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ABSTRAC"T

Moyditd is a new mineral species from the Evans-Lou
granitic pegmatite near Wakefield, Quebec. It occurs as a
secondary mineral in cavities within massive quartz and is
associated with hellandite, kainosite, lokkaite, xenotime and
fergusonite. Its thin, clear yellow plates, I x I x 0.05 mm,
exhibit a vitreous lustre. It is soft and brittle with one good
{010} and one poor {l0l} cleavage. It does not fluoresce
in ultraviolet radiation and is not readily soluble in 3090
HCl. Optically it is biaxial negative, o 1.588(2), B 1.681(l),
1 1.690(1), 2V (mas.) 32Q)' ,2V(c,zlc.) 34' , Xlb, fila with
weak dispersion r>r. Single-crystal and powderdiffraction
X-ray studies show moydite to be orthorhombicn space
group Pbca (no. 6l), with a 9.080(9), b 12.222(9), c 8.911(O
A and V 988.9(2.5) Al. The strotlgest ten powder-
diffraction lines td in L(I)@kDl are:
6.11(10x020),4.5q9\(w2,2fr),3.n94n2n2),3.054(3X04O),
2.8 r8(r(n4, 2.7 49 (3)Q I r,r 4r,r | 3), 2. s2s (4) QA,240),
2.203(3)Q42r, 2.091(3X341,3 I 3,152,143) and 1.855(3)
(062,260). The average result of the electron-microprobe
analyses gives: Y2O3 35.0, CaO 0.5, Ce2O3 0.8, Nd2O3 1.3,
Sm2O3 1.2, Gd2O33,4, Dy2O3 3.8, Ho2O3 1.9,B,2o314,4,
COz 17 ,7 and H2O 20.0 Oy difference), which yields the
empirical formula (Y6.6aCaa.62Ce6.91Nds.o2Smo.92Gd0.0a
Dy6.s4Hoe.0rpe.65[Bs.saOaHa.e5](Co.uOl) based on 7 oxy-
sen atoms or, ideally, (Y,REE)[B(OH)a](COr). Cor-
roborative molecular structural information was obtained
by Raman microprobe analysis, which furnished a vibra-
tional spectrum consistent with the proposed formula and
u/ith other Raman data for borate-carbonates oftlis type.
The measured density, 3.13(3) g/sml, agrees reasonably
well with the calculaled densiry of 3.01(8) g/cm3 for Z = 8.
The name honors Louis Moyd, Curator Emeritus at the
National Museum of Natural Sciences.

Keywords: moydite, new mineral species, Evans-Lou peg-
matite, carbonate, borate, chemical analysis, electron
microprobe, ion microprobe, Raman microprobe,
Quebec.

MOYDTTE lY, REA [B{OH)4](CO3),
A NEW MINERA!. SPECIES FROM THE EVANS_LOU PEGMATITE. OUEBEC

JOEL D. GRICE AND JERRY VAN VELTHUIZEN
Mineral Sciences Division, National Museum of Natural Sciences, Ottawa, Ontario KIA 0M8

PETE J. DUNN
Department of Mineral Sciences, Smithsonian Institution, llashington, D.C. 20560, U.S.A,

DALE E. NEWBURY AND EDGAR S. ETZ
Center for Analytical Chemistry, Notional Bureau of Standards, Gaithersburg, Maryland 20899, U,S.A.

CHARLES H. NIELSEN
JEOL U.S.A., Inc., 11 Dearborn Road, Peabody, Massachusetts 01960, U.S.A.

SoMMarns

La moydite est une nouvelle espbce min6rale ddcouverte
dans la pegmatite granitique Evans-Lou, prds de Wake-
field (Qudbec). C'est un mindral secondaire dans les cavi-
tds du quftz massif, gdn€ralement accompagn6 de hellan-
dite, c6nosite, lokkaile, xdnotime et fergusonite. Ses
plaquettes jaunes, minces et translucides mesurent I x I
x 0.05 mm et ont un €clat vitreux. Tendre et cassante, la
moydite, orthorhombique, poss0de un bon clivage {010}
et un clivage imparfait {101}. Elle n'6met aucune fluores-
cence dans l'ultraviolet et se dissout malaisdment dans une
solution de HCI d 3090. Optiquement, elle est biaxe n6ga-
tive, a 1.588(2), B 1.681(l), y 1.690(l),2lz(mesur€) 32(3)",
2V(calcul6) 34", Xnb, Yla avec faible dispersion r>u.
Selon I'examen aux rayons X de cristaux uniques et de pou-
dres, le groupe spanal etfbca (# 6l) et la gaille, a 9.080(9),
b t2.222(9\, c 8.911(6) L, V 988.9(2.5) A1. Les dix raies
les plus intenses du clichd de poudre [d en A(IXrkD] sont:
6. l l (10)(020), 4.50(9)(002,200), 3.r79(7)(202),
3.054(3X040), 2.818(5)(222), 2.7 49(3)(3 | r,r 4r,r 13),
2. s2s (q(a2,2a), 2.n3 Q)Q42\, 2,@ | Q)Q 4r,3 13,r s2,r43)
et 1.855(3) (M2,260). La moyenne des analyses effectudes
A la microsonde donne: Y2O3 35.0, CaO 0.5, Ce2O3 0.8,
Nd2O3 1.3, Sm2O3 1.2, Gd2O3 3.4, Dy2O3 3.8, Ho2O3 1.9,
B2O3 14.4, COz 17.7 et H2O 20.0 (par diff6rence), d'or)
la formule empirique (Yo.e+Cao.oaC%.e1Nds.o2Sms.02Gdo.04
Dye.saHo6.0tse.s5[B0.s4o4H4.es](Co.a+Oi pour 7 atomes
d'oxygbne ou, id6alement, (Y, terres rares) IB(OH)41(CO3).
Ces r€sultats ont 6t6 corrobor€s i la microsonde de Raman,
qui a r6v6l6 un spectre de vibrations correspondant d la for-
mule propos6e et d d'autres donndes de Raman sur les
borates-carbotrates de ce type. La densit€ mesuree, 3.13(3),
ne s'6carte pas trop de la densit€ calcul6e, 3.01(8) pour
Z = S.Lenom du min6ral honore Louis Moyd, conserva-
teur emerite du Mus6e national des sciences naturelles.

Mots-clds: moydite, nouvelle espBce min6rale, pegmatite
granitique de Evans-Lou, cabonate, borate, analyse chi-
mique, microsonde dlectronique, microsonde ionique,
microsonde de Raman, Qu6bec.
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INTRoDUcTIoN

The application of several analytical techniques is
commonly necsssary to completely describe a new
mineral species. This is especially true for the chem-
ical characterization of minerals bearing light ele-
ments (atomic number < I l) as major constituents
since these are uot readily determined by conven-
tional electron-microprobe analysis. The characteri-
zation of moydite, a new mineral species from the
Evans-Lou pegmatite near Wakefield, Quebec, il-
lustrates an example of combined application of clas-
sical X-ray-diffraction techniques and several
modern microchemical analysis techniques that lead
to a complete and consistent description of both the
composition and structure of this new mineral. This
paper delineates the analytical approach taken in the
characterization of moydite and presents the results
that have led to its identification as an yttrium - rare-
earth borate-carbonate of ideal empirical formula
(Y,R.E',Z') [B(O H)4] (CO3).

The Evans-Lou mine occurs in a granitic pegma-
tite within the Grenville Province. The mine inter-
mittently produced feldspar and quartz from 1932
to 1952. Of the many pegmatites in the region, sever-
al are known to contain minerals ttrat bear rare-earth
elements. Mine operators apparently viewed these
minerals as troublesome and dumped them as waste
at the Evans-Lou deposit as well as other similar
mines in the area. It was not until the late 1960s that
detailed mineralogical studies were initiated on these
interesting and rare components of the peguratites.
To date, 66 mineral species have been identified from
the Evans-Lou pegmatite. This includes three new
species: wakefieldite (Miles el al. l97l), caysichite
(Hogarth et ql, 1974) and moydite (present study).
In addition to these, Miles et al. (191) and Hogarth
(1972) described several unknowns that have not yet
been fully described.

Moydite was found by one of the authors (J. v . V.)
in the fall of 1980 on the waste dump. Although it
was recognized at the time as a new mineral species,
a full description was hampered by difficulties
encountered in the determination of the concentra-
tions of the light elements. Overcoming these
difficulties required the application of several
advanced, synergistic techniques of analysis to help
determine the complete elemental composition and
to derive internally consistent data on the atomic
structure. The name moydite honors Mr. Louis
Moyd, Curator Emeritus at the National Museum
of Natural Sciences, Ottawa and his contributions
to mineralogy and the National Mineral Collection
of Canada. Both the new mineral and name have
been approved by the Commission on New Minerals
and Mineral Names, IMA. Type material consists
of several single crystals (NMNS #50771) in the col-
lections of the National Museum of Natural Sciences,

Ottawa, Canada, and the Smithsonian Institution
(#162936). A cotype specimen at the NMNS has
approximately 15 crystals, each of about I mm in
size, on a quartz matrix measuring 3x2x2 cm
(NMNS #sO772).

OCCUN.NSNCT AND PARAGENESIS

Moydite occurs at the Evans-Lou mine, which is
located approximately 40 km north of Ottawa in Lot
32, Range VI, Val des Monts Tp., Papineau Co.,
Quebec. This granitic pegmatite dyke may be traced
for some 120 m and has a maximum width of 25 m
(Miles e/ al. L97L). The pegmatite has an outer
perthite-plagioclase-quartz zone, an intermediate
perthite-quartz zone and an inner zone of massive
quartz. Hogarth (1972) reported the presence ofhel-
landite crystals up to 0.55 m across approximately
one metre from the quartz core. Fergusonite, allanite
and yttrian spessartine are found with hellandite in
the inner massive quartz-feldspax zones of the peg-
matite.

The secondary minerals caysichite, lokkaite' ten-
gerite, kainosite and yttrian synchisite are rare-earth-
bearing carbonates formed from the alteration of
primary hellandite. Other secondary minerals
reported include azurite, malachite, bismutite' ura-
nophane, xenotimc, wakefieldite and namibite.
These minerals exemplify the diverse chemistry found
within this pegmatite.

Moydite was discovered in a large boulder on the
rock dump. Its placement within the pegmatite is
fairly certain because of the associated minerals. The
moydite crystals formed within cavities in massive
quartz adjacent to a partly altered hellandite cys-
tal. The breakdown of hellandite undoubtedly
provided the source of yttrium, rare-earth elements
and boron. Carbonate must have been an essential
constituent of the sliehtly alkaline hydrothermal fluid
that percolated through the wggy quartz. Minerals
associated in the same vugs include kainosite' lok-
kaile, caysichite, xenotime, titanite, yttrian fluorapa-
tite, yttrian spessartine, fergusonite, meta-
tyuyamunite and metatorbernite.

APPEARANCE AND PHYSICAL PROPERTIES

Moydite occurs as platy aggregates of crystals,
often with subparallel growth (Fig. l). Individual
crystals are clear ye[ow, with a vitreous lustre and
dimensions up to 1 x I x 0.05 mm thick.

The small size of the crystals made it difficult to
determine relative hardness. Moydite seems to be
quite soft and is definitely brittle with a conchoidal
fracture. It has good cleavage on {010} and poor
cleavage on { 101 }. It does not fluoresce in ultravio-
let radiation and is not readily soluble in 3090 HCl.



The density determination was carried out on crys-
tals using bromoform diluted with I :1 butyl alcohol.
The resulting average measured density is 3.13(3)
g/cm3.

Cnvsrauocnnpnv

Morphology

Observed crystals of moydite have a simple mor-
phology: a platy basal pinacoid {010} modified by
the rhombic dipyramid {lll} and, occasionally, a
minor development of pinacoids {100} and {001}
(Fie. 1).

Optical data

Moydite is colorless in thin fragments and shows
no pleochroism or absorption, but a weak disper-
sion is evident, with r>v. It is biaxial negative, with
indices of refraction o 1.588(2), 0 1.681(l), y
1.690(l),2Zmeasured in sodium light O 589 nm)
32(3)' and 2Y(calc,,) 34'. The optical orientation is
Xllb, Yfia and Zlc.

X-ray -diffract io n dat a

X-ray single-crystal precession photographs show
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moydite to be orthorhombic, with unique space-
gtoup P21/ b2 y/ c21/ a. Unit-cell dirnensions refined
from X-ray powder-diffraction data (Table l) col-
lected on a 114.6-mm Debye-Scherrer camera using
Cu/(c ra{iation yield: a 9.08p(9), b 12.222(9), c
S.911(O A. and V 988.9(2.5) A3.

The choice of axes for moydite is such that
c<a<b, but in the original decision for orientation
we recognized that there are similarities to the cell
dimensions for ludwigite and lanthanite. Ludwigite
Mg2Fe@O)O2 has cell dimensions a 9.14, b L2.45
and c 3.05 A (Takduchi et al. 1950); a tripling of the
c parameter gives dimensions comparable to moyd-
ite. Similarly lanthanite (La,Ce)2(CO,)r.8H1O has
cell dimensions a 9.50, b 16.94 and c 8.94 A (Dal
Negro e/a/. 1977).The b parameter is approximately
4/3 thaL of moydite, and the other two are similar.
The crystal-structure relationships of these subcells
are discussed in Grice & Ercit (1986).

CTEMICAL CoMPosITIoN'

The higb birefringence of moydite suggested that
it might be a carbonate species. Owing to paucity
of material, direct wet-chemical methods were
precluded, and we adopted a variety of nfcro-
analytical methods to establish the chemical compo-

MOYDITB, A NEW MINERAL SPECIES FROM QUEBEC

FI6. l. Platy crystals of moydite displaying the dominant forms {010}and {lll};
width of field of view is 2 mm (NMNS #50772).
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TABI,E 1. X-RAY POWDER.DIFFRACTION DATA OF MOYDITE

h k l dca l-c h k z dcals

0 2 0  6  . 1 1 1

1 1 1  5 . 6 4 2

2 0 0  4 . 5 4 0 I
o 0 2  4 . 4 5 5 t
21 .1  3  .  841

2 2 0  3 .  6 4 4  I
0 2 2  3 . 6  o O  I

202 3 .  180

0 4 0  3 . 0 5 6

2 2 2  2 . 4 2 1
3 1 1  2 . 1 9 0 1
l 4 l _  2 . 7 5 4 1
1 1 3  2 . 7 5 0 1
2 4 0  2 . 5 3 4  I
0 4 2  2 . 5 L 9 t

2 4 L  2 . 4 3 8 1
2 1 3  2 . 4 3 5 1
r42 2-4281

3 3 1  2 . 3 4 4 \
1  3  3  2 . 3 2 0 t

4 0 0  2 . 2 7 0 1
4 L 0  2 , 2 3 L 1
0 0 4  2 . 2 2 ' 7 1

2 4 2  2 . 2 0 3

4Lr  2 .1"65
420 2 .L291
2 3 3  2 . L 2 L l
o 2 4  2 . 0 9 3 ' l

6 . 1 0 6

5 . 6 7 9

4 . 5 0 1

3 .  0 5 4

2 . 8 1 8

2 . 7  4 9

2 . 5 2 5

2 .43 '7

2 . 2 ' 1 6

2 . 2 0 3

2 . L 6 7

i

I

2

*'7

r 3

* 5

<1.

<1

<l_

* 3

1

2

3 4 1  2 . 0 9 2 1
3 I 3  2 . 0 9 0 1  2 . o q l  31 5 2  2 . 0 8 8  I
1 4 3  2 . 0 8 5 '

0 6 0  2 . 0 3 7  2 - 0 3 5  ' 2
4O2 2 .0221
3 2 3  2 . 0 0 2 1  L . 9 9 9  I
2 0 4  L . 9 9 9  '

4 2 2  1 . 9 2 0 )
L 3 4  1 . 9 1 0 1  1 . 8 5 5  * 3
2 2 4  r . 9 0 0 1

2 6 0  1 . 8 5 8 1  1 . R 5 5  3
0 6 2  r . 8 5 2 t
4 4 0  r . 8 2 2  1 . 8 2 3  1

0 4 4  1 . 8 0 0 \  L . 7 9 9  I
1 1 5  L .  7 3 t  ,  r . 7 3 4  < L

170 1  .  715 L .7L .4  I

4 4 2  1 . 6 8 6  I
5 0 2  r . 6 8 1 (  1 . 6 8 6  * 2
0 6 3  1 . 6 ? 9 1
2 4 4  r . 6 7 3 r

4  3 3  r . 6 4 9  1 . 6 4 8  < L

t - 3 5  1 . 6 0 7  1 . 6 0 7  r l

4 0 4  1 . 5 9 0  1 .  s 9 0  L

4 2 4  1 . 5 3 8  1 , . 5 3 8  < l

Plus weak additional- l ines at

r - . 5 1 " 8  1 - . 4 7 4  r . 4 6 9  1 . 4 4 8  1 . 4 3 3  1 . 4 1 4
1 . 3 9 6  1 . 3 7 8  r . . 3 s 6  L . 3 4 0  L . 2 9 ' 1  I . 2 5 4
L . 2 7 0  I . 2 5 6  I . 2 4 0  L . 2 L 7  r . 2 0 4  1 . 1 8 0
1 . L 7 1  r , . r - 6 1  r . r 5 2  r . L 4 2  1 . 1 3 1  L . L 2 3

culfu Radiation 1l4.6 m Debye-Scherrer canera.
*used in ceLL refinement

sition and atomic structure of moydite. Available to
us were several synergistic techniques of micro-
analysis both to elucidate the full elemental
composition and to derive the atomic-structure rela-
tionships consistent with the chemical formula der-
ived by Grice & Ercit (1986) from the crystal-
structure determination. These methods encompass
quantitative wavelength-dispersion electron-
microprobe analysis, ion-microprobe analysis by
secondary-ion mass spectrometry (SIMS), and laser-
Raman microanalysis (LRM). These instrumental
microanalytical techniques are becoming increasingly
powerful complementary tools in diverse areas of
materials analysis and are beginning to come into use
for'mineral studies @oedder 1984, McMillan 1985,
Etz et al. 1985). Some experimental details and the
results of these microanalytical investigations of
moydite are discussed in the following sections.

E I ect ron- mic ro p ro be anal y sis

The mineral was analyzed in two laboratories for

elemental composition using two types of commer-
cial electron-microprobe analyzers (EMPA) differ-
ing in analytical capabilities. Flat-polished grains of
the imineral, embedded in an epoxy mount, were are
first examined in an ARL'SEMQ electron micro-
probe not equipped to measure X-ray signals from
elements of atomic number less tlan 11. These meas-
urements employed an operating voltage of 15 kV
and a sample current of 0.025 pA, measured on
brass. Wavelength-dispersion microprobe scans indi-
cated only Y and several R EE as major constituents
of moydite, and the presence of Ca in minor con-
centrations. Samples were checked for homogeneity
using a small beam-spot, and then analyzed with a
large beam-spot (4O prn) to prevent potential decom-
position of the sample. The standards used for anal-
ysis were the rare-earth-bearing glasses of Drake &
Weill (1972) for KEE, hornblende (Ca), and synthetic
Y2Si2O7 and Y3Al5Op for Y. The data were cor-
rected using a modified version of the MAGIC-4
program. Subsequent SIMS scans indicated the
presence of several other rare earths in smaller quan-
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TABLE 2. CHEMICAL COMPOSITION OP MOYDITE
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Weight B

N M N S  C a l c . 3
+ 5 0 7 7 2

3 4 . 7  3 7 . 4

0 . 8
I . 2
L . 2  1 5 . 0
3 . 4
3 . 8
1 . 0

1 4  . 4  1 " 4  . 4
L 7  . ' 7  1 8 . 3

Q I . 2 ,  z  L 4 . 9

N o .  o f  c a t i o n s '

N M N H  N M N S  C a l c . 3

+L62936  *50772
NMNH

* r62936

Y z O g  3 5 . 3
C a O  0 . 4
C e z O  g  0  . 8
N d z O g  1 . 3
S m 2  O  3  I . 2
G d z O r  3 . 3
D y 2 o 3  3 . 7
H o 2 O 3  2 . 7
B z o r  ( f 5 . 5 ) '
C O z  ( 1 9 . 7 )  t

H z O  ( L 6 . L )  I

\  o . 7 2
C a  0 . 0 2
c e  0 . 0 1
N d  0 . 0 2
s m  0 . 0 2
c d  0 . 0 4
D y  0 . 0 4
H o  0 . 0  3
B  1 . 0 3
c  1 . 0 3
H  4 . 1 1
o 7
D ( c a l c )  3 . 0 9

0 . 6 4  0 . 8 0
0 . 0 2
0 . 0 1
0 . 0 2
0 . 0 2  0 . 2 o
0 . 0 4
0 . 0 4
0 . 0 r
t - . 10  1 , . 00
0 .  8 4  1 , 0 0
4 . 9 5  4 . 0 0
1 7
2 . 9 2  3 . 2 41 0 0 1 0 01 0 0

caLcul,ated from crystaL-structure atomic proportions.
by  d i f fe rence.
c a l c u L a t e d  f r o m  i d e a l  f o r m u l a  ( Y o . e , S m o . z )  t B ( O H ) q l C O : ,
based on 7 oxygen atore.

tities, in addition to those reportd here. The resul-
tant composition is presented in Table 2. Subsequent
data obtained from SIMS analysis with the ion
microprobe indicated major concentrations of the
light elements hydrogen, boron, carbon and oxygen.

At this point in the investigation of moydite, the
crystal-structure analysis was attempted using the
quantitative and qualitative chemical data available.
The unique solution to the structure determination
is described by Grice & Ercit (1980, and the chemi-
cal formula derived is (Yo.a, REE0.tlB(OH)alCOr.
The calculated weight percentages of oxides for this
formula are given in Table 2.

The availability of a second electron microprobe,
the JEOL Superprobe 733, equipped for the detec-
tion of low-atomic-number elements, made it attrac-
tive to examine the mineral specifically for elements
B and C, as it was expected that these elements,
though easily detected, might not be accurately quan-
tifiable by ion-microprobe analysis. The JEOL
Superprobe 733, operating at a voltage of 15 kV and
a probe current of 0.025 pA, measured on a Faxaday
cup, was used for all elements except B, which was
determined separately with an operating voltage of
5 kV and a s{rmple cunent of 0.050 pA. The follow-
ing standards were used for analysis: the rare-earth-
bearing glasses of Drake & Weill (1972) for Nd, Sm,
Gd, Dy and Ho, synthetic CeF3 for Ce, synthetic
Y3Al5Or2 for Y, calcite for Ca and C, and synthetic
BN for B. The data.were corrected using the iD(pZ)
progmm @asttn et al. 1984), and the results are given
in Table 2. Two other crystals from an adjacent vug
were analyzed. They are similar to each other and
show a slight increase in Y2O3 to 38.3 wt.9o and a
corresponding decrease in the total of rare-earth ele-
menff.

Thetwo sets of electron-microprobe data compare
very well for Y and all rare-earth elements except Ho,
where different spectral lines were used by the two

analysts. Of special interest are the data for B and
C from the JEOL microprobe. The counting statis-
tics for both of these light elements were sufficiently
favorable to expect reasonably precise quantitative
results. The B peak was counted for 40 seconds with
an average peak:background ratio of 5.2 and an
average standard deviation of 3.870. The duration
ofeach carbon analysis was 20 seconds, with an aver-
age P:B ratio of 3.0 and a standard deviation of
2.60/0, The problems encountered were specimen
deterioration under the beam and the choice of suita-
ble standards for reliable quantitative results. Cal-
cite proved a good standard for C, but the three
available standards for B gave variable results, with
BN giving results close to the ideal composition. Use
of a boron metal standard gave consistently low
results, whereas the BrO, standard gave consistently
high results when compared to the ideal composi-
tion. Although the latter seemed a logical choice as
a standard, the porous nature of the material
undoubtedly accounts for the high estimate of the
amount of boron present.

Table 2 includes the electron-microprobe data
measured by the ARL-SEMQ NIvII\U{ # 16293Q and
by the JEOL Superprobe 733 (NMNS #50772), as
well as the ideal formula derived by Grice & Ercit
(1980 in their structure determination. It should be
noted that in the structure analysis, the REE+Ca
site was refined using the scattering curves ofyttrium
(the most abundant element in this site) and samar-
ium (the average scatterer of the remaining elemenls).
Although the 0.2 atoms of Sm give a good approxi-
mation to the scattering power of Ca+ REE (other
than Y), its calculated weight percent is high in com-
parison to the measured values. The marked effect
of varying amounts of REE on the calculated den-
sity is evident in Table 2, and the average D*"
[3.0](8)g/cm3] for the two microprobe analyses
agrees reasonably well with the D-","
[3.13(3)e/cm3].
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Ftc.2. SIMS spectrum of moydite @tz et al. 1985).
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Secondary-ion mass spectrometry

Following the initial EMPA analyses, the speci-
mens were examined by ion microscopy, a spatially
resolved form of secondary-ion mass spectrometry
(SIMS), to determine whether light elements (Z<ll)
are present. Because of the insulating character of
the specimen, a primary ion-beam of 160- ions at an
energy of 5.5 keV was used for the analysis.
Secondary-ion signals were collected from apeatured
areas of 60 pm and 20 pm diameter. Energy filter-
ing was used to reduce the contribution of molecu-
lar ions. An example of a mass spectrum obtained
from the new mineral is shorvn in Figure 2. In addi-
tion to the Y, REE arlld Ca detected by EMPA, the
SIMS spectrum reveals major signals for H, B, C
and O. Because of the implantation of O from the
primary ion-beam, the detection of O is meaningless.

Quantitative SIMS analysis was attempted by the
method of relative sensitivity-factors determined
from standards. Unfortunately, no standards simi-
lar to the new mineral, either natural minerals or syn-
thetic compounds, were available. The materials
available that were utilized as standards included syn-
thetic yttrium carbonate Y2(CO3)3.3H2O for the
C:Y ratio, and gaudefroyite CaoMnr(BO3)3(CO3)
(O,OlIh and canavesite Mg2CO3(HBO3).5H2O for
the B:C ratio. Unfortunately, the strong matrix-
effects that are encountered in SIMS analysis resuited
in inconsistent results. For example, the B:C atom
ratio was determined as 12:1 with gaudefroyite and

3:1 with canavesite. The C:Y atom ratio was deter-
mined to be 2.5:l with synthetic yttrium carbonate.
The SIMS results are thus internally inconsistent and
not in good agreement with the EMPA or results of
the crystal-slructural analysis.

The principal contribution of the SIMS analysis
was thus the recognition of the presence of major
Iight-element components in the new mineral. This
stimulated subsequent quantitative analysis of the
light-element component by EMPA.

Raman microprobe analysis

Vibrational spectroscopy, especially infrared
absorption, has been extensively used for the struc-
tural and molecular characterization of minerals
(McMillan 1985, Ross 1972a). Infrared absorption
and Raman data on borate minerals are quite sparse
despite the excellent correlation that has been
obtained in numerous studies between the vibrational
spectrum and the structure ofthe mineral. In general,
the Raman spectra of minerals are discussed in terms
of their structural order, and the most general tool
in the analysis of crystal spectra is known as factor-
group analysis (McMillan 1985, Griffith 1975). For
minerals with several molecular groupings, the
assumption from first principles is that the spectra
are composed of a set of internal modes of each of
the molecular units (e.g., CO32-, BO33-, SO42-, H2O)
in the crystal, plus a set of lattice or external modes
characteristic of specific crystal-structures. The spec-

0
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tra of borates show great variety and complexity due
to the many possible anions that these minerals may
contain (Farmer 1974). Arnong the many possible
groups of atoms or species that indicate this struc-
tural diversity are BO33-, @rOe)3-, BOas-, and
B(OH);, and one would expect that each vibrating
unit should have its distinct vibrational spectrum.

The results presented here have sought to substan-
tiate these implicit structural relationships embodied
in the chemical formula derived for moydite. Thus
we used laser-Raman microanalysis (LRM) to inves-
tigate the new mineral as well as several other natural

and synthetic borates and carboborates to relate their
spectra to their known compositions and structures

@12 et al, l9S5). With the development of Raman
microprobe spectroscopy over the past decade' it has
become feasible to routinely probe microscopic
domains and acquire the Raman spectra of single
particles or microscopic volumes with dimensions of
i few cubic micrometres (Rosasco 1980). Earlier
work with the Raman microprobe on other natural
and synthetic minerals has shown that such meas-
urements can be performed nonintrusively, yielding
direct molecular information not obtainable by any
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other microprobe technique @osasco & Blaha 1980,
Grynpas et al. 1982). The Raman spectra of moyd-
ite and the related reference minerals and various
borate and carbonate standards were obtained with
the Raman microprobe developed at the National
Bureau ofStandards (Rosasco 1980, Etz 1979). The
instrument employs a scanning double monochrom-
ator with detection by coded photomultiplier tube
and signal processing by photon counting. The acqui-
sition of data is done by computer; the digital spec-
tra stored on hard disk form a library of micro-
Raman spectra for qualitative intercomparison. The
spectra were excited with the 514.5 nm line of an
argon-krypton laser. No spectral interferences due
to sample fluorescence were gncountered. Irradiance
levels, directed at the sample in a beam spot approx-
imately l0 pm in diameter, range from 20 to 50
kWcm2. The spectra were recorded with 5 cm-l
resolution, from single microscopic (approximately
10-30 pm) grains supported by a lithium fluoride
substrate.

Additional results of these investigations are given
by Etz et al. (1985). Shown in Figure 3 are the spec-
tra of moydite and of a second borate-carbonate,
the mineral canavesite. It is beyond the scope of this
paper to provide a rigorous interpretation of the
spectra of these minerals based on factor-group anal-
ysis (McMillan 1985). For the purposes of this study
it will suffice to identify the prominent bands in the
spectra and relate these to the expected Raman-active
vibrational modes characteristic of the constituent
molecular species. From this perspective, the spec-
tra of moydite and canavesite appear remarkably
similar, having several features in common in spec-
tral regions diagnostic of borate and carbonate vibra-
tional units. Most readily recognized are the fun-
damental vibrational bands of the carbonate
grouping. In the spectrum of moydite, the dominant
feature is the strong, sharp band with a peak aI llU
cm-l (21, CO32- symmetric stretching); other modes
attributed to carbonate, though much weaker,
appear with Raman shifts at approximately 1410 and
700 cm-r. Other features in the spectrum must be
considered to arise from scattering by the B(OH)4-
species. In reported @tz et al. L985, Ross 1972b)
infrared-absorption and Raman studies of the
mineral cahnite Car[B(OH)a][AsOo], assignments
have been made of the vibrational frequencies for
the tetrahydroxoborate group. From these published
data, the fundamental vibrations of the tetrahedral
B(OH); grouping would be expected at approxi-
mately 760 crn-t (21 mode), with other groupings of
bands at approximately 415,455 and 520 cm-r, as
well as in the region of 900 - l0l0 cm-t. Bands at
these frequency positions are observed in the spec-
trum of moydite which, by analogy with the asssign-
ments made for B(OH); in cahnite, would suggest
the existence of discrete tetrahydroxoborate species

in the structure of the mineral. Since moydite is non-
hydrated, the complex broad band in the region 31fi)
- 3600 cm-r must be attributed to O-H stretching
vibrations in the B(OH); ions. The pronounced,
sharp band of medium intensity at 1610 cm-r can-
not, at this time, be assigned to any vibrational entity
in the crystal structure. Observed on the spectrum
of moydile are also several prominent lattice-modes.
Canavesite is a recently discovered mineral and has
not yet been characterized by vibrational spec-
troscopy. The spectrum (Fig. 3) is that of a typical
microscopic fiber. A band due to carbonate vibra-
tions is the carbonate (zr) band at lL06 cm-r. Other
carbonate bands are much weaker, as is the case for
moydite.

The similarity in the spectra of the two minerals
moydite and canavesite requires that one examine
them in detail for any features that would allow a
distinction to be made be-tween the spectral contri-
butions of the tetrahedrally B(OH)A Etovp versus
those of the trigonal HBOrz- species. The borate
fundamentals in various minerals containing discrete
Bor3- units fall into the range 870 - 1020 cm-1(21),
680 - 810 cm-r, 1100 - 1300 cm-r, and 550 - 670
cm-l. This observation leads to the realization that
it is difficult to make specific, unequivocal assign-
ment of bands for these types of borate species on
these minerals. Thus the pronounced band centred
at 765 cm- is clearly a borate vibration and can
most likely be attributed to the z1 stretching fre-
quency of the BOH vibrating unit of either the
B(OH)4- or the HOBOT2- group. Other aspects of
these spectra are equally unclear and need additional
insight from further studies. For example, the assign-
ment of the observed bands in the spectrum of
canavesite needs to take into account both free and
bonded O-H modes. Again, the complex, broad
band in the region 3100 - 3600 cm-l is attributed to
O-H stretching modes from vibrations of the
HOBO22- ion and from those of the H2O molecules
of the hydrated crystal. A prominent feature in the
spectrum of canavesite is the sharp band with a peak
at 3656 cm-]. It seems unlikely that this band can
be assigned to an O-H vibration of either the water
molecule or the HOBO22- ion.

The interpretation of the borate spectra examined
in this work supports all other structwal evidence
that the new mineral contarns borate groups bonded
to hydrogen. Our present understanding ofthe sub-
tleties of these spectra and their relation to structural
variances does not allow us to draw definite conclu-
sions regarding the presence of either trigonal or
tetrahedral borate groups in the structure of the new
mineral.

Suuuanv

The analyses of light elements for micro amounts
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of material has always been problematical. For
moydite, three different techniques for determining
boron and carbon contents met with uneven success.
The ion microprobe has exeellent detection-limits for
these elements, but presenl experience shows the need
for standards close in chemical composition and crys-
tal structure in order to minimize matrix corrections,
which are not well understood to date. Advances in
technology and data handling for the electron
microprobe can now give at least good semiquan-
titative results, but users are cautioned in the choice
of standards. Wherever possible, it seems that the
crystal-structure analysis remains the strongest tech-
nique for a chemical determination. With a good set
of X-ray-diffraction data, the electron densities with
bond lengths and bond valences yield a unique chem-
ical determination. Ungaretti et al. (1981) have used
these techniques with good results on a number of
amphiboles.
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