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Surinamite: A high-temperature metamorphic beryllosilicate from Lewisian
sapphirine-bearing kyanite-orthopyroxene-quartz-potassium feldspar gneiss at
South Harris, N.W. Scotland
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ABSTRACT

The sapphirine-like mineral surinamite, (Mg,Fe**);(Al,Fe**);0[AlBeSi;O;s], occurs at South Harris
as tiny grains enclosed in kyanite or as tabular grains up to 1 mm long mostly surrounded by Si-rich
cordierite. A few surinamite grains enclose orthopyroxene, sillimanite, and Si-rich sapphirine. Ion
microprobe analyses gave 3.52 to 3.81 wt% BeO (0.766 to 0.824 Be atoms per formula unit) and 2 to
13 ppm B in surinamite. Excess Si suggests the presence of significant BeO in cordierite and sap-
phirine. Given the anti-clockwise P-7-time path inferred for the South Harris rock, we suggest that
surinamite formed at first by the continuous reaction BeSiAl, (in sapphirine) + sillimanite +
orthopyroxene — surinamite + quartz and, subsequently, by the discontinuous reaction Be-depleted
sapphirine + quartz — surinamite + orthopyroxene + kyanite with increase of P to >12 kbar at 850-
900 °C. Surinamite reacted with orthopyroxene, kyanite, and quartz to form beryllian cordierite
during subsequent decrease in P and 7.

The high-silica content and peraluminous composition of the surinamite-bearing gneiss are con-
sistent with a metasedimentary origin; this rock is markedly depleted in Th (0.13 ppm), U (0.11
ppm), Y (0.94 ppm), and rare-earth elements (e.g., Ce 7.7 ppm). Its bulk Be content (9 ppm) is not
excessive. The appearance of a discrete Be phase in Be-poor rocks could be due to the absence of
potential carriers of Be, namely muscovite and primary cordierite, at high 7 and low-water activity.
Moreover, surinamite is indicative of a distinctive metamorphic history in which high-temperature
rocks recrystallized at higher pressures or are isobarically cooled, and, consequently, scarcity of Be

in metamorphic systems is not the only factor controlling surinamite formation.

INTRODUCTION

The sapphirine-like, beryllosilicate mineral surinamite, (Mg,
Fe?*);Al,BeSi;0,4 (Moore and Araki 1983), was originally dis-
covered in the Bakhuis Mountains, Surinam (de Roever et al.
1976), and subsequently reported at six other localities (Table
1). A seventh report from the Vijayanagaram District in the
Eastern Ghats belt, India (Ramesh Kumar et al. 1995) needs
confirmation. Surinamite is found in paragneisses or pegmatites
that have been metamorphosed under upper amphibolite- and
granulite-facies conditions at 8—12 kbar, 800-950 °C. De
Roever and Vrana (1985) and Grew (1998) have suggested that
surinamite formed from the breakdown of beryllian cordierite
or another beryllian Al-rich mineral during a superimposed
metamorphic event at relatively high-temperatures and pres-
sures. Holscher et al. (1986) reported that synthetic surinamite
was stable from 4 kbar to at least 20 kbar and at 7'> 640 °C in
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the MgO-BeO-Si0,-Al,0;-H,0 system; optimal conditions for
synthesis from a seeded gel were found to be near 840 °C at 9—
13 kbar. The experiments confirm that surinamite is a high-
temperature mineral requiring moderate pressure to form.

We present here a detailed chemical and petrologic study of
surinamite that Baba (1998b, 1999) discovered in an
orthopyroxene-kyanite gneiss (no. 96820-spl, Opx-Ky granu-
lite) in the Benn Obbe Quartzite of the granulite-facies
Leverburgh belt (Fig. 1). This gneiss is one of two paragneisses
containing traces of sapphirine, another mineral only recently
found in the Lewisian (Baba 1998b). Baba (1998a, 1999) rec-
ognized an anti-clockwise P-T path involving four metamor-
phic stages (M1-M4) for the Leverburgh belt. M1 resulted from
the thermal action of the South Harris Igneous Complex ca.
2.18-1.84 Ma (Cliff et al. 1983); the most recent estimates for
conditions of thermal metamorphism are 9—11 kbar and 900—
980 °C (Baba 1998b, 1999). Baba (1998b, 1999) interpreted
the textural relations of sapphirine in the orthopyroxene-kyan-
ite gneiss to indicate that the sapphirine + quartz assemblage
had been stable during M1. Pressure during the regional M2
granulite-facies event increased to 13—14 kbar while tempera-
tures remained high at 850-900 °C, so that Opx was stabilized
with Ky (P >12 kbar, Baba 1999; cf., Wood 1975, 1977). Ret-
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TABLE 1. World surinamite localities
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Locality Host rock Associated minerals P-T conditions Possible reaction
1. Bakhuis Mtns, Mylonitic meso- Qtz, Kfs, PI, Bt, Sil, Ky, Spl Granulite-facies Crd — Sur +
Surinam perthite gneiss AlLSiOs + Qtz

2. Strangways Range,
central Australia

3. “Christmas Point”,
Casey Bay, Antarctica

4. “Zircon Point”,
Casey Bay, Antarctica

5. Mount Pardoe,
Amundsen Bay,
Antarctica

6. Chimwala area,
Zambia

7. South Harris,
Scotland, U.K.

Aluminous
granulite

Meta-pegmatite

Meta-pegmatite

Meta-pegmatite

Cordierite

granulite

gneiss

Included in Crd. Also Qtz,
Spl, Spr, Phl, Opx, Sil,
opaque oxide

Qtz, Kfs, Sil, Spr, khmaralite*,
wagnerite, Grt, Opx, Bt, Hem,
Mgt, Spl, musgravite, Crn;

2 Crd, And, Ky

Qtz, Kfs, PI, Sil, Ky,
khmaralite*, musgravite,
dumortierite, Cb, Grt, Bt, Rt

Enclosed in 2" Crd with Sil,
Bt. Also Qtz, Kfs, wagnerite,
Grt, Opx, And, Ky

Qtz, Kfs, PI, Bt, Ky, Grt, Mgt.
Crd and a Sil-like mineral are
completely replaced

Qtz, Kfs, Spr, Opx, Ky,
Sil, 2 Crd

T < 900-950 °C
P ~ 8-9 kbar

T=820 °C,
P> 10 kbar

T>820 °C,
P> 10 kbar

T=820 °C,
P> 10 kbar

Amphibolite,
transitional to
granulite facies

T=2850-1900 °C,

P >12 kbar:
M2 stage

Khmaralite or
beryllian Spr + Qtz
— Sur + Grt + Sil

Crd + Kfs + H,O —
Sur + Ky + Bt + albite

See text

Note: Source of information on surinamite localities: 1 = de Roever (1973), de Roever et al. (1976); 2 = Woodford and Wilson (1976), Goscombe
(1992); 3, 4, 5 = Grew (1981, 1998); Grew et al. (2000); 6 = Vavrda and Vrana (1972), de Roever and Vrana (1985); 7 = this paper, Baba (1999).
*Khmaralite is a Be-rich member of the sapphirine group (Barbier et al. 1999). Abbreviations: And = andalusite, Bt = biotite, Cb = chrysoberyl, Crd =
cordierite, Crn = corundum, Grt = garnet, Hem = hematite, Ilm = ilmenite, Kfs = alkali feldspar, including mesoperthite, Ky = kyanite, Mgt = magnetite,
Opx = orthopyroxene, Phl = phlogopite, Pl = plagioclase, Qtz = quartz, Rt = rutile, Sil = sillimanite, Spl = spinel, Spr = sapphirine.

57°45’'N

FIGURE 1. Map of a portion of Lewisian

57°45°N

Complex in South Harris showing localities for
surinamite-bearing gneiss. 1 = Leverburgh belt;
2 = Langavat belt; 3 = South Harris Igneous
Complex; 4 = Migmatitic acid gneiss with
granite and pegmatite. The star marks the
locality of the surinamite-bearing gneiss.
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rograde events involved decompression under relatively dry
conditions as evidenced by coronas and symplectites (M3),
which was followed by fluid infiltration accompanied by de-
velopment of a foliation and alteration to hydrous minerals (M4,
Baba 1998a). These studies provide a well-characterized frame-
work for understanding how surinamite forms in a metamor-
phic environment.

DESCRIPTION OF THE SURINAMITE-BEARING GNEISS

The surinamite-bearing gneiss is found in a small outcrop
about 0.5 km south of Roineabhal summit. This gneiss occurs
as a thin layer not exceeding 1 m in thickness within
orthopyroxene-bearing quartzofeldspathic gneiss; it is relatively
rich in potassium feldspar compared to the orthopyroxene-bear-
ing gneiss. Thin Al,SiOs-bearing layers and a garnet-bearing
layer are also found in the orthopyroxene-bearing gneiss. The
surinamite-bearing gneiss consists dominantly of medium-
grained (0.5 to 1 mm) quartz and pale-pink potassium feldspar.
Plagioclase, orthopyroxene, biotite, cordierite, kyanite, and sil-
limanite are subordinate, whereas surinamite, zircon, apatite,
garnet, and sapphirine are present in trace amounts. In places,
grains of orthopyroxene, quartz, and potassium feldspar are
ellipsoidal in strongly sheared domains. Plagioclase is much
subordinate to potassium feldspar and a few grains are
myrmekitic. Orthopyroxene occurs both as porphyroblasts up
to 20 mm across and in intergrowths with kyanite and silli-
manite. Both the relatively dark and pale varieties of biotite
are secondary. Pale biotite generally forms aggregates along
margins of orthopyroxene grains and randomly oriented flakes
in cordierite, whereas dark biotite is concentrated in aggregates
flattened parallel to the quartz and potassium feldspar folia-
tion. Flakes reach 0.8 mm, but most are finer (0.1-0.3 mm).
Most kyanite prisms and a few secondary sillimanite prisms
have a preferred orientation together with secondary biotite,
quartz, and potassium feldspar. Cordierite forms coronas around
orthopyroxene-Kyanite/sillimanite intergrowths, kyanite, silli-
manite, and surinamite. Muscovite is finer grained than biotite,
and occurs as flakes in pinitized cordierite and rarely replacing
biotite.

Surinamite occurs in two distinct forms: (1) as tiny grains
enclosed in kyanite or at the margins of kyanite grains, and (2)
as tabular grains up to 1 mm long surrounded by cordierite
coronas (Fig. 2a), rarely mantled by sillimanite, which in turn
are surrounded by quartz in the matrix. In places, surinamite is
in direct contact with quartz with no intervening cordierite.
Tabular surinamite locally encloses rounded grains of silliman-
ite, orthopyroxene (Fig. 2a), and irregular shaped sapphirine
(Fig. 2b). Potassium feldspar encloses surinamite grains with-
out formation of cordierite coronas. The South Harris surinamite
is pleochroic in pale purple (X), pale yellow green (Y), and
blue green (Z).

Chemistry of the surinamite and associated minerals

Constituents other than Be and B were analyzed in
surinamite and associated minerals by wavelength-dispersive
methods on a JEOL 8800 Superprobe at Ehime University us-
ing 15 kV accelerating voltage and 5 nA beam current and a
SHIMAZU 8705 electron microprobe at Osaka City Univer-
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FIGURE 2. Photomicrographs of surinamite in specimen no. 96820-
spl (a) Orthopyroxene (Opx) and sillimanite (Sil) are enclosed by
surinamite (Sur), which was partially replaced by corona of secondary
cordierite (Crd); these minerals are surrounded by quartz matrix (Qtz).
(b) Surinamite encloses sapphirine, presumed to be beryllian (Be-Spr).
Surinamite is surrounded by potassium feldspar (Kfs) and secondary
biotite (Bt), cordierite, and a small amount of quartz. Note the absence
of a cordierite corona between surinamite and potassium feldspar. Width
of the photomicrographs is 1.2 mm.

sity using 15 kV accelerating voltage and 4 nA beam current.
Data were reduced by ZAF and Bence-Albee methods, respec-
tively. The following minerals, which were purchased from
JEOL, Ltd., were used for standards: wollastonite (Ca, Si),
quartz (Si at Ehime University), pyrophanite (Mn, Ti), corun-
dum (Al), fayalite (Fe), periclase (Mg), albite (Na), and potas-
sium feldspar (K). All of analyses were counted for 10 seconds
with 5 seconds for background.

Be and B were analyzed by secondary ion mass spectrom-
etry using a Cameca ims 4f ion microprobe operated on the
University of New Mexico (UNM) campus by a UNM and
Sandia National Laboratories consortium. These elements were
analyzed under the following conditions: '®*O~ primary beam
accelerated through 12.5 kV, 10 nA primary beam current, 25
micrometers beam diameter, sample voltage offset of -50V, a
mass resolution of approximately 320, and a 150 micrometers
secondary ion image field with a 33 micrometers field aperture
inserted. Prior to analysis, each analytical spot was prepared
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by rastering the ion beam over an area of 125 X 125 microme-
ters. The area to be analyzed on each grain was checked for
compositional homogeneity and impurities by ion imaging of
Be, Si, Al, Mg, Ca, Na, and K. Consequently, we consider it
unlikely that contamination from inclusions or adjacent phases
affected the Be content of surinamite. The following individual
counting times were used in each cycle: background at mass
6.5 (2 seconds), °Be (3 seconds), ''B (4 seconds) and *Si (2
seconds) were used in each cycle. Each spot analysis involved
20 counting cycles; rare, obviously aberrant individual cycles
were excluded from the average. These counting times resulted
in internal precision for Be and B of better than 3%. Calibra-
tion curves for Be and B (trace element / 3°Si X wt% SiO, vs.
trace element concentration) were defined by “Christmas Point”
surinamite (no. 2292C) for Be and prismatine and grandidierite
(no. BM1940,39) for B.

Surinamite

To provide a context for our discussion of the South Harris
surinamite, we will briefly review available compositional data
on this little known mineral. Fourteen analyses have been pub-
lished (including Table 2, but excluding the analyses reported
by Ramesh Kumar et al. 1995); these data are plotted in Figure
3. De Roever et al. (1981) proposed a model formula
(Mg, ,sFedss)(Als5sFedhs)(BeSi;0 ) for the type surinamite,
which Moore and Araki (1983) refined to approximately
Vi(Mg,Fe);"'Al;"Y(A1BeSi;0,4) from a study of the crystal struc-
ture of a surinamite from “Christmas Point,” Enderby Land,
Antarctica (no. 2292C) (Grew 1981). The tetrahedral sites are
highly ordered. J. Barbier (personal communication), who is
presently carrying out a new crystal-structure refinement of
another crystal from this specimen, has confirmed that the com-
position of the highly ordered tetrahedra is close to the ideal
AlBeSi;0,s. There is considerable Mg-Fe and Al-Fe exchange
on the octahedral sites, but negligible Mg-Al exchange. If only
Fe?* replaces Mg and only Fe** replaces Al, the formula can be
written as (Mg,Fe*);(Al,Fe*");0[AlBeSi;0s].

No analysis of surinamite has included measurement of Fe
valence state. The analyses have been normalized to 11 cations
and 16 O atoms (to 10 cations and 15 O atoms in the absence
of a Be determination) for calculating Fe**/Fe* ratio and plot-
ting in Figure 3. This normalization procedure introduces align-
ment of the plotted points, particularly for analyses in which
an ideal Be content has been assumed (“other” and “South
Harris Be = 17 in Figs. 3a and 3b). Calculated values of Fe*/
Fe(tot) range from 0 to 0.54. The high Fe*/Fe(tot) contents
(0.39-0.42) of “Christmas Point” surinamite (no. 2292C) are
consistent with the crystal structure refinement (Barbier per-
sonal communication) and with the presence of hematite in the
surinamite-bearing pegmatite at “Christmas Point”. Overall, de-
viations from the ideal formula (Mg,Fe?,Ca);
(Al Fe**,Cr);0[AlBeSi;0,5] appear to follow the Al,(MgSi)._
(Tschermaks) and MgBe_; substitutions (Fig. 3).

The composition of the South Harris surinamite differs from
those of other analyzed occurrences in being richer in Si (aver-
age Si=3.036 apfu) and total divalent cations except Be (aver-
age Fe?*+ Mn + Mg + Ca = 3.171 apfu), but poorer in Be,
which ranges from 3.52 to 3.81 wt% BeO, i.e., from 0.766 to
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FIGURE 3. Compositional plots for surinamite. Sources of data for
analyses including a Be determination (Filled symbols): South Harris
(this paper); “Christmas Point” (Grew 1981 and J. Barbier unpublished
data). Sources of data for analyses lacking a Be determination (unfilled
symbols): Other 1. Bakhuis Mtns. (de Roever et al. 1976); 2.
Strangways Range (Woodford and Wilson 1976); 3. Chimwala area
(de Roever and Vrdna 1985); 4. “Zircon Pt.” Casey Bay (Grew 1981);
5. “Christmas Pt.” Casey Bay (Grew 1981); synthetic (Holscher et al.
1986).
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TABLE 2. Representative analyses of surinamite in sample no.

96820-sp1
Grain. no. no.1 d14-1 d14-2 d14-3 no.3
n 7 2 2 2 4
Electron microprobe wt%
SiO, 33.29 33.94 33.86 33.04 33.91
TiO, 0.04 0.08 0.02 0.03 0.05
Al,O4 37.23 37.03 37.53 37.83 37.54
Cr,04 0.06 0.00 0.14 0.05 0.04
Fe,0, 0.00 0.00 0.00 0.00 0.00
FeO 5.50 5.69 5.25 5.91 5.53
MnO 0.16 0.07 0.17 0.08 0.18
MgO 20.68 20.23 20.73 19.67 20.02
Cao 0.14 0.05 0.17 0.11 0.15
Na,O 0.01 0.01 0.01 0.01 0.01
KO - - - - -
ZnO 0.00 0.00 0.00 0.00 0.01
lon microprobe wt%

BeO 3.52 3.75 3.61 3.76 3.81
B.O, 0.002 0.001 0.004 0.003 0.001

Total 100.63 100.85 101.49 100.49 101.25

Structural formulae based on 11 cations

e} 16.007 16.045 16.031 16.025 16.048
Si 3.015 3.068 3.040 2.999 3.053
Be 0.766 0.814 0.778 0.820 0.824
B 0.000 0.000 0.001 0.000 0.000
Ti 0.003 0.005 0.001 0.002 0.003
Al 3.975 3.945 3.971 4.047 3.983
Cr 0.004 0.000 0.010 0.004 0.003
Fe3+ —_ — — — _
Fe?* 0.417 0.430 0.394 0.449 0.416
Mn 0.012 0.005 0.013 0.006 0.014
Mg 2.793 2.726 2.774 2.661 2.687
Ca 0.014 0.005 0.016 0.011 0.014
Na 0.002 0.002 0.002 0.002 0.002
K — — — — —
Zn 0.000 0.000 0.000 0.000 0.001
Xug 0.870 0.864 0.876 0.856 0.866

Note: n = number of analyses averaged, Xy,= Mg/(Mg + Fe?). Fe®* is
calculated from charge balance.

0.824 Be per formula unit of 11 cations (Table 2). The South
Harris surinamite is also among the most magnesian, i.e., Xy,
= Mg/(Fe**+Mg) = 0.86-0.88 compared with Xy, = 0.75-0.87
in other surinamite. As oxygen totals calculated for 11 cations
exceed 16 in the South Harris surinamite, we infer that Fe**
content is negligible. Analyses that include the SIMS Be con-
tents plot in a linear trend parallel to MgBe_, (Fig. 3c). For
example, if an ideal Be=1 apfu is assumed for the South Harris
surinamite, a portion of the Fe is calculated to be Fe** and scat-
ter in the points is eliminated (Figs. 3a and 3b). A coupled sub-
stitution 'YAl — "VBe and Y'Mg — Y'Al, which sums to Mg —
Be, could explain the apparent deficiency in Be and excess of
the other divalent cations in the South Harris surinamite. The
presence of Be-Al mixing on a tetrahedral site has been dem-
onstrated in khmaralite (Barbier et al. 1999), as well as in cordi-
erite (e.g., Armbruster 1986).

Sapphirine

Compositions of sapphirine enclosed in surinamite and
kyanite (Table 3) are anomalous in their low analytical and
cation totals, together with high Si and low Al contents
relative to expected stoichiometry for sapphirine,
(Mg,Fe?*);(ALFe**)sS1;04 — (Mg, Fe?)s(ALFe**)6Si,04.
Compositions of sapphirine in thin sections lacking surinamite
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from Opx-Ky gneiss have the expected stoichiometry (Baba
1999). We suggest that these anomalous features are due to
ignoring Be incorporated in the sapphirine. Ion probe analyses
of khmaralite and beryllian sapphirine from Enderby Land,
Antarctica, and the Musgrave Ranges, Australia, show that Be
is incorporated in sapphirine by the substitution BeSiAl ,, that
is, beryllian sapphirine compositions lie approximately along
the join Mg;,Aly76S15,0,0—Mg;,Al s 4Be; 651,504 (khmaralite),
where Fe?* is combined with Mg and Fe** with Al (Grew 1981;
Barbier et al. 1999; Grew et al. 2000). If the amount of Be in
the sapphirine is assumed to be 1.25 wt% BeO, equivalent to
0.7 Be apfu or 50% of the amount of Be in khmaralite, then
analytical totals approach or exceed 100% (Table 2), cation
totals approach or exceed 28 per 40 O atoms, and composi-
tions plot in a linear array nearly parallel to that for ideal sap-
phirine (Fig. 4a). Two compositions plot close to Si = 4 apfu
and Mg = 7.2, that is, about midway between the two limiting
compositions cited above and consistent with the assumed Be
content of 0.7 apfu. The variation among the South Harris sap-
phirine compositions is largely the result of the Tschermaks
substitution MgSiAl ,, but scatter in the data suggests that Be
content could vary slightly via the substitution BeSiAl,. The
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FIGURE 4. Compositional plots for Si-rich sapphirine from South
Harris, which is presumed to be beryllian. Khmaralite composition is
from Barbier et al.(1999). Ratios refer to proportions of (Mg, Fe, Mn,
Ca)0, (Al, Fe**, Cr),0s, and SiO, in sapphirine, e.g., 2:2:1 corresponds
to 2(Mg, Fe, Mn, Ca)O-2(Al, Fe**, Cr),05-Si0,.
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trends for ideal and the South Harris sapphirines are nearly
superimposed in a plot of Si vs. Al+Cr+Fe’* because the varia-
tion between Si and trivalent cations is the same in MgSiAl ,
and BeSiAl, (Fig. 4b). The trend for the South Harris sapphir-
ine implies that not all beryllian sapphirine compositions plot
on a line between khmaralite and the Be-free composition (Mg,
Fe).,(Al, Fe),7¢Si5,04 (Grew et al. 2000).

Cordierite

Although cordierite replacing orthopyroxene-kyanite
intergrowths has the expected stoichiometry, cordierite replac-
ing surinamite is distinctive in its high Si and low Al contents
as well as in containing 0.54 to 0.56 wt% Na,O (Table 4). A
portion of the Na present could have been incorporated with
Be by virtue of the substitution Na + Be — ] + Al (e.g., Cerny
and Povondra 1966). If all the Na, K, and Ca are assumed to be
associated with Be, then the maximum possible amount of Be
would be 0.12 Be pfu, but this amount still accounts for only
part of the deficiency in Al, and does not explain the excess Si.
It is possible that additional Be is incorporated by the substitu-
tion BeSiAl ,, which has been reported in synthetic solid solu-
tions between cordierite and the cordierite-like phase
Mg,[Al,BeSiO ;] that is isostructural with beryl (Holscher and
Schreyer 1989). Assuming the presence of 1 wt% BeO, in-
stead of 0.5 wt% implied by the Na content, we obtain a rea-
sonable stoichiometry whereby Si-5 + Al + Be = 4 and Si-5 +

TABLE 3. Representative analyses of sapphirine presumed to be
beryllian in sample no. 96820-sp1

Anal. no. C14-3 A15-10 B11-13
Index in Sur in Ky in Ky
Electron microprobe wt%
SiO, 19.32 18.55 18.92
TiO, 0.08 0.11 0.01
Al,O4 54.33 54.24 54.07
Cr,04 0.00 0.00 0.03
Fe,0, 0.19 1.37 0.00
FeO 6.11 6.76 8.87
MnO 0.06 0.11 0.06
MgO 18.91 17.94 16.58
Cao 0.05 0.01 0.04
Na,O 0.03 0.04 0.01
KO 0.00 0.00 0.00
Assumed BeO wt%
BeO 1.25 1.25 1.25
Total 100.33 100.38 99.85
Structural formulae based on 28 cations
(e} 40.000 40.000 40.060
Si 4.507 4.359 4.492
Ti 0.014 0.019 0.002
Al 14.938 15.018 15.129
Cr 0.000 0.000 0.006
Fe®* 0.033 0.244 0.000
Fe?* 1.192 1.326 1.760
Mn 0.012 0.021 0.011
Mg 6.577 6.285 5.870
Be 0.701 0.705 0.713
Na 0.014 0.018 0.006
Ca 0.012 0.003 0.011
K 0.000 0.000 0.000
Xug 0.847 0.826 0.769
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Na = 0.24 = Be, i.e., Na,(Mg,Fe),(Al,, »,.Be,,,,Si,)Sis0,
where x = y = 0.12, i.e., cordierite is calculated to contain
12% of the Na(Mg,Fe),Al;BeSisO 5 end-member and 12% of
the Mg,[Al,BeSisO,5] end-member.

Other minerals

Orthopyroxene included in surinamite contains 6.7 wt%
Al,O; (Table 5), similar to the amount in the intergrowths (up
to 7.5 wt% Al,Os) but significantly less than the 8.1-9.7 wt%
found in orthopyroxene porphyroblasts (Baba 1999). The Xy,
(= 0.78) of the orthopyroxene inclusion in surinamite is inter-
mediate compared with the ranges obtained for orthopyroxene
in intergrowths (Xy, = 0.70-0.86) and porphyroblasts (0.75-
0.86).

A sillimanite inclusion within surinamite differs from kya-
nite coexisting with surinamite not only in containing less Fe,Os,
but also in being non-stoichiometric with an Al/Si ratio = 2.17
(Table 5). The non-stoichiometry is not due to included corun-
dum, which has not been found in this rock, and differs from
that reported for Be- and B-bearing pegmatite sillimanite (Grew
et al. 1998), although similar to that expected in a solid solu-
tion toward mullite.

WHOLE-ROCK COMPOSITION

The specimen was crushed in a WC mill until the fragments
reached 2 mm diameter and then reduced to powder in a quartz

TABLE 4. Representative analyses of cordierite in sample no.
96820-sp1
Anal. no. no.1-1/3 no.1-15 A19-25
Index rep Sur rep Sur rep int
Electron microprobe wt%
Sio, 50.53 50.52 48.36
TiO, 0.02 0.00 0.17
Al,O, 30.70 31.08 33.05
Cr,05 0.03 0.00 0.00
FeO* 2.18 2.03 3.14
MnO 0.05 0.02 0.06
MgO 11.61 11.65 11.23
CaO 0.04 0.04 0.00
Na,O 0.54 0.56 0.07
KO 0.07 0.04 0.00
Assumed BeO wt%
BeO 1.00 1.00 -
Total 96.76 96.94 96.08
Structural formulae based on 18 O atoms
Si 5.122 5.106 4.977
Ti 0.001 0.000 0.013
Al 3.668 3.703 4.009
Cr 0.002 0.000 0.000
Fe 0.185 0.172 0.270
Mn 0.004 0.002 0.005
Mg 1.754 1.755 1.723
Be 0.244 0.243 -
Ca 0.004 0.004 0.000
Na 0.106 0.110 0.014
K 0.008 0.005 0.000
Total cations 11.099 11.100 11.012
Xug 0.905 0.911 0.864

Note: Fe,0,, FeO, Fe®* and Fe? are calculated from charge balance. in
Sur, inclusion within surinamite; in Ky, inclusion within kyanite; Xy, = Mg/
(Mg + Fe?).

Note: FeO*, total Fe as FeO; rep Sur, cordierite replacing surinamite;
rep int, cordierite between orthopyroxene and kyanite; Xy, = Mg/(Mg +
Fe?").
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ball mill. Major constituents were analyzed by XRF and trace
elements by various methods (Table 6).

The high-silica content and peraluminous composition (Baba
1998b, 1999, this paper) are consistent with a metasedimentary
origin for the surinamite-bearing gneiss. Compared with other
metasedimentary gneisses of the Leverburgh belt (Skinner 1970,
in Garson and Livingstone 1973; Palmer 1971, in Fettes et al.
1992; Sheraton et al. 1973), the surinamite-bearing gneiss has
a higher Mg-number (= 80) and marked depletion in Th, U, Y,
and the rare earth elements. However, its high-Ba content and
K/Rb ratio are characteristic of the Leverburgh belt gneisses.
Sheraton (1980) inferred that the high Mg-numbers and trace-
element depletions in metapelitic rocks from the Archean Napier
Complex, Antarctica, are probably original features of their
protoliths whereas high K/Rb ratios and depletion of Th and U
are the result of ultrahigh temperature metamorphism of these
rocks. Thus the distinctive trace-element signature of the
surinamite-bearing rock is probably an original feature with
the exception of the low contents of Rb, Cs, Li, Th, and U.

The Be content of the surinamite-bearing gneiss is near the
upper limit of 0.5 to 10 ppm, which is the range reported for
siliceous metamorphic rocks of different metamorphic grades
(Hormann 1969; Sighinolfi 1973; Lebedev and Nagaystev 1980;
Bushlyakov and Grigor’yev 1988), including granulite-facies
metapelites from Antarctica (except one rock at 23 ppm Be,
Fig. 5). Thus, the presence of Be minerals is not an indication
of unusual Be enrichment such as one might expect in a peg-

TABLE 5. Representative analyses of orthopyroxene inclusion and
aluminosilicates in sample no. 96820-sp1
Anal. no. B2-2 no.1-18 B11-7 no.1-24
Index Opx(in Sur) Sil(in Sur) Ky Ky
Electron microprobe wt%
SiO, 52.36 35.09 36.67 37.52
TiO, 0.28 0.00 0.15 0.03
Al,O, 6.66 64.52 61.04 61.93
Cr,04 0.19 0.16 0.00 0.00
Fe.Os - 0.38 1.02 0.97
FeO* 13.50 - - -
MnO 0.54 0.09 0.03 0.00
MgO 26.83 0.03 0.01 0.00
Cao 0.19 0.03 0.01 0.01
Na,O 0.11 0.00 0.11 0.00
KO 0.12 0.01 0.00 0.00
Total 100.84 100.31 99.04 100.46
Structural formulae
O atoms 6 5 5 5
Si 1.855 0.949 1.005 1.012
Ti 0.007 0.000 0.003 0.001
Al 0.278 2.056 1.971 1.969
Cr 0.005 0.003 0.000 0.000
Fe®* 0.004 0.009 0.023 0.022
Fe?* 0.396 - - -
Mn 0.016 0.002 0.001 0.000
Mg 1.417 0.001 0.000 0.000
Ca 0.007 0.001 0.000 0.000
Na 0.008 0.000 0.006 0.000
K 0.005 0.000 0.000 0.000
Total cations  4.000 3.022 3.010 3.003
Xug 0.780 - - -

Note: FeO*, total Fe as FeO; in Sur, inclusion within surinamite. Fe®* for
orthopyroxene is estimated from charge balance.
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matite (cf., 44 ppm Be in a sheared pegmatite, Grew et al. 1995).
Moreover, Be minerals have been reported in rocks containing
even less Be: taaffeite in spinel-phlogopite schist from South
Australia (5 ppm Be, Teale 1980) and beryllian sapphirine in
quartzofeldspathic gneiss from the Napier Complex (5 ppm Be,
no. 2045A, Grew 1981; Grew, Shearer, and Sheraton, unpub-
lished data). The appearance of a discrete Be phase in rocks con-
taining only a few ppm Be could result from the very low
concentrations of that element accepted into the major constitu-
ents quartz, alkali feldspar, phlogopite, spinel, pyroxene, and kya-
nite. In contrast, at lower metamorphic grades where muscovite is
stable, a discrete Be phase would not appear because all Be could
be incorporated in muscovite, which is reported to contain up to
120 ppm Be (e.g., Grundmann and Morteani 1989). Similarly, a
discrete Be phase would not be expected in cordierite-bearing
metapelites unaffected by subsequent metamorphic events.

25 T
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FIGURE 5. Beryllium content of specimen no. 96820-sp1l from
South Harris (this paper) compared with Be contents of granulite-facies
metapelites from the Napier Complex, including Gage Ridge (Sheraton
1980, 1985, and unpublished data) and Prydz Bay (Sheraton et al. 1984,
and unpublished data), East Antarctica.

TABLE 6. Analyses of surinamite-bearing gneiss (no. 96820-sp1)
from South Harris

wt%(XRF) ppm Method ppm Method
SiO, 83.31 Li 3.2* ICP-MS La 4.7 ICP-MS
TiO, 0.09 Be 87" ICP-MS  Ce 7.7 ICP-MS
Al,O5 9.22 B <20 ICP-AES  Pr 0.68 ICP-MS
Fe,O; 076 F 130 ISE Nd 2.4 ICP-MS
MnO 0.01 Cr 27 XRF Sm 0.42 ICP-MS
MgO 151 Rb 58 XRF Eu 0.61 ICP-MS
Cao 0.28 Sr 51 XRF Gd 0.33 ICP-MS
Na,O 070 Y 0.94 ICP-MS Dy 0.19 ICP-MS
K0 3.46 Zr 917 ICP-MS  Er 0.12 ICP-MS
P,Os 0.01 Nb 0.87 ICP-MS  Yb 0.15 ICP-MS
L.O.l. 0.01 Cs 043 ICP-MS  Lu 0.04 ICP-MS
Total 99.36 Ba 1664 XRF Th 0.13 ICP-MS
Hf  2.36 ICP-MS U 0.11  ICP-MS

Mg’ 0.80 Ta 0.17 ICP-MS

Note: Analyses (except Li, Be and B) were performed at Australian Na-
tional University (ANU). Abbreviations: L.O.l. = loss on ignition, XRF =
X-ray fluorescence, ICP-MS = inductively coupled plasma mass spec-
trometry, ICP-AES = inductively coupled plasma atomic emission
specroscopy, ISE = ion selective electrode.

* Analyses by the Australian Geological Survey organization, with addi-
tional analyses by Analabs of Perth, Western Australia (Li 4.4 ppm, Be 9
ppm, B less than the 20 ppm detection limit).
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A MODEL FOR SURINAMITE PARAGENESES AT SOUTH
HARRIS AND OTHER LOCALITIES

To a first approximation, surinamite and associated miner-
als at South Harris can be represented by the model system
(Mg,Fe,Zn)O-BeO-Al,05;-Si0, where the relatively small
amount of FeO and ZnO has been combined with MgO. Silli-
manite and kyanite are present throughout the gneiss, and thus,
we have projected the mineral compositions from Al,SiOs onto
the plane (Mg,Fe)Al,0,—BeO-SiO, (Fig. 6). Surinamite for-
mation and breakdown do not appear to involve either biotite
or potassium feldspar and, consequently, K,O has not been in-
cluded in the model system. The Fe,O; in sapphirine and Na,O
in cordierite have also been ignored in this model system.

Compositional relationships in Figure 6 can be used to in-
fer reactions relating the succession of Be phases in the South
Harris surinamite-bearing gneiss. Figure 7 is a P-T diagram
based on a Schreinemakers net for the four critical ferromag-
nesian phases and quartz, which is a major constituent of this
gneiss. We have combined FeO with MgO because MgO is
dominant in all the ferromagnesian phases and fractionation of
Mg and Fe?* among them is relatively small, decreasing in Xy,
as follows: Be-Crd (Xy, = 0.90-0.91) > Sur (0.86-0.88) > Opx
included in Sur (0.78); Be-Spr (0.77-0.85) is variable. Strictly
speaking, the reactions that are shown as univariant in Figure 7
are divariant; in addition, other divariant reactions, which in-

SiO,

+ AlLSIO;

Cordierite /__ .-+
Cordierite

Orthopyroxen
oy (around Sur)
Garnet s
-
A/ L
Surinamite @+ 4.2 surinamite

v
-
-

Be-Sapphirine ¢~

2:2:1 /,,x Khmaralite
7:9:3%“9 Sapphirine

Spinel

(Mg, Fe, Zn)Al,O,

BeO

FIGURE 6. Mineral compositions projected through Al,SiOs onto
the plane Qtz (SiO,)-Spl [(Mg,Fe,Zn)Al,0,]-BeO (modified from
Barbier et al. 1999). Filled circles and ellipse = measured compositions
of minerals from South Harris; open circles = ideal compositions of
Be-free phases; X = composition of khmaralite (Barbier et al. 1999);
crosses = Mg,Al,BeSicO,5 cordierite (Holscher and Schreyer 1989)
and ideal surinamite (de Roever et al. 1981; Moore and Araki 1983).
The dashed lines marked BeSiAl, are two of an array of lines
converging on the point BeSi,Os; infinite amount of BeSiAl,
substitution is required to reach this point along any one of these lines.
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volve Fe-Mg fractionation, are possible. Nonetheless,
divariance resulting from Mg-Fe fractionation plays a minor
role compared with other compositional factors, and can be
ignored given the other approximations in the present treat-
ment.

The slopes of the reactions in the net have been constrained
by the following considerations: (1) cordierite appears on the
low-pressure side of all reactions involving it, and (2) surinamite
appears on the high-pressure side of all reactions involving it
except (Opx). Holscher et al. (1986) argued that surinamite
should appear on the high-pressure side of reactions because a
higher proportion Al is incorporated in the denser form, i.e.,
octahedral coordination. Surinamite has a higher proportion of
octahedral Al, 75%, than sapphirine (50%, Higgins and Ribbe
1979), khmaralite (60%, Barbier et al. 1999), orthopyroxene
(50%), sillimanite (50%) and cordierite (0%). The Opx-absent
reaction is shown as subvertical as surinamite and cordierite
form together. The remaining question concerns the slopes of
(Spr) and (Qtz). In the anhydrous, CO,-free and Na-free sys-
tem, the slopes would more likely be positive because
surinamite is more ordered than sapphirine and the cordierite
solid solution, Mg,Al,Si;0,5-Mg,Al,BeSisO,;, resulting in
lower entropy as well as lower volume for the surimanite-bear-
ing assemblages compared to the alternatives. Holscher et al.
(1986) reached a similar conclusion for the reaction surinamite
= cordierite + sapphirine + enstatite + chrysoberyl. These posi-
tive slopes are appropriate for the South Harris rock because
little Na,O and H,O were available and an estimated 50% of
the Be was incorporated by BeSiAl , exchange in the cordier-
ite. In contrast, beryllian cordierite at most other localities is
sodian and hydrous and Be is incorporated almost exclusively
by NaBeAl , exchange (e.g., Schreyer et al. 1979; Armbruster
and Irouschek 1983). Breakdown of such cordierite to
surinamite would be a dehydration, and the reactions (Qtz) and
(Spr) could have negative slopes in presence of Na,O and H,O.

On the basis of recently discovered assemblages with sap-
phirine and orthopyroxene + Al,SiOs at South Harris, the se-
nior author proposed an anticlockwise P-T path for prograde
metamorphism, which culminated at ultrahigh temperatures
above 900 °C at 9—11 kbar pressures during the first stage (M1,
Baba 1998a, 1998b, 1999). This stage was followed by recrys-
tallization at more moderate temperatures of 850-900 °C at
higher pressures of >12 kbar (M2). We infer that the rare sap-
phirine presently enclosed in Al,SiOs (e.g., Baba 1999, Figs.
4c, 4d, and 4e) is a relic of the more abundant sapphirine that
coexisted with matrix quartz and orthopyroxene during M1. In
the transition from M1 to M2, when kyanite + orthopyroxene
became stable, surinamite could have formed by the Crd-ab-
sent reaction (Fig. 7, calculated from simplified mineral com-
positions) with decreasing temperature and increasing pressure:

Mg;,.Al,s;Bey;Sis04 (Be Spr) + 9.65 Si0, (Qtz) — 0.7
Mg, ALSi;BeO, (Sur) + 5.3 MgSiO; (Opx) + 6.45 ALSiOs (Ky)
(D

However, the Crd-absent reaction indicates formation of
orthopyroxene and Al,SiO5 with surinamite, whereas textures
in Figure 2a indicate that orthopyroxene and sillimanite are
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FIGURE 7. Pressure-temperature diagram based on a
Schreinemakers net for phase relations in the system
MgAl,0,-BeO-SiO, for assemblages containing Al,SiOs
(see text). Arrows indicate possible P-T path for the
surinamite-bearing rock at South Harris.
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also relict phases. A reaction consistent with these textural re-
lations is a continuous one whereby surinamite formed from
the breakdown of the beryllium component of sapphirine:

BeSiAl, (in Spr) + 3 AlSiOs (Sil) + 3 MgSiO; (Opx) —
Mg;AlSi;BeO s (Sur) + 4 SiO, (Qtz) (2)

Surinamite at South Harris most likely formed by both re-
actions, beginning with the continuous one and concluding with
the Crd-absent one. This succession would explain the inclu-
sions of Be-rich sapphirine, which were armored from further
reaction by being enclosed in surinamite. As the continuous
reaction progressed, sapphirine in the matrix became depleted
in Be and, at some point, it was sufficiently depleted in Be that
it became unstable with quartz and reacted with it by the Crd-
absent reaction. In the end, no Be-poor sapphirine remained in
the rock except as relics in surinamite. Sapphirine is rare now
because most of it has reacted away to form surinamite,
orthopyroxene, and Al,SiOs.

Because compositional features of cordierite that surrounds
surinamite suggest incorporation of Be by both the NaBeAlL,
and BeSiAl, exchanges, replacement of surinamite by cordi-

BeO

erite during M3 could have been by a combination of the fol-
lowing reactions, the first corresponding to (Spr) in Figure 7
and not involving Na,O, the second involving Na,O:

Mg;AlLSi;BeOq (Sur) + 17 MgSiO; (Opx) + 14 SiO, (Qtz)
+ 17 Al,Si0s (Ky) — 10 Mg,Al; sBe, ;Sis 0,5 (Be-Crd)
3)

Mg,ALSi;BeO,, (Sur) + 17 MgSiO; (Opx) + NaAlSi,O;
(in feldspar) + 10 SiO, (Qtz) + 17 AlL,SiOs (Ky) —
10 Nao_lMg2A13_gBeg_lsi5013 (Be—Crd) (4)

In summary, the formation of surinamite from beryllian sap-
phirine during M2 and its subsequent breakdown to beryllian
cordierite during M3 can be explained by a counter-clockwise
P-T loop in Figure 7.

Formation of surinamite at the other localities (Table 1) can
be rationalized in terms of the model developed for South Har-
ris. However, more compositional variables are involved, most
importantly, FeO, Fe,0;, ZnO, K,0O, and Na,O. This variabil-
ity results in the participation of additional phases, e.g., bi-
otite, potassium feldspar, pyrope-almandine, spinel-hercynite,
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and musgravite. De Roever et al. (1976) reported textural evi-
dence at the Bakhuis Mountains, Surinam (type) locality for
surinamite formation from breakdown of beryllian cordierite
in mylonitic mesoperthitic gneiss with increasing pressure and
temperature under conditions of the granulite facies. The reac-
tion that de Roever et al. (1976) proposed for the Surinam oc-
currence, Crd — Sur + AL, SiOs + Qtz, is divariant in the model
system (Mg,Fe)AL,O,-BeO-SiO, and trivariant if either FeO or
Fe,0; is considered, both of which are present in significant
amounts in surinamite. De Roever et al. (1976) contended that
biotite, which is invariably associated with surinamite, formed
subsequently to it. However, compositional data on the miner-
als associated with surinamite are needed to fix the surinamite-
forming reaction better at the type locality. The surinamite-bearing
rock from Chimwala, Zambia has many features in common
with the rocks from the type locality (de Roever and Vrdna
1985), but differs in the presence of garnet. Metamorphic grade
is inferred to be transitional amphibolite-granulite facies, and
surinamite formed with increasing pressure, but without a tem-
perature increase. The reaction proposed by de Roever and
Vrana (1985), Crd + Kfs + H,O — Bt + Ky + Sur + Qtz + Ab,
is univariant in the model system K,0-Na,O-(Mg,Fe)Al,O,-
BeO-Si0O,. However, neither the role of FeO, Fe,0;, TiO, (in
biotite), or CaO (in plagioclase), nor the participation of gar-
net and magnetite were considered. Again, compositional data
are needed to assess the proposed reaction better.

Surinamite could have formed from cordierite with increas-
ing pressure in the Strangways Range, Australia, but the re-
ported textures are less definitive. Woodford and Wilson (1976)
reported the breakdown of cordierite to orthopyroxene + silli-
manite + quartz in the northeast Strangways Range, implying
a pressure increase, and Goscombe (1992) proposed for this
area a counter-clockwise P-T path with a pressure increase fol-
lowing a thermal maximum at 900-950 °C and 8-9 kbar.

Formation of surinamite in the granulite-facies meta-
pegmatites of the Napier Complex, Antarctica, has been inter-
preted to be similar to its formation from cordierite in the
Surinam and Zambia rocks although definitive evidence for a
beryllian cordierite precursor is absent in the Napier pegmatites
(de Roever and Vrdna 1985; Grew 1998). In samples collected
at “Christmas Point” in January, 1999, Grew et al. (1999, 2000)
found textural evidence for the reactions Be-sapphirine/
khmaralite + quartz — garnet + sillimanite + surinamite and
Be-sapphirine/khmaralite — musgravite + sillimanite +
surinamite. There is no need to assume the presence of a cordi-
erite precursor in the “Zircon Point,” “Christmas Point,” or
Mount Pardoe pegmatites because surinamite more likely
formed from a sapphirine-group mineral. These reactions are
divariant in the model system FeAl,0,-MgAl,0,-BeO-SiO,, but
substantial Fe,O; is present in sapphirine and surinamite and
significant ZnO in musgravite (Grew 1981). The reactions for
breakdown of beryllian sapphirine and khmaralite could be
coeval with the reactions sapphirine + quartz — garnet and/or
orthopyroxene + sillimanite in host rocks to the beryllium
pegmatites. These coronas have been interpreted to indicate an
isobaric decrease in temperature consistent with a counter-
clockwise P-T path for the Napier Complex (e.g., Sandiford
and Wilson 1983; Motoyoshi and Hensen 1989; Harley 1998).
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However, Grew et al. (1999, 2000) have proposed that the co-
rona assemblages resulted from a superimposed metamorphic
event sufficiently high in temperature and pressure to stabilize
the sillimanite + orthopyroxene + quartz assemblage; that is,
surinamite formed during a discrete high-temperature meta-
morphic event at relatively high pressure. Cordierite, kyanite,
and andalusite are present in the beryllium pegmatites, but all
three minerals are interpreted to postdate surinamite.

SUMMARY REMARKS

The following features characterize the eight known locali-
ties for surinamite:

(1) Surinamite is found in granulite- or upper-amphibolite-
facies metapelites and metapegmatites with the assemblages
sillimanite + potassium feldspar and kyanite + potassium feld-
spar in lieu of muscovite + quartz.

(2) Evidence for surinamite formation accompanied by
anatexis is lacking, although surimanite occurs in rocks that
had been melts, i.e., the Napier Complex pegmatites. Grew
(1981) suggested a plutonic origin for surinamite in the Napier
Complex pegmatites, but later re-interpreted the textures as
metamorphic (Grew 1998; Grew et al. 1999, 2000), and thus
there is no evidence for a plutonic surinamite reported to date.

(3) Surinamite-bearing rocks are typically polymetamorphic;
in most cases, there is evidence for a pre-existing phase en-
riched in beryllium. Mylonitic textures are characteristic of
several examples, notably, South Harris and Bakhuis Moun-
tains; there is evidence for granulation in the pegmatite at
“Christmas Point.” In all cases, surinamite formed with an in-
crease in pressure and/or decrease in temperature or simple
decrease in temperature on an anti-clockwise P-T path; no ex-
amples are known of surinamite forming as pressure decreased.

(4) Surinamite is not restricted to rocks enriched in Be, but
its formation depends on a mechanism for concentrating dis-
seminated beryllium. This mechanism appears to be formation
of a mineral such as cordierite or sapphirine that can scavenge
Be from a large mass of rock and becomes the locus of
surinamite crystallization during a succeeding metamorphic
event. Conditions during this event must be such that Be is not
newly dispersed. Low water activities probably restrict its
mobility. That beryllium is not dispersed anew is evident in the
heterogeneous cordierite compositions in the South Harris rock;
cordierite formed from surinamite appears to be beryllian,
whereas cordierite formed between orthopyroxene and kyanite
in the same specimen shows no compositional anomalies in-
dicative of beryllium incorporation.
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