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ABSTRACT

Beryllian sapphirine Mg, Al [ Al 4142,B€,Si».yO15] O, has been synthesized from starting com-
positionswithy<latx=0andy < 0.5at x=0.5 P =0.1-1.3 GPa, T = 700-1350 °C. Electron
diffraction shows the sapphirines are dominantly the 1A polytype but lamellae of a 2M phase are
consistently present. Thisisthefirst 2M sapphirine synthesized in thelaboratory, and thefirst known
to be devoid of Fe?*. No superstructure reflections corresponding to the doubled tetrahedral chain
repeat of khmaralite were observed, probably due to insufficient annealing time. Cell parameters of
the synthetic sapphirine decreased strongly and linearly with Be content (2.7 vol% decreasefromy =
0toy =1). In agreement with crystal-chemical considerations, experiments with starting composi-
tionsof y> 1.0 resulted in additional crystalline phases either coexisting with the limiting sapphirine
(y=1) or without it. At 900 °C, 1.3-2.0 GPa, the saturating assemblage is surinamite + chrysoberyl
+ forsterite, which is chemically equivalent to sapphirine with y = 1.5. The current lack of natural
khmaralite with Be > 0.78 cations per formula unit (pfu) islikely due to the bulk composition of the
host rocks being too rich in SiO, and Al,O; for forsterite to be stable. Addition of BeO to the MgO-
Al,0,-SiO, system evidently enlarges the stability field of sapphirine + forsterite relative to its re-

stricted range in the BeO-free system.

INTRODUCTION

Themineral sapphirineisabranched chain silicate with sto-
ichiometry Mg[T¢O15] O,, in which the octahedral cations (M)
aredominantly Al, Mg, and Fe** and the tetrahedral cations (T)
areAl, Si, and Fe**. Less-common substituents include Caand
B (e.g., Grew et al. 1990, 1992), Ti (Harley and Christy 1995),
and Be (e.g., Wilson and Hudson 1967; Grew 1981). The Be
content ranges from near zero to 0.78 cations per 20 oxygen
atoms; crystals with Be > 0.5 cations per formula unit (pfu)
show additional reflections in electron diffraction characteris-
tic of the recently defined mineral species khmaralite (Barbier
et al. 1999; Grew et al. 2000). Although originally found in
silica-undersaturated metabasites of the granulite and amphibo-
lite facies (cf., Deer et al. 1978 and references cited therein),
sapphirine is now known from diverse high-grade metamor-
phic rocks, e.g., calc-silicate skarns (Jansen 1977; Grew et al.
1992) and quartzites (e.g., Ellis 1980; Grew 1980). There is
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also evidence that sapphirine may crystallize as a magmatic
phase at high pressure (Liu and Presnall 1990, 2000; Harley
and Christy 1995; Grew et al. 2000), and it may be widespread
as a subsolidus reaction product in metabasites emplaced in
the lower crust (Christy 1989a).

Themajor cationsMg, Al, and Si (with Fe?* substituting for
Mg, and Fe* for Al) show Tschermak's substitution (AlAI)
(MgSi)_; within the approximate range Mg,Al, [Al,Si,0:5] O,
(2Mg0-2Al1,04-Si0, = the “2:2:1" composition) to Mg;Als
[AlsSiO%] O, (“3:5:1") (Fig. 1). The actua limits of the solu-
tion vary considerably as a function of pressure and tempera-
ture. Maximally silicic and magnesian sapphirines associated
with enstatite can be very closeto 2 Si per formula unit or near
the “7:9:3" composition at the center of the range (Christy
1989b). Likewise, maximally aluminous sapphirinesassociated
with spinel or aluminosilicates and corundum may be near the
7:9:3 composition (Sutherland and Coenraads 1996) or very
close to 3:5:1 (minimum Si = 1.14 cations pfu; Godard and
Mabit 1998).

Thelarge, low-symmetry unit cell of sapphirineallows com-
plex patterns of short- and long-range cation ordering. Despite
some progress in characterization of the ordering through dif-
fraction for aluminosilicate sapphirine (Moore 1969; Higgins
and Ribbe 1979; Merlino 1980) and its gall ogermanate anal og
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FIGURE 1. Location of sapphirine/lkhmaralite within the MBeAS
tetrahedron, and compositions of starting mixtures used in this study
(solid circles), 7:9:3 or MgssAlgSi1sOx and 3:5:1 or Mg;Al;,SiOy
(gray), and type khmaralite (hachured). Details of compositions A—N
are provided in Table 1.

(Barbier 1998), and spectroscopic study (Bancroft et al. 1968;
Steffen et al. 1984; Christy et al. 1992), it is still poorly under-
stood. The ordering behavior prevents the detailed modeling
of sapphirine solid solutions in the MgO-Al,O5-SiO, system.

Sapphirine also shows polytypic structural variation. The
commonest structure is the 2M polytype with a14 A b repeat.
However, 7 A-thick (010) structural slabs may translateto pro-
duce macroscopic volumes of a 1A form isotypic with
aenigmatite, Na,FesTi[ SigO15] O, (Cannillo et al. 1971; Merlino
1973), and microscopicintergrowths of 4M (Merlino and Pasero
1987), 3A, and 5A phases (Christy and Putnis 1988). Detailed
study of nearly 30 natural and synthetic sapphirines showed
that the 1A phase is stabilized by high pressure and low tem-
perature (Christy 1989b). It was also the only polytype present
in synthetic Fe-free (Christy 1989b) and Fe**-bearing
sapphirines (Steffen et al. 1984), implying that the minor Fe**
present in most natural sapphirinesisessential for stabilization
of thedominant 2M structure. Supporting evidenceisprovided
by the nearly Fe-free composition of the only known very high
temperature (>1000 °C) natural 1A sapphirine, from a magne-
sian granulite xenolith in a norite (Harley and Christy 1995),
but no syntheses of 2M sapphirine by incorporation of Fe?* have
been reported to date.

Khmaraliteisarecently recognized mineral species having
the same structural topology as sapphirine but differing in that
the tetrahedral chain length is doubled due to partial ordering
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of Be at certain sites (Barbier et al. 1999). Grew (1981) origi-
nally described this mineral as a beryllian sapphirine with an
anomalously high Si content from apegmatitein the ultrahigh-
temperature metamorphic Napier Complex of Enderby Land,
Antarctica. The doubled tetrahedral chain of khmaralite was
first noted by Christy (1988) using transmission electron mi-
croscopy (TEM). Only the advent of area detectors allowed
Barbier et al. (1999) to refine the structure using X-rays. In
contrast to khmaralite, Be is fully ordered at one site in the
beryllosilicate mineral associated with it: surinamite,
MgsAl;[AlBeSi;045] O, which has been found at 7 localities
worldwide (Baba et al. 2000). Its structure is polysomatically
related to that of sapphirine (Moore and Araki 1983; Christy
and Putnis 1988; Barbier 1996; Barbier et al. 2002).

Increasing use of the ion and electron microprobes, laser-
ablation inductively coupled plasma mass spectroscopy, and
single-crystal refinement to analyze the light elements Li, Be,
and B has intensified research activity on systems containing
these elements (e.g., Hawthorne et al. 1995; Grew 1996). It
has been shown that the light elements are concentrated in cer-
tain rock-forming minerals and can have a major influence on
their crystal structure and relations with other phases, e.g., Li
in staurolite (Dutrow et al. 1986) and B in the vesuvianite-
wiluite series (Groat et al. 1998).

Be-bearing sapphirine, cordierite, and surinamite were suc-
cessfully synthesized at Bochum during a study of phaserela-
tions in the MgO-BeO-Al,05-SiO,-H,0 (MBeASH) system
(Holscher 1987); results on the latter two minerals have al-
ready been published (Holscher et al. 1986; Holscher and
Schreyer 1989). As part of this research effort, inspired par-
ticularly by the identification of khmaralite as a new mineral
and by the increasing attention given to light elements, we re-
port the results of Holscher (1987) on synthetic beryllian sap-
phirine and its implications for the role of Be in the stability
and phase relations of sapphirine.

EXPERIMENTAL METHODS

In areconnaissance study of the stability and compositional
range of beryllian sapphirinein the MBeA SH system, Hol scher
(1987) carried out 23 runsfrom 0.1 to 2.0 GPaand 750 to 1350
°C at Bochum. She succeeded in synthesizing a beryllian sap-
phirine in 20 of these runs. The synthetics were prepared by
annealing amorphous gel starting materials; most annealswere
done under hydrothermal conditions, although somewere nomi-
nally dry. Gel compositions corresponded to sapphirine with
3.5 or 4 Mg cations per 20 oxygen atoms, with 0, 0.5, 1, 1.25,
or 1.5 Be cations substituted viathe vector (BeSi)(AlIAl) rela-
tive to Be-free compositions (Fig. 1).

The present paper reports a detailed study of sapphirinein
the products of the 7 runs in which synthesis was most suc-
cessful. These arereported in Table 1, along with datafor some
other runs whose products have important implications for the
limits of Be incorporation into sapphirine/khmaralite. Exami-
nation with a scanning electron microscope (SEM) and subse-
quent powder X-ray diffraction (XRD) were used to characterize
the phases present in the run products (Fig. 2). No sapphirine
formed for Be = 1.5, where it was replaced by a surinamite-
chrysoberyl-forsterite assemblage. Complete synthesis is as-
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TABLE 1. Starting materials and run conditions for sapphirine synthesis experiments

Sample* Ref.t Starting composition per 20 O atoms f P (GPa) T (°C) hours Solid products§
Mg Allel Alldl Be Si

A IBS4a 4 4 3 0.5 2.5 0.5 1200 146 Spr; trace En, X in TEM

B IBS4b 35 4.5 35 0.5 2 0.5 1200 146 Spr

C IBS6 4 4 2 1 3 0.5 850 336 Spr

D PBS7 4 4 4 0 2 1.3 900 112 Spr

E PBSla 4 4 3 0.5 2.5 1.3 900 42 Spr

F PBS3a 4 4 2 1 3 1.3 900 67 Spr

G PBS6 4 4 15 1.25 3.25 13 900 87 Spr, Sur, Cb, Fo

K PBS3b 35 4.5 2.5 1 2.5 1.3 900 67 Spr, Cb, trace Crn?

L PBS4 4 4 1 15 3.5 13 900 48 Sur, Cb, Fo

M PBS5 4 4 1 1.5 3.5 2.0 900 94 Sur, Cb, Fo

N PBS1b 35 4.5 35 0.5 2 1.3 900 42 Spr, trace Crn

- PBS2a 4 4 3 0.5 25 1.3 750 89 Cb, Chl, Crn, trace Yod?

- PBS2b 35 45 3.5 0.5 2 1.3 750 89 Spr, Crn

- IBS2a 4 4 3 0.5 25 0.5 850 406 Spr

- IBS2b 3.5 4.5 3.5 0.5 2 0.5 850 406 Spr, Crn

* Samples A—-G were studied in detail in this paper.

T Sample reference number in Holscher (1987).

+ Water was added to all runs except for samples A and B.

§ Cb = chrysoberyl, Chl = Chlorite, Crn = corundum, En = enstatite, Fo = forsterite, Spr = sapphirine, Sur = surinamite, X = pseudohexagonal
unknown, Yod = yoderite. Symbols after Kretz (1983).

FIGURE 2. SEM micrographs of synthetic sapphirine crystals (from Holscher 1987). Synthesis conditions for all were 1.3 GPaand 900 °C. SEM
accelerating potential was 20 kV. White scale bar is 2 um for all images. (a) Euhedral crystal with Be = O cations pfu (sample D). Face indices by
analogy with morphological figure of Lacroix (1913) in Goldschmidt (1923), transformed onto unit cell of Moore (1969) according to the relationship
in Sehamaet al. (1974). (b) Be = 0.5 cations pfu (sample E). (c) Be = 0.5 cations pfu (sample E). (d) Be = 1.0 cations pfu (sample F).
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sumed to imply that the sapphirine composition wasvery close
to the initial gel stoichiometry. Three of these samples were
examined by TEM inthisstudy. Thesearelabeled A—CinTable
1, which gives synthesis conditions. Holscher (1987) refined
unit-cell parameters for four additional samplesthat are listed
as D—G in Table 1. Note that the nominal compositions of
samplesA and E arethe same, asare those of C and F, although
the synthesis pressures and temperatures are different for the
members of each pair. Compositions of samplesA, C, E-G are
related to that of the 2:2:1 Be-free sapphirine (D) along the
exchange vector (BeSi)(AlAl)_;. The composition of sample B
is similarly related to the 7:9:3 composition, and to the 2:2:1
composition along (BeSi)(AlIAl)_; + (AIAl)(MgSi)_; =
(AIBe)(MgAl)_; (Fig. 1): these are three of several vectorsre-
|ating aenigmatite-group compositions (Burt 1994). All samples
of this study were crystallized hydrothermally except A and B,
which had no water added to the gel.

Powder XRD

Unit-cell parameters of samplesA—C were obtained for this
study by AGC using the 100 mm diameter, room-temperature
Guinier powder X-ray camera at ANU. CuKo,, radiation was
used, and samples were ground together with NBS standard
silicon 640ato provide an internal standard. The only optically
visible impurities were some remnants of the Au capsule. A
few very weak impurity lines were observed in the diffraction
patterns.

Samples D—-G were examined on a Siemens automated
diffractometer at Bochum using CuKo radiation (Holscher
1987). Data were recorded over the range 10-74° 26.

Several axial settings have been used in the literature for
the monoclinic and triclinic unit cells of sapphirine polytypes
(Christy and Putnis 1988). Settings used in this paper are the
P2,/a setting for sapphirine-2M, putting the tetrahedral chains
of the structure parallel to ¢ and in accordance with Higgins et
al. (1979), Higginsand Ribbe (1979), Barbier and Hyde (1988),
and Christy and Putnis (1988). This setting also was used in
the first report of the khmaralite superstructure (Christy 1988)
although not in the formal description of khmaralite as a new
mineral (Barbier et al. 1999), where a P2,/c setting was used
with B = 90°, which would correspond to a B-centered cell for
sapphirine. The 1A cell used here is that of Merlino (1980).
The two cells are related as follows:

aia = Com

D14 = Y280 Yoo — HaCon

Cia = o8y + Yal0om + H4Con

TEM study

TEM study of samples A—C was conducted by Y.T. at the
Electron Microscopy Unit, ANU, using a Phillips EM430 in-
strument. The accel erating potential was 300 kV, electron wave-
lengthwas 0.01969 A, and the cameralength was approximately
610 mm. Electron diffraction patterns and some images (none
at high resolution) were recorded for many grainsfrom all three
samples.

Samples D—E were briefly examined on the JEOL 100 CX
microscope at Cambridge (U.K.) by A.G.C. in 1988, using an
accelerating voltage of 100 kV. A high-resolution pole piece
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and top-entry sample stage were used, which limited sample
tilt to £10° on two axes. The restricted tilt and small quantity
of sample available prevented on-axis diffraction patterns and
images being obtained, but some diagnostic off-axis patterns
were recorded.

Diffraction patterns were identified and indexed using the
Fortran program EDP3 written by A.G.C. This program ac-
cepts cell parameters, lattice type, and TEM parameters asin-
teractiveinput, and lists zone axesin order of increasing lattice
vector length, the radius of the corresponding first-order Laue
zone (FOL Z) ringsin the el ectron diffraction patterns, and four
sets of hkl and d* for each zone: the hkl indices for the two
smallest independent d* allowed by the lattice, and their vec-
tor sum and difference.

RESULTS

Powder XRD

Examination of the strong linesin the region 110-120° 26
for samples A—C revealed no peak splitting due to departure
from monoclinic symmetry. Fineintergrowth of 2M and 1A in
two twin orientations evidently maintained the o. and y angles
at 90° overall. Lines were relatively broad, which limited pre-
cision of position measurement to £0.05 mm. The line width
may have been aconsequence of strain at twin boundaries and/
or compositional heterogeneity. Interfacial strainin sapphirine
should produce most line broadening for hkl reflections with
large k. Lack of obvious orientation dependence suggests that
inhomogeneity was the dominant factor.

From 26 to 34 reliably indexed line positions were used for
refining 2M cell parameters using the program CELLP written
by AGC. Estimated errors in cell edges were 0.004-0.008 A
(0.04-0.06%), which could not be improved by selecting more
or lesslines or differential weighting. Nevertheless, this preci-
sion isgood enough to assesstherel ative effect of the exchange
vectors (AIAl)(MgSi)_, and (BeSi)(AlAl)_; on molar volumes.

Powder XRD are presented in Table 2 for samples A-C,
along with the data of Holscher (1987) for samples D-G. The
two data sets are consistent. Cell parameters and volume de-
pend much more strongly on Be content than on Mg content.
The cell parameters of the pairswith identical nominal compo-
sitions are the same to within 2 standard deviations.

The cell volumes for these sapphirines vary strongly and
linearly with nominal Be content, as shownin Figure 3. Linear
regression of the data for samples A and C—F gives Vy =
1320.19/A3—35.04x (r = -0.997), where x is the number of Be
cations per 20 oxygen atoms. Datafor sample B were excluded
from the regression because it does not lie on the same
(BeSi)(AIAI) line as the other beryllian sapphirines. How-
ever, it lies only 1.9 A3 below the line for the other samples,
indicating that reduction of Mg content by the Tschermak vec-
tor (AIAI)(MgSi)_; causes only a small volume decrease. Data
for G were excluded because synthesis was incomplete and
hence the composition seemed uncertain at first. Nevertheless,
the regression equation estimates Be as 1.01 cations per 20 oxy-
gen atoms for this sample, effectively the same as for sample F.
This finding implies that the maximum Be content of sapphirine
with 4 Mg cations per 20 oxygen atomsis 1 at 900 °C, 1.3 GPa.
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TABLE 2. Unit-cell parameters and cell volumes for samples of this

study

Be/20[0] a(A) b @A) c(A) B () V(A3
A 05 11.248(5) 14.345(8) 9.905(5) 125.51(3) 1301.0 (11)
B 0.5 11.254(3) 14.338(6) 9.905(3) 125.53(2) 1300.7 (8)
C 1.0 11.208 (4) 14.284 (8) 9.864 (4) 125.56 (3) 1284.7 (10)
D 0.0 11.282(1) 14.441(2) 9.956 (1) 125.49(2) 1320.8 (2)
E 0.5 11.249 (1) 14.363(2) 9.910(1) 125.53(1) 1303.1(2)
F 1.0 11.216(1) 14.291(1) 9.868 (1) 125.61(1) 1286.2 (1)
G - 11.210(2) 14.295(3) 9.862(3) 125.62(3) 1284.8 (4)
H* - 11.18(4) 14.26(3) 9.82(3) 125.1(3) 1281(7)
Ht - 11.251(8) 14.321(12) 9.884 (16) 125.60 (6) 1294.9 (25)

* Povondra and Langer (1971).
T Re-indexed, this study.
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FIGURE 3. Unit-cell volumes of synthetic sapphirine asafunction
of Be content. Circles are samples A, C—F with volumes calculated
from cell parameters obtained in thisstudy (solid) or by Holscher (1987,
open). Other symbolsindicate samples B (square), G (triangle), and H
(diamonds). Sample H plotted with volume of Povondra and Langer
(1971, H) and recalculated in this study (H'). Be contents of G, H, and
H’ were obtained from regression line fitted to A, C-F only.

A maximum Be content of 1.0 cations pfu appearsto bein
contradiction with data published for a beryllian sapphirine by
Povondra and Langer (1971). Their material was produced by
annealing of a devitrified glass of composition corresponding
toan Na-, Be-bearing cordierite at 0.61 GPa, 1100 °C. The cell
parameters given for this sapphirine, when transformed into
the P2 /a setting, are: a=11.18 (4) A, b=14.26 (3) A, c=9.82
(3) A, B = 125.1 (4)°. The cell volume would correspond to
1.12 Be cations per 20 oxygen atoms according to the regres-
sion equation (Fig. 3). Sample, diffractometer traces, and re-
finement computer output were generously provided by Langer
(Berlin) for re-examination. Although the remnant sample con-
sisted largely of cordierite and contained too little sapphirine
to give enough diffraction peaks for a new refinement, it was
found that many of the strong peaks in the old diffractometer
trace could be re-indexed so that more of them corresponded
to sapphirine peaks that were expected to be strong. The new
unit cell obtained using thisindexing scheme had considerably
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lower estimated errors, a3 angle more consistent with those of
this study, and alarger cell volume consistent with alower Be
content of ca. 0.71 cations per 20 oxygen atoms. The two sets
of cell data for this sample are labeled “H” (Povondra and
Langer) and “H" (this study) in Table 2 and Figure 3.

The dependence of cell volume on Be content for the
sapphirinesof thisstudy isvirtually identical to that of the natu-
ral Fe-bearing khmaralites and beryllian sapphirines described
in Grew et a. (2000). A linear fit to their data gives Ve =
1331.06 A3 — 36.46Be (r = —0.945).

Electron microscopy

Sapphirine was the only phase found in samples B—C and
the dominant one in sample A (Table 1). One grain examined
in sample A proved to be enstatite. Another grain gave a dif-
fraction pattern unlike sapphirine or any of the expected impu-
rity phases. Dimensions and geometry of the zero- and
first-order Laue zones of the diffraction patternimplied amono-
clinic unit cell with pseudohexagonal subcell, a = 7.86 A b=
26 = 9.26 A, ¢ = 28, = 15.73 A, B = 120°. This material
(“X™ in Table 1) appears to be a new phase in the MBeASH
system (Christy et a., in preparation).

All the observed sapphirine diffraction patterns were con-
sistent with the 1A polytype being dominant. However, pat-
terns that contained the [110]* 1, = [010]*,\ reciprocal lattice
direction invariably showed strong streaking along this direc-
tion. Some patterns that did not contain this reciprocal direc-
tion also showed evidence of streaking: in the zero-order Laue
zone (ZOLZ), h odd reflexions (1A axes) extended out to larger
diffraction angles than h even reflexions, indicating that the h
odd spots were more extended out of the plane of the ZOLZ.
Patterns with beam direction [uuw],, always showed the pres-
ence of both 1A twin orientations, but not usually in equal vol-
ume fractions. This result implies that the modal twin width
was not significantly smaller than the diameter of the selected
area aperture in the microscope, but was of the order of mi-
crometers or larger. The majority of streaked patterns also
showed weak additional maxima on the streaks halfway be-
tween 1A reflexions, which corresponded to minor amounts of
the 2M polytype. The 2M reflections were elongated along the
streak, which impliesthat the 2M phase existed only as narrow
lamellae parallel to (010),y = (110)4,, in fully coherent
intergrowth with 1A matrix (Fig. 4). Full coherenceisusual for
intergrowths of sapphirine polytypes (cf., Christy and Putnis
1988), but incoherent, misoriented intergrowths are also known
when large lattice mismatches occur between polytypes. The
mismatch in such casesis probably a consegquence of composi-
tional difference (Christy 1989b).

Intheearlier study of samplesD and E, heavily streaked 1A
diffraction patterns were obtained, implying that this was the
modally dominant polytypein these samplesalso. No evidence
for discrete domains of the 2M phase was seen, although this
may be due to the small amount of material available.

The superstructurereflectionstypical of khmaralite (Christy
1988, Barhier et al. 1999) were not observed for the sapphirines
of thisstudy (Fig. 5). No evidence was seen for non-conserva-
tive stacking faults of surinamite topology, as reported for
Finero sapphirine by Christy and Putnis (1988). Thisresult is
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FIGURE 4. (a) [100],y €electron diffraction pattern from sample A, showing streaking parallel to b* with spots from the 2M and both twin
orientations of 1A polytypes. (b) Magnified view of similarly oriented diffraction pattern from sample B. “m”, “a,” and “a” indicate spots
specific to 2M and the two orientations of 1A respectively. Miller indices are for 2M axes.

FIGURE 5. [010],y diffraction pattern from sample C, showing no
khmaralite superstructure spots (cf., Christy 1988).

consistent with such defects not being observed in TEM of
natural khmaralite (Christy 1988; Barbier et al. 1999) despite
the fact that macroscopic surinamite is an associated mineral
(Grew 1981).

DiscussioN

Polytypism and chain repeat

The elongated 2M diffraction spots observed in some elec-
tron diffraction patterns from samplesA, B, and C are the first

evidence that the 2M polytype of sapphirine can be synthe-
sized. It is thus clear that Be substitution on the tetrahedral
sites of sapphirine stabilizesthe 2M polytype, as does Fe?* sub-
stitution on the octahedral sites (Christy 1989b), and thus the
1A sapphirine/khmaralite polytypeis not expected to be stable,
except possibly at still higher pressures. It is not the small size
of Beand Si relativeto Al in thetetrahedral chain that achieves
stabilization of 2M stacking, because the 1A structure predomi-
natesin Si-rich aenigmatite-group minerals related to sapphir-
ine. Instead, relatively low bond strengths in the tetrahedral
chain relative to the octahedral substructure may beimportant.

Grew et al. (2000) reported the occurrence of khmaralite
superstructure spots for two sampleswith Be> 0.5 cations per
20 oxygen atoms, and its absence for two samples with Be <
0.5 cations. The lack of khmaralite superstructure spotsin syn-
thetic sapphirine with up to 1 Be cation pfu suggeststhat lower
temperatures and/or long annealing times are required for tet-
rahedral ordering and the resulting superstructure reflections.
Temperatures of original crystallization of natural khmaralite
from anatectic pegmatitic melt could have approached the
10001100 °C, 0.9-1.1 GPaconditions estimated for metamor-
phism of the host rocks (e.g., Sandiford and Powell 1986; Harley
1998a, 1998b), i.e., conditions similiar to our experiments.
However, khmaralite was affected by at least two metamor-
phic events subsequent to origina crystallization: an earlier
one at temperatures possibly as high as 800-900 °C and pres-
sures approaching 0.8-0.9 GPa, and a later one at tempera-
tures not exceeding 700 °C during decompression (Grew et al.
2000). Either event could have annealed what had originally
crystallized as a beryllian sapphirine as disordered as the syn-
thetic sapphirine, resulting thereby in khmaralite. In addition,
the presence of substantial Fe, which is characteristic of natu-
ral khmaralite studied to date, may promote ordering of Be, a
possibility suggested by clustering of Be and Fein khmaralite
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(Barbier et al. 1999). Ordering of Be, Al, and Si on tetrahedral
sites increases with ordering of divalent and trivalent cations
on octahedral sites in “makarochkinite,” khmaralite, and
surinamite (Barbier et al. 2001), suggesting the possibility of a
mutual reinforcement during cation ordering.

Solid solution range of beryllian sapphirine asa function
of P, T and composition

Figure 6 summarizes the full set of 23 experimental runsin
Hélscher (1987), including partial and unsuccessful syntheses
of sapphirine except one at 2.0 GPa, 900 °C. We emphasize
that in these synthesis runs, no reactions were reversed and no
products may be taken to represent true equilibrium. Nonethe-
less, we can use this diagram and Table 1 to draw some pre-
liminary conclusionsregarding the stability and compositional
range of beryllian sapphirine.

(1) At P £ 0.2 GPa, no synthesis for Be = 0.5 cations pfu
yielded a product consisting only of sapphirine (Fig. 6). In-
stead, sapphirine was accompanied by chrysoberyl,
magnesiotaaffeite-6N'3S (“ taaffeite-9R” in Holscher 1987; for-
merly “musgravite”, see Armbruster 2002), spinel, cordierite,
enstatite, mullite, and/or corundum (Table 1). Some of the as-
semblages were of variance too low to be at equilibrium. This
result seemsto indicate incomplete reaction due to slow kinet-
icsat theselow pressures. Because no cell parameters could be
determined, composition of the sapphirine remains unknown.

(2) At 0.5 GPa, however, syntheses with Be = 0.5 cations

4:3:1:3 3:4:1:2

4:4:0: 3:5:0:1

RVAN

0.5 | % m
A SAA

700 900 1100 1300

T/°C

FIGURE 6. Pressures, temperatures, starting materials, and results
of synthesis runs by Holscher (1987). Circles indicate compositions
of gelsthat gave complete sapphirine synthesis (solid), partial synthesis
(hatched), or no sapphirine (open). Compositions at top right expressed
as MgO:Al,05:Be0:SiO,.
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pfu yielded single-phase sapphirine products at 1200 °C for
Mg =4 (sampleA) and Mg = 3.5 (sample B). At 850 °C, single-
phase sapphirine was obtained for Mg = 4 (sample C) but not
for Mg = 3.5, which crystallized corundum as well (IBS2b,
Table 1), suggesting that beryllian sapphirine with Mg <4 cat-
ions pfu is restricted to higher temperature.

(3) At 1.3 GPaand 900 °C, sapphirine syntheses were com-
plete for Mg = 4, Be = 0.5 and 1 cations pfu (samples E-F),
whereasrunsat Mg = 3.5 gave Spr + Cb + traceCrn at Be= 1
(K, Table 1) and Spr + trace Crn at Be= 0.5 (N, Table 1). That
is, sapphirine synthesis was complete at T = 850-900 °C only
when Mg = 4; higher temperatures are required for complete
synthesisat Mg = 3.5. Comparison with the runs at 850 °C, 0.5
GPa suggests that pressure has little effect on the extent of the
Tschermak substitution.

(4) The maximum Be content observed in complete synthe-
ses was 1.0 Be cation pfu At 1.3 GPa, 900 C and also at 2.0
GPa, 900 °C, synthesis attempts with Mg = 4, Be = 1.5 pro-
duced only surinamite + forsterite + chrysoberyl (L and M,
Tablel),i.e.,, Mg,AlsBe sSizs04 = Sur + 0.5 Fo + 0.5 Cb (Fig.
7). This compositional degeneracy implies that the Be content

SiO2

Qtz

O... ™
Chl "~

Spr 7:9:.3 -

. A Crn
MgO P Al203

FIGURE 7. Phase compositions projected onto the MgO-Al,0,-SiO,
plane from water and chrysoberyl, BeAl,O,= Ch, which may coexist
with all phases and assemblages under consideration. Solid symbols
and | ettering indicate absence of Be, gray symbolsand lettering indicate
presence of Be, or that Be-bearing phaseis superposed on Be-free phase.
Italicized label and open circle indicate chlorite (Chl) of clinochlore
composition [MgsAl,Si;0:4(OH)g]. Spr/Khm quadrilateral is defined
by lines Mg = 4 (left) and Mg = 3.5 (right), Be = 0 (bottom) and Be =
1 (top). The hachured gray line extending from 2:2:1 sapphirine
composition shows a hypothetical extrapolation of Spr/Khm solid
solution beyond Mg =4, Be=1toward the Mg = 4, Be= 2 composition,
which plots at Opx. The other hachured line bridges the solvus gap
between Crd and BeCrd. The dashed Chl-Crn line and solid Sur-Fo
lineare shown toillustrate limitsimposed upon Spr/Khm solid solution
by these assemblages under conditions where they are stable with Ch.
Also shown are the joins Sur-Opx, Opx-Crd, and Sur-Crd that isolate
Spr/Khm from high-Be phases such as BeCrd, beryl (Brl), and phenakite
(Phn) in the presence of Cb.
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of Spr/Khm must remain less than 1.5 Be cations pfu when
(Sur + Fo + Cb) is stable. Because the starting material with
1.25 Be cations pfu (G, Table 1) yielded the same assemblage
plus sapphirine, the true maximum Be at 1.3 GPa, 900 °C is
evidently lower. Powder XRD data indicated 1.0 Be cations
pfu (Table 2, Fig. 3).

(5) Sapphirine was synthesized with corundum at 750 °C,
1.3 GPa, i.e., 30 °C outside its stability field in the MASH
system determined by Ackermand et al. (1975), suggesting that
Be could lower the minimum temperature limit for sapphirine
in the presence of water. However, sapphirine crystallized only
inagel with Mg = 3.5, Be=0.5; for Mg = 4 at this Be content,
Crn + Cb + chlorite (Chl) was found instead (Table 1). Coex-
isting (Chl + Cb + Crn) define aplane in the MBeAS tetrahe-
dron that restricts sapphirine Be content to 0.4 cations pfu for
Mg = 4 and to 0.6 cations pfu for Mg = 3.5 (Fig. 7). Assuming
clinochlore, MgsAl,Si;0,,(OH)s, as the most appropriate com-
position for chlorite, we can write the reactions 0.8 Chl + 2.4
Crn + 0.4 Cb = 3.2 H,0 + Mg,Al;,B&y4Si,.0 and 0.7 Chl +
2.6Crn+0.6 Ch=2.8H,0 + Mg;5Al;6B€y6Si2104. Therefore,
under wet conditions and in the presence of the assemblage
(Chl + Crn + Cb), maximum Spr Be content is much lower
than in the anhydrous system.

In summary, these results and the re-examined data of
Povondra and Langer (1971) give a maximum Be content of
1.0 Becations per 20 oxygen atomsfor Mg =4 and below 1 for
lower Mg contents. A maximum of 1 Be cation is consistent
with the presence of awinged tetrahedral chainin which Beis
strongly fractionated into tetrahedra with three bridging oxy-
gen atoms (e.g., khmaralite, Barbier et al. 1999). In this chain,
which is also found in aenigmatite-group minerals, two such
sites share acorner, and both sites of this pair cannot be simul-
taneously occupied by Be without substantial underbonding of
the bridging oxygen atom, i.e., only 1 Be cation per 6T sites
can be incorporated. A possible exception is the aenigmatite-
group mineral welshite, e.g., Ca,Mg;sMn3iFe3:Sh30,
[SizgBe, FedissAlo7AS17015] (Moore 1978, Grew et al. 2001),
but a full-scale refinement of its structure is needed to deter-
mine how the critical bridging oxygen atom is bonded.

The presence of Bein sapphirine appears to have a marked
effect on the compatibility relationships of Spr with other
phases, notably forsterite. In the pure MAS system, Spr + Fo
has at most a small stability field at T << 800 °C and P < 0.5
GPa (cf., Grew et al. 1994), whereas in the syntheses of
Holscher (1987), the assemblage (Sur + Fo + Ch) occurs with
or replaces highly beryllian Spr/Khm at T =900 °C and P up to
2.0 GPa(Table 1). Under conditions where (Sur + Cb + Fo) is
not stable, Spr/Khm might be found in association with other
beryllian phases such as phenakite (Phn: Be,SiO,), beryl (Brl:
ideally Al,Be;Si¢O;q), or the Be-cordierite (BeCrd: Mg,Al,
BeSis0;5) of Holscher and Schreyer (1989). However, the sta-
bility of assemblages such as (Opx + Sur + Cb), (Opx + Crd +
Cb), and (Sur + Crd + Cb) would render these phases incom-
patible with Spr/Khm as well (Fig. 7). The only current evi-
dence for the possible stability of Spr + Phn is one attempted
synthesis of Sur by Holscher et al. (1986) at 1 bar pressure and
1040 °C, which produced (Spr + Fo + Sil + Crd + Phn) instead.
Pressure-temperature-composition behavior of Spr/Khm and a
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provisional MBeAS petrogenetic grid are discussed in more
detail in part 2 of this study (Christy and Grew in prep.).
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