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Abstract— We have measured the boron isotope composition of seventeen samples of borate minerals
(colemanite, ulexite, and borax) and the *’Sr/*Sr ratio in thirteen borate samples from the Kirka borate
deposit in western Anatolia, Turkey. These Neogene deposits were formed by evaporation of playa lakes
fed by geothermal springs. The §''B values range from —14.9%¢ in colemanite to —1.6%o in borax. To a
first approximation the relative differences in the §''B values of the borate minerals are consistent with
their basic boron atomic configuration, but the magnitude of the boron isotope fractionation between the
three minerals precludes their simultaneous precipitation from a brine with the same boron isotope com-
position and pH. Rather the data are consistent with precipitation of colemanite from a brine with lower
pH than that required for ulexite precipitation, which in turn requires a lower pH than is needed for borax
precipitation. The boron isotope data also suggest that the borate minerals did not maintain boron isotopic
equilibrium with the brine after they precipitated. Rayleigh fractionation models indicate that during borax
precipitation the §'"'B value of the brine was slightly heavier than during precipitation of ulexite and

colemanite.

1. INTRODUCTION

Nonmarine evaporite deposits are of interest for a variety of
reasons. Their presence attests to a restricted range of climatic
conditions, different types of nonmarine evaporites have ori-
gins requiring specific tectonic conditions and the evaporites
may contain minerals of economic interest (Smoot and Low-
enstein, 1991). Borate deposits are an important category of
nonmarine evaporites. The deposits are the largest industrial
source of boron in the world today, with the major production
coming from the USA and Turkey (Kistler and Helvaci,
1994). Previous studies of boron isotopes in nonmarine evap-
orites have shown they can reveal information concerning the
source of boron and possibly the pH conditions at which the
borates were formed (Swihart et al., 1986; Oi et al., 1989).
We have carried out a boron isotope study of borates from a
Turkish borate deposit at Kirka to constrain the physicochem-
ical conditions during their precipitation.

2. GEOLOGICAL SETTING

The Turkish borate deposits occur in western Anatolia in five main
districts; Bigadig, Kestelek, Sultangayiri, Emet, and Kirka (Fig. 1).
They formed in a lacustrine environment during periods of calc-al-
kaline volcanic activity in the Neogene. Although there are differ-
ences between the different districts, they are all generally enclosed
within limestones and clays and are interbedded with layers of vol-
canic ash, limestone, marl, and clays. At Kirka this volcanosedimen-
tary sequence lies unconformably on Paleozoic metamorphics, Meso-
zoic ophiolites, and Eocene limestones. A stratigraphic section of the
Kirka deposit is shown in Fig. 2 (Inan et al., 1973; Helvaci, 1977;
Sunder, 1980). The main boron mineral is borax with lesser amounts
of colemanite and ulexite. A number of other borate minerals have
also been found in the deposit, including pandermite, inyoite, mey-
erhofferite, tincalconite, kernite, hydroboracite, inderite, inderborite,
kurnakovite, and tunnelite (Inan et al., 1973; Helvaci, 1977, 1978,
1983). Broadly speaking, the borax body is surrounded by a thin
layer of ulexite, followed by a thin layer of colemanite. The whole
borate ore body is enclosed within calcite and limestone. The borate
layers contain minor amounts of calcite and dolomite. The clay layers
interbedded with the borates consist largely of smectite-group min-
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erals with minor illite and chlorite. The clay layers also contain some
volcanic tuff (frequently altered to zeolites ), quartz, biotite, and feld-
spar (Helvaci, 1983). The source of the boron is thought to be from
geothermal springs associated with the local volcanic activity and the
borates were formed when the spring waters underwent evaporation
after flowing into shallow playa lakes (Helvaci, 1995).

3. EXPERIMENTAL
3.1. Sampling

Samples were collected from seventeen different locations at Kirka
and one sample from was collected from Gogenoluk. This is a small
deposit to the northwest of Kirka thought to be at the same strati-
graphic level as the colemanite layer underlying the borax body at
Kirka. In this study we will only consider the principal ore minerals
(borax, ulexite, and colemanite). The boron isotope systematics of
the minor borates will be considered elsewhere. Several of the sam-
ples contain different generations of crystals of the same borate min-
eral (e.g., as fillings in septarian cracks in nodules). These were
separated by handpicking and analysed as different samples. With
the exception of the sample from Gogenoluk all the samples were
taken from the main pit at Kirka. The borates do not form a contin-
uous body within the Kirka deposit, but are thought to have precip-
itated in a series of interconnected subbasins (Inan, 1973). The de-
gree of interconnectedness between these subbasins is uncertain, but
the gross chemical zoning within the deposit indicates that at any one
time the borates within the Kirka deposit were precipitated from a
relatively homogeneous brine (Inan et al., 1973). The samples were
handpicked under a binocular microscope to ensure the analysed sam-
ples were free from adhering clay minerals and were pure mineral
separates. A brief description of each sample is given in the Ap-
pendix.

3.2. Analytical

The boron was extracted by pyrohydrolysis at 1400°C (Spivack
and Edmond, 1986) to ensure all the boron was extracted from the
sample. The boron isotope compositions were measured using a mod-
ified version (Aggarwal and Palmer, 1995) of the method described
by Spivack and Edmond (1986). The data are reported as §''B values
where
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FiG. 1. Location of major borate deposits in western Turkey.
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The standard is NBS boric acid SRM 951 and as with other isotope
standards the measured value varies slightly between laboratories; at
our laboratory ~ 100 analyses of this standard over three years on a
VG336 mass spectrometer have yielded an average ''B/'’B ratio of
4.0529 * 0.1%0 (20). The average 20 error of the fifty-four individ-
ual measurements is *+0.32. Replicate analyses were made of each
sample and the average agreement between these replicates is slightly
poorer at =0.44. This may reflect isotope heterogeneity in some sam-
ples together with analytical artefacts. This second value is taken as
the true measure of precision.

Strontium isotope ratios were also measured on a selected suite of
the samples using the same mass spectrometer. The ratios were nor-
malised to an *Sr/*Sr ratio of 0.1194 and an *Sr/*Sr value of
0.7080 for the E&A standard. We obtained an average *’Sr/%Sr ratio
of 0.70795 for ten measurements of this standard.

4. RESULTS

The results are listed in Table 1 and the structural formulae
and basic boron atomic structure of the borate minerals con-
sidered in this study is given in Table 2. Borax has the heavi-
est (less negative) §''B values of the main borate minerals,
with ulexite having lighter 6''B values and colemanite having
the lightest §''B values. This is in accord with previous ob-
servations and calculations that show that the heavy isotope
of boron, ''B, is concentrated in borate minerals with a higher
proportion of trigonally coordinated boron (O1 et al., 1989).

5. DISCUSSION

The variation in boron isotope compositions of the borate
minerals is a function of several variables. The most important
of these are (1) the boron isotope composition of the source
of boron to the deposits, (2) the mineralogy of the borate
minerals, (3) the temperature of formation of the borates, (4)
the pH of the solution during precipitation of the borates, and

(5) the proportion of borates precipitated from the brines
(Rayleigh effects).

As noted above, the mineralogy of the borate minerals is
important in determining their boron isotope ratios. Boron
isotope fractionation arises largely from changes in the sym-
metry of the boron atom, such that the heavy isotope, ''B, is
concentrated in planar BO; and the light isotope, ''B, is con-
centrated in tetrahedral BO,. As with other stable isotopes the
magnitude of the isotope fractionation factor is temperature
dependent (e.g., Palmer et al., 1992). There are no experi-
mental data for isotope fractionation factors between different
borate minerals, but these can be calculated (Kakihana and
Kotaka, 1977; Kakihana et al., 1977 and applied to the boron
isotope composition of nonmarine evaporites (e.g., Oi et al.,
1989). In addition, the relative proportions of trigonally and
tetrahedrally coordinated boron in the dissolved phase are pH
dependent (Ingri, 1963; Hershey et al., 1986); hence the ex-
tent of boron isotope fractionation between brines and borate
minerals will also depend on this variable.

These theoretical calculations show that the extent of iso-
tope fractionation is such that at 25°C borax should have a
6'"'B approximately 2%o higher than that of ulexite, which
would in turn be 1.3%o heavier than colemanite, assuming all
three minerals precipitated in equilibrium with one another
(Oietal., 1989). The average §''B value of borax from Kirka
(—3.7%0) is 3.6%o higher than the average §''B value of ulex-
ite (—7.3%o¢), which is 5.6%c higher than the average 6''B
value of colemanite ( —12.9%o). The discrepancy between the
theoretical isotope fractionation factors between the borate
minerals and the differences observed at Kirka could be due
to a number of causes. It is possible that the theoretically
calculated isotope fractionation factors differ from the empir-
ical fractionation factors. Secondly, if the borates were pre-
cipitated at a lower temperature than 25°C the isotope frac-
tionation factors between the minerals would be greater. Fi-
nally, if the borates were not coprecipitated from the same
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vertical scale 200m

FiG. 2. Schematic stratigraphic section of Kirka borate deposit. 1.
volcanic rocks (basalts, andesites and rhyolites) 2. cherty limestone
3. marl and claystone 4. lignite bands 5. borate zone 6. limestone 7.
sandstone and conglomerate 8. basement complex: ophiolite, marble,
schist 9. tuff 10. unconformity (after Inan, 1973, Helvaci 1977, Sun-
der 1980).

brine, differences in the chemistry of the brines may also con-
trol the 6''B values of the borates.

Empirical studies of boron isotope fractionation between
marine carbonates and seawater have shown the theoretical
isotope fractionation factors are consistent with the observed
data (Hemming and Hanson, 1992). Hence, we do not believe
that the greater than predicted isotope fractionation factors at
Kirka is due to inaccurate theoretical data. Palmer et al.
(1987) obtained higher fractionation factors between the tri-
gonal and tetrahedral dissolved boron phases from experi-
ments of boron adsorbed onto clay minerals. When corrected
for the adsorption effect, these data would predict a difference
of 2.35%o between the 6''B values of borax and ulexite and
1.57%o0 between ulexite and colemanite. These are still sig-
nificantly different from the observed data.

To achieve a fractionation factor of 3.6%0 between coex-
isting borax and ulexite under equilibrium conditions the tem-
perature would have to be less than 0°C (Oi et al., 1989).
Evaporites are formed in Antarctica at these temperatures
(Burton, 1981), but these conditions clearly did not apply to
the Quaternary western Mediterranean.

Hence, we conclude that borax, ulexite, and colemanite
were not precipitated from brines with identical chemistry.
Differences in brine chemistry may include changes in its bo-

ron isotopic composition, changes in the pH, and/or changes
in the major element chemical composition.

As the §6''B values of the borates are sensitive to a number
of factors there is no independent monitor of possible changes
in the boron isotope composition of the brines during evolu-
tion of the deposit. At Kirka the potential source rocks include
Paleozoic metamorphics, Mesozoic ophiolites, and Eocene
limestones as well as the calc-alkaline volcanics that formed
contemporaneously with the borates (Inan et al., 1973; Hel-
vaci, 1977; Sunder, 1980). We do not have geochemical data
for these rock types, but among other things they might be
expected to have different strontium isotope compositions,
and possibly different ''B values. To determine whether dif-
ferent sources of boron were important in defining the range
of 5''B values we measured the ¥’Sr/**Sr ratios and 6''B val-
ues of a suite of samples. The ¥'Sr/**Sr ratios of the borates
show a narrow range (0.7083-0.7094). There is no obvious
correlation between boron and strontium isotope ratios. This
is compatible with the hypothesis that there were no major
changes in the source of elements to the deposit during pre-
cipitation of the borates. It is not possible to dismiss the pos-
sibility that there were major changes in the §''B value of the
sources of the brines that are not reflected in the strontium
isotopes at this preliminary stage, but there is no evidence to
support this hypothesis. There is some evidence for changes
in the boron isotope composition of the brines during precip-
itation (see below), but it is surely beyond coincidence that
the relative ''B values of the borate minerals accord so well
with their structural formulae.

Differences in boron isotope composition between minerals
precipitated from the same brine can arise if the pH of the
fluid changes and/or as a result of more or less complete
precipitation of the borate (Rayleigh fractionation).

The nature of changes in the §''B value of the brines and
borates during precipitation depends on whether the borate
mineral precipitated from the brine maintains isotopic equi-
librium with the brine or whether it is isotopically isolated
from the brine following precipitation.

Precipitation of colemanite is favoured by low pH values
(Helvaci, 1977) so a brine precipitating colemanite will be-
come progressively enriched in 'B. If the boron included in
colemanite remained isotopically isolated from the brine, later
generations of colemanite would have heavier §''B values
than early precipitates. Sample MRP-12 is a colemanite nod-
ule that also contains colemanite in septarian cracks. The cole-
manite in the cracks clearly formed after the bulk of the nod-
ule, but its fine-grained nature indicates that it is not a sec-
ondary recrystallisation product. The bulk of the nodule has
a 6''B value of —12.4 to —12.8%0 and the colemanite in the
cracks has a §''B value of —11.3 to —11.4%e. In another case
we examined the boron isotope composition of the inner and
outer portions of a colemanite nodule (MRP-14). In this case
the central portion of the nodule (assumed to have formed
first) has a 6''B value of —14.7%o and the outer portion has
a é6''B value of —13.7%.. More evidence is required, but these
examples indicate that the earlier precipitated borate remained
isotopically isolated from the later brines. In addition, it is
difficult to envisage a physical mechanism whereby the centre
of a 0.5 m diameter colemanite nodule could remain in iso-
topic communication with its rim.
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Table 1. Boron and strontium isotope compositions of borate minerals from the

Kirka deposit, Turkey

Sample Mineralogy s11B 875r/865
1st run 2nd run

CH-8 borax -1.6%+.2 -1.7+.3 0.70891+30

CH-14 borax -5.7%+.2 -5.0+.2 0.70865+09

CH-15 borax -4.9+.2 -5.9+.3 0.70874+06

CH-18 borax -5.1+.4 -4.3x.2 0.70943+07

CH-24 borax -1.6+.3 -2.412.3 0.70889+03

MRP-4 borax -3.3+.4 -2.6%+.2

MRP-5 borax -3.3+.2 -4.1+.3

CH-7 ulexite -6.2%.2 -6.8+.4 0.70862%15

CH-10 ulexite -8.0+£.3 -7.5x.4 0.70855+31

CH-9 ulexite -10.1+.2 -10.6%+.3 0.70890+09

CH-12 ulexite -7.8%+.3 -7.7t.2 0.70830135

CH-17 ulexite -7.6%.2 -7.56+x.2 0.70864£10

CH-18 ulexite -7.9%.4 -7.6+.5 0.70941+06

MRP-11 1°ulexite -5.71.4 -6.4+.5

MRP-11 ulexite in cracks -5.9+.4 -5.3+.4

MRP-17 ulexite -6.7+.3 -6.0+.2

CH-16 colemanite -12.9+.3 -13.3x.2 0.70916107

CH-17 colemanite -9.6+£.3 -9.9+.4 0.70861+08

CH-22 colemanite -13.3+£.3 -13.4%+.3

MRP-12 1° colemanite -12.8+£.6 -12.4+.5

MRP-12 colemanite in cracks -11.4+.3 -11.3+.4

MRP-12 2° colemanite -14.9x.5 -14.7+.3

MRP-14  central colemanite -14.7x.4 -14.7+.4

MRP-14 outer colemanite -13.7+£.2 -13.7%+.3

To what extent can the Kirka dataset be used to constrain
the 6''B values of the original brines and the pH of the lakes?

There is minor geothermal activity in the general area of
the borate deposits, but there is no certainty that the compo-
sition of these fluids are representative of the geothermal ac-
tivity at the time the borates formed. However, some con-
straints can be obtained from the borate §''B values and the
boron speciation and isotope fractionation given in Oi et al.
(1989). Regardless of the pH, colemanite with a §''B value
of less than —13%. cannot have precipitated from fluids with
5''B values greater than approximately 0%.. Similarly, borax
with a §''B value of greater than approximately —4%o could
not have precipitated from the fluids with a §''B value of less
than —13%o. This range of 0 to —13%. includes most of the
boron isotope data measured in continental geothermal fluids
(e.g., Palmer and Sturchio, 1990) that are the presumed
source of boron in the Kirka deposits (Helvaci, 1995).

The effect of pH on the §''B value of borate minerals pre-
cipitated from a brine can be modelled from the theoretical
boron isotope fractionation factors and the speciation of bo-
rate in solution (Oi et al., 1989). An example is shown in
Fig. 3, where it is assumed that the borates are in equilibrium
with a brine with a §''B value of —4%o. There is some overlap,
but Fig. 3 indicates that colemanite formed under more acidic
conditions (average pH = 8.2) compared to ulexite (8.6) and
borax (8.83). This observation is in accord with experimental
and theoretical evidence that suggests colemanite precipitated
from lower pH solutions than either ulexite or borax (Christ
et al., 1967; Helvaci, 1977). (The relative pH order of the

three borate minerals would not be changed if a different brine
6'"'B value was used in the calculation.)

An additional constraint on fluid compositions is provided
by the fact that borax is the dominant borate mineral in the
deposit, followed by ulexite and then colemanite (Inan et al.,
1973). It is not unreasonable, therefore, to conclude that con-
ditions generally favoured borax precipitation.

The extent of borate precipitation from a parcel of brine
can be constrained from the appropriate Rayleigh equation
and the assumption that the §''B values measured in this study
are representative of the total range in the deposit. For illus-
tration we consider the model of no boron isotope exchange
between precipitated borates and later brines. In this case the
appropriate Rayleigh equation is

Rm = Rlaf0719

where R,, is the ''B/'°B ratio of the borate precipitated at
extent f, R, is the initial ''B/'°B ratio of the evaporite fluid, «
is the isotope fractionation factor between the fluid and the
borate mineral, and fis the fraction of boron remaining in the
brine. The total ranges in §''B values for each borate mineral
are —5.9 to —1.6%o for borax, —10.6 to —5.3%. for ulexite,
and —14.9 to —9.6%o for colemanite. The values of « at pH
values of 8.2, 8.6, and 8.83 are taken from Oi et al. (1989).
From these data and the Rayleigh equation above it is possible
to calculate the fraction of boron removed from solution to
yield the observed range in 6''B values at a given pH and
starting &''B value for the brine.
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Boron Mineral Structural Formula

Basic boron atomic structure

NazB405(0OH)4.8H20

borax 2BO3 + 2BOy
ulexite NaCaB5O0g(OH)g.5H20 2BO3 + 3BO4
colemanite Cag[B304(0OH)3]2.2H20 BO3 + 2BOy

The results of these calculations are shown in Fig. 4. The
calculation indicates that for borax to be the dominant borate
mineral requires a high pH and a relatively heavy starting §''B
value for the brine. Colemanite requires the lowest pH in order
for it to be the dominant mineral, with ulexite being dominant
at intermediate pH. Colemanite and ulexite both require a
lighter starting 6''B value than borax for them to be the dom-
inant borate minerals.

It is emphasised that this calculation illustrates general prin-
ciples rather than providing a unique solution to a multivariant
problem. In addition, if more than one borate forms at any
one time the boron isotope evolution of the brine will depend
on the relative proportions of the precipitating minerals (al-
though individual portions of the deposit are dominated by a
single borate mineral, with relatively minor amounts of other
borates—Inan et al., 1973; Helvaci, 1977; Sunder, 1980—
and none of the paragenetic relationships observed in hand
specimen show evidence for intergrowth of different borate
minerals). In two samples there are coexisting borate miner-
als. CH-18 is from a point close to the upper borax-ulexite
transition zone and consists of a nodular ulexite coating (6''B

value; —4.3 to —5.1%o) on top of a borax layer (4''B value;
—7.6 to —7.9%0). The difference between the isotopic com-
position of the two minerals is greater than the value (~2%o)
for ulexite and borax in equilibrium with one another at 25°C
(Oi et al., 1989), suggesting that they did not form at the
same time. CH-17 is from above the main borate body and
consists of a large radiating colemanite nodule (6''B; —9.6
to —9.9%0) with smaller white nodular ulexite (§''B value;
—7.5 to —7.6%0). Again the difference between the two min-
erals is greater than the theoretical isotope fractionation factor
(~1.3%0) (Oi et al., 1989), suggesting that the ulexite and
colemanite did not form at the same time. In addition, theo-
retical phase relations between the various borate minerals do
not favour coprecipitation of different minerals (Christ et al.,
1967).

Despite these uncertainties, other example calculations
(not shown) indicate that the relative ordering of the pH
values remains the same, i.e., borax is precipitated from
higher pH brines than is ulexite, with colemanite forming
from the lowest pH brines. These calculations also show that
either ulexite or colemanite can be the dominant borate min-

6 T T T —
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. - i
— -— colemanite ke
| 7
*2 [ 5''B of fluid =- 4, -/ ]
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-14 7T .-.-.—-———')/(/ N
-18 | 1 L 1 l
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FiG. 3. Variation with pH of boron isotope compositions o

f borate minerals precipitated from a brine with a 6''B

value of —4%.. The three curves reflect the different isotope fractionation factors between the solution and the different

borate minerals (values from Oi et al., 1989).
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FIG. 4. Fraction of boron removed from solution to yield observed
range in 6''B values for given starting §''B value of brine. Full line
is the curve for borax, dashed line is for ulexite and dotted line is for
colemanite. (a) pH 8.83, (b) pH 8.6, and (c) pH 8.2 (see text for
details).

erals precipitated from a brine with the same starting 6''B
value if the pH changes, but for borax to be the dominant
borate mineral at Kirka, a heavier §''B value is required
along with a higher pH.

The pH of the brines may have changed as a result of a
number of processes, e.g., changes in the pH of geothermal
fluids entering the basin, precipitation of carbonates, oxida-

tion of organic matter, etc. It would be of interest to examine
pH changes in a modern borate precipitating lake, but we
know of no phenomenological study of this type. Oxidation
of organic matter would lower the pH without significant
change in Na, Ca, and boron concentrations, whereas precip-
itation of CaCO- would change the pH and lower Ca concen-
trations.

The pH of the geothermal fluids entering the lake may
change as a result of factors, such as, a change in the level of
the groundwater table initiating phase separation in the geo-
thermal system. In the Yellowstone geothermal system, high
Na/Ca ratios are restricted to high pH fluids (Fournier, 1989)
and there is a tendency for the higher pH fluids to have heavier
6''B values (Lewis, 1995) as a result of boron volatilisation
during phase separation (Palmer and Sturchio, 1990). These
observations are compatible with the boron isotope systemat-
ics in the Kirka deposit where borax precipitation is favoured
by high pH fluids with relatively heavy §''B values and high
Na/Ca ratios.

6. CONCLUSIONS

The 6''B values of colemanite, ulexite, and borax from the
Kirka borate deposit in Turkey range from —1.6 to —14.9%o.
The lack of correlation between boron and strontium isotope
ratios for individual minerals suggests that varying sources of
boron to the deposits did not play a major role in defining the
variations in boron isotope compositions.

The relative differences in the boron isotope compositions
of colemanite (average §''B value; —12.9%o0), ulexite (aver-
age 6''B value; —7.3%0), and borax (average §''B value;
—3.7%o0) are consistent with their boron atomic configarations
(Oi et al., 1989). However, the magnitude of the differences
in §''B values between the three minerals is too large for them
to have precipitated together from brines with the same boron
isotope composition and pH.

The boron isotope data are consistent with colemanite be-
ing precipitated from a brine of lower pH than ulexite, with
borax being precipitated from a brine of higher pH than
ulexite.

Preliminary boron isotope evidence suggests that the borate
minerals did not maintain boron isotope equilibrium with the
coexisting brine after they precipitated from solution.

Rayleigh fractionation models support the observation that
borax was derived from the highest pH fluids and that the
4''B value of the brines that precipitated borax may have been
slightly heavier than those that precipitated ulexite and cole-
manite. These observations are compatible with the boron iso-
tope systematics of modern geothermal systems.

Acknowledgments—This work was supported by a NATO grant to
MRP and CH and by Royal Society grants to MRP. We are especially
grateful to Etibank and the mine manager and geologists for their
generosity during fieldwork at the Kirka deposit. Denis Shaw, George
Swihart, Marc Chaussidon, and an anonymous reviewer provided
constructive reviews of the paper.

Editorial handling: D. M. Shaw

REFERENCES

Aggarwal J. K. and Palmer M. R. (1995) Boron isotope studies of
natural materials: A review of analytical methods. The Analyst 120,
1301-1307.



Isotope geochemistry of B in a nonmarine evaporite 3605

Burton H. R. (1981) Chemistry, physics and evolution of Antarctic
saline lakes. Hydrobiologia 82, 339-362.

Christ C. L., Truesdell A. H., and Erd R. C. (1967) Borate mineral
assemblages in the system Na,O-CaO-MgO-B,0;-H,0. Geochim.
Cosmochim. Acta 31, 313-337.

Fournier R. O. (1989) Geochemistry and dynamics of the Yellow-
stone National Park Hydrothermal System. Annu. Rev. Earth
Planer. Sci. 17, 13-53.

Helvaci C. (1977) Geology, mineralogy and geochemistry of the
borate deposits and associated rocks of the Emet Valley, Turkey.
Ph.D. thesis, Univ. Nottingham.

Helvaci C. (1978) A review of the mineralogy of the Turkish borate
deposits. Mercian Geology 6, 257-270.

Helvaci C. (1983) Mineralogy of the Turkish borate deposits. Jeo-
logi Muhendisligi 17, 37-54.

Helvaci C. (1995) Mineralogy and genesis of the Bigadi¢ borate
deposits, Western Turkey. Econ. Geol. (in press).

Hemming N. G. and Hanson G. N. (1992) Boron isotopic compo-
sition and concentration in modern marine carbonates. Geochim.
Cosmochim. Acta 56, 537-543.

Hershey J. P, Fernandez M., Milne P. J., and Millero F. J. (1986)
The ionization of boric acid in NaCl, Na-Ca-Cl, and Na-Mg-Cl
solutions at 25°C. Geochim. Cosmochim. Acta 50, 143—
148.

Inan K. (1973) The mineralogy and geochemistry of the Kirka borate
deposit Turkey. Ph.D. thesis, Univ. Nottingham.

Inan K., Dunham A. C., and Esson J. (1973) Mineralogy, chemistry
and origin of Kirka borate deposit, Eskisehir Province, Turkey.
Trans. Inst. Mining Metall. 82B, 114—123.

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

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 bo-
ron isotopes. Bull. Chem. Soc. Japan 50, 158—163.

Kistler R. B. and Helvaci C. (1994 ) Boron and borates. In Industrial
Minerals and Rocks, 6th ed. (ed. D. D. Carr), pp. 171-186. So-
ciety of Mining, Metallurgy and Exploration, Inc.

Lewis A. J. (1995) The behaviour of trace elements and boron iso-
topes in the Yellowstone hydrothermal system. Ph.D. thesis, Univ.
Bristol.

Oi T., Nomura M., Musashi M., Ossaka T., Okamoto M., and
Kakihana H. (1989) Boron isotopic composition of some
boron minerals. Geochim. Cosmochim. Acta 53, 3189-
3195.

Palmer M. R. and Sturchio N. C. (1990) The boron isotope systemat-
ics of the Yellowstone National Park (Wyoming) hydrothermal
system: A reconnaissance. Geochim. Cosmochim. Acta 54, 2811 -
2816.

Palmer M. R,, Spivack A. J., and Edmond J. M. (1987) Temperature
and pH controls over isotoc fractionation during adsorption of bo-
ron on marine clay. Geochim. Cosmochim. Acta 51, 2319-2323.

Palmer M. R., London D., Morgan G. B., and Babb H. A. (1992)
Experimental determination of fractionation of ''B/'°B between
tourmaline and aqueous vapor: A temperature- and pressure-de-
pendent isotopic system. Chem. Geol. (Isotope Geoscience Sect.)
101, 123-130.

Smoot J. P. and Lowenstein T. K. (1991) Depositional environments
of non-marine evaporites. In Evaporites, Petroleum and Mineral
Resources (ed. J. L. Melvin); Developments in Sedimentology 50,
189-348.

Spivack A. J. and Edmond J. M. (1986) Determination of boron
isotope ratios by thermal ionisation mass spectrometry of the di-
cesium metaborate. Anal. Chem. 58, 31-35.

Sunder M. S. (1980) Geochemistry of the Sarikaya borate deposits
(Kirka-Eskisehir). Bull. Geol. Congress Turkey 2, 19-34.

Swihart G. H., Moore P. B., and Callis E. L. (1986) Boron isotopic
composition of marine and non-marine evaporite borates. Geo-
chim. Cosmochim. Acta 50, 1297-1301.

Appendix

Sample Mineralogy Description

CH-7 ulexite fibrous silky layer of ulexite from below borax zone

CH-8 borax massive borax from lower part of borax zone

CH-9 ulexite fibrous layer of primary ulexite from above the borax
zone

CH-10 ulexite powdery ulexite within cavities in upper part of borax
zone, possibly secondary after dissolution of borax

CH-12 ulexite 1cm thick layer of ulexite from above the borax zone

CH-14 borax massive borax from middle of borax zone

CH-15 borax bedded borax from middle of borax zone

CH-16 colemanite radiating colemanite nodule 2cm in diameter from top
of deposit

CH-17 colemanite white nodular ulexite growing on radiating crystals of

ulexite colemanite from just above borax zone
CH-18 ulexite small (5cm) nodules of ulexite on top of bedded borax
borax from top of borax zone

CH-22 colemanite small (3cm) colemanite nodule from small Gégenoluk
deposit northwest of main deposit, thought to correlate
with colemanite in main deposit below borax zone

CH24 borax large (10cm thick) vein of borax cross cutting main
borax zone, probably secondary replacement of orginal
borax

MRP-4 borax bedded borax from main borax zone

MRP-5 borax thick (15cm) vein of clear borax cross cutting main
borax zone, probably formed from recrystallisation of
bedded borax

MRP-11 ulexite small (5cm) discoidal nodule of ulexite with fine

grained ulexite infilling septarian cracks, from just
above main borax zone

MRP-12 colemanite large (30cm) nodule of radiating colemanite with cross
cutting veins of recrystallised colemanite and fine
grain primary colemanite filling septarian cracks,
from above main borax zone

MRP-14 colemanite targe (25cm) nodule of radiating colemanite from
above main borax zone

MRP-17 ulexite 1cm thick layer of ulexite from above the borax zone




