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ABSTRACT

Six anions which showed potential as tracers of soll water move-
ment were evaluated in Inboratory and field experiments. The anions
included iodide (I7), thiocyanate (SCN-), and four flucrobenzoates:
m-(trifleoramethyl}benzoic acid (m-TFMBA), o-(rifluoro-
methylbenzoic acid {(o-TFMBA), pentafloorobenzoic acid (PFBA)
and 2,6-difluorobenzolc acid (2,6-DFBA). The sorptien and mobility
characteristics of the six potential tracers were compared to those
of bromide (Br™), which served as an index tracer in all experiments.
Initial tracer concentrations ranged from 20 to 100 mg L™, The
anlons were quantified simuitanecusly in sub-ml, samples o soil
solution using a high performance Heguid chrematography technique.
Batch equilibrations (28 d), and breakthrough curves (7 to 10 d) in
& 2.5-m column of loamy sand, under both pended and trickle-irri-
gated conditions, indicated that all the tracers except SCN™ were
conservative and were not sorbed. SCN™ was not retarded In the
column studies hut did show a negative mass balance, most likely
due to chemical and/for biological transformation. Distribution of a
tracer selution applied to & Seld soil was monitored for 69 & In soil
water from suction samplers (1,0- and 1.8-m depth) and in extracts
from core samples, SCN~, I, and m-TFMBA showed reduced con-
centrations relative to Br~ at all sampling times and depths; o-
TFMBA, PFBA, and 2,6-DFBA had distributions similar o that of
Br~. These latter three fluorobenzoates show promise as laboratory
and field tracers of soil water, particularly where multiple fracing
fests or tofally exotic {racers are required.

Additivnal Index Words: anions, benzoates, bromide, fluorinated
organics, jodide, solute transport, thiocyanate,
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RACERS have long been used to follow the move-
ment of soil water in the laboratory and in the
field. Although the perfect chemical tracer probably
does not exist, there are three main requirements for
an effective soil water tracer: (i) the tracer should not
be significantly sorbed or otherwise retarded by the
soil of interest; {ii} the tracer should be exotic to the
soil environment, or should be present naturally at
low concentrations; (iii) the tracer should be conserv-
ative in that it is not significantly degraded chemically
or biologically during the course of an experiment.
Other considerations in choosing a tracer include ease
of quantitation in a soil sclution matrix, and the po-
tential for adverse environmental impacts, particu-
larly important if the tracer is to be used in unconfined
field studies.

Many compounds have been used as tracers in soils,
groundwater, and surface water. An excellent review
of groundwater tracers has been provided by Davis et
al. (1980). Among tracers used for moniforing surface
and groundwater flow, many are unsuitable for use in
soil water studies due to the greater surface activity
and solid/water ratio of soils, which result in increased
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sorption. Fluorescent dyes, such as the rhodamines,
and other high molecular weight dyes are generally
unsuitable soil water tracers for this reason (Smart and
Laidlaw, 1977, Smettem and Trudgill, 1983). Tracers
commonly used for soii water studies have included
chloride (C1™), nitrate (NO7), bromide (Br™), and deu-
terated and tritiated water (HDO and HTO). Cl~ isa
useful soil water tracer in soils lacking significant an-
ion exchange capacity; however, C1™ suffers the dis-
advantage of having high native concentrations (often
exceeding several hundred mg L1 in many irrigation
waters and soil solutions. NO7 is subject 1o an array
of chemical and biclogical transformations which can
cause it 1o be a nonconservative tracer under both
aerobic and anaerobic conditions. Water molecules la-
belled with heavy isotopes of hvdrogen are likely the
most ideal soil water tracers. Unfortunately, deuter-
ated water is expensive to use at required enrichment
rates, and the mass spectroscopic analysis needed for
greatest sensitivity is both time-consuming and costly.
Tritiated water is inexpensive, and analysis by liguid
scintillation counting is rapid and accurate; since it is
radicactive, however, the use of HTO is precluded in
most field studies. Of the common soil water tracers,
Br~ is the most generally suitable. Br~ is usually pres-
ent in natural waters at levels less than one percent of
the C concentration {Davis £t al., 1980), is not sorbed
by most soils, and is not subject to chemical or bio-
logical transformations. In addition, Br~ is readily
analyzed by several methods, including ion selective
electrode (Abdalla and Lear, 1975; Onken et al,, 1975;
Orion Research, 1982), automated colorimetric detec-
tion {(Moxon and Dixon, 1980; Pyen et al,, 1980), and
high performance liquid chromatography {(Bowman,
1984; Pyen and Erdmann, 1983; Stetzenbach and
Thompson, 1983). The first two techniques are subject
to a variety of interferences, such as the presence of
other ions or of colored materials, effects which tend
to be exacerbated in soil splution extracts,

The present study was undertaken 1o evaluate some
new compounds regarding their suitability as tracers
in Izboratory and field studies of soil water move-
ment. The larger purpose was to identify a series of
tracers which could be used 1o label successive pulses
of irrigation water, and which could be analyzed si-
multaneously in small soil water samples using a sin-
gle technique.

The tracers evaluated included two inorganic and
four organic anions: iodide (I7), thiocyanate (SCN7),
m-(trifluoromethybbenzoic acid (m-TFMBA), penia-
fluorobenzoic acid {(PFBA), o-{trifluoro-
methyi}benzoic acid (o-TFMBA), and 2,6-difluoro-
benzoic acid (2,6-DFBA). I~ was of interest because
of its chemical similarity to CI~ and Br-, although
potential conversion of 1™ to one of a variety of oxi-
dized species was anticipated due 1o the low oxidation
potentials for these reactions {(Cotton and Wilkinson,
1980), 5CN~ was of interest since this anion has been
successfully used as a ground-water tracer and to fol-
low water movement in oil-bearing formations {Geo-
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logic Testing Consultants Ltd., 1983, Evaluation of
ground water tracers for nuclear fuel waste manage-
ment studies, Report prepared for Atomic Energy of
Canada, Lid.). Tamm and Troedsson (1937) used
SCN™ 1o follow water movement in a forest soil, but
they did not evaluate potential sorption or degrada-
tion of this ion. The four fluorinated benzoic acid de-
rivatives (Fig. 1) seemed likely candidates as soil water
tracers, based on resuits of groundwater studies and
due to their apparent resistance 1o chemucal and mi-
crobial degradation in natural environments. Malcolm
et al. {1980} determined that benzoale was conserva-
tve in comparison with bromide in groundwater trac-
ing tests. #m-TFMBA and PFBA have been used suc-
cessfully as groundwater tracers {Stetzenbach et al,
1682, McCray et al, 1983). m-TFMBA is being used
as a water tracer in the Swiss national program for
radioactive waste storage (NAGRA 1982a, 1982b) and
by the U.E. Dep. of Energy at the WIPP site in south-
eastern New Mexico (H.W. Bentley, personal come
munication). The remaining organic anions, o-TFMBA
and 2,6-DFBA, are readily available commercially, and
were considered promising due to their chemical sim-
ilarities to the other two fluorobenzoates (Fig. 1)

In the experiments described below, emphasis was
placed on evaluating similarities among tracers in de-
scribing water movement for a given soil under a given
set of conditions, rather than using the tracers 1o in-
vestigate 2 specific physical system. Bromide served
as the index tracer for each experiment. A difference
in sorption or mobility between Br~ and any of the
other six iracers was taken as an indication of the un-
suitability of that chemical as a soi] water tracer under
the given conditions.

MATERIALS AND METHODS

Initial concentrations were chosen such that the tracers
could be accurately quantified afier 100-fold dilution by soil
solutions, The initial concentrations for all studies described
below were 100 mg L~ for Br; 40 mg L-F for I, SCN-,
and PFBA; 30 mg L~ for 2,6-DFBA; and 20 mg L™ for m-
TFMBA and o-TFMBA. Tracer solutions were prepared in
1ap water {pH 7.2, clectrical conductivity 0.89 d5 m~1). Si-
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Fig. 1—-Structures of the fluorinated benzole acid derivatives,

multaneous analyses of the seven tracers in samples of soil
sohution were performed using a high performance liquid
chromatographic technigue described earlier (Bowman,
1984}. Injection volumes ranged from 25 pL 1o 100 gL,

Batch Sorption Studies

For the baich equilibrations, one set of samples and blanks
was prepared at the tracer concentrations noted above, and
another set prepared using a tenfold dilution of that solu-
tion. Aliguots {20 mL} of the tracer mixture were added to
10 g of loamy sand subsoil which underties 3 Laveen loam
{coarse-loamy, mixed, hyperthermic Typic Calciorthids) in
the Salt River Valley of Arizona, The cation exchange ca-
pacity and organic carbon content were 9.031 mol (Ma*)
k™! and 0.03%, respectively. Samples were contained in 50
ml screwcap polypropyiens centrifuge tubes. Blanks con-
taining tracer bui no soi, and blanks coniaining soil but no
tracer, were also prepared, The supernatant pH of samples
and blanks which contained soil was 7.4, All samples and
blanks were prepared in triplicate for each eguilibration pe-
ried and tracer concentration, Tubes, stored in the absence
of light at 20 to 25°C, were shaken by hand once daily to
suspend the soil After 1, 3,7, 14, and 28 days equilibration,
a set of samples and blanks at each initial concentration was
centrifuged. The supernatent solutions were analyzed for
tracer concentrations,

Column Mobility Studies

Relative mobilities of Br~ and the six tracers were ob-
served in a laboratory soil column under both ponded and
jrickle irrigated conditions. Water fluxes were adjusied to
simulate reasonable infiltration and redistribution rates, The
column, which had been used previously for sewage effluent
leaching experiments (Lance and Whisler, 1972), was .1 m
in diam and packed with 2.5 m of loamy sand gbove a 0.06-
m bed of pea gravel. Porous ceramic sampling ports had
been installed at intervals, allowing determination of posi-
tive or negative pressure heads along the length of the col-
umn, The soil (Carrizo series, sandy-skeletal, mixed, hyper-
thermic Typic Torrifluvents) had a cation exchange capacity
of 0.011 mol (Na*} kg™, a clay content of 2.5%, and an
organic carbon content of 1.5%. The soil had been packed
10 an average bulk density of 1.6 Mg m™3. A drain equipped
with a switching valve was located at the soil-gravel inter-
face. The switching valve, connecied to a timer, periodically
diverted column effluent to an awtematic fraction collector;
the rest of the time, efluent was directed to waste, Efffuent
fractions were analyzed for their tracer concentrations. The
pH of the effluent was 7.2 under both irrigation regimes.

For the ponded study, the column was initially wetted
with tap water from the bottom, A constant head of 0.103
m was then maintained via a Marjotte syphon, and the col-
umn allowed to drain freely until a steady state outflow rate
of 0.0363 m h~! was obtained, Under these conditions, pos-
itive water pressures were present along the entire length of
the column. The tap water leaching solution was replaced
with tracer solution, and a 0.73-m pulse added to the column
under the same hvdraulic head. Following the iracer pulse,
Isaching with tap water was resumed.

For the trickle irrigated study, water was dripped on the
501l surface using six 0.89-mm i.d, plastic tubes. Water input
was provided by a peristaltic pump connected to a tap water
reservoir. The column was loosely covered to minimize
evaporatian, At steady state, positive water pressures were
present in a capillary fringe extending between 0.2 and 0.6
m above the column outlet. At greater elevations the column
waier was under negative pressure, as indicated by the lack
of free water in the sampling ports, The steady state outflow
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Fig. 2 Batch sorption study, no dilution. Initial concentrations: Br o,
Womg L% 1, SCN-, and PFBA, 40 mg L% 2,6-DFBA, 30 myg
L% m-TFMBA snd o-TFMBA, 20 myg L% Plotted points are
averages of three replicates,

rate was 0.0192 m h~t A 0.47.m pulse of tracer solution
was added to the column at the same flux rate, afler which
leaching with tap water resumed. For this study only, the
tracer mixture was enriched in deuterium at the rate of 0.67
ml ;0 (99.8%) per liter of solution. This resulted in g &
D2 value of -+4090 for the Br~ solution, using Vienna Sian-
dard Mean Ocean Water (V-5MOW) as a reference, The tap
water, used for leaching and tracer solution preparation, had
a 5 D value of —64 (V-SMOW). Deuterium analyses were
performed by mass spectroscopy.

Field Evaluation

A 2-m by 2-m field plot, separated from the surrounding
soil by galvanized steel borders set 0.2 m into the ground,
was cstablished in & bermudagrass lawn on Avondale silty
clay loam {fine loamy, mixed, hyperthermic Torrifluventic
Haplustolls). The serface 0.15 m of the soil had a saturated
paste pH of 7.9, a cation exchange capacity of 0.215 mol
{Na*) kg~!, and an organic carbon content of 0.97%. The
clay percentage of the soil profile varied from 21 at the sur-
face to & maximum of 42 at the 1.5-m depth.

The plot was instrumented with a nevtron prabe access

tube set 1o a 2-m depth in the center of the plot, and with
{WO porous ceramic suction samplers {0,025 m o.d. by 0.053
m in length), set to depths of 1.0 and 1.8 m using copper
exlension tubing. The samplers were placed opposile one
another, each 0.3 m from the plot center. The ceramic sam-
plers and the copper tubing had been previously shown not
to sorb any of the tracers.

The plot was flood irrigated several times prior to tracer
addition, resulting in 2 mean volumetric water content of
0.32 (range 0.30 10 0.34) between the surface and the 2-m
depth. A 0.058-m pulse of tracer solution was then applied
by flood irrigation. The plot was coversd with plastic 1o
minimize evaporation. An additional 0.2 m of unlabelled
irTigation water was added 1o the plot by flooding 26 days
afier the tracer addition.

Soil water samples were collected daily for 6% days using
the two suction samplers. Fourteen days after the tracer ad-
dition, core samples were 1aken at a single iocation 0.3 m
from the plot center and equidisiant from the suction sam-
pler positions, Cores were eollected at 0.05-m depth incre-
ments to a depth of 2 m using a 0.05-m diam bucket anger.
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Fig, 3--Batch serption siudy, tenfold dilution, Initial cencentrations:
Br-, 10 mg L% 1™, 5CN-, and PFB4, 4 mg L% 26-DFRA, 3
mg L% m-TFMBA and o-TEMBA, 2 mg L%, Plotted poinfs are
a¥erages of three replleates.

The water content of each core was determined on a sub-
sample, and the remaining subsample used to prepare a sat-
urption exiract. Suction samples and core sample exiracts
were analyzed for tracer concentrations.

RESULTS AND DISCUSSION

Figures 2 and 3 show resulis of the batch sorption
studies for the undiluted and tenfold diluted tracer
concentrations, respectively. The data are plotted in
terms of the relative concentration, C/C, {measured
concentration at time of sampling divided by the in-
itial concentration), vs. equilibration time. For each
tracer except SCN™, the relative concentration re-
mained approximately 1.0 at both initial concentra-
tions for 28 days. SCIN™ began to show 3 loss in con-
centration in both systems within one week; in the
more dilute solution, which had an initial SCN™ con-
centration of 4 mg L™ (Fig. 3}, the SCN~ level had
fallen to zero within two weeks. The batch data there-
fore indicated that under saturated, anaerobic condi-
tions, each of the tracers except SCN™ was stable with
respect to chemical or biological degradation in the
soit used for at least 28 days. SCN—, on the other hand,
was being sorbed and/or degraded,

Breakthrough curves (BTCs) for the ponded column
experiment are shown in Fig. 4 and 5. These and the
following BTCs are presented in terms of cumulative
outflow rather than column pore volumes, due to the
Iack of precise column water conlent data. Figure 4
shows the six BTCs for Br- and the other tracers ex-
cept SCN-, Each of the BTCs in Fig. 4 shows the same
peak position and magnitude, indicating that the an-
ions were not retained by the soil or were sorbed or
excluded 1o an identical degree. The individual con-
centration measurements for Br-, I™, and the four
fluoroorganics fluctuate about a single, mean BTC.
BTCs for Br~ and SCN~ for the ponded column study
are compared in Fig. 5. Although the same peak po-
sition was observed for both anions, the peak mag-
nitude was lower for SCN™. Mass recoveries for Br-,
SCiN-, and the other tracers are presented in Table 1.

A0
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¥ig. 4—Breakthrough curves for all the anlons except SCM, ponded
column study.

The mass balance calcolations assumed a relative con-
centration of zere for each anion at a cumulative out-
flow of 25 L. The relative recoveries indicated a loss
of SCN™ during flow through the ponded column. The
recovery of SCMN™ was only 94%, compared to recov-
ertes of 99 to 105% for the other anions.

Loss of 8CN™, aiso seen in the batch eguilibration
study, was hkely due to degradation rather than irre-
versible sorption, as indicated by the position of the
5CN™ peak in relation to the other tracers (Fig. 5)
Degradation of SCN™ appeared to be biclogically me-

Table 1—Recoveries of tracers in laboratory column studies.

Percent recovery
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Fig. 5—Breakthrough curves for Br~ and S8CM-, ponded column
study,

diated. Individual column ¢fluent samples showed
decreasing SCN ™ levels over time. The low number
of SCN™ points on the tail of the BTC (Fig. 3) resulted
from loss of SCW ™ when samples were stored at room
ternperature for more than a few hours prior 1o anal-
vsis, In contrasi, tracer solutions which had no contact
with soil {e.g., iracers made up in tap water) showad
constant SCN™ levels over a period of months, Micro-
organisms present in the column effluent likely con-
tir}?ed SCH™ degradation following elution from the
soil.

Similar reiationships among BTCs for the anions
were seen under trickle irrigated conditions. The BTCs
for all the antons except SCN™ are presented in Fig,
6. As in the ponded column experiment, Br-, I, and
the fluoroorganics yielded a single BTC. A comparison

Fig. 6—Breakthrough curves for all the anions except SCM -, trickle
irrigated colamn study.

Fig. 7—Breskthrough curves for Br and SCN™, trickie brrigated
columy study.

2 D
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Flg. 8—Breskthrough curves for Br- and HDO, trickle irrigated
column study.

likely due to inaccuracies in guantifying the tracers at
iow relative concentrations. At these low levels, the
chromatographic technigue employed tends to vield
eé}cvaled concentration measurements {(Bowman,
1984),

The BT s for Br~ and HDO in the trickle irrigated
flow experiment are shown in Fig. 8. The BTC for Br-
was stightly accelerated relative to that for HDO, and
vielded a higher, sharper peak. The broader HDO peak
indicates greater dispersion of the uncharged tracer,
The difference between the BTCs for HDO and Br~
{and for the other antonic tracers as well} is consistent
with the occurrence of some anion exclusion in this
sotl. Such acceleration of an anion pulse compared to
deuterated or tritiated water has been noted by others
{Thomas and Swoboeda, 1970; Krupp et al, 1972
McMahon and Thomas, 1974; van de Pol et al., 1977,
Cameron and Wild, 1982). Figure 8 indicates that there
was no sorption of the anionic tracers by this soil

Precise water content data were not obtained for the
ponded and trickie irrigated column experiments.
Comparison of Fig, 4 and 6 indicates that water con-
tents in the two studies did not differ greatly, The
relative tracer concentrations in the column effluent
reached values of 0.5 after 5.5 to 6.0 L of leaching,
suggesting that the column pore volume was in this
range in ¢ach case. The calculated column porosity
{assuming a particle density of 2.75 Mg m %) was 0.42,
transiating to a column pore volume of 8.2 L at sat-
wration. Thus, even under the ponded condition, the
column was less than fully saturated. The greater loss
of mass of SCN~ under trickle irrigated conditions
was probably due to the longer column residence time,
rather than 1o a difference in column aeration,

Field data for the relative concentrations of the seven
anions from suction samples at the 1-m depth are pre-
sented in Fig. 9. The data show some similarities and
some differences 1o the results of the laboratory stud-
ies. SCN~ disappeared rapidly in the field soil envi-
ronment, being detectable only on the first sampling
date, one day after tracer application. o-TFMBA,
PFBA, and 2,6-DFBA vielded essentially identical
BTCs during the 20-day period shown. These fluoro-
organics consistently showed higher relative concen-
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Fig. 9—Helntive concentrations of the anions from suctien samples
ai the I-m depth in the Beld.

wrations than Br~. The reasons for the depressed Br-
level are not known; the Br~ curve, however, has the
same shape as the o-TFMBA, PFBA, and 2,6-DFBA
curves, The four tracers thus showed the same trends
in water movement despite differences in peak mag-
nitudes. m-TFMBA likewise showed the same varia-
tions in relative concentration over time, but with de-
pressed magnitudes compared 1o Br™ and the other
three fluorcorganics. This supgesis possible degrada.
tion of m-TFMBA under feld conditions.

1~ showed greatly reduced relative concentrations
compared 1o Bro and the fluorcorganics. Afier 12 days,
the I level had {allen almost 10 zero at the 1-m depih,
while the other tracers continued to show relative con-
gentrations in the range 0.05 to 0.3

Data for anion concentrations at the 1-m depth afler
20 days, and at the §.8-m depth for the entire 69-day
sampling period (not presented), showed the same re-
lationships among the tracers, although relative con-
centrations in each case were lower.

Extracts of the core samples from the field plot (Fig.
10} showed similar relationships among the Buoroor-
ganics, In the plot position where the core samples
were taken, most of the tracers reamined near the soil
surface two weeks afier the tracer irrigation. This con-
trasts with the distribution obtained from the suction
sampler data, where tracer concentrations began to
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Fig. 10—Relative concentration vs. depth profile for Br—, o-TFMBA,
m-TFNBA, and PFBA in the field 14 days after tracer applica-
tion, based on saturation extracts of core samples.
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peak at the 1-m depth after four days (Fig. 9). The
differences in tracer distribution were [ikely due 1o soil
spatial variability and/or some short-circuiting of the
tracer solution along the suction sampler during pond-
ing. Br-, o-TFMBA, and PFBA showed identical con-
ceniration distributions with depth in the core sample
extracts. m-TFMBA, as in the suction sampler data,
had a consistently lower relative concentration at all
depths than did Br~ or the other fluororganics, 2,6-
DFBA could not be accurately quantified in these
samples due 1o interference from high NO7 levels,
caused by conversion of NOy to NOy during satu-
ration extract preparation {Bowman, 1984). Thus, no
data for 2,6-DFBA are presented in Fig. 10. Neither
SCN~ nor I~ were detectable in any of the core sample
gxiracts.

The usefulness of the tracers evaluated here will vary
depending upon the specific application. Since all of
these species are anions, anion exclusion and tracer
pulse acceleration can be anticipated in soils with high
negative surface change densities. Anion exclusion ef-
fects would be most pronounced at low soll water con-
tents and low electrolyte concentrations, The fluoro-
organic tracers, which are acids, could display increased
sorption in soils with pH values closer to their acid
dissociation constants. pX; values for the fluorinated
benzoic acid derivatives are presented in Table 2, The
50ils used in the studies described above all had pH
values several units greater than the p&’s listed in
Tabie 2, and thus the acids were present mainly in the
anionic form. In soils with pH values below 8, a sig-
nificant proportion of the m-TFMBA, o~ TFMBA, and
2,6 DFBA {pKk/'s 3.5-3.8) would be present as the un-
charged organic acid. PFBA (pK, 1.74) would be pre-
dominantly anionic in all but the most acid soils,
Sorption of the organic acids might also be greater in
soils with high organic matier contents.

A consideration in the use of any chemical tracer is
the magnitude of the solute diffusion coefficient in re-
lation to the dispersion coefficient for water flow
through the system. Table 2 presents aqueous diffu-
sion coefficients for the tracers evaluated in this stady.
The diffusion coefficients of the fluoroorganic anions
are about 40% of those for Br~ and [, and about 33%
of that for HDO. In systems where molecular diffusion

Table 2— Acid dissocintion constants and agueous diffusion
epefficients of the tracers at 25°C,

Tracer pE, Diffusion coefficient {m* &' x 10"
Br - 18,78

I - . 18.7§

sCa- - -4

mTFMBA 3.981 7.4%

o TFMBA 3.8% 7.0F

PFBA 1.491 121

2.6-DFBA 351 .64

HDO - 43,411

T Waltar (19871,

1 Estimnted by the Hammett correlation (Harris and Hayes, 1982), True
value likely lower due to the ‘ortho effect” (Morrison and Boeyd, 1866).

& Valueis for 2 B.1M solution of the potassium salt (Chemical Bubber Ca,,
1983).

4 Mo valup available, but likely similar to the values of CF, Br, and I
(18-18 x 107" m¥ 577},

# Estimated by the Hayduk and lLaudie method Tucker and Nelken,
1882,

1 Gat {1981},

represents a significant fraction of the hydrodynamic
dispersion, the fluorcorganic compounds would be ex-
pected to predict lower dispersion coefficients relative
to those determined using the smaller inorganic an-
ions or labelled water.

At present there are little data available regarding
the potential health risks associated with the four
fluorobenzoates described here. Although no toxicity
problems with these compounds are anticipated, they
should not be used where their introduction inio do-
mestic water supplies is possible.

CONCLUSIONS

The results of the laboratory and field experiments
iead to the following conclusions:

1} 8CH™ is not a suitable soil water tracer even for
short-term studies, due to rapid chemical and/or bi-
ological transformation.

23 I~ may be a useful tracer under laboratory con-
ditions; however, 1™ is lost rapidly under aerobic field
conditions.

3) m-TFMBA, despite its usefulness as a ground-
water tracer, should be used as a soil water tracer with
caution. The data presented above indicate that m-
TFMBA may not be conservative under aerobic field
conditions.

43 o-TFMBA, PFBA, and 2,6-BFBA move with the
soil water in 2 manner similar to Br™, at least under
the conditions of this series of experiments, These
compounds should prove to very useful soil water
tracers,. particularly in field studies when multiple
tracing tests or iotally exetic tracers are desired.

ACEKNOWLEDGMENTS

Grateful appreciation is extended to G.C. Auer for tech-
nical assistance in the performance of this work, and to M.D.
Feldman of Arizona State Univ. for performing the deuter-
tum analyses. R.C. Rice, H.'W. Bentley, K.J. Steizenbach,
and G.M. Thompson provided valuable discussions and
criticisms,

REFERENCES

1. Abdalla, N.A,, and B. Lear. 1975, Determination of inorganic
bromide 1n sots and plant tissues with a bromide selective-ion
electrode. Commun, Soil Sci, Plant Anal. 6:489-494.

2. Bowman, R.S. 1984 Anali is of soil extracts for inorganic and
ofganic tracer anions via high performance figuid chromatog-
raphy. J. Chromatogr. 285:467-477

3, Cameron, K.C., and A, Wild, 1982, (,ompamiwe rates of leach-

ing of chEunde, nitrate, and trittated water under field condi-
tions. Y. Soil Sci. 33:6045-857

, Chernical Rubber Company. 1983, Handbook of chemistry and

physics. 64tk ed. CRC Press, Inc., Boca Raton, FL.

. Cotten, F.A, and G. Wilkinson. 1980, Advanced inorganic

chemistry. 4th ed, Wiley Interscience Publishers, New York.
. Davis, 5., G.M., Thompson, H W, Bentley, and G, Stiles, 1980.
Groundwaler tracers—a short review, Ground Water 18:14-23.

. Gat, LR, {981, Properties of the isotopic species of water: the
isotope effect. p. 7-19. fn LR, Gat and K. Gonfiantini {ed.)
Stable isotope hydm]ogy IAEA Tech. Rep. Ser. no, 210, Vi-
£ana,

8. Harris, 1.C., and M.J. Hayes. 1982, Acid dissociation constant.
p. 61 10 6-28. fn W.J. Lyman, W.F. Rechl, and D.H. Rosenblanl
(ed.) Handbook of chemical propeny estimation methods.
MceGraw Hill, New York.

9. Krupp, HK,, J.W, Biggar, and D.R. Nielsen. 1972, Relative
flow rates of salt and water in soil. Soil Sci. Soc. Am. Proc.
36:412-417.

10. Lance, J.C., and F.D. Whisler, 1972, Nitrogen balance in soil

columns mtermmemiy flocded with secondary sewage effluent.
J. Environ. Qual, 1:180-186,

= th 4



. NAGRA,

BOWMAN; EYALUATION OF SOME NEW TRACERS FOR SOIL WATER STUDIES

. McCray, LG, EA, Nowazki, G.M. Thompson, D.J. Bestill,

and R, Mitwasi. 1983, Low-level nuclear waste shallow land
burial trench isolation. NUREG/CR-3084, Mational Technical
information Service, Springfield, VA,

. McMahon, M.A., and G.W. Thomas. 1974, Chloride and tri-

tiated water flow in disturbed and undisturbed soil cores. Soil
Sci. Soc. Am, Proc, 38:727-732.

. Malcolm, R.L., G.R. Aiken, E.M. Thurman, and P.A, Avery,

1980, Hydmphmc arganic solules as iwacers i groundwaler re-
charge studies. p. 71-88. /n R.A. Baker (ed.} Contaminants and
sediments, Yol. 2. Ann Arbor Science Publishers, Inc., Ann Ar-
bor, MI

. Mon’isa'n, R.T., and B.N. Boyd, 1966, Organic chemistry, Allyn

and Bacon, Ing., New York,

. Moxon, RED, and E.J. Dizxon. 1980, An aulomatic method

for the determination of bromide in water. 1. Avtematic Chem-
istry 21139142,

. NAGRA, 1982a, Sondierbohrung Botistein Arbeitsprogramm.

Technischer Bericht 82-0%. Swiss National Cooperative for Ra-
dicactive Waste Disposal, Baden, Switzerland.
1982b. Sondierbohrung Welach Arbehisprogramm.
Technischer Bericht 82+ 10, Swiss Mational Cooperative for Ra-
dipactive Waste Dsposal, Baden, Switzerland.

. Dnken, AB, B.S Hargrove, CW. Wendt, and O.C. Wilke. 1975.

The use of a specific ion electrode for determination of bromide
in soils, Soil Sci. Soc, Am., Proc, 3912231223

. Orion Research. 1982, Handbook of electrode technology. Orion

Research Inc., Cambridge, MA.

Pyen, 3.5, and DME. Erdmann. 1983, Aviomated determina-
tion of bromide in waler by jon chromatography with an am-
perometric detector, Anal. Chim. Acta 145:3535-358.

. Stetzenbach, .1, S.L. Jensen, and G.M. Thn

993

. Pyen, G5, bLJ, Fishman, and A.G. Hedley. 1980, Automated

spectrophmﬂmelm determmalsan of trace amounts of bromide
in water. Analyst 105:657-662,

. Smart, P.L., and LM.S. Laidlaw. 1977. An evaluation of some

fluorescent dyes for water tracing. Water Resour. Res. [3:135-
33

. Sr:;cnem, KR.L, and B.T. Trudgill. 1983, An evaluation of some

fluorescent and non-fluorescent dyes in the 1dt:mlﬁ{,alion of water
{ransmission routes in soils. . Soi Sci. 34
son. 1982, Trace

enrichment of fluorinated orgamc acids used as groundwater
tmgers by lquid chromatography. Environ, ‘Sc; Technol. 16:250-
25

. Stetzenbachk, K.J., and G.M. Thompson. 1983, A now method

for simuliangous measurement of Cl™, Br-, NO7, SCN™, and
1~ at sub-ppm jevels in ground water, Ground Water 21:36~41.

. Tamm, C.O,, and T, Troedsson. 1937, A new method for the

study of waler movement in soil. Geol. Foeren. Stockholm
Foerth, 7%:581-5387

. Thomas, G.W., and A.R. Swoboda. 1970. Anion exclusion ef-

fects on chloride movement in soils. Soit Sci, il 163-166.

. Tucker, W A, and L.H. MNelken, 1982, Diffusion coefficients in

air and water. p. 17-1 to 17-25. In W1, Lyman, W.F. Rechl,
and DVH. Rosenblatt {ed.) Handbook of chemical property es-
timation methods, McGraw Hill, New York,

. vande Pol, R M., P.J. Wierenga, and D.R. Nielsen, 1977, Solute

movement in a feld soil. Soil Sci. Soc. Am. 1, 41:10-13,

. Walter, (. 1982, Theoretical and experimental determination

of mateix diffusion and related transport properties of fractured
s from the Nevada Test Site. Los Alamos National Labo-
ratory LA-9471.ME,





