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Ansrnlcr
In order to evaluatethe extent to which the oxy-amphibole and "Al-substitution" mechanisms are involved in accommodatingFe3*in amphiboles,linear bivariate regressionand
correlation analyseswere carried out for those Fe3*-rich amphiboles (>0.7 atoms per
formula unit) tabulated by kake (1968) and Stetre(1979) that met a set of criteria related
to quality of chemical analysisand that could be unambiguouslyclassifiedas metamorphic,
intrusive igneous, or extrusive igneous. The statistical analyseswere used to relate Fe3*
content to octahedral Al content (which is related to the Al-substitution mechanism), as
well as to (OH + F + Cl) content, A-site content, and excesspositive charge over +46
per formula unit (which are related to the presenceof an oxy-amphibole component).
Of the three groups of amphiboles, only those from metamorphic rocks exhibited a
significant correlation between Fe3* and octahedrally coordinated Al. The slope of the
best-fit straight line for the two variables (-0.72 + 0.52) agreeswell with the theoretical
value of - 1.00 that results if all Fe3*is accommodatedby Al substitution.
Extrusive igneousvarieties show significant correlation betweenFe3*content and A-site
occupancy.Even though a statistically significant correlation was not observed between
Fe3+content and excesspositive charge,as a group, the extrusive varieties have an excess
positive charge significantly higher than zero, suggestingthat they are relatively more
oxidized. The lack of significant correlation between (OH + F + CD is consideredto be
the result ofpossible inaccuraciesin analysis ofwater contents, to the uncertainty ofthe
maximum possibleOH contents of amphiboles,and to the possibleaccommodation of Ti
by changesin the proportions ofoxy- and hydroxy-amphibole.
Significantcorrelation betweenFe3*and any of the variables was not observedin intrusive igneous rocks, suggestingthat neither mechanism dominates in that sampled population.
The resultsobtained here,as well as those ofPhillips et al. (1988) suggestthat, in general,
the presenceof substantial oxy-amphibole component imparts a relative instability to the
crystal structure such that the Al-substitution mechanism dominates in those samples
crystallized over relatively long time periods, as in metamorphic and intrusive igneous
environments. Amphiboles in which the oxy-amphibole mechanism dominates are considered to be the result oflater-stage oxidation processesat the Earth's surfaceor in the
shallow subsurface.

INrnonuctIoN
Recently,Clowe et al. (1988)and Phillips et al. (1988)
investigated ferric-ferrous equilibrium in clinoamphiboles using four different igneousand metamorphic samples.The amphiboleswere subjectedto heating in air and
hydrothermal treatment in order to define the relationship between oxygen fugacity and ferric-ferrous ratio, as
well as to determine changesin crystal structure that accompany the formation of oxy-amphibole component by
the reaction
Fe2** OH-:

Fe3*+ o'2- * r/zHz.

0003404x/90/0r 02-0l 63$02.00

(l)

Those studies showed that certain of the natural amphiboles initially contained small, but still significant,
amounts of oxy-amphibole component, and that the dehydrogenation-hydrogenation reaction described by
Equation I is readily reversibleand occursrelatively rapidly, on the order of hours to days at 650 'C. Crystalstructure refinements of the treated samples (Phillips et
al., 1988) identified a number of adjustments of the amphibole crystal structure that occur in responseto the
dramatic changein bond strength that results when 02replacesOH- at the O(3) anion site. Those adjustments
include shortening of the M-O(3) bond, preferential or-
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dering of trivalent cations into the M(l) and M(3) sites,
and interaction of the A-site cation with the 02- anion at

o(3).

correlation analyseswere carried out on a number of
chemical-compositionvariables that might be indicative
of the type of mechanism.

The knowledge gained from the experimental studies
posedthe question of whether, in general,oxy-amphibole
component is important in natural varieties and whether
any of the structural-adjustmentmechanismsmight also
have been operative in natural amphiboles that contain
a significant Fe3*component. Attempts to elucidate the
role of oxy-amphibole component in natural samplesare
complicated, however, by the fact that octahedrally coordinated Fe3+(l61Fe3+)
can also be accommodatedin the
amphibole crystal structure by the samemechanismsthat
accommodats [eldlr+. The substitution of t6tAl for a divalent octahedralcation in an amphibole requires one of
two types ofcoupled substitutional solid solution in order
to maintain electroneutrality:either a tschermakitic-type
substitution or substitution of a univalent cation in the
M(4) position. In a tschermakitic-type substitution, replacementof eachdivalent cation by t6tAlis coupled with
substitution of an Al for I4lSi.This mechanism is also
involved in other amphibole end-member compositions
such as magnesio-gedrite [MgrAlrSi6AlrOrr(OH)r], sodium gedrite [NaMgAlSi.AlrOrr(OH)r], and pargasite
[NaCarMgAlSi6AlrOrr(OH)r]. Even though the lauer two
end-membersalso contain Na in the A site, the presence
of such Na is not involved in restoring the chargeimbalance that results from the t5tAl. A-site Na, in fact, increasesthe amount of positive chargerelative to an amphibole with the A site vacant and must be balancedby
replacementof tatSiby Al, as in sodium gedrite and pargasite. In amphiboles such as alumino-winchite [NaCaMgAlSirO.(OH)J and glaucophane [NarMgrAlrSirOrr(OH)rl, substitution of I6rAl for divalent cations is
coupled with substitution of Na* or Li* for Ca2* in the
M(4) site. Fe3* analoguesexist for most of the Al endmembers, but Fe3*-Al substitution, no doubt, occurs to
some extent in most natural specimens.In this study,
tschermakitic and glaucophanitic types of coupled substitution are termed "Al-substitution," implying that Fe3+
can be consideredto substitute for t5tAl.
The possibility exists that other mechanismsmay also
be involved in accommodating Fe3* within the amphibole crystal structure. For example, Rebbert and Hewitt
(1986)have suggested
that the presenceofanion vacancies in the biotite structure may be involved in controlling the proportions of Fe3* and Fe2*in that mineral. If
such a mechanism were operative in the amphiboles, increasing amounts of Fe3* could possibly be accommodated within the crystal structure by decreasingthe numbers of anion vacanciesat O(3), which is the only anion
site that would possibly be vacated.In the absenceofany
data relevant to the amphiboles, anion vacanciesare not
consideredfurther.
In order to investigatethe relative importance of each
of the two mechanisms(oxy-amphibole vs. Al substitution) for accommodating Fe3t in naturally occurring,
Fe3*-richcalcic and subcalcicamphiboles,regressionand

Despite the fact that large numbers of electron-microprobe analysesof amphiboles exist in the mineralogic,
petrologic, and geochemicalliterature, Fe3*/Fe2*ratios,
as well as HrO contents must be known in order to quantify the role of oxy-amphibole component. Becausethose
quantities are not obtainable by the electron microprobe,
only amphiboles for which complete chemical analyses
are available can be used here.
The data usedin this study are those ofLeake (1968)
and Steffe(1979). Leake assembleda catalogueof l2l7
chemical analyses of calcic and subcalcic amphiboles
published between 1890 and 1968. Included for each
sample, if available, is a description of the geologic occurrenceand the associatedminerals. The compilation of
Steffecontains additional chemical analysesand environments offormation for approximately 350 calcic and subcalcicamphibolespublishedbetween1968 and 1979.
The amphibole analysesused in the statistical analyses
were limited to those considered to be relatively Fe3*rich. The rationale for this decision was to avoid complications relatedto minor variations in the precisionand/
or accuracyofthe analyses.That is, ifthe predicted correlations are present,they are most likely to be observed
in those amphiboles with the highestamounts of Fe3*.In
amphiboles containing smaller amounts of Fe3*, correlation is more likely to be obscuredby the analytical uncertainties of the data. A value of 0.7 Fe3* per formula
unit (pfu) was selectedas the minimum Fe3*content. This
value was arbitrarily selectedbecauseit representsl0o/o
occupancy of Fe3* in the seven nontetrahedral, non-A
cation sites per formula unit. Fe3* contents of the amphiboles in the Leake and Steffedatabasesrangefrom 0.0
to 1.6 Fe3*per formula unit, and thus approximately the
upper one-halfofthe total rangeis included in the populations used here. For comparison, the IMA nomenclature for amphiboles (Leake, 1978) approves the prefix
"ferri" for calcic and subcalcic amphiboles containing
> 1.0 Fe3*per formula unit and "ferrian" for those containing 0.75-0.99 Fe3+per formula unit. Analysis of the
data for compositions lessFe3*rich has not beenattempted.
For purposesof the statistical analyses,the amphiboles
were divided into those from metamorphic rocks, intrusive igneousrocks, and extrusive igrreousrocks. For the
Leake data, the selectionwas based on the name of the
rock type given in the compilation. A significant number
of analyseswere rejected becauseno information of the
occurrencewas provided with the analysisor becausethe
description was not definitive. The distinction of extrusive igneousrocks was generallystraightforward,whereas
in many cases,that between intrusive igneousand metamorphic rocks was not. All rock types with a "meta-"
prefix were consideredto be metamorphic,as were skarns.
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(granites
Rocks with typical igneousmineral assemblages
and feldspathoid-bearing rocks), but with gneissic texture, were also consideredto be nondefinitive and were
eliminated from the data set. The compilation of Stefe
contained the classificationas to the environment of formation, and that classificationwas used directly.
Leake (1968) groupedthe analysesinto three classes,
superior, moderate, and inferior, on the basis of the extent to which an analysisfulfilled the following eight criteria. The rationale for each criterion is discussedin detail by Leake (1968). (1) The analysisresultsin a total
weight percent between 99.44 and 100.60.(2) The Si per
formula unit does not exceed8.08. (3) The Si * Al per
formula unit is not lessthan 7.92. (4) The sum of Ca +
Na * K per formula unit lies between1.75and 3.05. (5)
The sum of t6lAl * Fe3+* Fe2* * Mn * Mg + Cr + Ni
per formula unit lies between4.75 and 5.25.(6) The sum
of OH + F + Cl lies between1.00and 2.99.(7) t6rAldoes
not exceedthe maximum amount possible for the (Si +
totAl)per formula unit. (8) The analysis is corrected for
the presenceof any impurities. Amphiboles classifiedas
superior were those that met all eight criteria, but the
specific procedure used to distinguish between those of
moderate and inferior quality was not described(Leake,
l e68).
Ideally, use of only "superior" type analysesshould
provide the best correlation, but limiting the data to only
those such amphiboles resulted in significantly smaller
sample population sizes. The inclusion of amphiboles
from kake's "moderate" quality group that contain > 1.0
Fe3*per formula unit essentiallydoubled eachpopulation
size. The rationale for their inclusion is that the additional samples provide a larger database,but as above,
the analytical uncertaintiesare lesslikely to be significant
for amphiboles that contain higher amounts of Fe3*.The
correlation and regressionanalysesdiscussedbelow were
carried out separatelyfor both groups of amphiboles,the
"superior" group and the "superior * moderate" group.
The somewhathigher correlation coefficients(r) obtained
in severalcasesfor the "superior" group were not better
than those for the "superior + moderate" group because
the smaller sample size decreasedthe statistical significanceofthe correlations.As a result, the larger database
was used. The resulting population sizes obtained from
the Leake data were metamorphic varieties, l6 samples;
extrusive igneousvarieties, 15 samples;intrusive igneous
varieties, 20 samples.
All amphiboles in the Stetre (1979) compilation that
met the first seven criteria above were included in the
data set. BecauseLeake's procedure for defining "moderate" quality analysesis not described,the following selection procedure was used for the Steffe data. Analyses
that failed to meet two or more of the sevencriteria were
rejected. Becausethe Al content of each amphibole is
used directly as a variable in the statistical analyses,any
sample that did not meet Leake's criterion 7 was also
rejected. Analysesthat failed to meet only one criterion
other than 7 were included in the data set if they fell
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within Leake's acceptablerange expandedby a factor of
two. The resulting population sizes obtained from the
Steffedata were metamorphic varieties, l0 samples;extrusive igneousvarieties, I sample;intrusive igneousvarieties, l4 samples.
Clearly, the total data set (metamorphic varieties, 26
samples;extrusive igneous varieties, 16 samples;intrusive igneous varieties, 33 samples)is relatively small in
size.It should be emphasized,however, that the sampled
populations contain all ofthe analysesofFe3*-rich, calcic
and subcalcicamphiboles existing in the literature up to
1979 that can be consideredto be ofreliable quality and
can be classifiedas to environment of formation. Despite
the small sample size,the study is basedon the best, and
only existing,set ofdata.
RBcnnssroN AND CoRRELATIoNpARAMETERS
The elemental contents of a population of amphiboles
may reflect the relative importance of the two different
mechanisms for Fe3* accommodation: oxy-amphibole
versus "Al substitution." For example, if Fe3*is present
only as oxy-amphibole component, three different variablesshould exhibit a high degreeofcorrelation with Fe3*
per formula unit. (l) An inverse correlation between the
univalent anion content in the O(3) site (i.e., OH- + F+ Cl-) and Fe3*, as required by Equation I should be
observed.(2) The presenceof oxy-amphibole component
increasesthe total amount of positive chargeper formula
unit. In the standardamphibole chemical formula, which
contains only divalent cations in addition to Si, the sum
ofthe positive chargesis +46 and is exactly balancedby
the negativechargefrom the 22 oxygensand 2 (OH + F
+ Cl). The formation of oxy-amphibole component increasesthe amount of positive charge by + I for each
atom of Fe3* per formula unit, but this increaseis balanced by the replacement of OH-, F-, or Cl- by Oz-.
Thus, in an ideal oxy-amphibole, there should be a positive l:1 correlation between Fe3* and "excess positive
charge" (the amount of positive chargein excessof +46
pfu). (3) Becausethe presenceof A-site cations should
contribute to he stabilization of oxy-amphibole component (Phillipset al., 1988),a positivecorrelationbetween
Fe3*and A-site occupancyis expected.The presenceof
an A-site cation does not in itselfsuggestthe presenceof
oxy-amphibole component; rather, oxy-amphibole component is more readily accommodated if A-site cations
are present.
Alternately, if Fe3*is presentwithin an amphibole population as the result of only Al substitution, a negative
correlation betweenFe3*and Al should be observed,provided that the sum of Fe3* and t6lAl is constant within
the population.
Accordingly, linear bivariate correlation and regression
analyseswere carried out to relate each of the variables
describedabove to Fe3*content in each ofthe three different amphibole populations.
In the regressionand correlation analyses,t6lAl contents calculated on an atom-per-formula-unit basis were
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taken directly from Leake (1968) and Steffe(1979), as
were values of (OH + F + Cl).
A-site occupancy was calculated as follows. The
amounts of octahedral cations presumed to reside in the
M(l), M(2), and M(3) sites(i.e.,161Al,
Fe3*,Fe2*,Tia*,Mg,
and Mn) were summed and subtractedfrom 5.0, the theoretical maximum cation content of those sites. Any excessof those cationsover 5.0, which presumablywould
be Fe2*or Mn, is assumedto reside in the M(4) site. All
Ca, as well as an amount of Na necessaryto fill the 2.0
sites per formula unit, was assignedto M(4). The remaining Na and all of the K per formula unit were then
assignedto the A site. In the rare case where M(4) occupancy exceeded2.0 atoms per formula unit, A-site occupancy was taken to be the sum of total Na plus K. If
there was insufficient (Ca + Na) to fill M(4), the A site
was consideredto be occupied by K only. This scheme
for cation ordering assumesthat Ca is contained only in
the M(4) site, K is contained only in the A site, and Na
is contained in both. Whether this distribution of cations
is truly that of each amphibole cannot be determined
without crystal-structureanalyses.
Excesspositive chargewas calculatedby two different
procedures.In the first, the number of moles of each cation in the chemicalformula was multiplied by its valence,
the total chargesummed, and the standardchargeof +46
subtracted from that total. The second procedure relies
on the fact that the standard charge of +46 is based on
the presenceofonly divalent cations and Sio*.Thus, only
substitution of a cation with a valence of other than +2
will affect the amount of positive charge.That is, substitution of ratAlfor Si and substitution of Na for Ca in M(4)
will decreasethe chargerelative to + 46,whereasthe presence of A-site cations and the presenceof Fe3*, Al, or
Tia* in the octahedral sites will increasethe total charge
relative to +46. Therefore,
"excesspositive charge" : t6lFe3+
+ t6lAl + 2I61Ti4+
+ A-site occupancy
-

I4lAl -

M(4)Na.

(2)

If the chemical analysisof a given amphibole is accurate,
and the cations are distributed within the sites as described in the preceding paragraph, the excesspositive
chargecalculatedby the two different methods should be
the same.

Rnsur,rs
The results of the regressionand correlation analyses
are summarized in Tables I and 2. Given in the tables
are the slopesof the best-fit straight lines and their 950/o
confidencelimits for the variation in t6lAl content, (OH
+ F + Cl) content, A-site occupancy,and "excesspositive charge" as a function of Fe3*ions per formula unit.
The meaning of the confidence limits is that there is a
950/ochancethat the true slope (i.e., that which exists in
the sampled population) lies within the + interval about
the slope. Also in the tables are the corresponding correlation coefficientswith their significancelevels. These

significancelevels come from a statistical test of the null
hypothesisthat a given pair ofvariables has a correlation
of zero in the sampledpopulation. This is also equivalent
to testing the null hypothesis that the slope of the bestfit straight line is zero. For example, an 830/osignificance
level means that there is a l7o/ochance of obtaining an
entirely spurious correlation larger than the observedcorrelation when the null hypothesis is true. It is conventional to consider an observed correlation "statistically
significant" if its significancelevel is 950/oor higher. It
must be kept in mind, however, that the stated statistical
significanceof the confidencelimits and correlation coefficients are strictly valid only when all the underlying assumptions for the statisticsare met (Harrell, 1987). In
this study, some of theseassumptionshave been violated
as a result of the nonrandom sampling of the amphibole
population, the combining of data obtained by different
analystsusing different analytical techniques,and the requirement that the compositional variables (those in Table I plus others) sum to 100 wto/0.When correlation
analysis is performed on "variables of a constant sum,"
there is an induced negativecorrelation betweenthe variable pairs (Chayes, 1960). Depending upon the characteristics of the data set, the induced correlation can, at
times, be large.The significancelevels statedin this study
cannot then be taken literally; they serve merely to suggest relative levels of statistical significance.Nevertheless, for conveniencein the discussion that follows, the
results in Tables I and 2 will be used as though they are
statistically valid.
Of the three classesof amphiboles, only those from
metamorphic rocks show significant covariation between
terAland Fe3*(Table l). The calculated slope of the bestfit line (-0.72 + 0.52) agreeswell with the theoretical
1: I inverse correlation that would be observedif the two
elementsare related by a solid-solution substitutional relationship, and the sum of I6lAl and Fe3* is identical in
all amphiboles used in the regression.Even if the two
elementswere related by a substitutional relationship, no
correlation betweenthe two variables could result if that
sum varied significantly within the population. For the
three groups of amphiboles, the mean and one-standarddeviation values for (r'1Al + Fe3*)are 1.22 (0.20), l.l4
(0.26), and 1.40 (0.28) for metamorphic, intrusive igneous, and extrusive igneous amphiboles, respectively.
The differencesin the standard deviations between the
three groups are considerednot likely to have a deleterious effect on the significanceof the observed correlations. Plots of t6lAl vs. Fe3* for the three groups of amphiboles are shown in Figure 1.
Significant correlation between (OH + F + Cl) and
Fe3+was not observedin any of the three groups (Table
l), but such results do not necessarilyimply that oxyamphibole is not a significant component in any of the
groups. Of all the analytical techniques for amphibole
chemical components, that for HrO is generally considered to be the most unreliable, which may contribute to
the scatter of the data. The presenceof excessOH over
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TABLE1. Resultsof regressionand correlationanalysesfor Fepr
and the compositionalvariables
Variables'

Slope"'

t'lAl vs. Fes+ per tormula unit

-0.72(+ s.521
Metamorphic
-0.05 1+ 9.37;
Intrusive
-0'17 (+ 9.471
Extrusive
(OH+ F + Cl) vs, Fe.+per formulaunit
MetamorDhic
Intrusive
Extrusive

-0.71(+ 1.15;
0.01 (+ 1.97;
-0.73 (+ 1.341

METAMORPHIC

07

Correlationt
-0.50 (99)
-0.07 (28)
-0.20 (54)
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A-site occupancy vs. Fe8+per totmula unit

Metamorphic
Intrusive
Extrusive

0.23(+ 9.741
0.36(+ 9.59;
0.351+ g.3g;

0.13(47)
0.27(87)
0.s6(s8)

Note.'All statistical calculationswere made using the cLM, MEANS,
and
coFRproceduresof the StatisticalAnalysisSystem softwarefor maintrame
computers(SAS Institute,Inc.,Cary, North Carolina27511,U.S.A.).
. Linear bivariate regression
and correlation analysis were pertormed
with Fe3+as the predictor variable, and t6rAl,(OH + F + Cl), and A-site
occupancyas the responsevariables.Sample sizes for the three typ€s of
amphiboles:metamorphic,n : 26; intrusive igneous, n : 33; extrusive
i g n e o u sn, : 1 6 .
-- Sfope ot the
best-fit straight line (i.e., b in y: a + bx, where x and
y are the predictor and predicted response variables,respectively)(Crow
et al., 1960,p. 152-156; Draperand Smith,1981,p. 8-17). The vatuesin
parenthesesare the 95% confidencelimitsfor the slope (Crow et al., 1960,
p. 160-1 61 ; Draper and Smith, 1981, p. 24-271.
t Product-momentor samplecorrelationcoetficient,r(Crow et al., 1960,
p 157-1 58; Draperand Smith, 1981, p. 43-46). The vatuesin parentheses
representthe levelof statisticalsignificance([1 - d] 100)for the correlation
coefficientand slope(Crow et al., 1960,p. 159; Dorrerr,1968).
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the standard value of two per formula unit has been reported in synthetic amphiboles (Witte et al., 1969; Mareschand Langer, 1976), and approximately % of the amphiboles used in the regressionanalysescontain greater
Ihan 2 OH per formula unit, ranging up to a maximum
of 2.99 pfu. In addition, Ti may be accommodated in
amphiboles by a coupled substitution involving oxy- and
hydroxy- components (Leake, 1968; Hamich and Seck,
1974).As a result of thesecomplicating factors, it is concluded that even if highly accurate HrO analyseswere
available, the relation between ferric-oxy-amphibole
component and the number of OH per formula unit may
not be highly constrained.
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Fig. l. Plots of t5tAIvs. Fe3+per formula unit for the three
amphibole groups. Straight lines were obtained by linear-regression analysis.SeeTable I for results ofthe statistical analyses.
The range and distribution of Fe3* contents of each group are
evident in the plots.

Significant correlation between A-site occupancy and
Fe3+content was observedonly for extrusive igneousvarieties. Even though the presenceofA-site cations should
facilitate the formation of oxy-amphibole component
TABLE
2. Resultsof regression
andcorrelation
analyses
for Fe3* (Phillips et al., 1988), the relation betweenthe two variables has not been quantified. Therefore, there is no theandexcesspositivecharge
oretical basis for predicting an expectedslope,other than
Variables'
Slope"
Correlation"
the fact that a positive correlation is to be expected.
iletamorphicYadeties
Comparison of the two different proceduresfor calcuAllcations
0.71(+ 1.151;
0.2S(79)
lating excesspositive charge is shown in Table 2. For
Equation
2
0.72(+ 1.07)
0.22(92\
metamorphic rocks, no significant differenceis observed
Intrugiveign€ousyarieties
-0.05 (+ 1.11;
-0.02 (8)
All cations
in the correlation coefficientsbetween the two different
Equation 2
0.31 1+ 9.64;
0.17(64)
calculation procedures,whereaslarge differencesare obErtrusivelgneousyarleties
servedfor extrusive and intrusive igneousrocks. For the
All cations
0 . 5 7( + 1 . 3 1 ;
o.24(641
groups, the correlation coefrcient for excesscharge
Iatter
Equation 2
0.78 (+ 9.961
0.42(90)
calculated
by the first method is considerablylower than
- Linearbivariateregression
andcorrelation
analyseswereperformed
with Fee*as the predictorvariableandexcesspositivecharge(bothwith that calculated from Equation 2. One possibility for the
allcationsandas described
in Eq.2 in text)as theresponse
variable.
See diference is that the cation distributions within certain
Table1 for samolesizes.
of the amphiboles in these two groups is different than
t* Seecorresponding
footnotesin Table1.
that ofthe ideal casedescribedin the preceding section.
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It should be noted that the selective partitioning of Na
and Ca from M(4) into A, with resultant vacancies in
M(4), has been observed in highly oxidized amphiboles
heatedin air (Ungaretti,1980;Hawthorne, 1983;Phillips
et al., 1988). A statistically significant correlation between excesspositive charge and Fe3+content was not
observedfor any ofthe three groups, but the highest correlation (significant at the 900/olevel) was observed for
extrusive igneous varieties. Interestingly, all extrusive
sampleshave positive values of excesscharge, whereas
13 of the 26 metamorphicamphibolesand I I of the 33
intrusive igneous amphiboles have less than 46 positive
chargesper formula unit. The mean (and one-standard
deviation) values for excesspositive chargein the extrusive igneous,intrusive igneous,and metamorphic populationsare,respectively,
1.02(0.44),0.32(0.38),and 0.1I
(0.42). Theseobservationslend support to the conclusion
that extrusive varieties are more highly oxidized.

Drscussror.,{
The regressionand correlation analyses suggestthat
there are significant differencesin the major Fe3*-accommodation mechanisms among the amphiboles from the
three different environments. Despite thesedifferences,it
should be noted that amphiboles from none of the groups
are inherently richer in Fe3*, i.e., the scatter and maximum Fe3*contents are similar in all three varieties (see
Fig. 1).
In metamorphicvarietiesthere is an approximate l:1
inverse correlation between Fe3* and I6jAl contents, but
no significant correlation for those variables that are related to the formation of oxy-amphibole component.
Based on these results, it is concluded that oxy-amphibole component does not play the major role in controlling the Fe3+content of the metamorphic amphiboles in
the sampled population. The experimental results of
Clowe et al. (1988) have revealedthe presenceofboth
oxy-amphibole and Al-substitution mechanisms in two
natural hornblendes,but the amounts ofFe3* present as
oxy-amphibole are relatively low (0.20 and 0. 12 pfu). The
resultsobtainedhereclearly do not precludesuchamounts
of oxy-amphibole component in metamorphic varieties.
The precision of the chemical analysesis not sufficient to
calculatethe absolutecontribution of eachmechanism to
the total Fe3+content.
The results are consistent with the formation of oxyamphibole component as the major mechanismby which
Fe3* occurs in extrusive igneous amphiboles. This conclusion is evidenced by the lack of correlation between
Fe3* and t6lAl, as well as the significant correlation of
A-site occupancyand the relatively high values ofexcess
positive charge.
For intrusive igneous rocks, no significant correlation
was observed between Fe3* and any of the parameters.
Apparently, neither of the two accommodation mechanisms dominates in all intrusive igneous amphiboles.
Whether one mechanism dominates in certain samples
or both mechanismsare involved equally in some sam-

ples cannot be ascertainedwith certainty. As discussed
below, the former is consideredmore likely.
The different behavior of amphiboles from the three
rock types can be explained to some extent by the environments of formation. In general, it is assumed that
higher Fe3* contents are associatedwith higher oxygen
fugacity in the environment of formation, but crystalchemical and bulk chemical variables are also involved
(Clowe et al., 1988; Phillips et al., 1988).The extrusive
igneous amphiboles are likely to have been phenocrysts
if grains were able to be separatedfrom the matrix for
chemical analysis.If so, the extrusive amphiboles represent pre-existing phasesthat were exposedto the highly
oxidizing conditions at the Earth's surfaceat high temperature. The relatively rapid quench times, as well as
the rapid rates at which the formation of oxy-amphibole
proceeds(Cloweet al., 1988),would be sufficientfor oxyamphibole to form, but would tend to inhibit decomposition or major redistribution of elements between amphibole and other phases.
For metamorphic amphiboles, on the other hand, the
relatively long periods of equilibration and cooling give
ample time for redistribution of elements between amphibole and other phases.Even though there are compensationmechanismsthat act to relieve local chargeimbalances in oxy-amphiboles, Phillips et al. (1988)
suggestedthat such imbalances are not totally compensated,and thus amphiboles high in oxy-amphibole component may be inherently lessstablethan those with lower oxy-component.As a result, amphiboles may generally
accommodaterelatively low amounts of Fe3*as oxy-amphibole component upon their initial crystallization or
when they re-equilibrate under conditions where significant redistribution of elementsbetweencoexistingphases
can occur.
The relatively slow crystallization rates of intrusive igneous rocks should more closely resemblemetamorphic
rather than extrusive processes,which would favor relatively low oxy-component values. However, oxidation of
magmasby processessuchas assimilation of groundwater
at shallow levels in the crust and loss of H, by devolatilization has been documented (see Wones and Gilbert,
1982). Such processescould oxidize earlier-formed amphiboles by the formation of an oxy-component,but their
likelihood and extent cannot be evaluated for individual
amphiboles in the sample population, given the simple
descriptionsprovided in Leake(1968) and Steffe(1979).
Thus. of the three diferent varieties, intrusive igneous
rocks are consideredthe most likely to contain individual
amphiboles in which either of the two mechanismscould
dominate.
Whether the observed trends also apply to Fe-Mg or
sodic amphiboles is unknown. Similar compilations of
data with Fe3*analysesare not available for those groups
of amphiboles.
The intent of this study was to evaluate the extent to
which amphibole compositions might reflect the two different mechanisms of Fe3* accommodation. The results
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do, in fact, suggestthat differencesexist in the data set
usedin the regressionand correlation analyses.However,
given the constraints of the chemical analyses,the conclusions obtained here would be strengthenedconsiderably by larger numbers of high-quality amphibole analyses.
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