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BORON ISOTOPES AND GROUND WATER POLLUTION

Natural boron has two stable
isotopes, 11B and 10B with an
approximate 11B/10B ratio of
4. Variations in the ratio of
the two isotopes are nor-
mally expressed as parts
per thousand deviation,
811B, relative to NBS 951, a
boron isotope standard. The
811B notation is defined as:

5"B = [ S M , -1 ] x 1000

Boron is present in ground-
water mainly as trigonal un-
dissociated boric acid,
B(OH)3°, and its conjugate
base, tetrahedral borate,
B{OH)4". Aqueous boron
speciation is mainly con-
trolled by pH and concentra-
tion, although temperature,
salinity and specific cation
concentrations also affect
the species distribution via
the formation of ion-pairs
and their effect on activity
coefficients and equilibrium
constants.

The isotopic fractionation of
boron is controiied by boron
species. Boron with tetrahe-
dral co-ordination is isotopi-
cally depleted (lower 5 11B)
relative to boron with trigonal
co-ordination. Thus, the
fractionation between solids
and solution depends on the
relative abundance of the
three- and four-coordinate
species in each phase. This
leads to a solid-water frac-
tionation being pH depen-
dent, as the trigonal-
tetrahedral speciation in wa-
ter is a function of pH. That
is, since the tetrahedral
boron is predominant in
most solid phases (depleted
in 11B), the 511B of dissolved
boron in groundwater is usu-
ally higher than that in the
aquifer rocks. The isotopic
fractionation between the
two aqueous boron species,

trigonal-tetrahedral at 25°C is

A large (~80%o) isotopic vari-
ation in nature is recognized
(Fig. 1), which makes boron
isotopes useful for tracing
the origin of dissolved salts in
groundwaters. Previous
groundwater studies have
emphasized the differences
between two distinct end-
members: (1) marine-derived
sources with high 8 11B val-
ues (e.g., sea water = 39%o;
Dead Sea = 57%O) (2) rock-
derived sources with rela-
tively low 5 11B values (e.g.,
Sea of Galilee, 8 11B =24%o,
Qaidam Basin, China, 8 11B
=-1%o to 12%o). The large
difference between marine
and non-marine sources al-
lows direct discrimination of
these sources in groundwa-
ter systems.

riched in boron (e.g. sea wa-
ter: 4.6 mg/U domestic waste
water: 1 mg/!;fiyash leachate:
14 mg/l; landfill leachate: 6
mg/i), the 8 11B of ground-
water is highly sensitive to the
impact of the contamination.
The large isotopic variation of
the potential sources can be
used to trace the origin of the
contamination and to recon-
struct mixing and flow paths.
Coastal aquifers affected by
seawater intrusion and
marine-derived fossil brines
are characterized by high 811B
values (as high as 60%o). In
contrast, domestic waste wa-
ter with relatively high boron
concentrations and high B/CI
ratio have 8 11B values of O%o
to 12.9%o which overlap with
the isotopic ratios of synthetic
Na-borate minerals. Distinctly
different isotopic composition
of injected treated waste wa-
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Boron can be used as a
tracer in groundwater be-
cause of its high solubility in
aqueous solution, natural
abundance in all waters, and
the lack of effects by evapo-
ration, volatilization,
oxidation-reduction reac-
tions. Since the boron con-
centrations in pristine
ground-waters are generally
low (<0.05 mg/1) and contam-
inant sources are usually en-

ter and irrigation-affected wa-
ter (8 11B>40%o) was used to
trace the effect of injection into
an alluvial aquifer near El
Paso, Texas.

Boron isotopic composition is
not modified during manufac-
turing of the synthetic prod-
ucts. While sodium perborate
is produced solely from Na-
borates and is used mainly in
detergents, other boron com-

(Continued on page 16)
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Fig. 1. 811B vari-
ations. Large dif-
ference in sea
water and fresh
groundwater. 11B
is depleted in Ca-
borate relative to
Na-borate. Indus-
trial products
bear the isotopic
composition of
their parent raw
materials.
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pounds are used for fertilizers
and are manufactured also
from Na/Ca and Ca-borates.
Ca-borate products have a dis-
tinguishable lower S11B signa-
ture (8 11B=-15%o) which may
be used to trace drainage fluids
in agricultural areas in which
B-fertilizers are being used.
Thus in some cases, boron iso-
tope ratios may delineate dif-
ferent sources of anthro-
pogenic boron (i.e., waste wa-
ter versus agriculture return
flow).

High boron concentration asso-
ciated with a low 8 11B (<0%0)
can also reflect the impact of
hydrothermal fluids. Since
some overlap exists between
the 8 11B values of anthro-
pogenic boron and hydrother-
mal sources, additional con-
straints are required to distin-
guish between these sources.
For example, high concentra-
tions of boron have been identi-
fied in some surface freshwater
(lakes and rivers) in the River
Po watershed in northern Italy.
Strong correlation between
boron concentration and those
of total dissolved phosphorus
and anionic detergents suggest
that the high boron concentra-
tions are related to anthro-
pogenic contamination. In con-
trast, high chloride (up to 690
mg/l) and boron concentrations
associated with iow811B values
(-O.7%o) in groundwater from
the coastal plain of the Cornia
River near Pisa, Italy, suggest
a hydrothermal source.

Mixing of regional ground-
water boron with anthro-
pogenic boron is the major fac-
tor which determines the distri-
bution of d11B in contaminated
groundwaters. Typically higher
boron concentrations in the
contaminant end-member re-
sult in non-linear (hyperbolic)
boron concentration versus
S11B mixing curves that enable
identification, and in some
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Fig. 2. S 8-B mixing lines between uncontaminated boron in ground water
and possible contaminants: sea water, Na-borates, and Ca-borates. Note
that: (1) the difference between marine and anthropogenic contamination re-
mains detectable in spite of adsorption modifications; and (2) differences be-
tween various anthropogenic sources may be detectable.

cases, even quantification of
the contaminants in ground-
water (Fig. 2). For example,
a large difference between
the boron isotopic ratio of
groundwater and of an in-
fringing fly ash leachate
would result in a more sensi-
tive quantification of leachate
pollution at much lower levels
(i.e., very early stages of
contamination) than using
boron concentrations alone.

The 8 11B of ground-water
boron can be modified, how-
ever, by adsorption onto clay
minerals in the aquifer. The
isotopic fractionation associ-
ated with adsorption enriches
the groundwater in S11B, and
thus the 8 11B of contami-
nated groundwater may differ
from that of the original
source, particularly in condi-
tions of low water/rock ratios
and high salinity which en-
hance adsorption. TheS11B
enrichment associated with
adsorption, however, shifts
both the anthropogenic and
marine signals resulting in
isotopic ratios that are distin-
guishable. For exampie, the
S 11B values of groundwater
associated with salt-water in-
trusion in the coastal aquifer
of Israel increase from 35%o
to 60%o due to adsorption of
boron. Similarly, the 611B val-
ues of sewage-contaminated

groundwater (up to 25%o) re-
flect isotopic fractionation as-
sociated with adsorption, yet
are distinguished from salt-
water intrusion (Fig. 2). High
811B values (up to 50%o) were
also recorded in saline plumes
in the central part of the Israeli
coastal aquifer. The high 811B
signal rules out anthropogenic
sources and thus suggests, in
conjunction with the other
geochemical tracers (8 18O,
8rSr/86Sr, Br/CI), that the main
salinization phenomenon in
the coastal plain aquifer is a
result of a flow of underlying
natural, marine-derived saline
water.
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