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Abstract

Orthoamphiboles ranging in composition from MgeFe,8i;0:,(OH), to Mg, Fe,SigO,,(OH),
have been synthesized by standard hydrothermal techniques. The entire range of compositions
appears optically orthorhombic. Variation of unit-cell parameters with compositions suggests
that they are members of a single, continuous solid solution [a(A) = 18.577(12) +
0.001284(190)Xy.; b(A) = 17.942(11) + 0.004862(170)XF.; c(A) = 5.2853) +
0.000617(50) Xze; V(A?) = 1760.8(1.7) + 0.8226(280)Xr.; Xre = mole percent Fe end member].
Electron-diffraction patterns of composition MgsFe, are consistent with that of an ortho-
rhombic ampliibole with an a unit-cell repeat of ~ 18.6A. A strong enhancement in intensity
for reflections of the type / = 2n, h = 0 mod 4 in the h0/ net of the synthetic amphibole in-
dicates the presence of a ~4.7A subcell repeat parallel to a*, unlike any known amphibole
structure. Even though the structure type is unknown, measured shifts in peak locations on
the powder X-ray diffraction patterns allow compositions to be measured to within +3 mole
percent Fe end-member. Combining these results with those of Forbes (1971) and Greenwood

(1963), it is now clear that the entire range of amphiboles across the join can be synthesized.

Introduction

Amphiboles chemically approaching the join
Mg,Sis0,.(OH ).~Fe;Sis02(OH), occur naturally as
anthophyllite and as cummingtonite-grunerite. Natu-
ral specimens have been studied in considerable detail
because they are important in understanding meta-
morphism of certain chemically restrictive (low Ca
and Al) geological environments (e.g., Klein, 1966).
Despite the considerable attention directed to natural
specimens, iron-magnesium amphiboles are still
poorly understood in terms of both phase equilibria
and crystal chemistry. This is unfortunate since these
are the chemically simplest amphiboles and should
serve as end-member models for understanding the
chemically more complex series.

Problems in the determination of phase relations
on the join arise from the sluggishness of reactions, as
shown by the difficulties in the synthesis of the
Mg(anthophyllite) and Fe(grunerite) end-members
(Greenwood, 1963; Forbes, 1971). Boyd (1955) re-
ported the synthesis of some intermediate composi-
tions on the join at 1 kbar and temperatures in the
range of 800°C, but he was unable to crystallize
amphibole from its high-temperature breakdown as-

semblage, hypersthene and quartz. Hinrichsen (1967)
determined a T-X phase diagram for orthorhombic
forms on the join at 2 kbar in the range 500°-700°C.
Both Hinrichsen and Boyd reported that the most
iron-rich amphibole which could be synthesized con-
tained approximately 60 mole percent Fe end-mem-
ber. Cameron (1975) investigated the composition
Mg,.s Fe,58i,0,5,(0OH), as one end of a join into the
Ca-bearing amphibole quadrilateral. Aside from
these studies, detailed experimental investigations of
intermediate members on the Mg-Fe join are lacking.
Greenwood (1963) and Forbes (1971) give detailed
summaries of previous experimental studies relevant
to the Mg and Fe end-member, respectively.
Ampbhiboles of the anthophyllite and cummington-
ite—grunerite groups are known to crystallize in 3 of
the 4 amphibole structure types so far identified: or-
thorhombic with space group Pnma, monoclinic
C2/m, and monoclinic P2,/m. The protoamphibole
structure type (Gibbs, 1969; space group Pnmn) has
not been found in nature and accordingly is not rep-
resented. Papike et al. (1969) have shown that the
structure and stacking sequence of the double chains
in the P2,/m structure most closely resemble that of
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the anthophyllite (Pnma) structure. Prewitt et al.,
(1970) have demonstrated that P2,/m is the low-
temperature polymorph of the monoclinic C2/m
type. The phase relationships between the anthophyl-
lite and the cummingtonite (C2/m) structures are still
unclear. Although some authors have evoked chem-
ical explanations for the existence of these two struc-
ture types (e.g. Layton and Phillips, 1960), the two
forms are known to coexist in nature with nearly the
same chemical composition (Evans et al., 1974). Rou-
tine optical and powder-diffraction examination
would not distinguish protoamphibole from an-
thophyllite.

This paper presents the first portion of a
study of the stability of amphiboles on the join
Mg,Sis02(OH),-Fe,Sis0,,(OH), with respect to T,
P, flO;), and f(S;). The goal was to synthesize a series
of amphiboles across the join, to determine the struc-
ture type(s), and to establish the relationship between
unit-cell parameters and composition. For use in fur-
ther studies on these synthetic amphiboles, a simple
but accurate method of relating amphibole composi-
tion to 20 angles given by X-ray powder diffraction
patterns is presented.

Experimental procedures

Starting materials

Starting materials for most of the amphibole syn-
theses were oxide mixes composed of fired MgO, Fe
sponge, and SiO, glass. A few experiments on Fe
end-member amphibole were made from an addi-
tional “oxygen balanced” oxide mix containing
Fe,O; in addition to the above materials. Reagents
were dried and stored in a vacuum dessicator prior to
weighing. Treatment of Fe sponge with hot H, gas
resulted in a weight loss which was attributed to
release of oxygen. Appropriate adjustments were
made to produce stoichiometric amphibole starting
compositions.

After weighing, all mixes were ground under ace-
tone in an automated agate mortar and pestle for one
hour to achieve homogeneity. Portions of certain
mixes were ground in the same apparatus up to an
additional eight hours to determine the effect of
smaller grain size on synthesis rates.

Mixes equivalent to whole-number Mg-Fe for-
mula units across the join were made (i.e. Mg,Si,,
Mg,Fe,Sis,. . .Mg,FeeSi,, Fe;Sig). For the sake of sim-
plicity, compositions will hereafter be referred to only
by their Mg-Fe formula units (Mg;Fe,, etc.) or by
mole percent of the Fe end-member.
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Apparatus, buffering techniques and sample containers

Most experiments were carried out in Tuttle-type
pressure vessels depicted by Ernst (1968, p. 34). Two
systems, one with a 5 kbar pressure capability and the
other with a 7 kbar capability, were used for various
steps of the syntheses. Control of oxygen fugacity was
normally accomplished with the solid-buffer tech-
nique of Eugster (Huebner, 1971), using sealed
AgrPds, inner capsules, and Au outer capsules. A
number of runs, also in sealed Ag,,Pd,,, were carried
out in a CH,-C buffering system with a 1 kbar pres-
sure capability. This system is similar to the hydro-
thermal systems described above but utilizes methane
as the pressure medium and graphite filler rods (Eug-
ster and Skippen, 1967, Huebner, 1971).

Temperatures in all of the apparatus were meas-
ured by means of chromel-alumel thermocouples.
Furnace-bomb assemblies were calibrated against 1
atm NaCl (800.5°C) and CsCl (646°C) melting
points. Temperature variations of £3°C were typical
for the runs. Pressures were measured on Heise bour-
don-tube gauges, which were factory-calibrated, and
set to read 0.0 bars at one atm. Typical pressure
variations during runs were +20 bars.

Phase identification

Run products were routinely examined with the
petrographic microscope and a Norelco X-ray pow-
der diffractometer equipped with a graphite mono-
chromator using Ni-filtered CuKa radiation. Qual-
itative identification was made by scanning at
2°26/min between 8° and 70° 20. X-ray data used to
determine the unit-cell parameters were collected
from four scans (two oscillations) run at 0.5° 26/min
with synthetic MgAl,O, spinel (@ = 8.0831 A) as an
internal standard. Unit-cell parameters were then ob-
tained by a least-squares refinement using the com-
puter program of Appleman and Evans (1973). All
peaks were weighted equally. Grain size (maximum
100u X 6u; average 10-15u X 1-2u) precluded use of
single-crystal X-ray techniques.

Because of the small grain size, measurement of the
three indices of refraction could not be accomplished.
However, an average index of refraction of the
bulk amphibole was obtained (n = 1.620, Mg,Fe;
1.632, Mg Fe,; 1.644, Mg, Fe;; 1.660, Mg,Fe,; 1.674,
Mg,Fe;; 1.690, Mg,Feg). Estimation of the percent-
age amphibole in the runs was based primarily on
optical examination.

Optical and X-ray data are consistent with the
presence of a single homogeneous amphibole phase
in all runs.
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TaBLE 1. Amphibole synthesis conditions

Run # Comp. T(°C)

P (kbar) Buffer Dur(days)*

Run Products**

145 Mg Fe. 650 2
61 g5 2

700 2

200 Mg Fe, 650 2
820 2

700 2

68 MgFe, 750 2
26 Mg.Fe, 700 2
572 750 2

125 MgFe, 750 2
82 MgFe, 700 2
149 Mg Fes 700 2
80 Mg.Fe, 700 2
ITh 650 2

150 MgFe, 650 2
140 Mg,Fes 700 4
600 1

226 Mg,Fe, 700 4
600 1

486 Mg Fe, 700 6
600 1

550 1

500 1

none 2 T+01

none 1 A(20)+T+01+CHQ+P
FMQ 61(1) A(99)+PH}
none i T+01

none 1 A(20)+Px+Q+01
FMQ 44(2) A(99)+Px+Q
FMQ 23 A(100)

FMQ 7 A(50)+T+01
™MQ 10 A(100)

FMQ 30 A(100)

™MQ 35(1) A(98)+Q+01
FMQ 45(1) A(98)+Q+01
FMQ 19 A(50)+Q+01
FMQ 17 A799)+Q+01
FMQ 51(1) A(99)+Q+01
none 26 A(40)+Q+01
CH,~C 102(3) A(95)+Q+01
none 6 A(5)+Q+014K
CHA—C 101 (5) A(99)+Q+01
none 12 A(5)+Q+01+P
CH,-C 63(2) A(30)+Q+01+P+M
CHA-C 105(3) A(60)+HQ+014M
CHA—C 35 A(98)+Q+01

*Nymber in parentheses indicates mumber of times capsule was opened and

charge examined optically and with X-ray methods.

**Starting material for first run of each series was 'o.ride mix + Hg0.
Numbers in parentheses indicate percent amphibole in c_hqrge. Abbre-
viations: A-amphibole, K-keatite, M-magnetite, Ol-olivine, P-ortho-

pyroxene, T-tale, C-cristobalite.

Synthesis techniques

Because of possible partitioning of Fe and Mg
between amphibole and other run products, unit-cell
parameters are reported only for runs which yielded
greater than 95 percent amphibole. Synthesis pro-
cedures used to achieve these high yields are summa-
rized in Table 1. Errors in Xy, resulting from the
partitioning of Fe and Mg between amphibole and
the minor amounts of olivine or pyroxene in run
products, were calculated to have a maximum value
of ~1 mole percent assuming Fe/Mg distributions
for coexisting amphibole and olivine similar to those
reported by Ramberg (1952).

Yields of about 50 percent amphibole have been
achieved for composition Mg,, but the amphibole is
not well enough crystallized to allow unit-cell param-
eters to be determined. Although a number of differ-

ent techniques have been used to synthesize the Fe,
end-member, yields of greater than 5 percent have
not been realized. Maximum yields occurred using
well-ground “‘reduced” mix at 4-6 kbar.

Amphiboles for which unit-cell parameters are re-
ported were synthesized at the FMQ buffer [except
Mg.Fe; and Mg,Fe, (Table 1)]. The effect of different
oxygen fugacities on cell parameters is discussed be-
low.

Determination of crystal system

The amphiboles synthesized in this study cannot be
characterized as monoclinic or orthorhombic on the
basis of X-ray powder patterns alone. The method
discussed by Cameron (1975) for distinguishing be-
tween cummingtonite and anthophyllite on the basis
of the monoclinic 131 reflection ai approximately 26°
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20 CuKa has not been found applicable. As discussed
by Cameron, the monoclinic 131 peak may be over-
lapped by several weaker anthophyllite peaks. A
weak peak at 26° 24 is present in the synthetic amphi-
bole patterns of this study, but the distinction as to
type of reflection cannot be made. All major peaks in
the X-ray patterns can be indexed as either mono-
clinic or orthorhombic, and least-squares unit-cell
refinement gives equivalent standard errors.
Although the grain size is too small for single-
crystal X-ray studies, multi-crystal masses were
mounted on a spindie stage and examined optically.
Extinction angles for individual crystals within these
larger masses could be determined. Parallel extinction
was invariably observed, and on this basis the amphi-
boles are assumed to be orthorhombic. Klein (1964)
reported values of Z ac of 13°-20° for naturally oc-
curring low-Ca cummingtonite-grunerites in the
composition range 60-90 mole percent Fe end-mem-
ber. Rice et al. (1974) gave Zc of 14°-15° for a
natural magnesiocummingtonite of approximately 14
mole percent Fe end-member. Amphiboles synthe-
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sized in this study have a composition range from
14-86 mole percent Fe end-member.

Experimental results

Unit-cell parameters of the synthetic amphiboles
are given in Table 2, and are plotted against composi-
tion in Figures 1 and 2. The peaks listed in Table 4,
along with the 210 peak at approximately 10.7° 24,
were used in the least-squares refinement. The ¢ di-
mension is based only on one reflection, 053, but a
minor peak indexed as 202 at approximately 35° 20
was measurable in a number of the patterns; in-
clusion of this peak in the refinements did not signifi-
cantly change the unit-cell parameters. The data were
refined assuming the anthophyllite space group
Pnma. As a check for reproducibility, values were
obtained from three independent synthesis runs for
Mg;Fe,, and from two independent runs for the other
compositions up to Mg,Fe,. Parameters for the Mg
end-member are from Greenwood (1963) and Cam-
eron (1975). Cameron re-indexed several of the high-

TaBLE 2. Orthorhombic unit-cell parameters (refined as space group Pnma)

Formula

Run # (and Mole % Fe) E(X) R(X) E(X) X(X3>
Synthesized at FMQ
145 Mg Fe, (14.3) 18.592(10) 18.045(10) 5.292(4) 1775.4(L.7)
290 Mg Fe, (14.3) 18.622(8) 17.999(14) 5.295(2) 1774.9(1.2)
26 Mg Fe, (28.6) 18.604(15) 18.088(10) 5,299 (4) 1783.4(2.0)
68 Mg Fe, (28.6) 18.634(20) 18.077(11) 5.298(4) 1784.6(2.4)
125 Mg Fe, (28.6) 18.594(8) 18.078(5) 5.301(2) 1781.9(1.0)
82 Mg, Fe, (42.9) 18.626(13) 18.139(9) 5.313(3) 1795.0(1.6)
149 Mg, Fe, (462..9) 18.613(10) 18.136(7) 5.313(3) 1793.4(1.3)
80 Mg Fe, (57.1) 18.638(10) 18.227(7) 5.325(2) 1809.0(1.3)
150 Mg Fe, (57.1) 18.635(18) 18.223(12) 5.326(5) 1808.5(2.4)
Synthesized at CHA—C
140 Mg,Fe. (71.4) 18.669(11) 18.291(8) 5.329(3) 1819.8(1.5)
226 Mg,Feg (71.4) 18.672(3) 18.290(2) 5.329(1) 1819.8(0.4)
453 Mg Fe, (85.7) 18.686(7) 18.358(20) 5.336(2) 1830.3(1.3)

Numbers in parentheses represent 1 standard errcr as given by the least-squares

refinement.
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angle 26 peaks reported by Greenwood and re-refined
the data using Greenwood’s 28 values.

Curves relating individual unit-cell parameters to
composition were obtained by regression analysis,
using the computer program designed by Barr and
Goodnight (1972), which weights observations as
I /(standard error). Equations of first through fourth
order were fit to the data assuming one, and then two,
standard errors as given in Table 2. The significance
of the fits was determined by a t-test assuming || =
2.0 to be significant. Using one-standard-error
weighting, fits of second or third order were obtained
for all unit-cell parameters. However, only first-order
(straight line) equations were significant when
weighting of two standard errors was employed.
Gibbs and Louisnathan (1971) estimated that in or-
der for the standard error reported in least-squares
refinement to be a good estimate of that of the true
population, the number of observations (m) should
be at least ten times as large as the degrees of freedom
(n). In the case where m < 10n, they recommend
doubling the least-squares standard error before ap-
plying statistical tests. Since n = 3 for the orthorhom-
bic system and only 8-10 peaks could be unambig-
ously indexed, the fits obtained using two standard
errors are preferred. Equations relating unit-cell pa-
rameters to mole percent of the Fe end-member
(Xge), with the intercept and slope errors indicated in
parentheses, are:

a(A) = 18.577(12) + 0.001284(190) X,
b(A) = 17.942(11) + 0.004862(170) X

Orthorhombic Unit Cell Parameters
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Fig. 1. Unit-cell parameters of synthetic orthorhombic

amphiboles. Open circles: This study. Double circles indicate
nearly indentical values. Triangles: Greenwood (1963). Solid
circles: Cameron (1975). Error bars at upper left indicate typical
one standard error values in cell dimension. Xg. = mole % Fe end-
member; error less than 1% as discussed in text.

c(A) = 5.285(3) + 0.000617(50) X're
V = (A% = 1760.8(1.7) + 0.8226(280) X,

The straight-line plot of unit-cell volume vs. com-
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F1G. 2. Unit-cell volumes of orthorhombic amphiboles. Synthetics, solid line; natural
anthophyllites, dashed line. Symbols as in Fig. 1. Solid squares: natural aluminum-poor
anthophyllites from Johansson, 1930; Lindemann, 1964: Finger, 1970.
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TABLE 3.

POPP, GILBERT AND CRAIG

Comparison of known amphibole structure types

Monoclinic Monoclinic Protoamphibole Anthophyllite
c*/m P21/m Pomn Pnma
stacking sequence
in_a* direction (+c/3) (+¢/3)  (+c/3)(+c/3)  (+c/3)(=c/3)  (+e¢/3)(+c/3)(~c/3)(-c/3)
chain types A A A B A A A B A B
a®) “9.5 “9.5 “9.5 “18.6

position indicates the absence of a volume-of-mixing
term as far as can be determined by X-ray powder
diffraction.

Figure 2 shows unit-cell volumes of synthetic am-
phiboles refined on the anthophyllite space group
(solid line). The three natural amphiboles are fitted
by the dashed straight line. Finger (1970) noted the
difference in molar volumes between these natural
anthophyllites and naturally-occurring clinoamphi-
boles of the cummingtonite-grunerite series (Klein
and Waldbaum, 1967). The synthetic, optically-or-
thorhombic forms studied here have molar volumes
(Fig. 3) similar to those of the naturally-occurring
monoclinic rather than the orthorhombic forms. Sei-
fert (personal communication, 1974) reports that the
molar volume of a Mg;Fe, form which he synthesized
is consistent with the curve of Kiein and Waldbaum
(1967). In addition, the unit cell volume of Mg, ;Fe; 5
(Cameron, 1975), refined as Pnma, lies on the curve
for synthetic forms reported here within two standard
errors reported by Cameron (see Fig. 1, 2 of this

TaBLE 4. Equations relating location of major peaks (26 CuKa)

to amphibole composition*

040: 26 = 19.784 -0.0052 X r = 0.9935
420: 26 = 21.559 -0.0028 X r = 0.9815
440: 20 = 27.648 -0.0047 X r = 0.9891
610: 26 = 29.261 -0.0022 X r = 0.9338
630: 26 = 32.628 -0.0040 X r=0.9611
2.11.0: 26 = 57.300 -0.0154 xp r = 0.9909
053: 26 = 58.379 -0.0100 X r = 0.9899

*Z{-Fe = mole percent Fe end-member, r = correlation

coefficient

study). Both of these amphiboles were synthesized at
the FMQ buffer.

Discrepancies in the molar volume could be attrib-
uted to (1) relative amount of ordering Mg and Fe
within the M sites; (2) the small amounts of Al, Na,
and Ca in the three natural anthophyllites plotted in
Fig. 2 and 3; (3) the synthetic amphiboles are ortho-
rhombic but have not crystallized in the anthophyllite
structure type.

Order-disorder apparently cannot account for the
volume discrepancy. Seifert and Virgo (1974) have
determined by Mdssbauer spectra that equilibrium
Fe-Mg distributions in the natural anthophyllite
specimen of Finger (1970) are achieved in several
days at 600°C and above, the temperature range uti-
lized here. Seifert (personal communication, 1974)
also reports that the increase in unit-cell volume ac-
companying disordering is too small to account for
the observed difference. In support of this conclusion,
an amphibole of composition Mg,Fe, synthesized at
750°C, 2 kbar, and the FMQ buffer was annealed at
500°C, 2 kbar, and the FMQ buffer for 2 weeks. Unit
cell parameters of the 500° sample a = 18.594(5), b =
18.078(4), ¢ = 5.299(2), V' = 1781.1(.7) are not differ-
ent from the 750°C data (Table 2).

Whereas natural anthophyllites can contain sig-
nificant amounts of Al, Na, and Ca (Rabbitt,
1948), those plotted in Figures 2 and 3 closely ap-
proach the pure Mg-Fe join. Seifert and Virgo
(1974) give the structural formula: Na, ¢sCag.06Mgs.7
Fe, 175i7.5: Aly.1502,(OH), for the Finger (1970) sample,
based on electron-microprobe analysis. From the
wet-chemical analysis given by Johansson the for-
mula [Nao.osMgLachl.szHFeo.153+Cao.osMno.oeAlo.m]
[Aly.06Si7.01]022(OH), was calculated, assuming 23 ox-
ygens. Lindeman (1964) gives the structural formula
Mg, .Fe, sSis0..(OH),. Seifert (personal communica-
tion, 1974) reports that on the basis of his studies on
the join between Mg,Fe, and Na-gedrite of com-
position Na, ;Fe;** Mg, sAl, s[SisAly. . .], such small
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Molar Volumes Of Amphiboles
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FiG. 3. Molar volumes of amphiboles. Curves represent synthetic orthorhombic forms (this
study), natural monoclinic cummingtonites-grunerites (Klein and Waldbaum, 1967), and
natural anthophyllites (Finger, 1970). Range of composition is shown by solid lines.

amounts of Al cannot account for the observed vol-
ume difference.

In consideration of the third possibility, a brief
discussion of the basic amphibole structure is helpful.
Only those details relevant to the determination of
the structure type are discussed. For background, the
reader is referred to references cited in the in-
troduction and to diagrams such as that of Ernst
(1968, Fig. 1, p. 5).

The amphibole structure consists of double chains
of tetrahedra extending parallel to the ¢ axis and
interlocking to form sheets parallel to (100). These
sheets are bound together by cations coordinated by
apical oxygen and hydroxyl anions of adjacent sheets
in a manner which requires a stagger of ~ + ¢/3
between adjacent tetrahedral chains. Two different
types of tetrahedral chains have been identified in the
amphibole structures studied to date. The tetrahedra
in the A chain form nearly hexagonal rings, while
those of the more distorted B chain form ditrigonal
rings. The B chain can be roughly approximated by a
close-packing of oxygens and thus would theoreti-
cally be expected to occupy a smaller volume than the
A chains.

The known amphibole structure types can be dis-
tinguished by the chain type and the sequence of
stacking vectors (£c¢/3) in the g* direction. Table 3
summarizes the known structure types and gives the
approximate g dimension.

In an attempt to determine the likelihood of hy-
pothesis (3), electron diffraction patterns of a syn-
thetic amphibole (Mg,Fe,) and a natural anthophyl-
lite from the Minnesota River valley (L.W. Finger
#M14104) were obtained by G. L. Nord using the
transmission electron microscope facilities at the
U.S. Geological Survey, Reston, Virginia.

Figures 4 and 5 are 40/ electron diffraction patterns
of synthetic amphibole Mg;Fe, and the natural an-
thophyllite, respectively, with the a* and c* directions
and reciprocal unit-repeat distances indicated. Fig-
ures 6 and 7 are graphic A0/ plots of the observed X-
ray structure factors of another natural anthophyllite
(Finger, 1970) and protoamphibole respectively.

A repeat of approximately 18.6 A in the a* direc-
tion, as well as an alternating /-even = strong, /-odd
= weak distribution of intensities is observed in Fig-
ures 4, 5, and 6. The electron diffraction pattern of
the synthetic amphibole (Fig. 4) shows a strong en-
hancement of every fourth reflection in the a* direc-
tion and suggests the presence of a ~4.7A subcell
within the synthetic structure which is not present in
either the natural anthophyllites (Figs. 5 and 6) or
protoamphibole (Fig. 7). Streaking in the a* direc-
tion may indicate large numbers of stacking faults in
the a* direction.

From Figures 4, 5, 6, 7, and Table 3, certain struc-
ture types can be rejected as inapplicable to these
synthetic amphiboles. The electron diffraction pat-
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Fic. 4. hOl electron diffraction photograph of synthetic amphibole
Mg;Fe.Sis0s(OH),. a* and c* directions and reciprocal distances representing
18.6A and 5.3A unit repeats are indicated.

terns indicate that the synthetic amphiboles have not is rejected because of its ~9.5A a repeat. Super-
crystallized with the anthophyllite structure. Pro- position of Figures 6 and 7 also does not produce a
toamphibole (Fig. 7), which was originally consid- distribution of intensities like that of Figure 4, and
ered a likely candidate because it has orthorhombic thus an interlayered mixture of protoamphibole and
symmetry but contains only the larger 4-type chains, anthophyllite must also be ruled out. The C2/m and

- — ﬂ'

.....

FI1G. 5. k0! electron diffraction photograph of natural anthophyllite (Finger sample
M14104).
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Fi1G. 6. Relative observed h0/ X-ray structure factors of the natural anthophyllite of Finger (1970).

P2,/m structures are rejected because of their ~9.5 A
a unit-cell repeat and their monoclinic symmetry.
Comparison with the appropriate X-ray precession
photographs indicates that while twinned monoclinic
amphiboles could produce additional reflections
along a*, they would not be likely to produce a
regular 18.6A repeat such as that observed. M. Ross

(personal communication 1975) has observed in a
“fibrous talc” sample from Gouverneur, New York,
an apparent epitaxial intergrowth of talc (@ ~ 5.3A, b
~ 9.2A, ¥ = 90°) with anthophyllite (b ~ 18.0, ¢ ~
5.3, « = 90°) so that the a-b plane of talc very closely
superimposes on the b-c¢ plane of anthophyllite with
Graic] | Cantn and bearc}| bantn. This superposition of the
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F1G. 7. Relative observed 40/ X-ray structure factors of protoamphibole (Gibbs, 1969).
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talc and anthophyllite reciprocal lattice nets causes
an enhancement of the anthophyllite 40/ reflections
such that for/ = 2n,h = O mod 4, and for/ = 2n + 1,
h = 2 mod 4. The distribution of intensities within
the A0/ net of synthetic amphibole (Fig. 4) bears some
similarities to that described by Ross in that reflec-
tions are enhanced where/ = 2nand h = O mod 4. A
lesser enhancement of the reflections where / = 2n
and 2 = 0 mod 2 and non-enhancement of reflections
where / = 2n + 1 cannot be explained by the presence
of talc.

By means of high-resolution electron microscopy
of fibrous natural amphiboles, Hutchison et al.
(1975) have observed what are interpreted to be triple
tetrahedral silicate chains intercalated with normal
amphibole chains parallel to (010). These triple
chains could well be considered as finite talc-like
strips, and such intergrowths might possibly be re-
sponsible for the anomalous diffraction pattern ob-
served here. However, in light of the fact that the
synthetic amphibole of Figure 4 was obtained from a
run that yielded essentially all (99+%) amphibole,
any such intergrowths would have to have a bulk
composition equivalent to amphibole.?

We therefore conclude that the synthetic amphi-
bole has a structure type unlike any known amphi-
bole. The structure has orthorhombic symmetry and
approximate unit-cell parameters g = ~18.6A, b =
~18.0A, ¢ = ~5.3A (composition Mg;Fe,). Its larger
molar volume compared to anthophyllite may sug-
gest that it contains only the larger 4-type chains.

Relationship between composition and X-ray powder
pattern

One of the goals of this study was to obtain a
method of estimating accurate synthetic amphibole
compositions from simple X-ray measurements.
Linear regression analysis of peak locations
(20CuKa) vs. composition was carried out for each
reflection used in the least-squares refinement of cell
parameters. The 210 peak at approximately 10.7° 20
was not used because of the small shift in 26 with
interplanar spacing at low angles. From the equa-
tions in Table 4 various individual peaks and combi-
nations of peaks were tested for their accuracy in

'h = 0 mod 4 indicates the # =0, 4, 8, 12, . . reflections, h = 2
mod 4 indicates the & = 2, 6, 10, 14, . . . reflections.

2 After this paper was submitted, Veblen and Burnham (1975)
reported, similar triple-chain structures as products of the retro-
grade anthophyllite-talc transformation from Chester, Vermont.
One such structure has a chemical formula corresponding to |
anthophyllite + 1/2 talc.
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predicting compositions of the synthetic amphiboles
of known composition. The results are shown in
Table 5. In the case where a combination of peaks
was used, the compositions given by the individual
peaks were averaged to give the estimate of composi-
tion (e.g., in Table 5, column §, the composition
given by the 040 peak, the 420 peak, and the 440 peak
were averaged to give a final composition). The selec-
tion of combinations of peaks was based on their
proximity on the X-ray powder pattern so as to pro-
vide the smallest 28 range to be scanned.

In general, composition can be determined to
within approximately 3-4 mole percent Fe end-mem-
ber. However, the maximum error encountered using
the 440, 610 combination (9.4 mole % Fe end-mem-
ber) is too large to be of practical use in estimating
compositions. The other methods have maximum er-
rors ranging from 3.2-5.6 mole percent, representing
the maximum error expected in estimating composi-
tion of any single unknown. There is a considerable
range in the relative intensities of the peaks listed in
Table 4. The 610 and 440 peaks have by far the
largest relative intensities in the X-ray pattern. The
440 peak is distinguishable in X-ray patterns contain-
ing as little as 10-20 percent amphibole. Thus compo-
sitions on the join should be determinable to at worst
5-6 mole percent, even in samples containing small
percentages of amphibole.

Effect of oxygen fugacity on unit-cell parameters and
X-ray determinative curves

It was important to determine the effect, if any, of
flO,) on unit-cell parameters and on the X-ray deter-
minative curves for amphibole composition. Accord-
ingly, amphiboles synthesized at one buffer (generally
FMQ) were annealed at oxygen fugacities defined by
different buffers. Cell parameters of the annealed am-
phiboles were then determined in the same manner as
described above.

Some difficulties were encountered using the NNO
solid buffer. Runs of amphibole + H,O were carried
out at 2 kbar and 600°-750°C in platinum capsules.
After runs, the charges consisted of Mg-enriched am-
phibole and up to 20 percent quartz but no additional
Fe-containing phases. Following removal of the
charge, the capsules were observed to be magnetic,
and thus it was apparent that loss of iron from charge
to capsule had occurred. In support of this con-
clusion, it was noted that the amount of quartz (i.e.,
amount of iron lost to the capsule) increased with run
temperature. Therefore, an attempt to determine the
effect of f{O,) at NNO buffer on unit-cell parameters
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TaBLE 5. Compositions predicted from various combinations of peaks
Composition 040
of Mix 040 420 420 440 2110
Run # (Mole 7% Fe7) 440 440 440 440 610 053
Xreal Xobserved
145 14.3 17.5 17.8 17.4 18.5 19.0 18.0
290 14.3 13.9 19 52 18.8 18.1 22.7 -%
26 28.6 29.8 29.0 29.3 29.8 28.8 27.9
125 28.6 24.6 23.8 24.6 23.0 19.2 27..12
68 28.6 29.1 29.9 29.8 28.3 32.8 25.5
82 42.9 42.2 43.4 43.0 42.1 41.7 41.5
149 42.9 40.5 40.5 40.0 39.4 36.1 41.1
150 57.1 56.4 59.5 BXe) o /4 57.2 58.8 59.8
80 57.1 56.7 55.6 55.5 58.0 57,50 60.0
140 71.4 71.8 73.4 73.8 68.9 68.8 70.8
226 71.4 72.7 71.2 71.3 73.8 74.4 73.6
453 85.7 == 84.9 == 87.7 85.7 ==
ZIXreal_xobs]
N 1.6 212 2.0 2.5 3.5 2.0
|xreal—xobslﬂlax 3.2 4.8 4.5 5.6 9.4 3.7

*entry left blank indicates peak not measurable in powder pattern

was carried out in Shaw apparatus (Shaw, 1967) at 1
kbar total pressure. At the low f{H,) equivalent to the
NNO buffer, accurate control of P(H,) and diffusion
rates across the Pt membrane posed some problems,
resulting in an f{H;) of 7 + 2 bar. For comparison,
Eugster and Skippen (1967) gave a value of f{H,) =
kbar for the assemblage
Ni-NiO-H;O, and a value of fH,) = 12.8 bar at

4.5 bar at 700°,

1

TaBLE 6. Unit-cell parameters for amphiboles annealed at various f(O:)

T(°C)  P(kbar) Buffer a(® b(R) e®) rad
(Duration, days)
Mg6Fel
725 2.0 H~M(16) 18.610(12) 18.007(12) 5.291(2) 1773.3(1.3)
650 2.0 H-M(14) 18.584(17) 18.017(5) 5.291(2) 1771.8(1.0)
700 2.0 FMQ* (46) 18.607(9) 18.022(12) 5.293(2) 1775.0(1.7)
Mg4Fe3
700 1.0 Ch4-C(14) 18.612(11) 18.141(8) 5.311(3) 1793.2(1.4)
700 1.0 Shaw** (11) 18.624(12) 18.136(8) 5.311(3) 1794.0(1.5)
700 2.0 FMQ* (35) 18.620(11) 18.138(8) 5.313(3) 1794.2(1.5)
Mg3Fe4
650 1.0 CH,-C(14) 18.643(9) 18.222(6) 5.325(2) 1808.9(1.2)
650 2.0 FMé*(36) 18.637(12) 18.225(10) 5.326(3) 1808.8(1.9)
*FMQ value denotes average of determinations on two separate runs given in
Table 1.

*Af(Hy) =7

+ 2 bars; _,‘_‘(HZ) of FMQ = 12.8 bars; f(HZ) of N-NO = 4.5 bars.
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700°C, 1 kbar was calculated for the assemblage
FMQ-H,O from the data of Wones and Gilbert
(1969), Burnham et al. (1969), and the jaANAF Tables
(1971). Thus even if f{O.) was at values lower than
that of the NNO buffer, it still was considerably
higher than that of the FMQ buffer.

Table 6 summarizes unit-cell parameters of runs
made at various oxygen fugacities. Statistically no
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differences in unit-cell parameters of these amphi-
boles as a function of f{O,) exist. This result is some-
what surprising since variation of unit-cell parame-
ters with f(O,) and temperature has been reported for
a number of hydroxy-silicates (e.g., biotite: Eugster
and Wones, 1962; ferrotremolite: Ernst, 1966). This
variation is generally attributed to the formation of
oxy-silicates (e.g., oxyamphibole) by the reaction
Fe?* + OH- — Fe!* + O?~ + H. Substitution of the
smaller Fe** ions has the effect of decreasing unit-cell
parameters. In Maossbauer spectral studies, Seifert
and Virgo (1974) were unable to detect Fe?* in the
structure of an amphibole of approximate composi-
tion Mg;Fe, annealed at 720°C and the FMQ buffer
for four days. In light of this result, annealing at f{O,)
lower than the FMQ buffer would not be expected to
produce any changes in unit-cell parameters attrib-
uted to variation of Fe**/Fe?* ratio. The amount of
solid solution of oxy-amphibole should be greater at
AO,) defined by MH buffer. However, only very Mg-
rich amphiboles are stable at these higher oxygen
fugacities, and the total iron content may not be large
enough for the unit-cell parameters to reflect any
change. We therefore concluded that oxy-amphibole,
if present, cannot be detected by changes in unit-cell
parameters as measured in this study.

Based on the above discussion, the X-ray deter-
minative curves are assumed to be applicable, with-
out correction, over the range of temperature and
f(O,) of this study.
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