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Abstract The trace-element signature that cordierite
(Crd) imparts to silicic magmas was evaluated by
experiment using metapelite mineral mixtures to pro-
duce cordierite-bearing peraluminous granitic melts at
200 MPa (PH2O), from 700 to 850 �C. Most elemental
partition coefficients vary with T. Beryllium is strongly
compatible, with DBe

Crd/melt values decreasing linearly
from 202.0 to 6.7 as T rises from 700 to 850 �C. Man-
ganese is compatible (DMn

Crd/melt=7.67 to 1.92 over the
same range of T), and shows similar values to those
reported for biotite in silicic melts. Incompatible com-
ponents include Li, Rb, B, F and P, although Cs is
nearly compatible in cordierite, especially at higher T

(DCs
Crd/melt=�0.19 to 0.60) where the large alkalis are

better accommodated structurally. Cordierite appears to
be the most effective crystalline reservoir of Be and Cs in
metapelites and their anatectic melts. Natural data
support the hypothesis that Crd, when present in gran-
itic melts, sequesters Be, Cs and, in the absence of gar-
net, Mn. S-type granitic rocks containing Crd show
consistently low Be contents (mean=0.8 ppm Be with an
average range of <1 to 1.20) whereas Crd-free granites
(e.g., containing accessory garnet) exhibit distinctly
higher Be contents (mean=6 ppm Be with an average
range of 3 to 12). These values increase further in
evolved facies (mean=69 ppm Be with a an average
range of 11 to 145) which commonly give rise to beryl-
bearing pegmatites. Whole-rock signatures of Be dis-
criminate source environments of silicic magmas at a
resolution equal to the boundaries of the cordierite

stability field – e.g., at the P–T–X conditions where
cordierite gives rise to garnet+aluminum silicate. Cor-
dierite-bearing granitic rocks contain low Cs contents
(mean=1.8 ppm Cs) compared to the Crd-free equiva-
lents (mean=18 ppm Cs). Mn contents also correlate
with the presence (mean=0.01 wt%MnO) or absence of
Crd (mean=0.09 wt% MnO). Depending on its contri-
bution to anatexis, cordierite may either give or take
S-type chemical character from granitic liquids, resulting
in a distinctive Crd-associated group of S-type elements.
This signature is different from that of micas (high Li, F
and, to a lesser degree, Be and Mn). Whole-rock com-
positions of granites, coupled with notable absences of
beryl in their associated pegmatites, indicate that a siz-
able population of S-type granites originated from Crd-
bearing sources. The normative Crd component of silicic
peraluminous melts is £ 4 wt% to 850 �C. Higher
modal contents of cordierite reflect either restite en-
trainment or peritectic reactions which produce Crd
after magma ascent to shallow depths. The distinctive
trace-element signature of cordierite now provides im-
proved resolution of the source mineralogy for S-type
magmas.

Introduction

Although the Be contents of rock-forming minerals are
normally very low (Grew 2002), natural cordierite (Crd)
can contain wt% levels of BeO (e.g., Schreyer et al. 1979;
Gordillo et al. 1985). This observation revealed that the
presence or absence of cordierite may largely determine
the budget of Be in granitic rocks (Evensen and London
2002; London and Evensen 2002). Cordierite is a diag-
nostic phase in granites and rhyolites that originate from
metasedimentary sources (the S-types: Chappell and
White 1974), but peraluminous granitic rocks that con-
tain garnet in addition to other peraluminous minerals
are also common (e.g., Miller and Bradfish 1980).
Because cordierite plays such an important role in
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regulating Be, we present here the partition coefficients
for Be and other normally trace lithophile elements be-
tween Crd and peraluminous silicic melt at 200 MPa
(PH2O), from 700 to 850 �C. With these data, we can
assess how Crd influences the trace-element signature of
peraluminous silicic melts (e.g., London 1995; Bea 1996;
Chappell 1999) which lacked Crd throughout their
evolution from those peraluminous granites and rhyo-
lites that originated from Crd-bearing sources – even if
all vestiges of Crd have been removed by restite un-

mixing, peritectic reactions, or obliterated by retrograde
alteration.

Cordierite is found in metapelites and aluminous
gneisses formed at relatively low pressures. The stability
of Crd increases with Mg content to terminal reactions
(mainly Crd=Gt+Als+Qtz+V) at pressures greater
than �600 to �500 MPa from 650 to 900 �C (e.g.,
Hensen and Green 1973; Vielzeuf and Holloway 1988;
Spear and Cheney 1989; Mukhopadhyay and Holdaway
1994). Cordierite may be a product of melting reactions
(e.g., Clemens and Wall 1988; Pereira and Bea 1994;
Carrington and Harley 1995) and commonly remains
behind in restitic assemblages (e.g., Gordillo 1979;
Ugidos 1988, 1990; Ugidos and Recio 1993; Bea et al.
1994a; Harley 1994; Kamber et al. 1998; Kriegsman and
Hensen 1998; Kalt et al. 1999). Many Crd-bearing leu-
cogranites apparently also contained Crd in their restite
(e.g., Bea et al. 1994a). Peraluminous silicic magmas
derived by anatexis of mixed metapelitic-quartzofelds-
pathic protoliths fractionate toward more peraluminous
minimum melts (London 1995). Thus, cordierite may
appear late in the evolution of mildly peraluminous
granites (e.g., Morgan et al. 1998). Cordierite in granites
may be replaced or superceded by tourmaline (Wolf and
London 1997), or it may be altered beyond recognition
by the common, fine-grained or symplectic intergrowths
of chlorite, muscovite, and biotite.

Experimental methods

Starting materials

Starting compositions reflect source-rock assemblages
with garnet+biotite as dominant ferromagnesian sili-
cates, which yield mildly to moderately peraluminous
silicic melts. Beryllium was not added explicitly, only by
way of trace quantities which naturally exist in added
white mica.

A subset of the starting mixtures and cordierite-pro-
ducing reactions used by Evensen (2001) was utilized for
Crd synthesis. Composite powders were formulated by
combining mineral additives (Table 1) with a large
fraction of a pelitic mineral mixture (designated ‘‘SPC’’;

Wolf and London 1997) to yield the weight fraction
formulae Ab22.7Or9.6Qtz26.6Mus13.1Bt12.3Gt-115.7 and
Ab25.5Or10.8Qtz29.0Mus14.8 Bt11.0Gt-28.0. Final experi-
mental charges contained a slight excess of doubly dis-
tilled deionized water needed to saturate any melt
created at 200 MPa and in the T range investigated
(�10 wt% H2O).

At 200 MPa (PH2O) and in the presence of biotite,
nucleation and growth of cordierite was achieved via the
reaction:

in which aluminum silicate is a melt component. This
approach yielded a melt with an aluminum saturation
index (ASI=mol Al2O3/(mol alkali ox-
ides+CaO+BaO)) of �1.25, along with typically Mg-
rich cordierite (e.g., Clemens and Wall 1988; Patiño
Douce 1992; Icenhower 1995; see below).

Preparation of charges

Gold capsules (3·20 mm) were cleaned by soaking
overnight in bromopropane (at 25 �C), and then by
boiling for several hours in nitric acid. Afterwards, a few
capsules still contained remnants of the extrusion lu-
bricants used in the fabrication of the tubing, and these
were removed with open-cell polyurethane foam swabs.

Low-impurity regions of gem-quality crystals were
selected for crushing. Crystal fragments were micro-
scopically hand sorted to remove impurities before
grinding. Starting mixtures were ground in agate under
ethanol to a mean grain size of 15 lm and dried in air at
110 �C. Powdered components were combined, ground
together, dried (110 �C), and homogenized overnight in
a tumbling mill. Water was loaded first, followed by
powder mixes, into capsules (with additives confined to a
central 5·3 mm portion of the capsule) which were
sealed by arc welding. Capsules were checked for leaks
after welding, and again after storage in a drying oven
(110 �C). The heating step further allowed for homog-
enization of water (throughout powder) prior to exper-
imental runs.

Equipment

Experiments were pressurized cold in Rene-41 and Ni-
monic-105 cold-seal reaction vessels using water plus
trace Immunol as the pressure medium. Pressure was
measured with a factory-calibrated Heise bourdon tube
gauge. Fluctuations of <3 MPa occurred over the
course of experiments, with a total estimated accuracy of
±10 MPa. Experiment duration varied from �1 to
6 weeks. Temperature was monitored by internal vessel
Chromel-Alumel thermocouples; estimated maximum

2 Mg;Feð Þ3Al2Si3O12 þ 4Al2SiO5 þ 5SiO2 ¼ 3 Mg;Feð Þ2Al4Si5O18

garnet aluminumsilicate quartz cordierite
ð1Þ
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error was ±5 �C. Experiments were quenched isochori-
cally using compressed-air jet (5 to 15 �C/s). The fugacity
of oxygen within capsules was not controlled, but regu-
lated by diffusion of H2 across the metal capsule walls.
The fO2 of the pressure medium is 0.5 log units below
NNO (Huebner 1971) based on the measured solubility
of cassiterite (Linnen et al. 1996). Following quench,
capsules were weighed to check for leaks, punctured and
the presence of free water was recorded. Capsules were
then heated in a drying oven, and reweighed to verify loss
of free water and hydration of glass (melt). All capsules
gained minor weight during experiments by diffusion of
Ni-metal (from vessels and filler rods) into the gold
capsule walls, although none of the experimental prod-
ucts reported here, including biotite and cordierite,
suffered detectable contamination by Ni.

Run pathways

Forward-direction experiments (prograde to run tem-
peratures of 700 to 850 �C, designated as ‘‘F’’ in Table 2)
promoted concurrent melting and new crystal growth.
Reverse-direction experiments (designated as ‘‘R’’ in

Table 3) were preconditioned by melting at 50 to 150 �C
above the final T of the experiment, followed by isoch-
oric quench to room temperature, and then run forward
up to final temperatures in the range of 700 to 800 �C.
These reverse-direction experiments induced crystal
growth from melts that were substantially supersatu-
rated in the crystalline phases at the final run T.

Analytical methods

Quantitative electron probe microanalysis (QEPMA)

All major- and minor-element oxide constituents of cordierite and
glass products, except H, Li, Be, B, Rb and Cs, were analyzed using
wavelength-dispersive spectroscopy on a Cameca SX-50 electron
microprobe at the University of Oklahoma. Zinc and P were ex-
cluded from analyses of Crd because early analyses showed that
their contents were at or below detection limits ( £ 0.05 or 0.02 wt%
oxide, respectively). Analysis utilized crystalline and glass stan-
dards with TAP, PET, LIF, and a layered composite (PC1) dif-
fraction devices. Operating conditions for hydrous glass analyses
included a two-beam condition (2 nA and 20 nA regulated current)
with a 20-lm spot size, in which Na and Al were analyzed first to
inhibit beam-induced element migration effects (Morgan and
London 1996). Analyses of minerals were conducted at 20 nA,
20 kV and a spot size of 3 to 5 lm. Counting times for all elements

Table 1 Starting materials (added minerals)

Minerala Albite Orthoclase Quartz Muscoviteb Biotite Garnet-1 Garnet-2

Alm44Pyp42Gro13Sps1 Alm46Pyp44Gro4Sps6

No. of
analyses

5 20 6 1–3 96 20 20

Oxide wt%
SiO2 68.82 (0.16) 64.95 (0.36) 99.99 (0.03) 51.91 – 38.83 (0.29) 39.71 (0.26) 39.53 (0.22)
TiO2 n.d. n.d. n.d. 0.22 – 2.05 (0.11) 0.04 (0.02) 0.01 (0.01)
Al2O3 19.76 (0.05) 18.76 (0.14) n.d. 28.02 – 11.26 (0.12) 23.20 (0.16) 23.14 (0.13)
Fe2O3 – – – 3.53 – – – –
FeO n.d. n.d. n.d. 0.82c – 18.47 (0.25) 21.26 (0.14) 22.05 (0.17)
MnO n.d. n.d. n.d. 0.08 – 0.83 (0.04) 0.46 (0.02) 3.11 (0.09)
ZnO n.d. n.d. n.d. n.d. 0.14 (0.04) n.d. n.d.
MgO n.d. n.d. n.d. 1.00 – 14.08 (0.21) 11.46 (0.05) 11.89 (0.08)
CaO 0.07 (0.01) 0.01 (0.02) n.d. 0.30 – 0.00 (0.01) 5.07 (0.04) 1.45 (0.02)
BaO 0.06 (0.05) 0.32 (0.04) n.d. 0.09d – 0.10 (0.02) 0.02 (0.02) 0.02 (0.02)
Na2O 11.59 (0.04) 1.21 (0.07) n.d. 1.27 – 0.56 (0.14) 0.00 0.00
K2O 0.23 (0.02) 14.84 (0.07) n.d. 8.90 – 9.01 (0.14) 0.00 0.00
Rb2O (ppm) n.d. n.d. n.d. 895d – n.d. n.d. n.d.
Cs2O (ppm) n.d. n.d. n.d. 23d – n.d. n.d. n.d.
P2O5 n.d. n.d. n.d. n.d. n.d. 0.04 (0.01) 0.07 (0.02)
F n.d. n.d. n.d. n.d. 3.67 (0.14) 0.02 (0.03) 0.01 (0.02)
Cl n.d. n.d. n.d. n.d. 0.05 (0.02) 0.01 (0.01) 0.00
H2O n.d. n.d. n.d. n.d. 2.02d (0.08) n.d. n.d.
LOI – – – 3.87 – – – –
O=F –1.54 –0.01 0.00
O=Cl –0.01 0.00 0.00
Total 100.53 (0.18) 100.09 (0.40) 99.99 (0.03) 100.10 (0.16)e 99.52 (0.53) 101.28 (0.35) 101.28 (0.29)

aAlbite, Copelinha, Minas Gerias, Brazil; orthoclase, St. Gotthard,
Switzerland; quartz, ultrahigh purity, Feldspar Corp., Spruce Pine,
NC, USA; muscovite, Spruce Pine, NC, USA; biotite, Ontario,
Canada; garnet-1, Gore Mountain, NY, USA; garnet-2, laboratory
standard
bAnalyzed at Activation Laboratories Ltd. (Lancaster, Ontario,
Canada) by X-ray fluorescence (fusion) unless otherwise specified

cAnalyzed by titration
dAnalyzed by instrumental neutron activation analysis. All other
values are from quantitative electron probe microanalysis (with
total iron as FeO). Numbers in parentheses represent 1 standard
deviation of the mean. Propagated precision is shown for total
values
eEstimated precision
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varied between 20 and 30 s. Data were reduced using PAP matrix
correction routines (Pouchou and Pichoir 1985). Detection levels,
taken at 3r above mean background, were <500 ppm for most
elements. Similar experiments on Be-rich compositions indicate
that Be is not lost to the capsule metal (Evensen and Meeker 1997).

Water contents of glass and cordierite were reported by dif-
ference methods from the combination of QEPMA and secondary
ion mass spectrometry (SIMS). Hydrogen contents were measured
by SIMS. But minor divergence in results compared to consistent
convergence by QEPMA to established hydrous glass databases
(Silver and Stolper 1989; Holtz et al. 1995, 1996) has been noticed
in our laboratory (by QEPMA; A. Acosta and D. London 2002,
unpublished data). Minor divergence was also noted between
SIMS hydrogen contents and totals by QEPMA (cordierite), which
led us to further favor the difference method over the range of
compositions investigated here.

Images were acquired using both backscattered and secondary
electron signals as 1,024·1,024 pixel data. Micrographs were
processed (following Russ 1999) using either a low-pass or median
filter (low-strength neighborhood ranking) for despeckling of
noise. Images which contained minor periodic (instrumental) noise
were corrected using Fourier transform processing techniques.

Secondary ion mass spectrometry

Samples were analyzed by SIMS using a Cameca Instruments IMS
3f at the Arizona State University at Tempe, AZ. A mass-filtered
16O– primary beam was accelerated through a potential of 12.5 kV,
with a beam current of 1.0 nA. The focused spot size varied from
15 to 5 lm. Targets were mapped in advance and verified by
imaging a combination of 7Li, 9Be, 23Na, 26Mg, 27Al, 41K, and 56Fe
before analysis.

Sputtered secondary ions were accelerated through a potential
of 4.5 kV. The interference of 27Al3+ (8.99384 a.m.u.) on 9Be
(9.01219 a.m.u.) is the most important concern in SIMS micro-
analysis of Be (Hervig 2002). The yield of 9Be is substantially
greater than the 27Al3+ species when Be contents are high (e.g.,
Evensen 2001); the interference becomes negligible and no cor-
rection (voltage offset) is required. However, when Be contents are
less than �30 ppm, it has been observed (Grew et al. 1998) that
trivalent Al begins to affect the analysis. Therefore, prior to and
following each analysis, the mass collecting position was distin-
guished from 27Al3+ and aligned to the 9Be peak. Individual an-
alyses consisted of collecting intensities on the following sequence
of isotopes: 30Si, 7Li, 9Be, 11B, 85Rb, 133Cs, 30Si. Integration times
were sufficiently long to achieve a counting statistical precision of
at least 3%. The count rates were normalized to that for Si and
then to the silica abundance in the sample (derived from QEPMA).

A standard working curve for SIMS was calibrated for the
analysis of Li, Be, B, Rb and Cs using glass standards and one
crystalline standard. Three synthetic granitic glasses doped with Be
(0.57, 1.11, or 3.33 wt% BeO by aqua regia ICP-AES, QEPMA,
and SIMS; Evensen 1997) were used as standards for the analysis
of experimental products. The glasses contained appreciable B, Li,
Rb, and Cs (at concentrations far above those estimated for each
element in unknowns), and therefore served as standards for the
suite of elements in question. All trace elements were further cal-
ibrated against the NIST 610 glass, containing nominally
�500 ppm of the elements listed above (Pearce et al. 1997; Hinton
1999). Beryllian cordierite (‘‘Sponda 454’’; Armbruster and Irou-
schek 1983) was used to assess the convergence of 9Be yields be-
tween crystalline and vitreous materials. These tests showed
similar results to previous studies (e.g., Ottolini et al. 1993), with
marked correlation between material responses along the working
curve. Calibration factors derived from the standards listed above
allowed the normalized count rates to be converted to absolute
concentrations. Total internal and external precision (ICP) of BeO
analyses of crystals and glass was <3.9%. Data were acquired in
three sessions over a 2-year period. Between these sessions, the
working calibration (Fig. 1) and SIMS results were highly repro-
ducible (±0.4 to 2.2%).

T
a
b
le

(C
o
n
-

td
.,
)

D
-R

b

C
rd
/M

E
L
T

0
.0
5

(0
.0
2
)

0
.0
6

(0
.0
1
)

0
.0
6

(0
.0
0
)

0
.0
7

(0
.0
0
)

0
.0
8

(0
.0
0
)

0
.2
0

D
-C

s

C
rd
/M

E
L
T

0
.1
9

(0
.0
0
)

0
.2
1

(0
.0
4
)

0
.1
3

(0
.0
8
)

0
.3
8

(0
.0
6
)

0
.6
3

(0
.1
4
)

0
.5
2

S
tr
u
ct
u
ra
l
ca
ti
o
n
s/
1
8
O

S
i

4
.7
7

(0
.0
3
)

4
.9
2

(0
.0
4
)

4
.8
5

(0
.0
4
)

4
.8
8

(0
.0
3
)

4
.8
7

(0
.0
2
)

4
.9
4

(0
.0
4
)

A
l

4
.2
0

(0
.0
3
)

4
.0
5

(0
.0
2
)

4
.1
1

(0
.0
3
)

4
.0
4

(0
.0
2
)

4
.0
7

(0
.0
2
)

3
.9
9

(0
.0
4
)

B
e

0
.0
1

(0
.0
0
)

0
.0
0

0
.0
0

0
.0
0

0
.0
0

0
.0
0

T
o
ta
l
T
si
te
s

8
.9
8

(0
.0
4
)

8
.9
7

(0
.0
5
)

8
.9
6

(0
.0
5
)

8
.9
2

(0
.0
3
)

8
.9
4

(0
.0
3
)

8
.9
3

(0
.0
6
)

L
i

0
.0
1

(0
.0
0
)

0
.0
1

(0
.0
0
)

0
.0
1

(0
.0
0
)

0
.0
0

(0
.0
0
)

0
.0
0

(0
.0
0
)

0
.0
0

(0
.0
0
)

M
g

1
.4
2

(0
.0
3
)

1
.6
6

(0
.0
2
)

1
.7
9

(0
.0
1
)

1
.8
2

(0
.0
1
)

1
.7
2

(0
.0
1
)

1
.6
9

(0
.0
3
)

F
e2

+
0
.5
8

(0
.0
1
)

0
.2
7

(0
.0
1
)

0
.2
3

(0
.0
1
)

0
.2
5

(0
.0
0
)

0
.3
2

(0
.0
1
)

0
.3
0

(0
.0
2
)

M
n

0
.0
6

(0
.0
0
)

0
.0
7

(0
.0
0
)

0
.0
4

(0
.0
0
)

0
.0
3

(0
.0
0
)

0
.0
3

(0
.0
0
)

0
.0
4

(0
.0
0
)

T
o
ta
l
M

si
te

2
.0
7

(0
.0
3
)

2
.0
1

(0
.0
2
)

2
.0
7

(0
.0
2
)

2
.1
0

(0
.0
1
)

2
.0
7

(0
.0
1
)

2
.0
3

(0
.0
4
)

T
o
ta
l

1
1
.0
5

(0
.0
5
)

1
0
.9
8

(0
.0
5
)

1
1
.0
3

(0
.0
5
)

1
1
.0
2

(0
.0
3
)

1
1
.0
1

(0
.0
3
)

1
0
.9
6

(0
.0
7
)

C
h
a
n
n
el

o
cc
u
p
a
n
ts
/1
8
O

C
a

0
.0
2

(0
.0
0
)

0
.0
2

(0
.0
0
)

0
.0
2

(0
.0
0
)

0
.0
2

(0
.0
0
)

0
.0
2

(0
.0
0
)

0
.0
1

(0
.0
0
)

N
a

0
.1
0

(0
.0
1
)

0
.1
0

(0
.0
1
)

0
.0
8

(0
.0
1
)

0
.0
7

(0
.0
0
)

0
.0
7

(0
.0
0
)

0
.1
0

(0
.0
1
)

K
0
.0
1

(0
.0
0
)

0
.0
1

(0
.0
0
)

0
.0
1

(0
.0
0
)

0
.0
2

(0
.0
0
)

0
.0
1

(0
.0
0
)

0
.0
4

(0
.0
1
)

H
2
O

0
.4
5

(0
.0
0
)

0
.7
1

(0
.0
0
)

0
.3
6

(0
.0
0
)

0
.6
0

(0
.0
0
)

0
.3
9

(0
.0
0
)

0
.3
2

(0
.0
0
)

T
o
ta
l

0
.5
8

(0
.0
1
)

0
.8
4

(0
.0
1
)

0
.4
7

(0
.0
1
)

0
.7
1

(0
.0
1
)

0
.4
9

(0
.0
0
)

0
.4
7

(0
.0
1
)

1
-S
ig
m
a
p
re
ci
si
o
n
is
sh
o
w
n
u
si
n
g
st
a
n
d
a
rd

er
ro
r
(S
E
)
o
r
st
a
n
d
a
rd

d
ev
ia
ti
o
n
(S
D
)
a
s
a
p
p
ro
p
ri
a
te

743



T
a
b
le

3
C
o
rd
ie
ri
te
–
g
la
ss

p
a
ir
s
fr
o
m

re
v
er
se
d
ex
p
er
im

en
ts

R
u
n

B
eP

-9
5

B
eP

-9
6

B
eP

-1
9

B
eP

-9
7

M
ix
tu
re

S
P
-C

rd
-2

S
P
-C

rd
-2

S
P
-C

rd
-1

S
P
-C

rd
-2

P
re
c.

p
a
th
/

d
u
ra
ti
o
n
(d
a
y
)

8
5
0
-F

(6
)

8
5
0
-F

(6
)

8
5
0
-F

(6
)

8
5
0
-F

(6
)

F
in
a
l
p
a
th
/

d
u
ra
ti
o
n
(d
a
y
)

7
0
0
-R

(3
4
)

7
5
0
-R

(2
1
)

8
0
0
-R

(1
6
)

8
0
0
-R

(1
4
)

C
ry
st
a
ll
in
e

p
ro
d
u
ct
s

C
rd
,B
t,
M
a
g

C
rd
,B
t,
M
a
g

C
rd
,B
t,
M
a
g

C
rd
,B
t,
M
a
g

A
n
a
ly
si
s
o
f

C
rd

g
la
ss

C
rd

g
la
ss

C
rd

g
la
ss

C
rd

g
la
ss

C
o
re
s

R
im

s
C
o
re
s

R
im

s
C
o
re
s

R
im

s
C
o
re
s

R
im

s

N
o
.
a
n
a
ly
se
s,

Q
E
P
M
A

8
1
4

1
0

1
1

1
2

1
2

1
0

6
1
0

1
1

1
7

1
2

N
o
.
a
n
a
ly
se
s,

S
IM

S
1

2
2

5
1

1
2

1
3

W
t%

S
E

S
E

S
D

S
E

S
E

S
D

S
E

S
E

S
D

S
E

S
E

S
D

S
iO

2
4
9
.0
1

(0
.2
3
)

4
9
.0
4

(0
.1
1
)

7
2
.0
3

(0
.5
2
)

4
7
.8
8

(0
.4
1
)

4
7
.9
6

(0
.3
2
)

7
0
.8
9

(0
.7
7
)

4
8
.5
4

(0
.2
8
)

4
9
.7
3

(0
.1
9
)

7
0
.5
1

(0
.3
6
)

4
7
.4
9

(0
.4
1
)

4
9
.1
0

(0
.3
2
)

7
1
.3
9

(0
.6
3
)

T
iO

2
0
.0
1

(0
.0
1
)

0
.0
1

(0
.0
1
)

0
.0
3

(0
.0
2
)

0
.0
1

(0
.0
2
)

0
.0
1

(0
.0
1
)

0
.0
5

(0
.0
2
)

0
.0
2

(0
.0
2
)

0
.0
2

(0
.0
2
)

0
.0
8

(0
.0
1
)

0
.0
2

(0
.0
2
)

0
.0
1

(0
.0
1
)

0
.1
0

(0
.0
2
)

B
2
O

3
(p
p
m
)

n
.d
.

7
–

1
2
4

(3
)

n
.d
.

3
(0
)

8
3

(4
)

8
–

1
3

–
1
3
3

(1
0
)

n
.d
.

1
0

–
9
8

(4
)

A
l 2
O

3
3
3
.2
1

(0
.1
4
)

3
3
.5
4

(0
.1
0
)

1
2
.0
5

(0
.0
8
)

3
3
.7
9

(0
.3
2
)

3
3
.1
8

(0
.2
0
)

1
2
.2
4

(0
.1
2
)

3
3
.6
3

(0
.2
6
)

3
2
.8
8

(0
.1
4
)

1
2
.9
7

(0
.1
2
)

3
4
.3
9

(0
.1
3
)

3
4
.1
8

(0
.2
0
)

1
2
.6
5

(0
.0
9
)

F
eO

4
.7
8

(0
.3
5
)

3
.8
6

(0
.2
2
)

0
.3
9

(0
.0
4
)

5
.7
2

(0
.1
4
)

8
.0
3

(0
.1
1
)

0
.7
8

(0
.0
3
)

2
.6
8

(0
.0
7
)

2
.4
6

(0
.1
8
)

0
.7
5

(0
.0
4
)

5
.0
2

(0
.1
8
)

2
.8
8

(0
.1
0
)

0
.6
1

(0
.0
3
)

M
n
O

0
.9
8

(0
.0
7
)

1
.2
1

(0
.0
6
)

0
.1
6

(0
.0
2
)

0
.8
3

(0
.0
5
)

1
.0
6

(0
.0
4
)

0
.2
0

(0
.0
1
)

0
.2
7

(0
.0
4
)

0
.3
4

(0
.0
2
)

0
.1
0

(0
.0
1
)

0
.7
0

(0
.0
3
)

0
.7
2

(0
.0
3
)

0
.2
0

(0
.0
1
)

M
g
O

9
.7
3

(0
.2
4
)

1
0
.2
5

(0
.3
2
)

0
.1
7

(0
.0
1
)

9
.4
1

(0
.2
8
)

8
.4
5

(0
.1
3
)

0
.2
1

(0
.0
1
)

1
2
.7
4

(0
.0
6
)

1
2
.3
8

(0
.1
4
)

0
.4
5

(0
.0
2
)

1
0
.2
8

(0
.1
7
)

1
1
.5
8

(0
.1
1
)

0
.3
8

(0
.0
1
)

N
iO

0
.0
1

(0
.0
1
)

0
.0
1

(0
.0
1
)

n
.d
.

0
.0
3

(0
.0
1
)

0
.0
1

(0
.0
1
)

n
.d
.

0
.0
1

(0
.0
1
)

0
.0
1

(0
.0
1
)

n
.d
.

0
.0
1

(0
.0
0
)

0
.0
1

(0
.0
1
)

n
.d
.

Z
n
O

0
.0
2

(0
.0
2
)

0
.0
2

(0
.0
2
)

n
.d
.

0
.0
1

(0
.0
1
)

0
.0
1

(0
.0
1
)

n
.d
.

n
.d
.

0
.0
2

(0
.0
2
)

0
.0
2

(0
.0
2
)

n
.d
.

B
eO

(p
p
m
)

n
.d
.

1
6
2
.0
0

–
1
.0
0

(0
.1
8
)

n
.d
.

1
9
5
.8
0

(3
.1
5
)

1
.4
0

(0
.1
9
)

1
6
.0
0

–
2
0
1
.0
0

–
6
.5
5

(0
.1
5
)

n
.d
.

1
2
3
.6
0

–
3
.2
0

(0
.2
9
)

C
a
O

0
.0
7

(0
.0
2
)

0
.0
5

(0
.0
1
)

0
.2
0

(0
.0
5
)

0
.0
9

(0
.0
2
)

0
.0
7

(0
.0
2
)

0
.2
3

(0
.0
6
)

0
.1
4

(0
.0
2
)

0
.1
7

(0
.0
2
)

0
.9
2

(0
.0
6
)

0
.0
9

(0
.0
6
)

0
.0
6

(0
.0
2
)

0
.2
0

(0
.0
5
)

B
a
O

n
.d
.

n
.d
.

0
.0
6

(0
.0
3
)

n
.d
.

n
.d
.

0
.0
6

(0
.0
4
)

0
.0
1

(0
.0
1
)

0
.0
2

(0
.0
2
)

0
.0
5

(0
.0
3
)

n
.d
.

n
.d
.

0
.0
5

(0
.0
3
)

L
i 2
O

(p
p
m
)

n
.d
.

1
2
5

–
3
8
3

(5
)

n
.d
.

8
0

(7
)

2
6
7

(1
6
)

5
6

–
5
6

–
4
4
4

(8
)

n
.d
.

8
0

–
2
5
7

(1
6
)

N
a
2
O

0
.5
6

(0
.0
4
)

0
.5
4

(0
.0
9
)

3
.6
6

(0
.1
3
)

0
.6
5

(0
.0
6
)

0
.5
9

(0
.0
5
)

3
.5
2

(0
.0
8
)

0
.3
7

(0
.0
5
)

0
.3
3

(0
.0
3
)

3
.2
1

(0
.1
0
)

0
.5
4

(0
.0
6
)

0
.4
8

(0
.0
3
)

3
.4
4

(0
.0
9
)

K
2
O

0
.1
5

(0
.0
2
)

0
.1
2

(0
.0
2
)

3
.6
4

(0
.1
0
)

0
.3
5

(0
.0
3
)

0
.1
6

(0
.0
1
)

3
.4
1

(0
.1
0
)

0
.1
2

(0
.0
3
)

0
.2
2

(0
.0
3
)

3
.3
3

(0
.0
6
)

0
.1
8

(0
.0
4
)

0
.2
0

(0
.0
3
)

3
.7
3

(0
.1
0
)

R
b
2
O

(p
p
m
)

n
.d
.

9
–

1
0
2

(0
)

n
.d
.

1
2

(1
)

1
1
1

(4
)

1
0

–
1
1

–
1
2
7

(1
)

n
.d
.

1
6

–
1
2
6

(4
)

C
s 2
O

(p
p
m
)

n
.d
.

3
–

1
1

(1
)

n
.d
.

4
(0
)

1
1

(0
)

3
–

6
–

1
5

(0
)

n
.d
.

2
–

7
(0
)

P
2
O

5
n
.d
.

n
.d
.

0
.0
3

(0
.0
2
)

n
.d
.

n
.d
.

0
.0
3

(0
.0
2
)

n
.d
.

n
.d
.

0
.0
5

(0
.0
2
)

n
.d
.

n
.d
.

0
.0
3

(0
.0
2
)

F
0
.0
2

(0
.0
2
)

0
.0
5

(0
.0
5
)

0
.2
3

(0
.0
6
)

0
.0
4

(0
.0
4
)

0
.0
2

(0
.0
2
)

0
.1
8

(0
.0
5
)

0
.0
3

(0
.0
3
)

0
.0
2

(0
.0
3
)

0
.2
4

(0
.0
9
)

0
.0
2

(0
.0
3
)

0
.0
4

(0
.0
4
)

0
.2
0

(0
.0
5
)

C
l

0
.0
1

(0
.0
1
)

0
0
.0
1

(0
.0
0
)

0
0

0
.0
1

(0
.0
1
)

n
.d
.

n
.d
.

0
.0
1

(0
.0
0
)

0
0
.0
1

(0
.0
1
)

0
.0
1

(0
.0
0
)

O
=

F
–
0
.0
1

–
0
.0
2

–
0
.1
0

–
0
.0
2

–
0
.0
1

–
0
.0
8

–
0
.0
1

–
0
.1
0

–
0
.0
1

–
0
.0
2

–
0
.0
8

O
=

C
l

0
.0
0

0
0

0
.0
0

0
.0
0

0
0
.0
0

0
.0
0

T
o
ta
l

9
8
.5
5

(0
.3
8
)

9
8
.6
8

(0
.4
3
)

9
2
.5
0

(0
.6
7
)

9
8
.7
9

(0
.6
1
)

9
9
.5
4

(0
.4
2
)

9
1
.6
7

(0
.8
4
)

9
8
.5
4

(0
.4
0
)

9
8
.5
6

(0
.3
3
)

9
2
.5
2

(0
.4
4
)

9
8
.7
5

(0
.5
0
)

9
9
.2
7

(0
.4
1
)

9
2
.8
3

(0
.6
8
)

H
2
O

b
y
d
iff
.

1
.4
5

1
.3
2

7
.5
0

0
.4
6

8
.3
3

1
.4
6

1
.4
4

7
.4
8

1
.2
5

0
.7
3

7
.1
7

A
S
I

1
.1
6

(0
.0
3
)

1
.2
3

(0
.0
3
)

1
.2
1

(0
.0
2
)

1
.2
5

(0
.0
3
)

M
g
#

7
5
.0

(5
.5
)

7
8
.2

(4
.5
)

7
1
.9

(1
.8
)

6
2
.3

(0
.9
)

8
8
.5

(2
.3
)

8
8
.7

(6
.5
)

7
6
.2

(2
.7
)

8
5
.1

(3
.0
)

D
-B

C
rd
/

M
E
L
T

0
.0
6

0
.0
4

(0
.0
0
)

0
.1
0

0
.1
0

D
-M

n
C
rd
/

M
E
L
T

7
.5
6

(1
.0
2
)

5
.3
0

(0
.3
3
)

3
.4
0

(0
.3
9
)

3
.6
0

(0
.2
3
)

D
-B
e
C
rd
/

M
E
L
T

1
6
2
.0
0

1
3
9
.8
6

(1
8
.9
2
)

3
0
.6
9

3
8
.6
3

744



Results

Experimental products

Synthesis of cordierite using Crd-free starting mixtures
was successful for all compositions (Fig. 2a). Assem-
blages in forward-direction experiments (Table 2)
contain cordierite+plagioclase+quartz+biotite+mag-
netite+melt (+fluid) at 700 �C (Fig. 2b). In the 700 �C
reversal, which was preconditioned at 850 �C, plagio-
clase and quartz are absent (Fig. 2c). We suggest that, at
the preconditioning temperature, critical nuclei of
plagioclase and quartz were probably removed (e.g.,
Lofgren 1983), thus inhibiting rapid nucleation at sub-
liquidus temperatures (e.g., Marsh 1996). Plagioclase
and quartz are lost by 750 �C, leaving the assemblage
cordierite+biotite+magnetite+melt stable from 750 to
850 �C regardless of run direction (Fig. 2c–e).

Cordierite forms blocky euhedral crystals (5 to
150 lm in maximum section) in run products, sometimes
containing minor inclusions of biotite or magnetite
(Fig. 2b–e). In reversed experiments, the Mg:Fe ratio of
cordierite reflects the temperature of growth (Table 3).
Figure 2e, f shows reversed-direction cordierite prod-
ucts, in which the preconditioning step resulted in a
more magnesian interior followed by an Fe-richer rim
grown at lower T. Because of compositional zoning,
crystal core and rim compositions were analyzed, but
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Fig. 1 Working curve for the analysis of beryllium by SIMS.
Thirty-three data points are shown using standard glasses and
natural beryllian cordierite analysed among three different sessions.
The linear fit suggests no significant matrix effects for Be in
rhyolitic glass and cordierite. Glass standards were previously
characterized by aqua regia ICP-AES and QEPMA (Evensen
1997); cordierite was characterized by AA (‘‘Sponda 454’’;
Armbruster and Irouschek 1983) and by QEPMA
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only rim data were used for calculations of mineral/melt
equilibria (see Evensen and London 2002). Plagioclase
forms elongate and slightly skeletal crystals (20 to 80 lm)
of albite–oligoclase. These crystals are commonly over-
grown by a thick rim (5 to 15 lm) of andesine with
skeletal character (Fig. 2b). Andesine also occurs as
isolated crystals. Andesine forms in run products in
which the starting composition contained the higher
grossular component (garnet-1 in Table 1), suggesting
the following reaction in the presence of melt:

grossularþAl2SiO5þquartz ¼ anorthite

Here, grossular makes up only a small component of
garnet, aluminum silicate is a component of melt, and

the anorthite component gives rise to andesine. We
interpret albite–oligoclase growth to be a product of
early-formed melt, whereas andesine crystallized later,
commensurate with the complete dissolution of garnet.
Such assemblages indicate the refractory nature of
garnet relative to other crystalline phases.

Quartz mostly shows subhedral crystal morphology
(3 to 30 lm), and is commonly poikilitically enclosed by
cordierite. Biotite occurs both as elongated, compound
crystal aggregates and as isolated crystals ranging in
length from 10 to 100 lm, although some crystals may
be as thin as 1 lm. Large, relict biotite crystals exhibit
recrystallization, with new, fine-grained biotite+mag-
netite (equant crystals; 1 to 50 lm).

Fig. 2a–f Backscattered
electron micrographs of
experimental products and
assemblages. Image scale is
shown in micrometers.
Phase abbreviations include
Crd cordierite, Bt biotite,
Mag magnetite, Pl plagio-
clase, Qtz quartz, and gl
glass. a Cordierite crystals
showing successful synthesis
via Eq. (1). Needle-like white
mica and magnetite are
shown. b Forward experi-
ment BeP-56: the assemblage
contains Qtz and Pl in addi-
tion to Crd+Bt (also in
vapor cavities) +Mag+
melt+vapor. c Reversed ex-
periment BeP-95: at temper-
atures ‡750 �C, the
crystalline assemblage yields
Crd+Mt+Bt in melt. Crys-
tals of Crd and the glass
pools represent typical tar-
gets amenable to analysis. d
Forward experiment BeP-58:
a characteristic, large Crd
crystal is shown, stable with
Mt, Bt (not shown), vapor
and melt. e Reversed exper-
iment BeP-62 (not analyzed
for Be): early Mg-richer Crd
cores (Mg#=73.1) formed
during the preconditioning
step at 800 �C, whereas
Fe-richer rims and new
crystals of Crd (Mg#=63.8)
crystallized at the 750 �C
lower T step. This pattern
was commonly produced in
reversed runs. f Magnified
image in the same experi-
ment as d, showing a high-T
core of early-formed mag-
nesian Crd (Crd I) with an
intermediate Fe–Mg rim
(Crd II) formed upon
retrograde thermal
conditions
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Cordierite and glass chemistry

Cordierite

Recalculated formulae and trace-element chemistry of
Crd (Tables 2, 3) show changes with temperature. With
increasing T from 700 to 850 �C, contents of the tetra-
hedral framework components SiO2 and Al2O3 remain
roughly constant. Over the same interval, BeO contents
decrease from 291 to 61 ppm. Meanwhile, octahedral
contents of Mg increase relative to Fe, and values of
Mg# (=100·molar MgO/(MgO+FeO)) rise from 68.7
to �85 over the interval above. Decreases are observed
over the same conditions for concentrations of the other
octahedral constituents, Mn (�1.21 to �0.50 wt%
MnO) and Li (180 to 29 ppm Li2O).

Absolute amounts of channel-occupying components
also vary over this range of T. Sodium contents remain
roughly constant, decreasing only slightly with T. Po-
tassium contents, however, rise steadily with T (from
�0.06 to �0.32 wt% K2O), and similar increases are
seen for Rb and Cs (from 5 to 23 ppm Rb2O, and from 2
to �4 ppm Cs2O). The large alkalis appear to be more
easily accommodated with increasing T (e.g., Schreyer
et al. 1990; Thompson et al. 2002) owing to structural
expansion (e.g., Evans et al. 1980; Daniels 1992).
Channel Ca and H2O contents decrease with T (from
�0.20 to �0.05 wt% CaO, and from 1.32 to �0.73 wt%
H2O), but these data show scatter. Boron contents of

cordierite are minor and also show scatter (from 3 to
22 ppm B2O3). Contents of Ti, Ni, Zn, Ba, P, F and Cl
are at or below detection levels.

Mean values of recalculated cordierite formulae total
8.95±0.01 and 10.99±0.01 a.p.f.u. for total tetrahedral
and octahedral cations, respectively (where ±val-
ues=standard error, std. error). These sums closely
match the respective values of 9.0 and 11.0 which mark
full occupancy. Total channel constituents (alkalis, Ca
and H2O) slightly decrease going from 700 to 850 �C
(from �0.84 to �0.38 a.p.f.u.). Total channel occupan-
cies show scatter from steady increases in K contents
coupled with overall decreases in Na, Ca, and H2O
contents.

Peraluminous granitic melts

Silicic glasses in Tables 2 and 3 represent former melts in
equilibrium with cordierite. These compositions contain
normative components of corundum (Cor). Absolute
contents of alumina in glass increase slightly going from
700 to 850 �C. The mean value of glasses on a normative
haplogranite basis is Ab31.11Or22.56Qz42.40Cor3.93.

Elemental partitioning between cordierite and melt

Partition coefficients are shown in Tables 2 and 3 (fol-
lowing the notation of Beattie et al. 1993; DX

min/melt=
Xmineral/Xmelt), and regression data for minor and trace
elements as a function of temperature are shown in
Table 4.

Of the nonessential elements in cordierite, only Be
and Mn behave compatibly. Figure 3 shows that Be
strongly partitions in favor of the cordierite structure
with respect to peraluminous silicic melt. As T rises from
700 to 850 �C, DBe

Crd/melt values fall from 202.00 to 6.70
along a linear trend. The values illustrate the capacity of
cordierite for sequestering Be in silicic melts, with ex-
traordinary efficiency at lower temperatures. Values of
DMn

Crd/melt (Fig. 4) decrease linearly from 7.67 to 1.92 as
T increases over the same range.

These experiments were conducted under conditions
of water saturation, and the question arises regarding
their applicability to hydrous but H2O-undersaturated
melts. The composition of the most beryllian cordierite
composition known (Hölscher and Schreyer 1989;
Evensen 2001), the saturating phase which closes the
solvus crest (CrdSS+BrlSS) along the cordierite–beryl
join in granitic melts (Evensen 2001; London and
Evensen 2002), is approximately (Mg,Fe)2Al2Be-
Si6O18Æ0.4H2O. With this H2O content (cf. Harley and
Carrington 2001; Harley et al. 2002), the activity prod-
uct for this cordierite becomes

It is clear that H2O in channels exerts the least effect
on the activity-composition relations, and that the in-
corporation of Be into Be-indialite hinges much more on
the activities of silica, alumina, and Mg (also Fe, Mn) in
melt. These relations suggest that the trend and magni-
tude of Be partitioning between cordierite and silicic
melt at saturation in water will only be affected to a
minor degree at water-undersaturated conditions.

Of the incompatible minor and trace elements (Fig. 4),
distribution between Crd and melt occurs in the

aMgO

� �2
aAl2O3
½ �2 aBeO½ �1 aSi02½ �6 aH2O½ �<1 ¼ aMgO

� �2
aAl2O3
½ �2 aBeO½ �1 aSi02½ �6 aH2O½ �<1

Be� indialiteðcrystalÞ Be� indialiteðmeltÞ
ð2Þ

Table 4 Regressions of elemental partitioning between cordierite
and granitic melt as a function of temperature from 700 to 850 �C

D ratio Linear fit r2 value

Compatible
DBe

Crd/MELT D=1,181.93–1.41(T) 0.9087
DMn

Crd/MELT D=35.46–0.04(T) 0.9712
Incompatible
*DB

Crd/MELT D=–0.42+6.38e–4(T) 0.3660
DLi

Crd/MELT D=1.61–1.733e–3(T) 0.7301
*DCa

Crd/MELT D=0.60–4.88e–4(T) 0.2006
DRb

Crd/MELT D=–0.34+5.70e–4(T) 0.5015
DCs

Crd/MELT D=–1.28+2.12e–3(T) 0.5466

All values of temperature (T) are in �C.* T-independent
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following ways. Values of DLi
Crd/melt, DRb

Crd/melt, and
DCs

Crd/melt decrease (from 0.44 to 0.12, 0.05 to 0.20, and
0.19 to�0.60, respectively) as T rises from 700 to 850 �C.
Partition coefficients for B show a slight increase (from
0.03 to �0.13) with increasing T. Bimodal values of
DCa

Crd/melt (centered around 0.22 and 0.28) reflect a
better correlation with starting composition than with
run temperature. Boron and Ca distributions appear to
be approximately independent of T, as low r2 values
suggest (Table 4).

Discussion

Experimental calibration of cordierite-associated trace
elements of silicic melts

Beryllium

Beryllium mostly enters the cordierite structure by the
exchange mechanisms (4)Be(ch)(Na, K)(4)Al–1 (low T) and
(4)Be(4)Si(4)Al–2 (high T), which vary inversely with
temperature (from 675 to 900 �C; Evensen 2001). Going
from the trace levels of BeO in melt (this study) up to
beryl saturation (Evensen et al. 1999), the measured
DBe

Crd/melt values shift from 202.0 to 6.70 (from 700 to

850 �C) down to the narrower range of 26.6 to 15.1
(Fig. 3). With increasing contents of Be in melt, the
mineral cordierite is saturating in Be, which leads to
lower D-values. This classic behaviour of non-Henrian
trace element distribution is influenced by increasing
structural disorder, whereby the incorporation of sig-
nificant contents of Be into cordierite results in hexo-
gonal symmetry (e.g., Hölscher and Schreyer 1989; J.M.
Evensen and D. London 2002, unpublished data). In
peraluminous granitic melts, complete solid solution
between cordierite and beryl exists.

In cordierite and beryl, Be resides in linking tetrahe-
dra (e.g., Aurisicchio et al. 1988; Hölscher and Schreyer
1989), and shows a clear bond-angle preference (e.g.,
Downs and Gibbs 1981) for linking versus ring-forming
geometries. Natural cordierite often contains moderate
to very high contents of Be, generally ranging from 10s
to 1,000s ppm. Cesium becomes more compatible in Be-
rich Crd versus Be-poor Crd (Fig. 5), whereas Li and
Mn behave similarly between Be-rich and Be-poor cor-
dierite. Increasing DCs

Crd/melt suggests that, in addition
to increasing temperature (Daniels 1992), increased

Fig. 3 Temperature-dependent partitioning of Be between cordie-
rite and melt at 200 MPa. Ten data points are shown for cordierite
formed in Be-poor melts (<1s ppm Be in melt, this study); 12 data
points are shown for beryllian cordierite formed at beryl saturation
(10s to 100s ppm Be in melt, from Evensen 2001). Upward-pointing
triangles designate forward experiments; downward-pointing trian-
gles mark reverse experiments. Error bars signify 1r propagated
precision. A Gaussian distribution, D=(22,571/88.514·1.2533) exp
–2((T–710)2/7,834.7), best fits the cordierite data in the range of 700
to 850 �C but the linear trend, D=8.6209–0.0089(T), should be
used for extrapolation beyond these conditions. The linear fit of
cordierite+beryl data is D=2.2726–0.0014(T) Fig. 4 Partition coefficients of selected elements between cordierite

and melt at 200 MPa and at trace concentrations of these elements
in melt. X-axes are constant but the scales of y-axes vary. Data
from 10 experiments are displayed in each plot. Of the elements
shown, only Mn is compatible. Partition coefficients of Mn and Li
decrease with T, whereas those of Rb and Cs increase. Distribu-
tions of B and Ca do not vary significantly with temperature
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contents of Be may facilitate the widening of structural
channel geometries.

White mica is commonly cited as the major source
and control on Be contents of silicic rocks, originating
from the relatively high contents of Be in marine sedi-
ment (e.g., 2 ppm; You et al. 1994) and pelite (e.g.,
3 ppm; Turekian and Wedepohl 1961). In mica, Be re-
places tetrahedral Al (brittle micas; LiBeAl–1 or HAlBe–1;
Evensen and London 2002) or Si (CaLiBeNa–1Si–1;
Grew et al. 1986), or a combination of these going from
muscovite–paragonite to margarite-like structures. The
result is an increase in tetrahedral ordering (e.g.,
Guggenheim 1984; Evensen et al. 2002) which structur-
ally gives rise to the bityite end member (CaLiAl2Be-
AlSi2O10(OH)2). Polyhedral geometries of muscovite,
however, are likely to be somewhat less accommodating
for Be2+ compared to cordierite–beryl structures. In
mica, Be contents typically range up to the 10s of ppm,
and only rarely reach 100s of ppm (e.g., Wuensch and
Hörmann 1978; Černý and Burt 1984; Grew et al. 1986;
Smeds 1992). In experiments where the activity of be-
ryllium in melt was varied, Be was found to be slightly
compatible in muscovite (DBe

Mus/melt=1.35 at 700 �C,
200 MPa; Evensen and London 2002) at the lower Be
concentrations applicable to the widest range of felsic
magmas.

Compositions of cordierite and white mica, and their
influence on whole-rock contents of Be, indicate that
cordierite is far more effective in sequestering beryllium
(Evensen and London 2002). Incorporation of Be into
white mica becomes most important under cordierite-
absent conditions. As a result, the budget of Be in melt is
most susceptible to change when an S-type magma
reaches the cordierite stability field.

Manganese

This transition metal gives rise to a distorted octahedral
polyhedron which inhibits direct substitution into
polyhedra that normally contain Fe2+ or Mg (e.g.,
Peacor and Wedepohl 1978; Burns et al. 1994). The
partition coefficient for Mn between cordierite and
peraluminous silicic melt is nearly identical to that of
biotite melt at comparable P–T–X conditions. Values of
DMn

Crd/melt fall from 7.67 to 1.92 as T increases from
700 to 850 �C. Experimental values of DMn

Bt/melt are
reported to decrease from the range of 7.60 to 4.86 down
to 3.78 to 3.50 as T rises from 650 to 750 �C (Icenhower
and London 1995). Because the slopes of partition co-
efficients of Mn nearly overlap between cordierite/melt
and biotite/melt, these minerals exert about the same

Fig. 5 Distribution of Li,
Be, Mn, and Cs between
cordierite and melt
(200 MPa) at elevated melt
activities of Li, Be and Cs
(modified from Evensen
2001). All melts are saturated
in beryl, and cordierite is
appreciably beryllian (1.0 to
4.4 wt% BeO)
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degree of control on the magmatic distribution of Mn.
In the absence of garnet, which ultimately buffers Mn
contents of melt (e.g., Icenhower et al. 1994; Icenhower
1995), it is the absolute abundance of Crd+Bt more
than the relative ratio of these minerals that controls Mn
in melt.

Lithium

Lithium enters the cordierite structure by substitution
for octahedral R2+ cations, for example, by way of
Na(ch)Li(6)(Mg,Fe)(6)–1 (Armbruster and Irouschek 1983;
Kirchner et al. 1984; Gordillo et al. 1985; Černý et al.
1997; Evensen and London 2002). In the present ex-
perimental products, Li exhibits moderate to strong in-
compatibility in cordierite, depending on T (DLi

Crd/

melt=0.44 to 0.12 going from 700 to 850 �C). Results
support the usage of the difference in slope between Be
and Li partition coefficients (i.e., values of Be/Li in Crd)
as an indicator of T, so long as effects of melt/fluid ac-
tivity of Be and Li are reconciled (see difference between
slopes in Fig. 3). Cordierite exerts minor control on the
Li contents of the melt. Lithium behaves compatibly in
both white and dark micas (e.g., Icenhower and London
1995). Micas control the distribution of Li in melt.

Cesium

Cordierite accommodates Cs at channel sites. Figure 4
shows that Cs contents increase regularly with T, coin-
cident with structural expansion and better accommo-
dation for the large alkalis (e.g., Evans et al. 1980;
Schreyer et al. 1990; Evensen 2001; Thompson et al.
2002). High-cordierite incorporates Cs by deformation
of ring-forming tetrahedra in a manner which maintains
symmetry (Daniels 1992). In cordierite–beryl solid so-
lutions at 800 �C and higher, increasing Al/Si disorder
and effects of distorted BeO4 linking tetrahedra together
widen channel sites to the extent that Cs becomes
compatible (Evensen 2001).

At much higher contents of Cs2O (�0.50 to 0.75 wt%
versus �several ppm Cs2O in this study), Icenhower
(1995) reported a mean value for DCs

Crd/melt of 0.72
(±0.03) at 700 �C. This partition coefficient differs from
the range of DCs

Crd/melt in this study, which extends from
�0.19 to �0.60 as T increases from 700 to 850 �C. At the
low contents of Cs in most S-type magmas, uptake by
cordierite is significant at 700 �C but much more efficient
at higher T.

Cordierite-associated trace elements in granitic rocks

Cordierite-bearing granites

A survey of compositions which include complete light-
element data (Table 5) illustrates that many S-type

granites with Crd are distinguished by low Be concen-
trations in the whole-rock analysis (Evensen 2001; Lon-
don and Evensen 2002). Compositions frommore than 13
cordierite-bearing granites yield a mean of 0.80±
0.03 ppm Be. In comparison to granites worldwide, the
Mn and Cs contents of the same rocks are noticeably low,
showing mean values of 1.8 ppm Cs (range=1.54 to 2.1)
and 0.01 wt% MnO (range=0.00 to 0.03).

In addition, cordierite-bearing granites do not seem
to contain beryl in their pegmatitic differentiates (e.g.,
Barbey et al. 1999). Two trends emerge from the dat-
abase: (1) an association between Crd-free granite and
beryl-bearing pegmatite fields, or (2) an association be-
tween Crd-bearing granite (containing negligible Be in
whole-rock values) and an absence of mineralized
magmatic differentiates (e.g., Breaks and Moore 1993).
Considering that Be is highly compatible in Crd, low Be
contents of Crd-bearing granites require two more
constraints – that their Crd is not restitic, but that
restitic Crd was retained in the source regions. The va-
lidity of the second point follows from the negligible
contribution of Crd to melting reactions at reasonable
crustal temperatures (discussed below).

Cordierite-free granites

Compared to the above group, whole-rock values of
these rocks are distinctly rich in Be, and may be asso-
ciated with swarms of beryl-bearing pegmatites. Ana-
lyses of more than 100 cordierite-free granites, excluding
their highly evolved facies (and mineralized products),
yield a mean value of 6±1.6 ppm Be (Evensen and
London 2002). It is evident from the range of values
reported in Table 5 that many such granites commonly
contain even higher Be contents. Data in Table 5 also
indicate a spatial correlation between these rocks, their
beryl pegmatites and Be mineralization. About 115 an-
alyses of the evolved facies of Crd-absent granites of
S-type affinity yield a mean value of 69±33 ppm Be
with, once again, a range of values which usually extends
even higher. Converted to BeO, this value equals
�400 ppm, which is near or beyond the melt saturation
requirements for beryl in compositionally simple pera-
luminous haplogranitic melts at 700 �C (Evensen et al.
1999). However, Evensen et al. (1999) noted that beryl
saturation is also a function of the other fluxing melt
species, requiring higher BeO contents in B-, F-, and P-
rich highly evolved melts. In summary, the database
suggests that the Be contents of cordierite-free (mostly
biotite±garnet-bearing) peraluminous granitic magmas
are up to 3 orders of magnitude higher than those of
cordierite-bearing peraluminous granites.

Migmatites

Some of the most detailed data for evaluating the effect
of Crd on magmatic signatures are contained in
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migmatite analyses by Bea et al. (1994a), a subset of
which is summarized in Table 6. Here, fractionation is
evident between Crd-rich restite (melanosomes) and
derived liquids (leucosomes). Relative to the Crd-bear-
ing source rocks, the crystalline residua (restite) shows
appreciable enrichments of Be, Mn and Cs. Physically
separated leucogranite dikes, however, display marked
depletions. Bea et al. (1994a) also estimated crystal/melt
partition coefficients of migmatites using elemental
contents of restitic minerals compared to those of ge-
netically related leucosomes (melts). They noted prefer-
ential uptake of Be by Crd at a magnitude lower than
most but within the range of DBe

Crd/melt experimental
values reported here (near values similar to the higher T
experiments, �800 �C). They show Cs to be much more
compatible in cordierite (DCs

Crd/leucosome=31.5) than in
our experimental results. Bea et al. (1994a) reported that
Li was compatible in Crd as well, which is not supported
by experimental studies to date (Icenhower and London
1995; this study).

Regional trace-element trends and pegmatite associations

Many S-type granitic rocks of western Europe contain
cordierite in their assemblage, and some are interpreted
to have originated by melting within the cordierite sta-
bility field (e.g., Bea et al. 1994a, 1994b). These granitic
complexes or migmatite fields are conspicuously devoid
of Be enrichment except for the few analyses of their
restitic counterparts (e.g., melanosomes with 3.51–
8.10 ppm Be, see Table 5) or cordierite-rich cockades
(3.4–7.1 ppm Be; Barbey et al. 1999). Using the parti-
tioning data for Be, this trend logically suggests that the
low range of Be in such granites can be accounted for by
the retention of Be in restitic Crd, followed by restite
unmixing.

Of the few reported Be contents of granites, those of
Portugal (Charoy and Noronha 1996; Ramirez and
Grundvig 2000) are distinctly higher than the nearby
peraluminous granites of Spain (e.g., Bea et al. 1994b).
Even in studies in which Be was not analyzed, Cs and
Mn contents of granites in central Portugal are notably
greater than in Crd-bearing granites (e.g., Neiva et al.
1987). This contrast likely indicates magma formation at
the generally low pressures of cordierite stability for
many granite provinces of Spain, but deeper, higher-
temperature sources for granites of Portugal – in the field
of garnet+Al2SiO5. In North America, beryl-bearing
pegmatites are common – suggesting generally deeper,
higher-temperature sources of granitic magmatism.
These systems are often associated with Crd-free, S-type
granites of the inner Cordillera (e.g., Miller and Bradfish
1980) and continental interior (e.g., garnet-bearing
Harney Peak granite, South Dakota; e.g., Shearer
et al. 1987; Norton and Redden 1990; garnet- and
orthopyroxene-bearing granites associated with the
Treelined Lake complex, Ontario; e.g., Pan and Breaks
1997).

Based on the high compatibility of Be in cordierite,
we expect that restitic Crd becomes increasingly rich in
Be with the progress of prograde reactions, e.g.,
Crd=Be–Crd+melt. This tendency explains the occur-
rence of cordieritites, comprised dominantly of Crd-rich
restite, where the Be contents of Crd reach 1 wt% BeO
(Schreyer et al. 1979). The decomposition of Be-enriched
cordierite can be a source of Be for other phases. For
example, Grew (1998) and Baba et al. (2000) propose
that the breakdown of Be-rich cordierite provided the
source of Be for surinamite-bearing pegmatites in Ant-
arctica. This is in contrast to the generally low contents
of Be in most metamorphic rocks (Grew 2002).

The normative cordierite component
of peraluminous melt

Where Crd makes up a large portion of the mode of a
rock (e.g., �60 to 90%), it is commonly interpreted as
being restitic in origin (residual crystals or produced by
reaction with wall rock; Gordillo 1979; Ugidos 1988,
1990; Kamber et al. 1998; Kalt et al. 1999), although it
has been debated whether Crd was restitic or precipi-
tated directly from melt (e.g., Ugidos and Recio 1993).
We have already provided one means of making this
distinction: the Be content of Crd which has precipitated
from restite-free melt will be much lower than in Crd of
the restite. Using this measure, then the low Be contents
of Crd-bearing leucogranites of western Europe (Table 5)
signify that the Crd in those granites is magmatic, not
restitic. The compositions of experimental glasses pro-
duced here (Tables 2 and 3) provide another constraint.
As these glasses represent melts which are saturated in
Crd, we can calculate a normative Crd component of
those glasses to estimate how much Crd could crystallize
from them. The calculations are drawn from the glass
composition at 700 �C from Tables 2 and 3, which
represents the composition in this study nearest to the
granite minimum.

Normative Crd contents of this glass are displayed in
Table 7. Depending on the choice of phases present, the
normative Crd component is limited either by Al or by
Mg(Fe). Magnesium and Fe are distributed between
coexisting micas, magnetite, and cordierite using recal-
culated formulae for these minerals from experiments.
The products show that the normative component of
cordierite in peraluminous granitic melt varies from 0 to
a maximum of 4.0% as the muscovite content varies
antipathetically from about 5 to 0%. For cases corre-
sponding to Crd-producing reactions, such as Bt+Sil
(2nd)=Crd+L, a maximum of 4% Crd is generated in
the norm. When other peraluminous crystalline phases
are present with Crd, a common condition of natural
rocks, normative values of less than 4% Crd result.
Many Crd-bearing granites are frequently Mus-poor,
which corresponds to a higher values of Crd (�3%).
Most Crd-bearing granites, however, are relatively Bt-
rich. After the Al component of the calculation, Mg
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becomes limiting. Thereby, a Bt-rich assemblage yields a
normative Crd component closer to the lower end
(�0%). Table 7 shows that with 5 norm% Bt, the nor-
mative Crd component falls to 0.25% (with a remainder
allotted to corundum). In short, the most reasonable
value is variable but intermediate between 0 to 4 norm%
Crd. When Crd constitutes more than a few percent of a
natural mode, the assemblage in question could not
have originated strictly by condensation from melt, al-
though Crd and other restitic phases may recrystallize in
the presence of (i.e., via) the melt phase (e.g., Icenhower
and London 1995). This conclusion reinforces our prior
statements: most of the Be in the protoliths for an S-type
magma will be retained in restitic Crd, as only a small
fraction of Crd component is actually contributed to the
melt.

Conclusions

Cordierite and the S-type granite signature

White et al. (1986a) and Zen (1987) suggested using
cordierite as an indicator of S-type granitic source
terranes. Although most phase equilibrium investiga-
tions have stressed the importance of cordierite for the
generation of S-type silicic melts (e.g., Green 1976;
Clemens and Wall 1981; Vielzeuf and Holloway 1988;
Patiño Douce 1992; Fitzsimons 1994), cordierite actu-
ally constitutes a minor to negligible component of
melts, even those which remain Crd-saturated. We
suggest that the importance of cordierite may lie mostly
in its impact on the trace-element signatures of S-type
magmas.

The results of this study suggest that cordierite, more
than any other rock-forming mineral, controls the dis-
tribution of magmatic Be and Cs. Lithium budgets of
melts are controlled by micas, and biotite and cordierite
both affect the distribution of Mn. The ranges of mean
values of 0.8 versus 6 ppm Be (Table 5) clearly separate
populations of Crd-bearing from Crd-free granites. The
only slight overlap is seen for MnO contents, which
again reflects a dual control on its distribution by Crd
and Bt. In decreasing order of the efficiency of accom-
modation by cordierite, the cordierite-associated, S-type
trace-element signature is comprised of:

Be� Cs�Mn� Li

If cordierite is part of the anatectic assemblage during
melting, the greater the degree for residual crystals to
equilibrate with derived liquid, the more this suite of
elements will be lost by incorporation into cordierite.
Granites originating within the stability field of cordie-
rite will carry low Be signatures, whereas magmas which
originate within the mid-crustal (and deeper) gar-
net+Al2SiO5 stability field may achieve cordierite sat-
uration by shallow-level crystallization (e.g., Barbey
et al. 1999) or igneous fractionation (e.g., from Opx- toA
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Crd-bearing assemblages; Secchi et al. 1991), and may
thus contain significantly higher Be contents. Moving
from regional to local scales, Be signatures track reac-
tion between granite magmas and Crd-bearing versus
Crd-free country rocks, where strong fluctuations in Be
and other trace-element contents may locally be mani-
fested (e.g., Kretz et al. 1989) as a function of proximity
to Crd-bearing rock.

Where anatexis of a metasedimentary protolith oc-
curs beyond the relatively low-pressure environment of
cordierite stability, the suite of elements above will
fractionate into the melt, their budgets thereafter being
controlled mainly by white (Li, Be, Cs) and dark (Li,
Mn, F) micas. Other essential contributors to the F, P,
and B signatures in S-type systems are dark mica (sensu
lato, including biotite and Li-bearing dark mica; Icen-
hower and London 1995; London 1995), apatite and
other phosphates (Watson and Capiobianco 1981; Wolf
and London 1994; London et al. 1999), and tourmaline
(e.g., Wolf and London 1997), respectively. For a single
mineral, however, the breadth of elements incorporated
by cordierite is extensive. Surveys of whole-rock
compositions, in addition to association with or with-
out beryl-bearing pegmatites, indicate that a major
fraction of granite bodies contained cordierite in their
residua.

Clearly, cordierite imparts or, more often, removes an
S-type trace-element signature from granitic melts. Cor-
dierite-bearing and cordierite-free peraluminous granites
are separated by about an order of magnitude in con-
centrations of Be, Cs andMn.Unlikemicas, the cordierite
signature resolves the source of melting within relatively
narrow stability field limits. Routine analysis of Crd, and
Be, in conjunction with established DBe,Cs,Mn

Crd/melt re-
lations, offer means to discriminate residual versus mag-
maticmineralogy – an issue central to the interpretation of

S-type granites (e.g., White et al. 1986a, 1986b; Ugidos
and Recio 1993). In the end, the unique capacity of the
cordierite crystal structure to accommodate a diverse
range of ions, from those requiring the smallest (Be) to the
largest (Cs) coordination polyhedra, largely controls the
magmatic budgets of these petrologically and economi-
cally important lithophile trace elements.
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