol %
Mg 0.66 0.70 0.70 0.72 0.70 0.73 0.74 0.70 0.70 0.68
Mg+Fe?
Temperature values calculated for the Ed + Ab = Richt + An exchange equilibrium [Table 4, Eqg. (8)] for pressures of 6, 8, and 10 kbar
6 kbar 843 899 821 816 799 909 838 857 908 874
8 kbar 854 907 834 824 809 917 854 869 916 887
10 kbar 865 915 847 833 820 925 871 882 924 899

Note: The calculations were carried out by the HbPlag computer program (http://www.esc.cam.ac.uk/astaff/holland/hbplag.html).
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hornblendes of Bezymyannyi volcano. Isobaric sectionsare
according to [55].

schemes of chemical analyses cannot yield satisfactory
results, because al procedures underestimate Fe,O,
and overestimate FeO. For hornblendes from the calc—
akaline lavas of Bezymyannyi volcano, we used the
method of “an average between the maximum and min-
imum Fe** estimates,” because the average values (39%
Fe**) are close to the MOssbauer data. The calculated
structural formulas of the amphiboles imply the eden-
itic and tschermakitic mechanisms of heterovalent sub-
stitutions. Thisled usto suggest that their compositions
evolved during the fractionation of a cooling andesitic
melt at arelatively insignificant pressure decrease.

The currently existing geothermometers were
designed for estimating intensive parameters on the
basis of cation concentrations at certain structural sites
or through cation exchange in the crystal structure.
Other approaches are based on complex exchange equi-
libria between solid phases. The only temperature
equation [33] proposed to account for relations
between the Na/K ratio of amphibole and melt in melt—
mineral equilibriaisstill not widely used. Thisled usto
conclude that the use of magmatic amphiboles for geo-
thermobarometric purposes is generally problematic
due to the complexity of the chemistry of this mineral,
analytical uncertainties, and the probable lack of equi-
librium between the minerals.

This situation explains the absence of any more or
less consistent models for amphibole-melt equilibria,
which could be used in the computer simulation of the
crystallization of water-bearing andesitic magmas. We
believe that the study of the effect of hornblende crys-
tallization on natural trends can be provisionally sim-
plified if models for Ca-amphibole crystalization are
developed by limiting the consideration to a certain
“bulk hornblende component” in compliance with the

specified P-T-f, —a, o parameters. A possible solu-

GEOCHEMISTRY INTERNATIONAL

AL'MEEV et al.

tion to this problem isto design a system of semiempir-
ica equations relating the hornblende-melt partition
coefficientsfor al components and the mass-baance con-
ditions over dl solid phases, as was proposed in[70].
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