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Abstract—Boron minerals that have different structural formulae but are supposed to have the same
geologic origin have been collected and analyzed for the !'B/'°B isotopic ratio. It has been reconfirmed
that minerals of marine origin have higher 'B/'°B ratios than those of nonmarine origin. It has been
found that the sequence of decreasing ''B/'°B values among the minerals with the same geologic origin
is; borax, tincal, kernite (Na borates) > ulexite (Na/Ca borate) > colemanite, iyoite, meyerhofferite (Ca
borates). This sequence is explainable on the basis of the difference in crystal structure among the minerals.
That is, minerals with higher BO;/BO, ratios, (the ratio of the number of the BO; triangle units to the
number of the BO, tetrahedron units in the structural formula of a mineral) have higher !'B/!°B ratios.

INTRODUCTION

BORON HAS THE largest relative uncertainty in atomic weight
among all the chemical elements that have stable isotopes.
This is not because of experimental errors (the use of mass-
spectrometric measurements, especially those with the surface
ionization technique, has yielded results of very high preci-
sion) but because the abundance ratio of the two stable iso-
topes '°B and "'B varies relatively widely in nature. For in-
stance, the ''B/!°B data of sea water (SCHWARCZ et al., 1969;
NOMURA et al., 1984) give 10.818 as the value of the atomic
weight of boron. This value should be compared to the
TUPAC-quoted value of 10.81. Confining the subject to boron
minerals, the natural variation in the boron atomic weight
is at least 0.006 about the quoted value (calculated using the
HB/'°B data tabulated by SWIHART et al., 1986).

The natural variation of the boron isotopic ratio is of great
geochemical interest and importance because it could be used
for understanding geochemical cycles and interactions. The
sedimentary cycle of the boron isotopes and related subjects
were studied by Spivack and his coworkers (SPIVACK and
EDMOND, 1987; SPIVACK et al., 1987; PALMER et al., 1987).
Others indicated that the boron isotopic composition in fu-
marolic condensates could be an index for the degree of the
geological interaction of magmas with sea water (KANZAKI
et al., 1979; NOMURA et al., 1982). It was also shown that
the boron isotopic composition of hot spring waters may be
an alternative to that of fumarolic condensates for the purpose
of investigating regional variations of the boron isotopic
composition (KAKIHANA et al., 1987).

The boron isotopic ratios, !'B/!°B, of boron minerals de-
termined by the surface ionization mass spectrometric
method are summarized by SWIHART et al, (1986), including
their own measurements. It is seen in the tabulation (Tables
1 and 2 in their paper) that not only do different minerals
show different ''B/'°B values, but minerals with the same
structural formula have different ''B/'°B values if their origins
differ. SWIHART et al. (1986) extracted from the tabulation
the fact that the ''B/'°B value for marine evaporite deposits
is larger than that for nonmarine evaporite deposits. This is
consistent with the fact that sea water is enriched in "B rel-
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ative to boron minerals and boron-containing rocks
(SCHWARCZ et al., 1969). In parallel with the study on the
boron isotopic composition of fumarolic condensates and
hot spring waters, we also have made precise measurements
of the 'B/*°B ratios of some boron minerals. A close ex-
amination of our own data and the data in the tabulation by
SWIHART et al. (1986) revealed a very stimulating point in
addition to the findings of SWIHART et al. That is, there is a
strong indication that the ''B/'°B ratios of minerals depend
on their crystal structures if they were derived from the same
geologic origin. In this paper, we present the results of our
measurements and discuss the variation of the ''B/'°B ratio
from mineral to mineral in connection with the crystal struc-
tures of the minerals.

EXPERIMENTAL

Sampling

For the purpose of our study, it is important to collect and analyze
boron minerals that have different structural formulae but are ex-
pected to have the same boron origin. It is also important that the
origins of analyzed samples are well known. We chose for the present
study mineral samples from four well-known areas; Boron, Searles
Lake, and Death Valley, all in California, U.S.A. and Bigadic, Turkey.

Borax, kernite, and colemanite samples from Boron, borax samples
from Searles Lake, and a colemanite sample from Death Valley were
obtained from the U.S. Geological Survey. A ulexite sample from
Boron was donated by Dr. T. Kumagai of the National Research
Center for Disaster Prevention, Japan. Ulexite and colemanite samples
from Bigadic were obtained through Mr. T. Horiguchi of Kyoritsu
Yogyo Genryo Co. X-ray diffraction and conventional chemical
analyses were employed to verify the chemical composition and purity
of each of the mineral samples; the purity ranged from 94.0% for
ulexite from Boron to 97.9% for borax from Searles Lake.

Borax from the deposit at Boron was deposited during Miocene
time from an inland lake that was enriched in boron by thermal
springs, presumably related to contemporaneous volcanic activity.
Kernite is a diagenetic product of post-depositional increases in pres-
sure and temperature, whereas colemanite and ulexite formed by
reaction of calcium-bearing groundwater with borax at some time
after initial deposition of the borax (G. 1. SMiTH, U.S. Geological
Survey, written commun., 1988).

Borax from Searles Lake was formed in late Quaternary time from
a large saline lake. Some borax horizons are products of crystallization
caused by cooling of the lake waters, and other horizons are concen-
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trations that resulted from high concentrations of the several types
of ions that were in solution (G. I. SMITH, U.S. Geological Survey,
written commun., 1988).

Colemanite from Death Valley was formed in late Tertiary time
by reaction of one or more primary minerals (ulexite or inyoite (7))
to the lower-hydrate species, undergoing recrystallization in the pro-
cess; deposition of the primary borate minerals may have been on a
playa lake surface or along undergound conduits that carried high-
borate waters to the surface where they formed thermal springs
(G. L. SMITH, U.S. Geological Survey, written commun., 1988).

Explanation of the geologic setting of the above three American
borate localities is also found in publications of Dr. Smith (SMITH
et al., 1973; SMITH, 1985).

Ulexite and colemanite at Bigadic exist in strata. Colemanite is
not a primary mineral but it is probably not derived from ulexite.
Ulexite and the primary mineral of colemanite were deposited one
after another, depending on the chemical composition in solution,
during the Neogene period from a lake rich in boron that was probably
supplied by contemporaneous volcanic activity (ONoO, 1985; T.
HoriGUCHI, Kyoritsu Yogyo Genryo Co., pers. commun., 1988).

Analytical

The procedure for the 'B/'°B ratio measurements was as follows.
About 1 g of each sample was treated. The sample was first powdered
(100-200 mesh) and was dissolved in about 50 cm? of triply distilled
water. Borax samples were completely dissolved. For the other sam-
ples, 1-2 cm?® of about 6 mol/dm> HCI solution was added. In most
cases, the water insoluble matter disappeared visually by the HC]
addition; when it still exists, it was removed by filtration. The volume
of the final boron compound solutions was adjusted to 100 cm® by
adding pure water. Boron was extracted from each boron compound
solution by the methyl borate distillation method (KANZAKI et al.,
1978). For some of the samples, cations were removed by passing
the boron solution through a column packed with cation exchange
resin (Bio-Rad AG 50W-12X, H* form, 100-200 mesh) prior to the
distillation. Samples used in mass spectrometry were prepared from
the extracted boron. A blank test showed that boron contamination
during the process of the sample preparation was negligible.

The ''B/'°B isotopic ratio of each sample was measured as the
peak-height ratio of Na,''BO3 and Na,'°BO7 ionized by the surface
ionization technique using a MAT 261 or a Varian MAT CH-5 mass
spectrometer (NOMURA et al., 1973). Table 1 lists ten 'B/'°B values
randomly selected from those of occasional measurements on the
NBS SRM 951 boric acid isotope standard over a period of recent
eight years. As is seen in the table, the typical standard deviation of
a measurement was +0.07% (i.e., the reproducibility expressed as
standard deviation was £0.07%), and the 95% confidence limit of
the ten measurements was +0.05%. (The repeatability in a relatively
short period (three months) expressed in terms of standard deviation
was less than +0.04%; NOMURA et al., 1973.) As for the samples in
the present work, the 95% confidence limit of a measurement was
typically about +0.2%. The ''B/'°B ratio of a sample was measured
independently three or four times, with the result that the 95% con-

Table 1. 11B/loE values of the NBS SRM 951 boric acid samole

randomly chosen from the occasional measurements during past eight years.

Run No. llE/lOB' Run No. llB/IOB*
1. 4.045 * 0.003 6. 4,043 % 0.002
2. 4,040 * 0.004 7. 4.044 * 0.004
3. 4.048 £ 0.002 8. 4,041 * 0,004
4. 4.042 * 0.003 9. 4.039 ¢ 0,007
5. 4.046 * 0,004 10, 4.044 + 0,007

Average = 4,0432 * 0.0020%*
cf: NBS value = 4.0436 % 0,0014
* The errors are the standard deviations.

** The error 1is the 95% confidence limit.

Table 2. Present boron isotopic data of the boron minerals,
Locality Mineral lls/loB* GllB {permil)
Boron, U.S.A. berax 4.053 + 0.006 +2.3
kernite 4.046 +* 0.006 +0.6
ulexite 4,031 + 0.008 -3.1
colemanite 3.992 + 0.006 -12.8
Searles Lake, borax 4.085 + 0,006 +10.2
U.S.5. 4.078 t 0.006 +8.5
Death valley, colemanite 4.024 * 0.006 -4.9
U.s.Aa.
Bigadic, ulexite 4.038 t 0.008 -1.4
Turkey 4.039 * 0,008 -1.1
colemanite 4.004 * 0.006 -9.8
4.016 * 0,007 ~-6.8

Multiple results on a mineral of one locality means that they
were obtained for different mineral samples.

* The errors are the 95% confidence limits.

fidence limit of the final 'B/'°B value (the average of the multiple
measurements) was about +0.15%.

In Table 1, it is also seen that our values are in agreement with
the certified value of 4.0436 (CATANZARO et al., 1970) within ex-
perimental error. Hence, all the results reported here remained un-
corrected. 5''B values were calculated as 8''B = [(*'B/'*B)mpi/(*'B/
10B),.0. — 1]- 1000 where the NBS SRM 951 boric acid standard was
used as the standard.

RESULTS

The results of the present ''B/'°B measurements are pre-
sented in Table 2. The error on each ''B/'°B value is at the
95% confidence limit. Table 3 summarizes the present and
previous results for the areas studied in this work. Data on
Lake Inder, U.S.S.R., are also included in the table for later
discussion, although there are no data of our own for this
area. The third column of the table shows the basic atomic
configuration of the polyborate anion in each mineral. 2BO;
+ 3BO, of ulexite, for instance, means that the pentaborate
polyanion, BsOg(OH)Z", consists of two BOs planar triangles
and three BO, tetrahedra with boron atoms at the center in
both units, understanding that some of the oxygen atoms in
BO; and BO, units are replaced by OH groups.

The following conclusions can be extracted from Table 3;

(1) The 8''B value is larger for Lake Inder, U.S.S.R., than
for the other areas examined.

(2) In each area, minerals may be classified into three
groups based on the 3''B value, i.e., borax, tincal, kernite
(Na borates); ulexite (Na/Ca borate); and colemanite, inyoite,
meyerhofferite (Ca borates). The members of each group have
similar §''B values in each area. This classification agrees
with the one based on the basic atomic configuration (cf,,
column 3 of Table 3).

(3) The 5''B value decreases in the sequence; Na borates
> Na/Ca borate > Ca borates in Boron; Na/Ca borate > Ca
borates in Bigadic and in Lake Inder.

The first conclusion has already been pointed out by Swi-
HART et al. (1986) and explained as being due to the difference
between marine and nonmarine boron origins. The minerals
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11 . . 3
Table 3. Summary of literature 8 "B values and new values from this study.
: . 11
Boron Structural Basic atomic §°"B value {permil}
mineral formula confiquration Ref.
Boron Searles Lake  Death Bigadic Lake
valley Inder
borax N32B405(OH)4-8H20 2ao3+2304 +2.3 +10.2, +8.5 1)
+0.4 2}
-0.9, =0.9 3)
tincal +7.0, +6.0 3}
{borax}
kernite N323405(0H)4'2H20 +0.6 1)
it . -3.1 ~1.,4, -1.1
ulexite NaCaB_ O (OH) ; *5H,0 2B0,+3B0, ‘ 1
+31.7 2)
1 i . -12.8 -4.9 ~3,8, -6.8
colemanite Ca2{8304(OH)3]2 2820 BO3+ZBO4 r -6 1
~12.0 4)
inyoite CaB 03(OH)5-4320 ~11.8 +24.2 2)
3 +24.1 4)
-8.1 2)

meyerhofferite CaB3O3(0H)S'H2O

1} this work; 2) Swihart et al., 1986; 3} McMullen et al., 1961; 4) Finley et al., 1962,

of Boron, Searles Lake, Death Valley, and Bigadic are non-
marine evaporite deposits and those of Lake Inder are marine
evaporite deposits. We shall now discuss the latter two ob-
servations.

DISCUSSION

Items (2) and (3) in Results suggest that for the boron
minerals with the same geologic origin, there is some corre-
lation between the crystal structure of the mineral and its
5''B value. Based on a general theory on isotope effects, the
distribution pattern of two isotopes between two chemical
species (and/or between two phases) depends on the isotopic
reduced partition function ratios (RPFRs), (s/s") fof the spe-
cies, and the heavier isotope is preferentially fractionated into
the species with the larger RPFR value. The general theory
could also be applied to the 'B/'°B ratio of boron minerals;
if two boron minerals are in equilibrium or are formed from
a common solution, the one with the larger ''B-to-'°B RPFR
value would be more enriched in ''B than the other. In any
case, it is important to estimate the RPFR values of the boron
minerals investigated in this paper in order to understand
the present results.

In principle, the RPFR of a chemical species can be cal-
culated by knowing all its vibrational frequencies. Unfortu-
nately, not all the vibrational frequencies are known for each
of the boron minerals studied. Nevertheless, it is possible to
calculate its RPFR value under appropriate assumptions.

The RPFR of a boron mineral is to a good approximation
equal to the RPFR of the polyborate anion in it, since metal
cations {counterions to the borate anion) and crystal water
molecules in the mineral have little effect on the kinetic and
the potential energies of the polyanion for the purpose of the
calculation of the boron isotopic RPFR. As for the approx-
imate calculation of the RPFRs of polynuclear borate anions,
KAKIHANA et al. (1977) proposed a simplifying formula and
by applying it succeeded in explaining boron isotope effects
observed in the systems of ion-exchange chromatographic
separation of boron isotopes using strongly and weakly basic

anion exchange resins. They regarded a polynuclear species
as being composed of monomeric parts, B(OH); and
B(OH);, and substituted its In (RPFR) value by a weighted
sum of the In (RPFR) values of the monomeric species. We
take advantage of their formula here. The RPFR of a poly-
anion and consequently that of a boron mineral whose basic
atomic configuration is nBOs; + mBQ, can be approximated
as

In (s/s')f = [n/(n + m)] In (s/s") fes

+ [m/(n + m)] In (s/8) fea, (D)

where (5/5") fga and {s/5’) fps are the RPFRs of BO; and BO,
units, respectively. Equation (1) can be regarded as an ap-
plication or an extension of the rule of the geometric- mean
about the RPFR to polyborate anions.

The RPFRs of BO; and BO, units (actually those of B(OH),
and B(OH);) have been calculated theoretically (KAKIHANA
and KOTAKA, 1977; KAKIHANA et al., 1977). We reproduce
them in Table 4. We also list in Table 4 the RPFRs of the
polyanions calculated by Eqn. (1).

Itis seen in Table 4 that the RPFR of the BO, unit is larger
than that of the BO, unit, and consequently the polyanion
that has the higher BO;/BO, ratio shows the higher !'B/'°B
ratio (larger §''B) than the polyanion that has the lower BOs/

11

Table 4. The B-to-loB reduced partition function ratios (RPFR's)

of 5(05)3. B(OH); and polyborate anions at several temperatures.

Temperature (K} 200.0 273.1 288.1 323.1 400,08 500.0
B(OH)3 ' 1.3796 1.2315 1.2008 1.1758 1,1225 1.0827
B(OH); 1.3449 1.2066 1.1780 1.1549 1.1061 1.0705
(BO3 + 304)/2 1.3622 1.219) 1.1894 1.1654 1.1k43 1.0768
(2803 - JEOQ)fS 1.3588 1.2188 1.1871 1.18633 1.1127 1.0754
(BGB * 2804}/3 1.3565 142149 1.1856 1.161% 1.1118 1.0746
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BO, ratio at any temperature. Then, if a boron mineral is
formed from another mineral or two minerals are formed
from a common solution, the following decreasing sequence
in the 8''B value should result: borax, tincal, kernite (BOs:
BO, = 1:1) > ulexite (2:3) > colemanite, inyoite, meyerhof-
ferite (1:2). Also, there should be little difference in §''B
among borax, tincal, and kernite and among colemanite, in-
yoite, and meyerhofferite because each group has the basic
atomic configuration in the polyborate anions common to
all the members in the group.

The results summarized in Table 3 are consistent with
what is theoretically predicted for the boron minerals with
the same geologic origin. Thus, the experimentally found
correlation between the boron isotopic composition of a
mineral and its crystal structure is not something accidental
but has a theoretical foundation and is explainable, at least
qualitatively, in the light of the RPFRs of polyborate anions,
the good approximate RPFRs of the corresponding boron
minerals.

Now we consider each area individually.

Boron

Kernite, ulexite, inyoite, and colemanite in Boron were
derived from borax. Kernite is a diagenetic product of borax
and differs structurally from borax only in the number of
molecules of crystal water, which means that there should
not be any substantial differences in RPFR and §''B values
between kernite and borax (cf., Table 3).

Colemanite and inyoite have the same basic atomic con-
figuration, BO; + 2BO,, and consequently, they should have
similar 6!'B values, which was in fact observed experimen-
tally (cf.,, Table 3). Judging from a phase diagram of
Na20 . 2B203 . 4H20-2C30 . 3B203 . 5H20-H20 (CHR]ST et
al., 1967), colemanite can be considered to be a diagenetic
product of inyoite.

In the formation of inyoite, borax might be first dissolved
in water. The boron isotope effect accompanying this dis-
solution is expected to be very small, and thus the §''B in
the solution was expected to be very close to +1.1 permil
(average of +2.3, +0.4, and +0.6 for borax and kernite in
Table 3). In the solution, boron would exist in the forms of
B(OH);, B(OH);, and polyborate anions, their relative
abundances being dependent on the boron concentration,
pH of the solution, temperature, etc., as the solution chemistry
of boron (INGRI et al., 1957) teaches. As stated above, how-
ever, polyborate anions can be regarded as being composed
of B(OH); and B(OH); for the purpose of the boron isotopic
ratio consideration. Hence, we can assume for the purpose
of understanding the §''B values of the minerals that the
boron species existing in the solution phase were B(OH); and
B(OH); alone and the 6''B value of the solution was +1.1
permil before the formation of inyoite. If the amount of
B(OH); was small compared to that of B(OH); in the solution,
that is, if almost all the boron in the solution existed in the
form of B(OH);, then the !'B/'°B ratio of B(OH); = 4.048
X 1.1780/1.2008 = 3.971 (—18.0 permil) while that of B(OH),
remained 4.048 (+1.1), at 25°C. If the amount of inyoite
deposited from the solution was small compared to the
amount of the total boron in the solution phase, which means

that the boron isotopic composition of the solution remained
unchanged during the deposition of inyoite and seems rea-
sonable and very likely, then the ''B/!'°B value of inyoite
whose basic atomic configuration is BO; + 2BO, would be
(4.048)'2.(3.971)¥* = 3.997 (6"'B = —11.7) at 25°C. This
value is very close to 8''B = —12.3, the one found in nature
(average of —12.8 and —11.8 for colemanite and inyoite in
Table 3).

The satisfactory agreement between the two values might
be accidental. The following are conceivable factors affecting
the boron isotopic composition of inyoite. (Of course, they
are significant factors not only in Boron but also in the other
areas.)

(1) Temperature. Lower temperature at the time of mineral
deposition would make the theoretical 5''B value of the min-
eral lower. However, the temperature dependence of the 5''B
is not so large. For example, a calculation similar to the one
given above gives 6''B = —12.5 at 0°C; a 25°C temperature
difference yields only a 0.8 difference in 8''B value. Thus, as
long as the deposition of the borate occurs at ambient tem-
peratures, temperature is not a major factor for determining
the 8''B value of the mineral.

(2) Abundance ratio of the B(OH); and B(OH) species in
the solution. This factor has a very profound effect on the
boron isotopic composition of the mineral formed. Table 5
lists the theoretically expected 'B/'°B and §''B values as a
function of the mole fraction of B(OH); for a given value of
1B/1%B = 4.048 (5''B = +1.1) at 25°C. The §"'B value for
inyoite (Ca borate) can vary between —11.5 and +7.5 permil,
depending on the value of the mole fraction of the B(OH);
species in the solution. Several factors determine the abun-
dance ratio of the B(OH); and B(OH); species in the solution
and, among them, the most predominant will be the pH of
the solution. Using the equilibrium constant data on boric
acid systems in aqueous solution by INGRI (1963), we cal-
culated the mole fractions of the B(OH); and B(OH); species
as a function of the pH of the solution and plotted the results
in Fig. 1. The total boron concentration was 0.80 M (about
the concentration of the saturated aqueous boric acid solution
at room temperature). Polyborate anions were regarded as
consisting of the monomeric species, B(OH); and B(OH);,
and the mole fractions of the monomeric species were cal-
culated accordingly. For instance, the B;O3;(OH); species
can be regarded as consisting of two B(OH); units and one
B(OH)z unit, and thus, if its concentration is 0.1 M, its ex-
istence increases the total concentration of the B(OH); species
by 0.2 M and that of the B(OH); species by 0.1 M. As is seen
in the figure, boron is practically all in the form of B(OH),
if the pH is lower than 5, and is practically all in the form of
B(OH)y if the pH is higher than 12. Between pH = 5 and
12, the B(OH):/B(OH); distribution varies and the mole
fraction of B(OH); decreases with increasing pH.

(3) Isotope effects accompanying the phase change. There
could be an isotope effect when a species is transferred from
one phase to another (from the solution phase to the solid
phase in this case), because interactions of the species with
its environments could be different between the two phases.
However, this effect is generally considered to be small. In
this paper, we totally neglected it.

(4) Amount of boron in the deposited mineral. When the
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Isotopic compositions of Na, Na/Ca and Ca borates as functions of the B(OH)S/B(OH);

distribution in the oriainal solution at 25°C.

Mole fraction

of B(OH)3 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0
Mole fraction
of B(OH)4 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
B'(OH)3 4.048 4.056 4.064 4.071 4.079 4,087 4,095 4.103 4.111 4.118 4.126
(+1.1)  (+3.8) (+5.1) (+6.8) (+8.8) (+10.7) (+12.7) (+14.7) (+16.7) (+18.4) (+20.4)
B(OH); 3,971 3.976 3.986 3.994 4.002 4.009 4,017 4.025 4.033 4.040 4.048
(-18,0) (-16.7) (-14.2) (-12.3) (~10.3) (-8.8) (-6.6) (-4.6) (-2,6) (-0,9) (+1.1)
Na borate 4,009 4.017 4.025 4.033 4,040 4.048 4,056 4.064 4.071 4.079 4.087
(-8.6) ({-6.6) (-4.6) (-2.6) (-0.9) (+1.1) (+3.1) (+5.1) (+6.8) (+8.8) (+10.,7)
Na/Ca borate 4,002 4,009 4.017 4.025 4,033 4.040 4,048 4.056 4,064 4.071 4.079
(-10,3) (-8.6) (-6.6) (-4.6) (-2.6) (-0.9) (+1.1}) (+3.1) (+5,1) (+6.8) (+8.8
Ca borate 3.997 4.004 4.012 4.020 4.027 4.035 4,043 4,051 4.058 4.066 4.074
(-11.5) (-9.8) (-7.8) (-5.8) (-4.1) (-2.1) (-0.2) (+1.,8) (+3.6) (+5.5) (+7.5

The llB/IOB value of original solution is assumed to be 4.048 (6115 = +1,1).

In each row, the numbers are the 115/105 values and the numbers in the parentheses are 611B values.

amount of boron in the mineral deposited is not negligible
compared to that of the solution, it could be possible that
the solution was being isotopically fractionated during the
precipitation of the borate, which caused the continuous
change in the isotopic composition of the mineral. (The
change in the isotopic composition of the original solution
is also possible by later influx of boron with different isotopic
composition.) MCMULLEN et al. (1961) measured the !'B/
198 ratios of borax and tincal from Searles Lake and reported
that the isotopic ratio of a mineral is independent of the
depth of the deposit (cf. Table 3). Our measurements of the
U'B/1B values of ulexite and colemanite from Bigadic also
suggest that the isotopic composition of a mineral seems
nearly independent of its location (see below). Considering
these experimental facts, it is very likely that the isotopic

1.0 v
B{(OH);

Mole fraction
)
[3)]

0.0 = s

pH

F1G. 1. Distribution of B(OH); and B(OH); in 0.8 M boric acid
solution as a function of the pH of the solution.

composition of the solution was kept almost constant during
the deposition of inyoite at Boron, although we have no direct
evidence for this.

Among the factors listed above, the abundance ratio of
the B(OH); and B(OH); species in the solution from which
the mineral was formed seems most influential in determining
the boron isotopic composition of the mineral. The above
agreement between the theoretical and experimental 6''B
values suggests that when inyoite was deposited, the boron
species in the solution was mostly B(OH);, which means the
solution had, most probably, the pH value lower than, say,
6.5 (cf. Fig. 1).

Ulexite is a secondary mineral formed indirectly from
borax. A consideration similar to that on inyoite yields —10.3
permil at 25°C as the 3'!B value for ulexite whose basic atomic
configuration is 2BO; + 3BO,. This calculated value should
be compared to —3.1 permil, the one observed in nature. The
discrepancy between the calculated and observed values is
substantial. The most effective and only practical way to make
the theoretical value agree with the observed one is to assume
a larger portion of the B(OH)Z species in the solution; the
mole fraction of B(OH); in the solution = 0.62 and that of
B(OH); = 0.38 when ulexite was formed resulted in the theo-
retical 6''B = —3.1 permil at 25°C (cf. Table 5). This cor-
responds to the situation that the pH of the solution was
about 8.6 (cf. Fig. 1).

The above model calculations on the Ca and Na/Ca borates
(inyoite and ulexite) suggest that the solution was richer in
the B(OH); species when the Na/Ca borate was deposited
than when the Ca borate was. This means that the pH of the
solution was higher when ulexite was deposited (the pH is
about 8.6; cf. Fig. 1) than when inyoite was formed (the pH
is below 6.5). This situation does not seem unreasonable,
because the basicity of Na* is stronger than that of Ca?*.
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Extension of the above consideration to Na borates results
in that the pH of the solution should have been higher than
8.6 when the Na borates were deposited. If the mole fraction
of B(OH); and B(OH); were the same (each 0.5) in the so-
lution, a situation realized at the pH = about 9.2 according
to Fig. 1, then the 3''B value of the Na borates would have
been the same as that of the solution, because the Na borates
have the BO; + BO, basic atomic configuration.

Searles Lake and Death Valley

Because we have only one kind of basic atomic configu-
ration for each of Searles Lake and Death Valley, it is im-
possible to discuss the relationship between the 6''B value of
a mineral and its crystal structure. However, it is interesting
to note the following.

We make two assumptions. The first one is that the §''B
value of the original solution at Searles Lake from which
minerals were deposited was the same as that of the minerals,
i.e., +5.0 permil (the average of six data for borax and tincal
in Table 3). This assumption is based on the fact that the Na
borates (BO; + BO, configuration) are almost the only min-
erals found in Searles Lake and on the speculation in the
previous subsection that the §''B value of the Na borates
would not be very different from that of the original solution
from which they were formed. The second assumption is that
the 5!'B values of the two boron sources at Searles Lake and
Death Valley from which boron in the original solutions at
the two areas were supplied had similar 8''B values. This
assumption is also not unreasonable, because the two areas
are geographically near to each other, belonging to the same
drainage chain (SMITH, 1976), and in both areas boron came
from thermal waters related to volcanic activity, although the
times of boron arrival may differ.

Colemanite (and meyerhofferite too) of Death Valley is a
secondary mineral. If the primary mineral was inyoite, a cal-
culation on the §''B value of colemanite (and meyerhofferite)
from Death Valley similar to that of inyoite of Boron gives
—7.8 permil at 25°C. This should be compared to the ob-
served value of —8.3 permil (the average of three data for
colemanite and meyerhofferite from Death Valley in Table
3). Both values agree quite well. The good agreement between
the two values in turn indicates that the assumptions made
above are very close to what existed in reality.

Unfortunately, it is at present impossible to do a model
calculation on the §''B value of colemanite when the primary
mineral was ulexite, because of lack of sufficient knowledge
on how colemanite was formed from ulexite. It is strongly
hoped that the 6''B value(s) of the primary mineral(s) will
be measured.

Bigadic

Ulexite and colemanite at Bigadic were deposited in strata.
Based on the phase diagram by CHRIST et al. (1967), cole-
manite must be a diagenetic product of inyoite which has
the same BO; + BO, basic atomic configuration as that of
colemanite. Two ulexite samples (cf. Table 2) were presum-
ably mined from different horizons, but, unfortunately, their
exact locations (depths) could not be specified; their 6!'B val-
ues are about the same. Similar things can be said concerning

the two colemanite samples, A slight difference in §''B value
of the two colemanite samples may indicate that the 6''B
value of the original solution from which the boron minerals
were formed varied slightly with time.

Without knowledge on the exact locations of the mined
mineral samples and because of the fact that 6''B fluction-
ations are in fact small, we suggest that the 4''B value of the
original solution was kept constant during the deposition of
the minerals. The constancy of the 4''B value of the solution
also indicates that the amount of the deposited boron was
negligible compared to the amount of boron left in solution.

The 8'"'B value of the boron source at Bigadic, and con-
sequently that of the original solution too, is unknown, but
it may have been similar to the §''B values of the boron
sources in California. Tentatively assuming the 6''B value of
the solution is 4+3.7 permil (the average of nine data on the
Na borates at Boron and Searles Lake; Na borates are con-
sidered to have 8''B values similar to those of their original
solutions; see above), and applying consideration similar to
that of inyoite at Boron, we obtain —9.1 and —7.6 permil as
the &''B values of colemanite and ulexite at Bigadic, respec-
tively. These should be compared with the observed values
of —8.3 (the average of two data on colemanite in Table 2)
and —1.3 (the average of two data on the ulexite samples in
Table 2). The theoretical and observed results for colemanite
are almost the same, while the discrepancy between the two
results for ulexite is substantial. If one would like to fill the
discrepancy for ulexite solely by changing the B(OH);/
B(OH); distribution in the solution, the mole fractions of
B(OH); = 0.67 and of B(OH); = 0.33 result in the agree-
ment. The corresponding pH of the solution is about 8.3
(cf. Fig. 1).

SUMMARY AND CONCLUSIONS

As was seen in the model calculations in which we assumed
that the boron species in the original solutions is mostly
B(OH);, calculated differences of the 5!'B value between the
Na/Ca borates and the Ca borates were much smaller than
the observed ones (at Boron, the calculated difference is 1.4
and the observed one is 9.2; at Bigadic, 1.5 vs. 7.0). It seems
quite reasonable to have assumed the larger portions of the
B(OH); species in the original solutions for the Na/Ca borates
(precipitates) than for the Ca borates in order to make the
theoretical 8''B match the observed ones. Such assumption
agrees well with the difference in basicity between Na*
and Ca*",

To summarize, the observed 8!'B values of various boron
minerals are explainable in a satisfactory manner by: 1) using
the RPFR values of the minerals, which can be decomposed
into the RPFRs of BO; and BO, units in the borate anions
in the minerals, and 2) assuming appropriate distributions
of the B(OH); and B(OH); species in the original solutions,
or equivalently, assuming appropriate pH values of the so-
lutions. (The pH of the solution decreases from Na borates
through Na/Ca to Ca borates.)

In Table 6, we list the ratios of two ''B/'°B ratios; Na/Ca
borate:Ca borates (Na/Ca:Ca) and Na borates:Ca borates (Na:
Ca). Assuming that the !'B/'°B values of the boron sources
of Searles Lake and Death Valley are the same, we put these
two areas together. The Na/Ca:Ca ratios of Boron, U.S.A.,
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Table 6. Ratios of 1]'B/lola values 1in boron minerals
with different cation ratios (see text).

Boron Bigadic Lake Inder
1)
Na/Ca:Ca 1.0092 1.0071 1.0074
Boron Searlas Lake-Death Valley
2}
Na:Ca 1.014 1.015

1) Na/Ca = ulexite; Ca = colemanite or inyoite.
2} Na = borax, tincal or kernite; Ca = colemanite, inyoite
or meyerhofferite.

and of Bigadic, Turkey, are very similar to one another. Even
the Na/Ca:Ca value of Lake Inder, U.S.S.R. is very close to
those of Boron and Bigadic, despite the fact that the !'B/'°B
ratios themselves are much larger for Lake Inder than for the
other two areas. It is also seen in the table that the Na:Ca
ratios of Boron and of Searles Lake-Death Valley are nearly
equal to each other. These results strongly suggest that the
basic boron isotope effect governing the boron isotope frac-
tionation among the minerals at different areas is quite uni-
versal and support the above developed consideration that
the theoretical approach based on the RPFRs of the boron
minerals involved can be applied to understanding the 5''B
variations among minerals with the same geologic origin, even
if formation processes of the minerals may differ from area
to area.

More boron isotopic data on boron minerals will be re-
quired to confirm our consideration further. More detailed
analysis on how and when different minerals were formed
and more exact estimation of the RPFRs will, among others,
certainly be required for a more quantitatively satisfactory
agreement between the experimental and theoretical results.

The findings of this study on the boron isotopic compo-
sition of boron minerals can be summarized as follows:

(1) Our results on §''B values of some boron minerals
with the nonmarine origin supported the previously reported
results by SWIHART et al. (1986) that minerals of the marine
origin have larger 6''B values than those of the nonmarine
origin.

(2) The decreasing sequence of the 5''B value of the min-
erals with the same geologic origin is: borax, tincal, kernite
(Na borates) > ulexite (Na/Ca borate) > colemanite, inyoite,
meyerhofferite (Ca borates). This sequence is correlated with
the crystal structures of the minerals.

(3) The sequence is qualitatively explainable on the basis
of the RPFR values of the minerals. A rather quantitative
explanation is possible with an appropriate assumption on
the B(OH);/B(OH); distribution in the original solutions.

Acknowledgments—We gratefully acknowledge those who donated
the boron mineral samples to us. We very much thank Dr. G. 1.
Smith, U.S. Geological Survey and Mr. T. Horiguchi, Kyoritsu Yogyo
Genryo Co. for informing us of the geological setting of the borate
localities described in the Experimental section. We also thank Pro-
fessor H. P. Schwarcz, the Associate Editor, and the three referees of
the manuscript for their valuable advice and comments on this paper.

FEditorial handling: H. P. Schwarcz

REFERENCES

CATANZARO E. S., CHAMPOIN C. E., GARNER E. L., MARINENKO
G., SAPENFIELD K. M., and SHIELDS W. R. (1970) NBS Spec.
Publ. (US) No. 260-17.

CHRIST C. L., TRUESDELL A. H., and ERD C. (1967) Borate mineral
assemblages in the systems Na,O-CaO-MgO-B,0;-H,0. Geochim.
Cosmochim. Acta 31, 313-337.

FINLEY H. O., EBERLE A. E., and RODDEN C. J. (1962) Isotopic
boron composition of certain boron minerals. Geochim. Cosmo-
chim. Acta 26, 911-914.

INGRI N. (1963) Equilibrium studies of polyanions containing B",
Si'V, Ge'¥ and VV. Svensk Kemisk Tidskrift 75, 199-230.

INGRI N., LAGERSTROM G., FRYDMAN M., and SILLEN L. G. (1957)
Equilibrium studies of polyanions. II. Polyborates in NaClO, me-
dium. Acta Chem. Scand. 11, 1034-1058.

KAKIHANA H. and KoTaka M. (1977) Equilibrium constants for
boron isotope exchange reactions. Bull. Res. Lab. Nucl. Reactors
2, 1-12.

KAKIHANA H., KOTAKA M., SATOH S., NOMURA M., and OKAMOTO
M. (1977) Fundamental studies on the ion-exchange separation
of boron isotopes. Bull. Chem. Soc. Japan 50, 158-163.

KAKIHANA H., OssakA T., O1 T., MUSasHI M., OKAMOTO M., and
NOMURA M. (1987) Boron isotopic ratios of some hot spring waters
in the Kusatsu-Shirane area, Japan. Geochem. J. 21, 133-137.

KaNzakI T., NOMURA M., Ozawa T., and KAKIHANA H. (1978)
Separation of boron from fumarolic condensates by the methyl
borate distillation method for the isotope analysis. Bunseki Kagaku
27, 481-485 (in Japanese).

KANZAKI T., YOSHIDA N., NOMURA M., KAKIHANA H., and Ozawa
T. (1979) Boron isotopic composition of fumarolic condensates
and sassolites from Satsuma Iwo-jima, Japan. Geochim. Cosmo-
chim. Acta 43, 1859-1863.

MCcMULLEN C. C., CRAGG C. B, and THODE H. G. (1961) Absolute
ratio of ''B/!°B in Searles Lake borax. Geochim. Cosmochim. Acta
23, 147-149.

NOMURA M., OKAMOTO M., and KAKIHANA H. (1973) Determi-
nation of boron isotope ratio by the surface ionization method.
Shitsuryo Bunseki 21, 277-281 (in Japanese).

NoOMURA M., KANzAKI T., Ozawa T., OKAMOTO M., and KAKI-
HANA H. (1982) Boron isotopic composition of fumarolic con-
densates from some volcanoes in Japan island arcs. Geochim. Cos-
mochim. Acta 46, 2403-2406.

NOMURA M., OKAMOTO M., and KAKIHANA H. (1984) Determi-
nation of boron content and boron isotopic ratio of seawater sam-
ples. Nihon Kaisuigakkai Shi 14-19 (in Japanese).

ONo 1. (1985) Boron bearing minerals. Ceramics 20, 996-999 (in
Japanese).

PALMER M. R., SPIVACK A. J., and EDMOND J. M. (1987) Temper-
ature and pH controls over isotopic fractionation during adsorption
of boron on mineral clay. Geochim. Cosmochim. Acta 51, 2319-
2323,

SCHWARCZ H. P., AGYEI E. K., and MCMULLEN C. C. (1969) Boron
isotopic fractionation during clay adsorption from sea-water. Earth
Planet. Sci. Lett. 6, 1-5.

SMITH G. L (1976) Origin of lithium and other components in the
Searles Lake evaporates, California. U.S.G.S. Prof. Paper 1005,
92-103.

SMITH G. L. (1985) Borate deposits in the United States: Dissimilar
in form, similar in geologic setting. Proc. Symp. Borates: Eco. Geol.
Prod., 37-51.

SMITH G. L., JONES C. L., CULBERTSON W. C., ERICKSEN G. E,, and
DynN1 J. R. (1973) Evaporites and brines. U.S.G.S. Prof. Paper
820, 197-216.

SPIVACK A. J. and EDMOND J. M. (1987) Boron isotopic exchange
between seawater and the oceanic crust. Geochim. Cosmochim.
Acta 51, 1033-1043.

SPIVACK A. J., PALMER M. R., and EDMOND J. M. (1987) The sed-
imentary cycle of the boron isotopes. Geochim. Cosmochim. Acta
51, 1939-1949.

SWIHART G. H., MOORE P. B., and CALLIS E. L. (1986) Boron isotopic
composition of marine and nonmarine evaporite borates. Geochim.
Cosmochim. Acta 50, 1297-1301.



