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AssrRAcr

The determination of trace-element and rare-earth-element abundances in tourmaline
and other B-rich minerals by rNal analysis is hampered by the problem of incident neu-
tron-flux suppression in the sample, arising from the intrinsically large neutron-capture
cross section of B. Using a novel wet-chemical technique involving pretreatment by B
volatilization, trace-element and REE abundances in tourmalines from gold-bearing vein
deposits of the Superior province are reported. Abundances of REEs in tourmaline deter-
mined only by instrumental neutron-activation analysis are on average lower by a factor
of 600/o, as a consequence ofthe neutron-capture effect, compared to rNee results obtained
on samples that have undergone the wet-chemical pretreatment. Total abundances after
pretreatment range from less than detection to in excess of 2REE: 167 ppm. The REE
contents do not correlate with the levels anticipated in contiguous host rocks. This result
indicates that the REE are only partially indigenous to wall rocks and suggests some
transport of the REE in hydrothermal solutions.

INrnorructtot{ high neutron-flux suppression that would otherwise occur

Tourmaline is the most common of the borosilicate because of the large neutron-capture cross section of this

minerals, occurring in many rock types and geologic en- element'-

vironments. Hydrothermal tourmalines are knowi prin- Knowledge of the REE contents of tourmaline has a

cipally from (1) granitoid-associated mineralization critical bearing on many aspects of its genetic develop-

(Power, 1968; Neiva, 197 4; Clarke, l9t I determinations based on Sm-Nd min-

(2) gold-bearing vein deposits of Archea possible if abundances of REE and rel-

(Fleischer and Routhier,1973;Kerrich. ns of Sm/Nd are sufficiently high in

1986; King and Kerrich, 1986a, 1986b oexisting minerals (Fryer and Taylor,

occurrences in stratabound, polymetall tcing" ofsource reservoirs for the B-rich

deposits (Ethier and Campbell, 1977; ible from initial Nd-isotope ratios. Dis-

1984). Tourmaline also occurs not onl1 LEE can provide evidence for the dom-

eral in sedimentary rocks (Krynine, 194 :xing ligands in solution, given the dif-

1973), but also develops authigenical )f the various REEs to Cl-, F , and

stages of diagenesis (Awasthi, 198 I ; ( Taylor and Fryer, 1 983). Moreover, the

addition, tourmaline has been found lnomalies may be used to monitor the

rocks encompassing a wide range of t drothermal fluids (Kerrich and Fryer,

and develops at virtually all grades of t). Finally, the provenance of specified

The distinctive compositions of hydrothermal tour- 'e', the extent to which the REEs are

malines from different geologic environments (Clarke, donated by wall rocks or alternatively are indigenous to

lggl; Taylor and Slack, lggaf King and Kerrich, l9g6a., the hydrothermal fluids-can be assessed by analysis of

l9g6b) raises the possibility that characteristic variations tourmalines in veins traversing different rock types.

in the distribution of trace elements may also exist. In
this paper, we report trace-element abundances of tour-
malinei from gold-bearing vein deposits of the Supenor S'q'N{pr'ns

province, Canada, with emphasis on REE distributions. Tourmalines analyzed in this study were collected from
Data have been obtained using a novel technique involv- gold-bearing vein deposits in the Abitibi subprovince of
ing pretreatment to volatilize B and so circumvent the the Superior province, Canada. Veins are typically com-
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Tnale 1. Neutron-capture cross sections for the most abundant
isotopic species of the major chemical elements in tour-
maline

lsotopic
abundance Cross section (barns)

425

TneLe 2. Residual B abundance in solution after chemical treat-
menl

Sample B (pglmL)
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ruote. Source of data. Brown et al. (1978). Values listed are thermal
neutron-capture cross sections (".: o(n,t\, except where indicated as
o(n,a), in units of barns (10 ,4 cm,).

posed of qvafiz, calcite, ferroan dolomite, tourmaline,
muscovite, paragonite, chlorite, pyrite, and gold. Tour-
maline is generally present as a trace constituent, but may
form up to 800/o of some veins. In order to explore the
possible influence of wall rocks on the trace-element con-
tent of tourmalines, veins were sampled from a wide va-
riety of geologic environments and host rocks, including
ultramific volcanic rocks (Dome mine), tholeiitic basalt
(Noranda), granodiorite (Lamaque, Bras D'Or), trond-
hjemite (Deep Dome), rhyolite (Bousquet), and syenite
(Matachewan Consolidated). Details of the locations, tex-
tures, mineralogy, and geologic settings of the tourma-
line-bearing veins are given in King et al. (1986) and
Kerrich (1983). In order to minimize the problem of pos-
sible trace-element variations at microscopic levels,
samples were selected from a larger population of tour-
maline-bearing veins that had been screened by electron
microprobe for compositional uniformity and lack of
zoning. For purposes ofconvenience, we confine this study
to one type of hydrothermal tourmaline occurrence; work
is in hand to determine REE characteristics of tourma-
lines from other geologic environmenls.

B rNrrnrnnrNcp

The determination of trace-element abundances in
tourmaline and other B-rich minerals by rNla is affected
by a suppression ofthe incident neutron flux in the target
sample during irradiation, arising from the intrinsically
large neutron-capture cross section of boron. The pro-
duction rate R of a nuclide for an irradiation with thermal
neutrons is defined as

R: NaoF,  ( l )

where N is the number of target atoms of a particular
element in the irradiated sample, a is the isotopic abun-

dance of the largeI isotope, o is the neutron-capture cross
section in barns ofthe target nuclide, and,F is the neutron
flux in units ofneutrons per square centimeter per second
(Faure, 1977 , p. 5 8). It is clear that if the incident neutron
flux is significantly suppressed, the production rate R and
ensuing 7 activity of irradiated nuclides in the sample
will diminish. Accordingly, analytical discrepancies will
arise because activities of isotopes induced in a B-rich
sample compared with standards will vary not only with
concentration, but also with the degree of flux suppres-
sion induced by B content.

The thermal neutron-capture cross section of 1!B is
small, being of the same order as for other major ele-
ments: Na, Al, Si, Ca, and Fe. However, '!B is character-
ized by a large neutron-capture cross section for the re-
actlon

' 3 B + n - ! L i + ) H e .  ( 2 )

Values for B, together with the other major cations and
anions present in tourmaline, are listed in Table l.

The problem ofneutron-flux suppression could poten-
tially be resolved by doping standards with B contents
equivalent to that in the unknowns, but in the absence of
precise B determinations for each unknown, this quantity
is generally only an estimate. Moreover, dopant addition
raises the problem of reagent contamination. As an al-
ternative approach, we report a wet-chemical technique
involving B volatilization prior to rNAA and demonstrate
that this technique is capable of overcoming the system-
atically low abundances ofthe REE obtained on untreat-
ed samples of tourmaline by conventional rNaa.

AN.tlYrrcal METHoDS

Tourmalines were separated using a combination of the
Franz isodynamic magnetic separator and heavy liquids
(sodium polytungstate [3NarWO": 9WOr: HrO], density 2. 8
ilcm'). All separates were checked for contaminants both
visually and by X-ray diffraction and are considered to
be better than 990/o pure.

Tourmaline separates were then decomposed using a
modified standard wet-chemical technique for silicates,
but using a Teflon bomb to overcome the resistance of
tourmaline to digestion in boiling hydrofluoric acid (HF)
at atmospheric pressure. Aliquots of tourmaline (250 mg),
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TeeLe 3. Representative microprobe analysis of tourmaline
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0.34
2.78
5.27
0.02
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1 .315
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3.1 83
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0.903
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0.968

36 05
31.55
10.85
/.vb
0.03
0.54
2.38

0.01
0.66
0 . 1 3

96.51

3.000
5.935
0.065
6.000
0 059
0.082
1.096
0.003
1.558
0.017
2.815
0.095
0 760
0.002
0 857

Structural formula on the basis of 29 oxygens
3.000 3.000 3.000 3.000
5 943 6.042 6.015 6.092
0 057 0.000 0.000 0 000
6 000 6 000 5.979 6 000
0.136 0 307 0.000 0227
0.055 0.049 0044 0.018
1.159 0.887 0 840 0.919
0.006 0.001 0.001 0.004
1 .483 1 .527 1 .963 1.621
0.009 0.010 0 003 0.008
2.848 2.781 2.851 2.797
0 050 0.040 0.219 0.0s5
0.721 0.716 0.649 0.644
0 000 0 000 0.000 0 002
0.771 0.756 0.808 0.701

NoE:f  1:  Dome; T2:  Lamaque; T3:  Bras D'Or;  T4:  Deep Dome; T6:  Bousquet;  T7:  Pascal is ;  T10:  Middleton Lake;  T11 :  Matachewan
Consolidated: T12 : Noranda

- B assumed to be stoichiometric.

comminuted to a particle size of < 100 rrm, were decom-
posed with HF in a Teflon bomb at a temperature of 220
oC over a duration of 24 h. The digestate was transferred
quantitatively to a Teflon beaker, 2 mL of nitric acid
(HNO3) was added, and the solution was evaporated to

dryness. B is volatilized during this stage of the chemical
treament. Percholoric acid (HCIO4) Q mL) was then added
and slowly evaporated to dryness over a period of ap-
proximately 10 h. The residue was taken into solution
with I mL of concentrated hydrochloric acid (HCl), fol-

TneLe 4. Abundances of the REE and selected trace elements in specified tourmalines and standard (ppm)
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Notej  T1 :  Dome; T2:  Lamaque; T3:  Bras D'Or;  T4:  Deep Dome; T6,  T6A: Bousquet;  T7,T7A: Pascal is ;  T10:  Middleton Lake;  T11 :



lowed by 10 mL of 0.5MHCl. The resulting solution was
transferred to a polythene liner supported in a 100-mL
polypropylene beaker and evaporated to dryness in a vac-
uum oven at a temperature of 70 'C and -300 millitorr.
Following complete evaporation of the solutions, the po-
lythene liners were inserted into standard 2-mL irradia-
tion capsules for rNea. An "in house" granite standard
(UWO-l) was processed by the same wet-chemical pre-
treatment as the tourmalines to assess quantitative re-
covery of the REE. Three "raw" tourmalines were ana-
lyzed together with their treated counterparts to evaluate
the magnitude of analytical differences arising from the
presence of B. Instrumental neutron activation analysis
was done courtesy of E. Hoffman of Nuclear Activation
Services Limited.

For the determination of B in solution, a separate 250-
mg aliquot of tourmaline was decomposed as above,
evaporated to dryness, taken to 25 mL, and analyzed for
B by inductively-coupled plasma-emission spectroscopy
(rce). Detection limits were 40 ng/mL in solution, cor-
responding to 4 pg/g (4 ppm) referenced to the powdered
tourmaline.

Electron-microprobe analyses of tourmalines were done
on a three-spectrometer MAc-400 electron microprobe with
KRTsEL automation (Finger and Hadidiacos, 1972) and
appropriate natural mineral standards. The data were re-
duced on line with the uecrc rv reduction program (Col-
b y , 1 9 7 1 ) .

Rnsur,rs
B volatilization

In order to test the efficiency of B volatilization during
chemical pretreatment, B was determined in solutions

f eate 4-Continued

Treated
Treated Raw
uwo-1 uwo-l

KING ET AL.: REE DISTRIBUTIONS IN TOURMALINE

4 0

Jd

8.6
1  1 0
1 1 3

4.00
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prepared after the perchloric acid evaporation stage. Data
for the B content of decomposed tourmalines in solution
are reported in Table 2. Solute concentrations ofB range
from 1.76 to <0.04 LLg/mL, corresponding to a maximum
of 176 pg/mL (ppm) when referenced to the starting min-
eral. Given B contents of tourmalines of approximately
- 10.8 wto/o BrO, (Deer et al., 1982), or -3 x l}a ptg/gB,
it is clear that B is essentially completely volatilized dur-
ing the wet-chemical pretreatment of the tourmalines.

Trace-element content

Electron-microprobe analyses of the nine tourmalines
are reported in Table 3, with the corresponding trace-
element data compiled in Table 4. It is clear from in-
spection of Table 4 that the concentrations of the REE
and other trace elements in the untreated tourmaline sep-
arates are systematically lower than in their pretreated
counterparts, by an average 600/0. REE profiles ofuntreat-
ed tourmaline and pretreated equivalents track one-
another in each of the three pairs analyzed in both modes,
such that the recorded differences are present over the
full range of atomic number from La to Lu (Figs. lA-
lC). This systematic disparity extends to the other trace
elements determined by rNea, including Sc, Th, Hf, and
U (Table 4), endorsing the necessity of removing B from
B-rich minerals prior to rNaa.

In the suite of tourmalines, significant variations exist
both in the absolute abundance of REEs and in their
chondrite-normalized distributions (Figs. I and 2). Total
REE contents span more than two orders of magnitude.
The maximum recorded abundance is present in Tl, in
which REE : 167 ppm ()REE calculated according to
the procedure of Cullers and Graf, 1984). Tourmalines
from Bousquet (T6, >REE : 95 ppm), Bras D'Or (T7,
>REE : 38 ppm), and Matachewan Consolidated (Tll,
>REE : 2l ppm) record progressively lower absolute REE
contents, whereas in sample T2 from Lamaque, >REE <
5 ppm, and in several members of the group the REEs
are below detection limits (Figs. I and 2).

In terms of REE distributions, Tl has a moderately
fractionated pattern (chondrite-normalized La/Yb : 7.7)
with a monotonic decrease from La to a minimum at Dy,
followed by a systematic upturn in the HREE, to Lu (Fig.
2A). Tourmaline from Bousquet (T6) is somewhat less
fractionated (chondrite-normalized La/Yb : 2.8), with
smoothly diminishing chondrite-normalized values from
La to Tb, but with a pronounced intervening negative Eu
anomaly (Eu/Eu* :0.0; an upturn of the HREE is also
evident in this sample. A similar pattern is present in
another separate from Bras D'Or (T3), which is charac-
terized by a minimum in the region of Tb-Dy, but no Eu
anomaly (Fig. lC).

Three of the tourmalines (T7, T I | , Tl2) possess slight-
ly fractionated to flat patterns, where chondrite-normal-
ized La/Yb : 3.1, 0.7, and 1.1, respectively (Figs. lB,
2B). The remaining two tourmalines have positive (T2)
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Matachewan Consolidated; T12 : Noranda: UWO-l oranite standard.
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and negative (Tl0) slopes, respectively, with multiple
maxima and minima in T2 (Figs. 21',28).

Of the additional trace elements reported in Table 3,
Sc [maximum : 162 ppm, x: 41 + 40 (1o)] is present
at appreciable levels in the majority of tourmalines,
whereas abundances of Th, U, and Hf are in the low ppm
range in all samples.

DrscussroN

Method

The observation of systematically diminished analyti-
cally determined abundances of the REE, together with
other trace elements, in raw tourmalines (untreated) rel-
ative to chemically pretreated equivalents is most simply
interpreted in terms of the large neutron-captive cross
section ofB. This conclusion is supported by the fact that
most sources of interference in mea are element specific
and would not be expected to act systematically over the
entire array of elements analyzed here. The large neutron-
capture cross section of'!B is anticipated to suppress the
incident neutron flux, thereby partially shielding all nu-
clides subject to neutron capture and diminishing their
rate of activation. This study demonstrates that the neu-
tron-capture interference effect cannot be ignored in pre-
cise analytical studies of B-rich minerals by nee.

The general case of self-shielding of neutrons during
irradiation as a result ofhigh concentrations ofan isotope
with very high neutron-capture cross section has been
reviewed by De Soete et al. (1972, p. 457). Potts has
calculated the following concentrations of elements nec-
essary to induce a 10/o flux depression caused by self-ab-
sorption of neutrons: Gd, 36 ppm; B, 150 ppm; Sm, 280
ppm; Eu, 370 ppm; and Cd, 480 ppm (Potts, 1987, p.
427). These theoretical results are in keeping with the
experimental data reported here, demonstrating dimin-
ished analytically determined abundances due to
suppression of the incident-neutron flux in B-rich min-
erals.

The wet-chemical pretreatment, which exploits the rel-
atively high volatility of B even at low temperatures, is
clearly effective in the near total removal of this element
from solutions prior to rNAA. At the same time, the REE,
together with Sc, Th, U, and Zn, are almost completely
recovered during the wet-chemical procedure, as indicat-
ed by the agreement of results for the granite standard
and a pretreated aliquot (UWO-1, Table 4; Fig. 2C). The
majority of analytical results for the treated granite are
within one standard deviation ofreplicate analyses ofthe
standard, and all results are within two standard devia-
tl0ns.

Decomposition of tourmaline with HF in a Teflon bomb
is preferred over the use ofalkali-metal carbonate fluxes,
to circumvent the introduction of possible reagent con-
taminants and to avoid dilution effects.

Geologic significance

Variations in the REE distribution in minerals are con-
trolled by crystal-chemical ar'd/or geochemical factors.
Tourmaline has a general formula XY3Z6(BO3)3Si6O,8-
(OH).. The X site commonly contains Na but may also
accommodate variable amounts of Ca, Mg, and vacancies
(Foit and Rosenberg, 1977).TheY site tolerates extensive
and diverse substitutions involving monovalent, divalent,
trivalent, and quadrivalent cations (Frondel et al., 1966;
Herman et al., 1973; Fortier and Donnay, 1975; Foit and
Rosenberg, 1979). The Z site usually contains Al but sig-
nificant amounts of Fe2+, Fe3*, Ti, Mg, Cr, and V3+ can
replace Al (Barton, 1969; Tsang et al., 197l; Gorelikova
et al., 1978; Foit and Rosenberg, 1979; Korovushkin et
al., 1979; Nuber and Schmetzer, 1979).

According to Clark (1984), minerals with high coordi-
nation numbers (>9) for their REE sites are Ce selective,
whereas those with coordination number 6 are Y selec-
tive; minerals with intermediate coordination numbers
(7-9) have complex REE distributions. The variety and
complexity of REE profiles observed in this study may
indicate that tourmaline is characterized by REEs occu-
pying sites with intermediate coordination numbers but
this hypothesis requires further detailed work.

REE contents of these schorl-dravite tourmalines span
two orders of magnitude, but there is no obvious depen-
dence on composition, suggesting that paragenetic con-
ditions are the predominant control on REE abundances.
Inasmuch as the REE abundances and distributions in
the tourmalines do not reflect those anticipated in the
wall rocks, it is presumed that the REE have been inher-
ited largely from the hydrothermal (sensu lato) solutions.
For example, Tl, which has the highest REE content of
the suite of samples analyzed in this study, is hosted by
ultramafic rocks, whereas samples in syenitic rocks (T10,
T11) have relative low abundances of the REE. This re-
sult is in keeping with the provinciality of tourmaline
REE characteristics (Figs. 1, 2), as well as with indepen-
dent evidence for their precipitation under conditions of
ambient high water/rock ratio (Kerrich, 1983).

A major complicating factor in interpreting the REE
distributions of tourmaline is the unknown extent to which
REEs are partitioned between competing coexisting phas-
es. With the present limited data, this question is difficult
to answer. We note, however, thatT2, T3, and T7, which
have different chondrite-normalized patterns, are all from
similar paragenetic associations in which tourmaline is
dominant; thus for these examples, partitioning may not
be a first-order effect.

The position of chondrite-normalized Eu values with
respect to the neighboring REEs variously generates neg-
ative (T6), zero (Tl, Tl I, Tl2), and positive (Tl0) anom-
alies (Figs. l, 2). Sr'?+ and Eu2*, which show similar geo-
chemical behavior (Henderson, 1984) are not correlated
in the tourmalines, suggesting that Eu may be present
predominantly in the trivalent state. Further work is nec-
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essary to assess whether such anomalies are mediated by
the redox state, as determined from independent criteria.

For the majority of samples, Sm and Nd are present at
levels well in excess of that required for precise isotopic
analysis. Sm/Nd ratios are relatively uniform at 0.24 +
0.06 (lo). Accordingly, tourmaline satisfies all of the cri-
teria necessary for its incorporation in a Sm-Nd mineral
isochron, and further work is in hand on this topic. A
feature common to many of the profiles is the upturn in
the HREE region. Kerrich and Fryer (1979) noted this in
bulk analyses of tourmaline-bearing veins and raised the
possibility that enhanced levels of the HREE were due to
their complexine by CO3 in solution.
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