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ABSTRACT

Thermonuclear bomb testing in the 1950's and 1960's produced a

significant amount of chlorine-36 (C1-36). This anthropogenic C1-36

pulse has been proposed as a tool in dating ground water and as an envi-

ronmental tracer. The feasibility of bomb C1-36 as a hydrologic tool in

the unsaturated zone was studied. Soil samples were collected from a

vertical auger hole drilled to 5 m near Socorro, New Mexico. A distinct

C1-36 pulse was located at 1.125 m depth indicating a mean vertical

moisture velocity of 4.5 cm/yr. The calculated mean seepage rate of 2.8

mm/yr indicates only 1.2% of the annual rainfall percolates to 1 meter.

Below 2 m depth the C1-36/C1 ratio is relatively constant, averaging

717 x 10
-15 

and represents the prebomb production rate of subsurface and

cosmogenic C1-36. Total bomb C1-36 fallout in the soil profile was 7.4

x 10
11 

C1-36 atoms/m
2
. The author feels C1-36 will be a useful tool in

recharge studies of the unsaturated zone.

ix



CHAPTER 1

INTRODUCTION

The thermonuclear bomb pulse of chlorine-36 (C1-36) produced

during the 1950's and 1960's has been proposed, and used, as a tool in

dating ground water and as an environmental tracer (Bentley, 1978; Davis

and Bentley, 1982; Bentley and Davis, 1982). This anthropogenic C1-36

fallout period has been calculated to have occurred over a twelve year

period, from 1953 to 1964, with a maximum C1-36 concentration three

orders of magnitude above natural background levels (Bentley et al.,

1982). The relatively short injection period and high concentration,

combined with the C1-36 half-life of 301,000 years and the unreactive

nature of the chloride ion in subsurface systems, indicates that the

C1-36 bomb pulse should be an excellent means of providing information

on the downward movement of water through the unsaturated zone.

With the growing public awareness and concern for ground water

contamination, this information is vital to many problems facing the

federal and local governments today. At surface contamination sites

pollutant travel time estimations to the water table are helpful in

implementing effective clean up measures. Also, C1-36 can provide an

understanding of solute transport mechanisms and historic solute move-

ment in the unsaturated zone, important to testing the feasibility of

various strategies for utilizing the unsaturated zone as a repository

for low level nuclear waste.

1



2

Production of Chlorine-36 

Natural production of C1-36 in the atmosphere is primarily from

cosmic ray spallation of Ar-40, by the reaction Ar-40 (x, x'a)C1-36, and

neutron activation of Ar-36 through the reaction Ar-36 (n, p)C1-36

(Bentley, Phillips and Davis, in press). At the earth's surface neutron

activation of C1-35 and spallation of K and Ca are the major sources of

C1-36 production (Bentley et al., in press). Neutrons are produced at

the surface by cosmic rays and cosmogenic particles (Davis and

Schaeffer, 1955). This production is greatest at the surface and de-

creases with depth; effects diminish at 15 m depth in alluvial material

(Kuhn, 1983). The large nuclear cross-section of C1-35 means measurable

amounts of C1-36 will be produced in most surface materials despite low

chloride concentrations (Tamers, Ronzani and Scharpenseel, 1969).

Another source of neutrons is from decay processes associated

with elements in the uranium and thorium decay series. Kuhn (1983)

noted neutron production below 15 m was due solely to this process.

Thus, neutron activation of C1-35 is the only significant mechanism for

C1-36 production in the deep subsurface.

The anthropogenic C1-36 present today is primarily the result of

thermal neutron activation of marine C1-35 from nuclear bomb tests in

the 1950's and 1960's (Bentley et al., 1982). The twelve years of C1-36

fallout predicted by an atmospheric box model (Fig. 1), therefore used

only explosions on barges or small islands which had sufficient yield to

penetrate the stratosphere as input for the model (Bentley et al., 1982).
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Figure 1. Predicted bomb C1-36 fallout. From Bentley and Davis (1982).
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Atmospheric Circulation of Nuclides 

Lal and Peters (1967) examined radionuclide production and cir-

culation in the atmosphere. Their estimate of the global C1-36 inven-

tory was 15 tons, 70% residing in the oceans. Bentley et al. (in press)

note this inventory excludes C1-36 produced in the subsurface. The

remaining inventory is atmospheric production by spallation and neutron

activation of argon. The average atmospheric global C1-36 production

rate in the troposphere is 4 x 10
-4 atoms cm-2 sec -1

, 7 x 10
-4 atoms

cm
-2
 sec 	the stratosphere (Lal and Peters, 1967); almost two thirds

of the atmospheric production occurs in the stratosphere. Mean resi-

dence time of nuclides in the stratosphere is 1 to 8 years, 4 to 14 days

in the lower troposphere (Lal and Peters, 1967). Turekian, Nozaki and

Benniger (1977) indicated a mean residence time of 7.2 days for the

troposphere.

The transfer of nuclides from the stratosphere to the tropo-

sphere is usually associated with a seasonal mixing period at median

latitudes. This vertical mixing occurs during the winter and early

spring (Freely and Seitz, 1970; Peterson, 1970) and is the reason C1-36

fallout is expected to be strongly dependent on latitude. Figure 2

illustrates the calculated increased fallout at the mixing latitudes.

Bomb C1-36 should also show this distribution if the tests penetrated

the stratosphere.

The dominant fallout mechanism in the troposphere is precipita-

tion (Federal Radiation Council Report No. 4, 1963). As C1-36 is

formed, it can attach to small particles, mainly particles less than one

micron in diameter not affected by gravitational settling ([al and
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Peters, 1967). Fallout occurs when this aerosol collects on water drop-

lets. Chlorine-36 attached to larger particles may respresent the dry

fallout component.

Stable chloride from sea water is part of the troposphere aero-

sol, the fallout concentrations generally decrease exponentially towards

the continental interiors (Eriksson, 1960). Based on the latitudinal

dependence of C1-36 fallout and the continental variation of stable

chloride fallout, Bentley et al. (1982) predicted general C1-36/C1 fall-

out ratios for the U.S. (Fig. 3). An undisturbed arid soil horizon

would record the prebomb natural fallout ratio near the surface, if

infiltration rates were low and little surface runoff occurred, provid-

ing a means of checking the predictions in Figure 3.

History of Chlorine-36 Research 

Chlorine-36 has long been recognized as a potentially useful

dating tool of old ground water and geologic material (Davis and De

Wiest, 1966; Davis and Schaeffer, 1955). Because most natural C1-36

concentrations were lower than detection limits of the early analytical

methods, C1-36 has had until recently limited application. Davis and

Schaeffer (1955) investigated the surface production of C1-36 by cosmic

radiation and the feasibility of C1-36 as a geologic dating tool for

surface rocks. The authors calculated neutron production rates by cos-

mic radiation at different elevations and production rates by (a, n)

reactions and spontaneous fission from the uranium and thorium content

of the samples. The results indicated the major source of C1-36 was

cosmic radiation production; production by (a, n) reactions and
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spontaneous fission was not significant in comparison. With this infor-

mation, the saturated C1-36 activity of surface rock samples could be

calculated for any time period based on time of exposure of the sample

to cosmic radiation. Therefore, when the sample C1-36 was counted using

a screen wall Geiger-Müller counter, the period of exposure at the sur-

face could be determined. This technique should prove useful in deter-

mining the ages of many tectonic events where fresh rock surfaces have

been exposed and experienced little weathering. Schaeffer, Thompson

and Lark (1960) studied the origins of the C1-36 in rain. Rain water

samples were analyzed for C1-36, P-32 and S-35. In the atmosphere both

S-35 and C1-36 can be produced by the interaction of cosmic radiation

particles with argon. These production rates were calculated and com-

pared with the observed C1-36 measured in a screen wall counter. The

observed C1-36 activity was approximately 3,000 times higher than the

estimated production rate, whereas the calculated and observed values

of P-32 and S-35 showed reasonable agreement. This indicated a differ-

ent source for C1-36 than the P-32 or S-35. The authors proposed that

the very high C1-36 activity in the rain water at that time was the

result of neutron activation of the chloride in sea water by thermo-

nuclear devices.

In 1969, liquid scintillation techniques had increased the sen-

sitivity of C1-36 measurements allowing Tamers et al. (1969) to analyze

the C1-36 content of soil and ground-water samples; the results were at

the limit of the method's sensitivity. With the application of tandem

accelerator mass spectrometry (TAMS) to C1-36 analysis (Bentley, 1978;
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Elmore et al., 1979; Bentley et al., 1982) all natural samples, exclud-

ing marine salts, were measurable (Bentley et al., in press).

A more recent TAMS study of the C1-36 in an ice core from the

Dye 3 site in Greenland (Elmore et al., 1982) indicated the natural

background C1-36 concentration increased from thermonuclear explosions

by a factor of more than 100. Bentley et al. (1982) sampled vertical

profiles of the unconfined aquifer at the Borden Canadian Forces Base

landfill site in Ontario, Canada and reported that the C1-36 bomb pulse

concentration increase was about 1,000 times natural background.

Similar Studies 

The movement of moisture in the unsaturated zone is the subject

of numerous studies. Many of these have used tritium, either as an

injected tracer or as an environmental tracer produced by fallout from

thermonuclear devices. Smith and Wearn (1970) examined the environ-

mental tritium profiles in the unsaturated zone of south central

England. High and low permeability zones were modeled by comparing the

observed tritium profile with calculated profiles. Both zones showed

distinctive pulses of tritium representing the very high tritium concen-

trations in the rainfall during 1963-64 and 1958-59. Mean seepage

velocities were determined from the pulse positions; the value for the

high permeability chalk profile was 88 cm/year. In the low permeability

clay profile the mean annual recharge was 9 cm/yr. The authors noted

this value could not be considered a seepage velocity due to the vari-

able water content of the clay. Using these values the model was

adjusted to give reasonable representations of the systems. Dincer,
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Al-Mugrin and Zimmermann (1974) used the natural tritium profile and the

tritium content of the precipitation to estimate a mean annual recharge

of 2.3 mm/yr in sand dunes in Saudi Arabia. Because the authors neglect

plant transpiration effects, this value should be considered as an

infiltration rate of the top 4 m of the dune profile. The authors

showed that quantitative infiltration values could be calculated without

having to deal with the very difficult precipitation evaporation balance

needed in a classical approach. A South Australian aquifer was studied

by Allison and Hughes (1975), who used tritium concentrations to deter-

mine both the local vertical recharge from precipitation directly above

the aquifer and lateral recharge from the bordering mountain range.

The local mean recharge value was 2.7 cm/yr.

There are many other studies using tritium in a similar manner.

The interested reader is referred to the following: Allison and Hughes

(1972, 1974, 1978, 1983); Sammis, Evans and Warrick (1982); Zimmermann,

Munnich and Roether (1967).

Precipitation infiltration studies done in the southwestern

United States have reported very low values. The following examples are

study results as reported by Fennesy, Carter and Keith (1980):

Albuquerque, New Mexico, reported value of 7.05 mm/yr (U.S. Army Corps

of Engineers, 1979); Wilcox, Arizona, calculated precipitation infiltra-

tion is zero (Coates, 1952); Gila Bend, Arizona, calculated precipita-

tion infiltration is zero (Coates, 1952), Duncan, Arizona, reported

value of 0.48 mm/yr-0.97 mm/yr (Halpenny et al., 1946); Arivaca area,

Arizona, reported value of 4.03 mm/yr (Manera, 1973).
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Physical Properties of Chlorine-36 and Tritium

Although tritium has been considered by many to be the "ideal"

tracer, a number of researchers have reported processes acting which

affect the movement of tritium through the soil. One of these is the

preferential retention of tritium with respect to protium by the soil

particles, which serves to retard tritium movement (Rabinowitz, Holmes

and Gross, 1973). Ligon (1975) proposed this mechanism after observing

tritium retardation in high clay content zones. Stewart (1973) stated

that for some experimental conditions the interaction of tritium with

soil surfaces will likely be different than that of protium, resulting

in a difference in flow velocities. The tritium retardation process is

presently not well understood.

The isotope effect from evaporation results in a vapor phase

depleted in tritium and an enriched liquid phase. Stewart (1973) pro-

posed that similar fractionation would also take place between the

tenaciously adsorbed water on clay particles and the bulk pore water,

the bound water being isotopically heavier. The effects of this mecha-

nism on the movement of tritiated water in the liquid phase are con-

sidered by most researchers to be negligible. Because tritium can move

in the vapor phase, Koranda and Martin (1973) proposed that, under cer-

tain conditions, the diffusion of soil water vapor may be significant

in the movement of tritiated water. In an arid climate, a large com-

ponent of the soil moisture will move in the vapor phase. Diffusion of

the vapor disperses the tritium bomb pulse, resulting in a broader pulse

and a larger apparent dispersion. Other processes affecting tritium

include evapotranspiration, which can remove tritium from the root zone
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(Sasscer, Jordan and Kline, 1973) and reduce the amount of tritium

entering the lower vadose regions, and biological activity, which may

have been another source of tritium input into the soil during the bomb

testing period. The biologic process was reported by Ehhalt (1973), who

considered the uptake of tritiated molecular hydrogen by soil micro-

organisms which then oxidize it to tritiated water.

Chloride is also considered a very excellent tracer due to its

very soluble and unreactive nature. Adsorption to soil particles is

uncommon and percolating water usually leaches out existing chloride.

Thus, the presence of chloride sinks or sources in shallow systems is

uncommon. Because chloride movement in the soil is restricted to the

liquid phase, vapor diffusion does not affect the C1-36 bomb pulse.

However, laboratory studies have shown that in soils with high clay con-

tent the rate of chloride movement relative to water increases due to

anion repulsion by the negatively charged soil particle surfaces (Smith,

1972; Krupp, Biggar and Nielson, 1972; Thomas and Swoboda, 1970).

Smith's (1972) study showed a strong linear correlation between the in-

crease in the cation exchange capacity, surface area of the soil, and

the rate of chloride movement. In a field saturated-zone convergent

flow tracer test using a thermonuclear device as input (Wolfsberg et

al., 1981), C1-36 appeared 20% faster than tritium. The authors were

not able to ascribe the different velocities to anion repulsion, tritium

retardation, or a combination of both. Due to the low clay content of

the soil at the Socorro study site, the anion repulsion affects are

assumed to be negligible.
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Evaporation 

In arid environments soil evaporation processes play a major

role in the amount of precipitation recharge. As summarized by Hillel

(1971) the evaporation process in a soil profile, under constant exter-

nal conditions, occurs in two stages. The first "constant-rate" stage

is characterized by a gradual increase in the soil moisture gradient

toward the surface. Water moves upwards as the moisture at the soil

surface evaporates creating a gradient. During this stage the rate of

evaporation can be nearly constant if the increasing gradient is offset

by a decreasing hydraulic conductivity. Eventually the soil surface

reaches equilibrium with the overlying atmosphere; the soil is air-dry.

At this point the second "falling-rate" stage begins. The moisture

gradient and conductivity decrease near the surface as evaporation con-

tinues, therefore the flux towards the surface and the evaporation rate

must decrease. The downward movement of a drying front can occur during

this stage with evaporation taking place at depth and water moving up

through the dried zone by vapor diffusion.

Sammis and Gay (1979) studied evapotranspiration in the Sonoran

desert near Tucson, Arizona. A weighing lysimeter constructed beneath

a creosote bush and a simple diffusion model were used. Annual moisture

losses from the test sites were in close agreement with the annual pre-

cipitation. Thus, there was no recharge or runoff. The diffusion model

indicated approximately 7 percent of the total loss from the lysimeter

was due to transpiration. Evaporation accounted for the remaining

losses.
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Another study done in southern Arizona by Kafri and Asher (1978)

examined natural recharge in shallow mountain soils. Using a finite

difference model the authors reported that no recharge exceeded a depth

of 10 cm in the summer; in the winter recharge did not exceed 40 cm

depth.

Objectives 

The purpose of this study is to locate and measure a possible

C1-36 bomb pulse in the unsaturated zone, and to determine from the

location and spreading of the pulse important hydrologic parameters such

as mean seepage rate, mean vertical moisture velocity, and apparent dis-

persion of a non-sorbed solute. This method should be applicable to

evaluating recharge rates in arid and semi-arid regions.



CHAPTER 2

GENERAL DESCRIPTION

Transport of C1-36 in the vadose zone is by moisture movement.

In regions of high precipitation the infiltrating moisture may have

flushed the C1-36 bomb pulse through the vadose zone to the water table.

In an arid environment, with less precipitation, the C1-36 bomb pulse is

likely still moving through the vadose zone and can provide a measure-

ment of moisture velocity and infiltration rates. Socorro, New Mexico,

was considered an ideal study location due to the arid climate and the

proximity of the New Mexico Institute of Mining and Technology which

made available sampling equipment and laboratory facilities for sample

analysis. Preliminary sampling for development of technical procedures

was carried out in Tucson, Arizona.

Site Location 

Samples were collected at a site 15 miles north of Socorro, New

Mexico, on the southern bluffs of the Rio Salado (Fig. 4). The geo-

graphic coordinates of the site are Lat 34 0 30' 47" N, Long 106° 55' 49"

W. The site, approximately 34 m above the river level is moderately

covered with rough grass, cactus and low brush, chiefly creosote bush.

Because of the level terrain and vegetation at the site, little surface

runoff occurs. The soil texture is a relatively homogeneous sandy loam

down to a 5 m depth; Appendix A contains soil analysis results. Infil-

tration rates of the fine-grained sandy loam at the site were estimated

15
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Figure 4. Socorro sampling site location map.
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(Stephens, personal communication) to be low enough to permit detection

of the bomb pulse in the top 2 or 3 meters of the soil profile.

Climate 

The climate of the Socorro area is arid. Average annual rain-

fall is 22 cm (National Oceanic and Atmospheric Administration), gener-

ally occurring during winter and late summer months (July and August).

Precipitation in the summer is usually from short intense afternoon con-

vective storms over localized areas. The moisture for these storms is

from the Gulf of Mexico brought in by the general southeasterly circula-

tion (Ruffner, 1980). Winter precipitation originates in the Pacific

Ocean as cyclonic storms. These storms are less intense and of longer

duration than the summer events. Average annual snowfall at Socorro is

approximately 7.6 cm (Ruffner, 1980). Temperatures during the summer

range from 15°C to 32°C. Potential evaporation is greater than the

average annual precipitation; 30 miles south of Socorro at Elephant

Butte Dam the average annual class A pan evaporation is over 255 cm

(National Oceanic and Atmospheric Administration).



CHAPTER 3

PROCEDURES

In order to determine the presence of a C1-36 bomb pulse in the

soil profile, chloride must be extracted in sufficient quantities to

prepare the sample for C1-36 analysis, at least 50 mg chloride is pre-

ferred. Ideally, soil samples should be large enough to provide the

required chloride and small enough to give good depth delineation. To

determine the required sample size, surface soil samples were collected

and analyzed for chloride content. The chloride concentration of a soil

profile has been shown to be lowest at the surface and increase with

depth; at some locations this chloride increase reaches a constant value

at the base of the root zone (Allison and Hughes, 1983). This charac-

teristic was assumed to hold true for areas around Tucson and Socorro.

Thus, surface samples with low chloride content and greater extraction

difficulties were used in initial chloride extraction tests. Deeper

soil samples would be relatively easy to process if the method proved

successful with surface samples. A chronologic summary of research

activities is given in Appendix B.

Procedure Development 

Initial soil sampling in the Tucson area indicated very low

chloride concentrations in the top 10 cm, 1 mg CY/kg soil or less.

Thus, 45 kg soil samples were collected to test extraction methods which

would yield sufficient chloride for C1-36 analysis; at least 50 mg

18
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chloride was the desired amount. Table 1 lists these Tucson area sam-

ples and the resulting chloride concentrations. The sites were located

in undisturbed areas with low probabilities of recent historic flooding.

This ensured the chloride concentration profile represented natural

chloride fallout and recharge. Sample A was collected south of the Palo

Verde Road and Valencia Road intersection. The top 10 cm of soil was

removed until the sample massed 45 kg. The B samples were collected

northwest of the Speedway and Greasewood intersection. Here, the top 5

cm of soil was removed from a lm x lm area. Samples were collected at

10 cm intervals by alternately collecting and discarding 5 cm deep sec-

tions.

Table	 1. Tucson area samples

Sample Depth	 (cm) Mass	 (kg) mg C1 - /kg soil Total	 Cl - 	(mg)

A 0-5 45 0.93 41.9

B(1) 5-10 45 1.17 52.7

B(2) 15-20 45 2.65 119.3

B(3) 25-30 45 4.15 186.8

Samples in Table 1 were analyzed for chloride by adding a known

volume of deionized water, approximately 12 1, to the soil and mixing

to form a fluid slurry. After the slurry settled, 100 ml of supernatant

liquid was decanted and the chloride concentration determined by a

mercuric nitrate titration method (American Society for Testing and
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Materials, 1981). The chloride was assumed to be evenly distributed

throughout the slurry if well mixed. Knowing the water volume added,

the chloride concentration of the leach water, and the soil sample mass,

the mass of chloride per mass of soil could be determined. The results

indicate that samples of this size contain sufficient chloride for C1-36

analysis if the chloride extraction is efficient.

The initial method of chloride extraction used the slurry set-

tling and decanting process. Additional leach water was then extracted

by vacuum filtration of the more fluid portions of the slurry using a

large Gooch filter and medium crystalline grade filter paper. A second

filtration with a finer grade paper was usually required to remove the

fine particles. The extractable volume was dependent on soil texture

and time allowed for settling. Usually less than 40% of the leach water

could be removed by this technique when a 1:1 mixture (by volume) of

deionized water and soil was used.

The chloride extraction efficiency of this method deteriorates

as the clay content of the soil samples increase. The method is also

time consuming; settling of the slurry mixture requires at least one

night and vacuum filtration is extremely slow. Large silica sand fil-

ters were tested, but any clay in the soil sample rapidly rendered them

useless. Flocculants were considered as a method to decrease settling

and filtrating times. Of the four flocculants tested, two did not

introduce chloride contamination. However, in order to keep possible

external sources of error to a minimum a flocculating agent was not

used.
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The chloride extraction method did not have the efficiency

needed to process low chloride surface samples. Multiple leachings of

the sample would improve the efficiency but increase the processing

time. The solution is the commonly used technique of adding a carrier

ion. In this case, a known amount of dead chloride (chloride containing

no detectable C1-36) would be added to the low chloride concentration

samples. The C1-36 is measured in the tandem accelerator as a ratio of

C1-36 to total chloride. If the chloride concentration of the sample

and the exact amount of carrier added is known, the C1-36/C1 ratio for

the sample alone can be determined by equation (1). See Appendix D for

example calculation.

C1-36 	= 	C1-36 
	x 

Cl
sample + 

Cl
carrier

Cl sample	
Cl

sample 
+ Cl

carrier 
	Cl

sample
(1)

Processing large soil samples with this method results in large

volumes of leachate, sometimes with low chloride concentrations. To

concentrate the chloride the leachate was passed through prepared anion

exchange columns. The resin used in this study was Dowex (1-x8) anion

exchange resin 20-50 mesh. Columns were eluted with 1 M NaNO 3 . A small

aliquot of the eluent was collected for chloride analysis. The excess

nitrate prevented the use of liquid chromatography techniques in deter-

mining the chloride concentration of the eluent.

Field Procedures 

Soil samples were collected at Socorro on August 17, 1982 with

the use of a small rotary drilling rig equipped with a 5 foot long, 12
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inch diameter screw auger. Samples of 25 kg were taken at intervals

down to 5 m. This gave good depth delineation, but surface samples

were low in total chloride. As sampling depth increased, precautions

were taken to prevent contamination of the sample from soil higher in

the profile. These precautions consisted of lowering and raising the

auger bit between samples to clean the borehole of loose soil and insure

the soil sample originated from the desired depth. Also, the soil on

the top flight of the auger was discarded when collecting a sample to

avoid contamination from falling soil as the bit was raised. A small

portion of each sample was immediately separated and stored in plastic

sacks for moisture analysis (see Appendix A). The samples were col-

lected in plastic lined boxes and transported to the lab for analysis.

Socorro Sample Processing Procedures 

The Socorro soil samples were processed as previously outlined.

Because chloride concentrations were low in the shallow samples, 200 mg

of chloride carrier (NaC1 form) were added to samples #1 through #6

after column elution. Because the anion exchange resin is not 100%

efficient, an aliquot of eluent must be saved for chloride analysis.

Samples below 1.5 m in the profile (samples #7 through #12) were high

enough in chloride that the columns and carrier were not needed. All

samples, including a blank sample of carrier only, were chemically puri-

fied in AgC1 form (Appendix C) and analyzed for C1-36 on the Rochester

MP tandem Van de Graff accelerator.



CHAPTER 4

RESULTS AND DISCUSSION

This chapter presents the results of the chloride and C1-36

analyses. Hydrologic parameters are calculated from the results. These

include mean vertical moisture velocity, mean seepage rate, and an

apparent hydrodynamic dispersion coefficient. Details of these calcula-

tions are shown in Appendix D. Finally, chloride data from another

location are presented, illustrating processes found in Socorro are not

unique to the Southwest.

Results 

Table 2 gives the representative sample depth, mass, total

chloride, gravimetric moisture, and the computed C1-36/C1 ratios by

equation (1) for each sample. Appendix E contains the data used in

computing the C1-36/C1 ratios. The C1-36/C1 ratio values from Table 2

are plotted versus depth in Figure 5. Water that infiltrated during

1953-1964 is easily identified by the well defined peak at 1 m depth.

Below 2 m depth the ratio is relatively constant, averaging 717 x 10 -15

and represents the prebomb production rate of subsurface and cosmogenic

C1-36. This value corresponds very well with the predicted range of

Bentley and Davis (1982) in Figure 3. The close agreement of all values

below 2 m depth indicates little or no chloride contamination occurred

from higher levels.
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Mean Vertical Moisture Velocity 

Figure 6 shows the C1-36 concentration in the soil profile, Cl-

36 atoms/m
2 
yr versus depth. The concentration peaks at a depth of

1.125 m, the mean input age of this pulse is 25 years, indicating an

average vertical moisture velocity of 4.5 cm/yr. The bomb pulse peak is

slightly deeper than that in Figure 5 because of sample chlorinity dif-

ferences.

Mean Seepage Rate 

The mean gravimetric water content of the top 1 m of the soil

profile was 4.8%. Assuming a bulk density for a sandy loam soil of 1.3

g/cm3 (Hillel, 1971), the calculated mean volumetric water content is

6.24%. Multiplying the average linear velocity with the mean volumetric

water content yields a mean seepage rate, since 1958, of 2.8 mm/yr.

Therefore, approximately 1.2% of the annual rainfall has percolated to

1 m depth at this location. This value is comparable to infiltration

rates of arid areas obtained by other investigators mentioned previous-

ly. Because plant roots extract moisture below this pulse, the mean

annual recharge rate is probably less.

Apparent Dispersion 

Figure 6 also gives a visual indication of the bomb pulse dis-

persion over the last 25 years by comparing the observed C1-36 concen-

tration distribution to the predicted bomb input from Bentley et al.

(1982). The predicted input has been multiplied by 0.1 to normalize the

peak areas, its depth axis was determined by matching the predicted peak
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Figure 6. Observed and modeled C1-36 concentrations in the Socorro
soil profile compared to predicted C1-36 bomb fallout
concentrations.
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time to that observed under the assumption of constant downward veloc-

ity.

An apparent coefficient of hydrodynamic dispersion (D) of 6.0 x

10
-11 

m
2
/sec is derived from a solution of the advection-dispersion

equation given by Ogata (1970) in equation (2). Modifications of this

equation are given in Appendix D. Due to the low velocity of this sys-

tem this dispersion value is likely to be predominately due to molecular

diffusion effects (Freeze and Cherry, 1979).

C	 1	 x-ut	 ux	 x+ut 1
=	 [erfc   + exp D 	erfc

o	 2)/Dt	 21/E
(2)

Boundary conditions are given by

C(x,0) = 0,

C(0,t) = Co ,

C(oe,t) = 0,

where x is distance along the flow path, u is the average linear veloc-

ity, D is hydrodynamic dispersion, Co is initial or input concentration,

and C is the concentration in the soil.

The modeled concentration profile is shown in Figure 6; a mois-

ture velocity of 1.35 x 10
-9 m/sec (4.3 cm/yr) and the predicted bomb

fallout concentrations (normalized) from Bentley and Davis (1982) were

used as input. The model equation is based on a unidirectional constant

velocity flow field, a convenient but inappropriate description of this

system. Due to the variability of rainfall and high evaporation the

moisture velocity and flow direction are not constant. Also, vertical
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and lateral variations in the soil hydraulic properties, burrows, cracks

and plant roots, increase the difficulty in modeling dispersion in this

system. Thus, the coefficient of dispersion is only an apparent value.

Total Chlorine-36 Fallout 

The C1-36/C1 bomb pulse peak in the soil profile is 8 times

greater than the natural background level. The total fallout in the

soil profile is 7.4 x 10 11 C1-36 atoms/m 2 , an order of magnitude smaller

than the value predicted and observed by Bentley et al. (1982), 7.1 x

10 12 and 5.75 x 1012 , respectively. The total fallout at the Dye 3 site

in Greenland is also larger, 1.3 x 10
12 atoms/m2 (Elmore et al., 1982).

Latitudinal variations in fallout may account for the difference between

the Borden and Dye 3 sites, and to some extent the Socorro site. How-

ever, precipitation differences are likely the major influence on these

values. Precipitation has been shown to be the major mechanism in

transferring material from the troposphere to the surface of the earth

(Federal Radiation Council Report No. 4, 1963). The Federal Radiation

Council Report No. 4 divided the United States into "wet" and "dry"

regions depending on the average annual rainfall to predict annual fall-

out values of strontium-90 (Fig. 7). Considerable variability of

fallout was expected within these areas but generally the "dry" region

fallout was found to be approximately half the "wet" region amount

(Federal Radiation Council Report No. 6, 1964). In addition, Socorro,

New Mexico, experienced less than the average annual rainfall (National

Oceanic and Atmospheric Administration) during nine out of the 12 years

of the C1-36 bomb fallout period (1953-1964). The three above-normal
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years occurred during 1957, 1958 and 1960. These drought conditions

would enhance the difference in fallout between the "dry" and "wet"

regions and could easily reduce a total fallout value by an order of

magnitude. Other factors which may have resulted in a reduced total

C1-36 fallout value include loss of chloride by some mechanism at the

soil surface or in the soil profile, or less than 100% efficiency in

extraction of chloride from the soil during sample processing.

Chloride Profiles 

Total chloride (from Table 2) per kg of soil versus depth is

plotted in Figure 8 and illustrates the predicted low chloride concen-

tration at the surface increasing with depth. No observable trend is

evident from the deeper values, thus the general trend of chloride con-

centration below 5 m cannot be estimated.

The "age" of chloride in the soil can be estimated by mass

balance estimates. Samples #1 through #4 represent the first meter of

the soil profile; their total chloride content in the borehole volume

to 1 m depth is 3.59 x 10 21 atoms. Dividing this by the estimated

annual chloride fallout (wet and dry) of 1.86 x 1020 atoms/yr (see

Appendix D) over the area of the borehole results in 19.3 years of

fallout accumulation. The annual chloride fallout is based on data from

Eriksson (1960). Repeating the procedure for the first 5 samples, rep-

resenting 1.25 m of the profile, results in 37.5 years of chloride fall-

out. The C1-36 pulse is located at 1.125 m; therefore, the average of

these values, 28.4 years, represents the pulse position. This value

corresponds well with the mean input age of 25 years for the bomb C1-36
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fallout. Totaling the chloride in the top 7 samples represents the

volume of the borehole to 2.25 m depth. The same calculation results in

632 years of chloride fallout. The total borehole volume, to 5 m depth,

results in 3.6 x 10
3 
years of chloride fallout. These values indicate

that at the site location chloride travels at steadily decreasing veloc-

ities as it moves deeper into the profile and the annual recharge is

nearly zero.

The cumulative chloride fallout of 28.4 years has reached a

depth of 1.125 m indicating a mean vertical velocity of 4.0 cm/yr. The

seepage rate, using a volumetric water content of 6.24%, is 2.5 mm/yr

which corresponds well with the 2.8 mm/yr value from the C1-36 pulse.

The probable variations in volumetric moisture content in the top meter

of the profile during the year will produce some error in the seepage

calculations. However, the samples were collected during the rainy

season and represent moisture levels during times of chloride movement

in the subsurface. Therefore, these seepage values may represent a

maximum value during a period when the soil contains a greater amount of

moisture. The C1-36 bomb pulse is a distinct input marker during the

years 1953-1964 in this hydrologic system. More confidence should be

given to the C1-36 method because calculations do not rely on knowledge

of input values over long periods of time.

A study done in the Casa Grande, Arizona area is another example

of low precipitation infiltration illustrated by soil chloride profiles.

The data in Table 3 are from two 20 ft. boreholes drilled at undisturbed

desert sites. Hydro Geo Chem Inc. (1983) reported the soils at this

location are generally medium to fine sandy or silty loam with a well
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Table 3. Casa Grande data

Sample
Depth (ft)

Gravimetric
Moisture (%)

Chloride 1
Conc. (mg/cm')

Borehole N

1 1.4 0.0099

5 4.0 0.4287

8 5.5 0.7854

10 4.2 0.8367

15 4.5 0.8466

20 2.6 0.5219

Borehole E

1 2.5 0.0100

5 3.0 0.1705

10 2.3 0.5435

15 5.9 0.6275

20 5.2 0.4556
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defined caliche layer at a depth of 5 to 6 feet. Climate is very simi-

lar to Socorro, with average annual rainfall of 8.12 inches and poten-

tial evaporation exceeding precipitation by about tenfold (Hydro Geo

Chem Inc., 1983). The chloride data of Table 3 are plotted versus depth

in Figure 9. Similar calculations, as done with Socorro data, result in

approximately 1.4 x 10 5 years of chloride fallout in borehole N and 7.3

x 10
4 
years of fallout in borehole E (calculations based on annual mean

chloride fallout predicted by Eriksson, 1960). Infiltration calcula-

tions result in essentially zero moisture movement at 20 ft. depth. The

well defined chloride pulse in each borehole indicates this fact; if

water were moving through this zone chloride would travel with it and

the pulse would not be present. The caliche layer at 5 ft. indicates

evaporation and upward movement of soil moisture (Blatt, Middleton and

Murray, 1980). Thus, evapotranspiration, low precipitation and fine

soil textures prohibit precipitation recharge.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

This study has shown that a C1-36 bomb pulse is present in the

unsaturated zone and can be used to calculate various hydrologic param-

eters. The C1-36 prebomb fallout measured at Socorro in samples below

2 m depth had an average ratio of 717 x 10
-15 

C1-36/C1. This compares

well with the expected fallout values of Bentley and Davis (1982).

Also, the close agreement of C1-36/C1 values below 2 m indicates good

sampling techniques; there is no apparent C1-36 contamination from

higher in the profile. Total bomb fallout of 7.4 x 10
-11 

C1-36 atoms/m
2

is consistent with values of previous work at other locations when

climatological differences are considered. The pulse position indicates

a mean vertical moisture velocity in the upper meter of the soil profile

of 4.5 cm/yr. This value and soil moisture data result in a mean seep-

age rate, at 2 m depth, of approximately 2.8 mm/yr; this is comparable

with the results of other studies in arid regions.

Estimates of seepage using total chloride gave similar results

(2.5 mm/yr). Chloride may be a useful inexpensive method of determining

infiltration and recharge rates. However, C1-36 would be expected to

give more accurate results. Local C1-36 fallout values are not needed

in most systems, whereas the use of chloride to determine these param-

eters does require a knowledge of historic chloride fallout.
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In recharge studies of the unsaturated zone, especially in arid

regions, C1-36 will be very useful. As tritium levels decrease, C1-36

with its longer half-life will become more important as an environmental

tracer and dating tool.

Recommendations 

Similar studies are recommended using smaller soil samples (1-2

kg) and a carrier technique. With smaller samples, soil core sampling

methods could be implemented and would result in better sample depth

delineation. This would give a more accurate position of the bomb pulse

in the system, thus, more accurate moisture movement information. The

chloride extraction method employed in this study worked well for the

large soil samples. The method may have to be refined for more effi-

cient extraction before a similar study using 1-2 kg soil samples will

be feasible.

A detailed analysis of the microscopic scale processes affecting

the dispersion of a solute is beyond the scope of this study. However,

C1-36 has and should continue to be an excellent means of gaining a

better understanding of this complex problem.



APPENDIX A

SOIL ANALYSIS RESULTS
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January, 1982 

Sampled surface soil in Tucson area to evaluate chloride analy-

sis methods. Literature review of chloride analysis methods and

chlorine-36.

February - March, 1982 

Collected 1 kg soil samples from Santa Cruz floodplain. Inves-

tigated various means of leaching soil samples (centrifuge and filtering

methods). Started using anion exchange columns for chloride extraction.

April - June, 1982 

Initially worked with 1 kg soil samples while becoming familiar

with the titration method developed by Clark (1959). Collected 100 lb

soil samples, then built and tested large silica sand filters for leach-

ing the samples. Flocculants were tested to decrease sample processing

time.

July, 1982 

Continued using large soil samples; tested anion exchange column

use with the leachate. Investigated carrier techniques.

August, 1982 

Preparation for Socorro sampling trip. Sampling and processing

Socorro soil samples.

September, 1982 

C1-36 literature search (computer search). Processing soil

samples.



October - December, 1982 

Processing soil samples and sample purification for C1-36

analysis.

January - March, 1983 

Data analysis and thesis preparation.
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Add reagent grade AgNO3 in an amount sufficient to precipitate

at least 200 mg AgCl. Let stand for 24 hours in the dark.

1. Decant off supernatant and filter precipitate to near dryness

on 0.45 micron HA Millipore paper.

2. Wash precipitate twice with deionized water.

3. Dissolve in purified NH4OH and filter into clean flask.

4. Add 1 ml saturated Ba(NO 3 ) 2 .

5. Let stand overnight in a 100 ml beaker covered with parafilm,

filter.

6. Heat beaker to evaporate NH4OH and reprecipitate AgCl. (Heat at

50°C for 3 hrs; take to near dryness.)

7. Transfer to filter apparatus, wash twice with purified H 20, and

filter to near dryness.

8. Redissolve in purified NH 4OH, transfer to 100 ml beaker.

9. Heat to reprecipitate AgC1, filter, wash twice and filter to

near dryness.

10. Oven dry AgC1 solid in an oven at 65°C for 2 hrs.

11. Place in dry, brown glass sample bottles.

Adapted from Bentley (1978).
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Total Chlorine-36 Bomb Fallout 

Table 4. Chlorine-36 concentration per mass and volume in Socorro soil
samples.

A
	

B	 C	 D
C1-36 atoms/	 C1-36 atoms per

Sample #
	

Depth (cm)	 kg soil	 representative vol.

1

2

3

4

5

6

Average of
6 and 7

0- 25

25- 50

50- 75

75-100

100-125

125-150

150-175

	

9.72 x 10 6	 2.306 x 10 8

109.7 x 10 6 2.603 x 10 9

181.7 x 10 6 4.311 x 10 9

	360.5 x 106	 8.553 x 10 9

1.589 x 10
10669.9 x 10 6

1.079 x 10
10454.9 x 106

	281.3 x 10 6	 6.674 x 10 9

7	 175-225	 107.7 x 10 6	 5.11 x 109

Column C of Table 4 can be calculated from data in Table 2. Column D

is calculated by multiplying Column C (atoms/kg soil) by the assumed

bulk density of 1.3 g/cm3 and the representative sample volume (m3 ). An

example using sample 1:

9.72 x 106 atoms	 1300 kg 
X 	x .25 m x .073 m

2
kg soil	 m3

( 3 )

= 2.306 x 108 C1-36 atoms
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Summing Column D and then dividing by the borehole area yields the total

bomb produced C1-36 concentration in the soil profile of 7.42 x 10 11

C1-36 atoms/m 2 .

Observed Chlorine-36 Concentration Profile 

The observed values plotted in Figure 6 are the result of divid-

ing the values in Column D of Table 4 by the area of the borehole (0.073

m2 ); this result is then divided by the number of years each sample depth

represents. From Figure 6, one year is approximately 0.041 m depth;

thus, 0.25 m represents 6.13 years. Table 5 contains the observed C1-36

distribution from bomb fallout (plotted in Fig. 6).

Table 5. Observed chlorine-36 distribution in the Socorro profile.

Sample No.	 C1-36 atoms per m2 yr

1	 5.15 x 108

2	 5.817 x 10 9

3	 9.635 x 10 9

4	 1.912 x 10 10

5	 3.55 x 10
10

6	 2.41 x 10
10

average of 6 and 7	 1.492 x 10 10

7	 5.714 x 10 9



Apparent Dispersion 

Equation (2) is modified as follows.

12	 12
C i =

i=1	 i=1

C
Oi 
2

Erfc x-ut 2/E + exp D erfcux	 x+ut]

2!Uf 

C
oi 	x-u(t-1) 	ux	 x+u(t-1) 
2 [erfc   + exp D erfc

2/D(t-1)	 2/D(t-1)

The model uses the normalized predicted bomb C1-36 fallout of each year

(1953-1964) as input. The modification is made because the first of the

twelve input years was 30 years ago; equation (1) is based on constant

input so the effects of the following 29 years (t-1) are subtracted.

This equation yields the present cumulative C1-36 from the 12 input

years at a depth x in the soil profile. These results are given in

Table 6.

Table 6. Modeled distribution of chlorine-36.

Depth (m)
	

C1-36 atoms/m
2 yr

	0.0	 0	 8

	

0.2	 1.58 x 10 9
	0.4	 1.53 x 10 9
	0.6	 7.12 x 10

10

	

0.8	 1.92 x 10
10

	

1.0	 3.24 x 10

10

	

1.2	 3.54 x 10
10

	

1.4	 2.61 x 10
10

	

1.6	 1.32 x 10

	

1.8	 4.69 x 10 9

	2.0	 1.17 x 10 9
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Dispersion Program 

Dimension CO(12), T(12)
Real L(12)
D=6.0E-11
u=1. 35E-9
w=0.1
CO(1)=0*w
CO(2)=6.875#11*w
CO(3)=1.309E12*w
CO(4)=7.916Ell*w
C0(5)=9.556E11*w
C0(6)=7.411E11*w
CO(7)=9.145E11*w
CO(8)=7.127E11*w
CO(9)=3.564E11*w
CO(10)=1.735E11*w
CO(11)=6.307E10*w
CO( 12)=0%
T(1)=9.461E8
T(2)=9.145E8
T(3)=8.83E8
T(4)=8.515E8
T(5)=8.199E8
T(6)=7.884E8
T(7)=7.569E8
T(8)=7.253E8
T(9)=6.938E8
T(10)=6.623E8
T(11)=6.307E8
T(12)=5.992E8
L(1)=2.0
L(2)=1.8
L(3)=1.6
L(4)=1.4
L(5)=1.2
L(6)=1.0
L(7)=0.8
L(8)=0.6
L(9)=0.4
L(10)=0.2
L(11)=0.0
DO 150 3 =1,11
SOL =0.0
DO 100 1=1,11
X=EXP(U*L(J)/D)
Y=(L(J)+U*T(I))/(2*SQRT(D*T(I))
B=(L(J)+U*T(I+1))/(2*SQRT(D*T(I+1)))
Z=(L(J)-U*T(I))/(2*SQRT(D*T(I)))
E=(L(J)-U*T(I+1))/(2*SQRT(D*T(I+1)))
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ANS=(C0(I)*0.5*ERFC (Z)+X*ERFC (Y)))-(CO(I)*0.5*(ERFC (E)
t+X*ERFC (B)))
SOL=SOL+ANS

100 CONTINUE
WRITE(6,110) SOL,D,L(J)

150 CONTINUE
110 FORMAT(5X,/,"SOIL PROFILE CONCENTRATION ISH,E10.4,"WHEN D IS",E10.4,

(t "AT A DEPTH OF",E10.4)
STOP
END

Socorro Chloride Calculations 

Total annual fallout rate of Cl - from Eriksson (1960) is 1.5 kg

C1 - /ha yr.

1.5 kg C1 - /ha yr = 1.86 x 10 20 atoms C1 - /yr (over area of borehole).

To determine years of chloride fallout in the top meter of the

profile, the first four values of Column C, Table 7, are summed and

then divided by the annual fallout rate.

3.594 x 10
21 

Cl
- atoms 	- 19.3 yrs_

1.86 x 1020 Cl atoms/yr
(5)

The same procedure is used to determine the years of Cl - fallout

in the upper 1.25 m of the soil profile.

- 37.5 yrs
1.86 x 10 2 0 Cl atoms/yr-

The average is 28.4 yrs which represents the years of Cl - fall-

out in the top 1.125 m of the soil profile. This may be used to deter-

mine an approximate mean vertical moisture velocity.

6.98 x 10
21 

Cl
- atoms (6)
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1.125 m 28.4 yr - 0.04 m/yr = 4.0 cm/yr 	 (7)

Table 7. Socorro chloride data

(A)	 (B)	 (C)
Sample	 Depth - 	 atoms per

No.	 (cm)	 mg C1/kg soil	 representative vol.

1 0- 25 0.72 2.89 x 10 20

2 25- 50 1.6 6.45 x 10 20

3 50- 75 2.5 1.01	 x	 1021

4 75-100 4.1 1.65 x	 10 21

5 100-125 8.4 3.39 x 10 21

6 125-150 15.9 6.41	 x	 10 21

150-175 58.0 2.34 x 10 22

7 175-225 100.1 8.07 x 1022

225-275 87.8 7.08 x 1022

8 275-300 75.5 3.04 x 10 22

9 300-350 108.7 8.79 x 10 22

10 350-400 182.1 1.47 x 10 22

11 400-450 134.3 2.17 x	 1023

12 475-500 134.3 2.17 x 10 23
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Table 8. Socorro sample data used in C1-36/C1 computation

Sample
No.

Accelerator

C1-36/C1	 (x 10 15 )
Sample Cl -

(mg)
Carrier Cl

(mg)

1 19 ± 23% 2.55 200

2 209 ± 5.6% 9.345 200

3 420 ± 5.5% 18.63 200

4 435 ± 5.2% 16.0 200

5 1166 ± 6.0% 54.8 200

6 652 ± 5% 74.48 200

7 780 ± 5% 246 -

8 723 ± 5.2% 200 -

9 718 ± 5.0% 308 -

10 620 ± 6.0% 516 -

11 722 ± 6.0% 356

12 737 ± 5.0% 356 -

13 14 ± 22% carrier
12 ± 36% only

Example Calculation (sample #1): C1-36/C1 ratio calculations listed in
Table 2.

Equation (1) is

C1-36 	_ 	C1-36 
	Cl sample + Cl carrier

Cl
sample	

Cl sample + Cl carrier x 	Cl sample



Ty\ 202.55 mg C1-36/C1
sample	

‘
. (19 ± 2,NI( 2 .55 mg J

=C1-36/C1
sample	

1509.2 ± 23%
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